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Foreword 
The Australian poultry industry is focused on developing a successful low crude protein (CP) feeding 
program for broilers. Reduced CP broiler diets have the potential to provide a number of benefits, 
including enhanced environmental outcomes, increased bird welfare and reduced input costs. 
However, as dietary CP is reduced, growth performance is often impaired, body fat and fat pad 
weights are increased, and gut health is negatively affected. These effects are more prominent in 
broilers fed a wheat-based diet compared to a maize-based diet, and this brings a further challenge to 
the Australian industry as broiler diets in Australia are based on wheat. 

The decreased performance of broilers associated with feeding a low CP diet cannot be fully 
recovered by supplementation of essential amino acids (AA). To restore the performance loss in 
broilers associated with feeding a low CP diet, the use of specific non-essential AA, whole grains and 
enzymes has been explored, but with limited success. The addition of sugarcane bagasse and other 
fibre sources to the diet has been demonstrated to improve performance due to their action on 
gastrointestinal functionality, such as improved gizzard development, increased digestibility of 
nutrients and modulation of digestive enzyme production and nutrient transporters in the digestive 
system. However, whether this improves the performance of broilers fed a reduced protein diet 
remains unclear.  

This project investigated the effects of insoluble fibre and/or protease as a nutritional strategy to 
improve growth performance and gut health of broilers offered low CP diets supplemented with 
crystalline AA. The key finding was that a 20 g/kg or less reduction of dietary CP in a wheat, 
sorghum and soybean meal-based diet negatively affected growth performance of broilers. This was 
characterised by lower feed intake, lower weight gain, higher feed conversion ratio (FCR) and higher 
abdominal fat pad, even if low CP diets were supplemented with crystalline AA. 

Thus, performance loss in broilers fed low CP diets may not be fully recovered by supplementation of 
essential AA and glycine. Sugarcane bagasse at 20 g/kg in both normal and low CP diets decreased 
FCR and increased weight gain and relative gizzard weight of birds. The performance loss in broilers 
associated with 20 g/kg reduction in dietary CP can be fully restored for FCR and partly restored for 
body weight by including bagasse in the diets. 

The outcomes of this study suggest that the source of insoluble fibre is important for low CP diets, as 
fibres differ in composition and particle size distribution. Bagasse, oat hulls, lignocellulose and soy 
hulls all varied in particle size distribution and nutritional composition. Although the inclusion levels 
of these fibres were adjusted to balance dietary crude fibre content, the response varied between the 
treatments. Consequently, poultry nutritionists should use insoluble fibre according to their sources, as 
their effects on performance and gut health differ, especially when they are used in low CP diets. 

While further work is required, there is considerable evidence that reduced CP diets for broiler 
chickens would result in a reduction in nitrogen and ammonia emissions, a reduction in input costs as 
the prices for AA contract, less reliance on imported soybean meal and most importantly enhanced 
bird welfare through better litter quality, leading to a reduction in diseases such as foot pad dermatitis. 

This report for the Chicken Meat Program is an addition to AgriFutures Australia’s diverse range of 
research publications. Most of AgriFutures Australia’s publications are available for viewing, free 
download or purchase online at www.agrifutures.com.au.  

 

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

There has been increasing interest in developing a successful low crude protein (CP) feeding program 
for broilers as more crystalline amino acids (AA) become available at a lower cost. A low CP feeding 
program provides several benefits to the Australian poultry industry, including improved health, 
welfare and environmental outcomes during poultry production. In addition, low CP diets will reduce 
the industry’s dependence on imported soybean meal as more crystalline AA will be used in feed to 
meet the CP requirement of birds. However, as dietary CP is reduced, growth performance and gut 
health are often compromised, and the effects are more prominent in broilers fed a wheat-based diet 
compared to a maize-based diet. This has implications for the Australian poultry industry as most 
poultry diets in Australia are based on wheat, and thus lowering dietary CP is a challenge.  

The decreased performance of broilers associated with feeding a low CP diet cannot be fully 
recovered by supplementing with essential AA. This is due to changes in the ingredient and nutrient 
composition of the diets apart from essential AA and associated changes in the digestive dynamics of 
nutrients and the gut health of birds as dietary CP is reduced. To restore the performance loss in 
broilers associated with feeding a low CP diet, the use of specific non-essential AA, whole grains, and 
enzymes has been explored, but with limited success. Thus, there are still challenges associated with 
feeding broilers low CP diets, and more measures have to be investigated for the effective use of low 
CP diets in the industry. Exogenous protease and certain types of insoluble fibres have been shown to 
improve growth performance and increase CP and AA utilisation efficiency in broilers. The additions 
of sugarcane bagasse and other fibre sources to the diet have been demonstrated to improve 
performance and modulate digestive enzyme production and nutrient transporters in the digestive 
system. However, whether this can improve performance in a reduced protein diet is still unclear.  

This project investigated the effects of insoluble fibre and/or protease as a nutritional strategy to 
improve growth performance and gut health of broilers offered low CP diets supplemented with 
crystalline AA. Three broiler feeding experiments were conducted to determine: 1. the effects of 
sugarcane bagasse as a source of insoluble fibre coupled with exogenous protease on performance and 
nutrient utilisation of broilers offered low CP diets; 2. the effects of different sources of insoluble 
fibre on performance and nutrient utilisation of broilers offered low CP diets; and 3. the extent dietary 
CP level can be reduced in broilers by including insoluble fibre in diets. The study highlighted the 
effects of lowering dietary CP and concomitant inclusion of certain insoluble fibres in the diets on 
growth performance, nutrient digestibility and gut health of broilers. The findings will be useful for 
poultry nutritionists, researchers, stock feed manufacturers and poultry producers as a specific 
insoluble fibre source has been recommended to be used in low CP diets for improved performance of 
broilers. 

 

Who is the report targeted at? 

Participants in the Australian chicken meat industry, including broiler producers, stock feed 
manufacturers, nutritionists and researchers in the poultry science sector, will benefit from the results 
of this work. This report provides a nutritional strategy that can be used to support a successful low 
CP feeding program for broilers. 
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Background 

In Australia, the per capita consumption of chicken meat is expected to increase by 7.9% over the next 
five years. To meet this demand, the industry has been constantly looking for strategies to produce 
chicken meat more efficiently with fewer resources. In broiler production, feed accounts for more 
than 65% of the total production cost. Most of this cost is attributed to CP/AA sources. Soybean meal 
is a major CP source in broiler diets but must be imported into Australia. To reduce the dependence 
on imported soybean meal, the current focus is on using crystalline AA to satisfy at least part of the 
CP requirements of broilers. The additional benefits of low CP feeding programs in broiler production 
are improved health, environmental, welfare and economic outcomes. However, as dietary CP is 
reduced, growth performance is often compromised, and the effects are more prominent in birds fed a 
wheat-based diet compared to a maize-based diet. In addition, the reduction in dietary CP negatively 
affects the gut health of broilers.  

Nutritional strategies to improve the performance of broilers offered low CP diets supplemented with 
crystalline AA are of interest to the industry, as there are still challenges associated with feeding 
broilers a wheat-based low CP diet. In this project, insoluble fibre was chosen as a dietary strategy to 
maximise the benefits of a low CP feeding program as certain insoluble fibres have been shown to 
improve growth performance and increase CP and AA utilisation efficiency in broilers. Exogenous 
protease has also been shown to improve FCR and increase the digestibility of CP and AA in broilers 
offered low CP diets. Thus, the effect of different sources of insoluble fibre and exogenous protease 
were investigated in broilers offered low CP diets. 

 

Aims/objectives 

This project aimed to examine whether the performance of broilers fed a low CP diet can be enhanced 
through the supplementation of different sources of insoluble fibre and protease in feed. The outcomes 
of this project will lead to the more effective use of protein in broiler diets, which could potentially 
reduce the cost of feed, enhance gut health, minimise the incidence of wet litter and mitigate the 
nitrogen excretion from birds that results from undigested protein. 

 

Methods used  

Three experiments were conducted at the University of New England (UNE) poultry research facility 
to investigate the role of insoluble fibre and exogenous protease in low CP diets fed to broilers. In 
each experiment, 672 day-old Ross 308 male parent-line broiler chicks were used. On arrival, chicks 
were randomly assigned to 48 floor pens of equal size in an environment-controlled facility. Each pen 
was equipped with a feeder and two nipple drinkers connected to an automated water measurement 
system. Feed and water were provided ad libitum. The lighting and temperature were provided as per 
the guidelines for the Ross 308 breed (Aviagen, 2014). On d 10, birds were weighed and re-
assigned to pens of approximately equal weight. A common starter crumble was offered for the first 
10 days. The treatment grower and finisher diets were offered as 3 mm pellets during d 10 to 24 and d 
24 to 35 respectively. The diets were cold-pelleted at 65 °C. The diets were based on wheat, sorghum 
and soybean meal and the ingredients were estimated for CP, AA and apparent metabolisable energy 
(AMEn) by near-infrared spectroscopy (NIR) before diet formulations. The diets were formulated to 
meet the Ross 308 nutrient specifications (Aviagen, 2019). The CP contributions from supplemental 
AA were included in diet formulations. The low CP diets were supplemented with L-valine,  
L-arginine, L-isoleucine and L-glycine in addition to L-lysine, D,L-methionine, and L-threonine to 
meet the minimum requirements of digestible AA. All diets contained xylanase (Econase XT 25, AB 
Vista Feed Ingredients, Marlborough, UK) at 1000 BXU/kg and phytase (Quantum Blue, AB Vista 
Feed Ingredients, Marlborough, UK) at 500 FTU/kg. Titanium dioxide (TiO2) was added as an 
indigestible marker at 0.5% in grower diets to measure nutrient digestibility. 
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The parameters that were measured include growth performance, carcass yield, water intake, nutrient 
digestibility, gut microflora, gene expression of digestive enzymes, tight junction proteins and nutrient 
transporters. Feed intake, weight gain, and mortality-adjusted FCR were determined in all the 
experimental phases. Water intake was measured at two time points in each experiment. Three birds 
were sampled per pen on d 24 to collect the contents from jejunum, ileum and caeca, and tissues from 
jejunum, pancreas and proventriculus. The jejunal and ileal contents and the diets were analysed for 
CP, starch, gross energy (GE) and TiO2 to measure the apparent digestibility coefficients of these 
nutrients. The ileal and caecal contents were processed to extract DNA and quantify relative amounts 
of Bacillus spp., Bacteroides spp., Bifidobacterium spp., Enterobacteriaceae, Lactobacillus spp., 
Ruminococcus spp., and total bacteria using a quantitative real-time PCR. The tissue samples were 
processed to determine the mRNA expression of digestive enzyme genes, which include pancreatic 
alpha 2A amylase (AMY2A), ATP synthase lipid binding protein (ATP5A), cholecystokinin type 1 
receptor (CCK1R), cholecystokinin (CCK), chymotrypsin-like elastase family, member 1 (CELA1), 
chymotrypsin-like elastase family member 2A (CELA2A), pancreatic lipase (PNLIP), aminopeptidase 
N (APN), sucrose isomaltase (SI), pepsinogen A (Pep A), and pepsinogen C (Pep C); tight junction 
protein genes, which include claudin 1 (CLDN1), claudin 5 (CLDN5), junctional adhesion molecule 2 
(JAM2), E-cadherin (ECADH), and tight junction protein 1 (TJP1); and nutrient transporter genes, 
which include peptide transporter-1 (PEPT1), peptide transporter-2 (PEPT2), cationic AA transporter-
1 (CAT1), alanine, serine, cysteine, and threonine transporter (ASCT1), L type AA transporter-1 
(LAT1), excitatory AA transporter 3 (EAAT3), solute carrier family 7, member 9 (bo+AT), y+ L AA 
transporter-2 (y+LAT2), glucose transporter-2 (GLUT2), glucose transporter-5 (GLUT5), free fatty 
acid receptor 2 (FFAR2) and free fatty acid receptor 4 (FFAR4). The relative weights of breast, thigh, 
drumstick, abdominal fat and gizzard were also measured from the sampled birds. 

The first experiment investigated the effects of dietary sugarcane bagasse as an insoluble fibre source 
with or without an exogenous protease in low CP diets offered to broilers. The birds were assigned 
into eight treatments, each replicated six times with 14 birds per pen in a 2 × 2 × 2 factorial 
arrangement of treatments with dietary CP normal or reduced by 25 g/kg, bagasse included in the 
diets at 0 or 20 g/kg, and protease added over the top of the diets at 0 or 0.2 g/kg. The data were 
analysed following a 2 × 2 × 2 factorial arrangement using JMP statistical software version 14 (SAS 
Institute Inc, Cary, North Carolina, USA) to test the main effects of diet, sugarcane bagasse, protease, 
and their interactions. Data were subjected to three-way analysis of variance (ANOVA) and means 
were separated by Tukey’s HSD test at P < 0.05 when an interaction was present. A tendency was 
declared at 0.05 < P < 0.10. 

The second experiment investigated the effects of different sources of insoluble fibre on growth 
performance and nutrient utilisation of broilers offered low CP diets. Sugarcane bagasse, 
lignocellulose-based product (Arbocell, JRS Pharma), oat hulls and soy hulls were used as insoluble 
fibres. The birds were assigned into six treatments with eight replicates of 14 birds per pen. The 
treatments were: a normal CP diet, a low CP diet (CP reduced by 20 g/kg) and low CP diets 
formulated with either sugarcane bagasse at 20 g/kg, lignocellulose-based product at 10 g/kg, oat hulls 
at 30 g/kg, or soy hulls at 30 g/kg. The fibres were formulated in the diets and the levels were chosen 
based on commercial recommendations and dietary crude fibre contents. The basal diet of fibre 
treatments was the same and the formulations were adjusted by adding Celite, an indigestible 
component, as a filler. The data were analysed by one-way ANOVA using JMP statistical software 
version 14 (SAS Institute Inc, Cary, North Carolina, USA). Significance was determined at P < 0.05 
using Tukey’s HSD test and a tendency was declared at 0.05 < P < 0.10. 

The third experiment investigated the extent dietary CP level can be reduced in broilers by including 
soy hulls in the diet. The birds were assigned into six treatments with eight replicates of 14 birds per 
pen. The treatments were as follows: a normal CP diet, a normal CP diet with 30 g/kg soy hulls, and 
four low CP diets progressively lowered in dietary CP by 10 g/kg with 30 g/kg soy hulls. The data 
were analysed by one-way ANOVA using JMP statistical software version 14 (SAS Institute Inc, 
Cary, NC). Significance was determined at P < 0.05 using Tukey’s HSD test and a tendency was 
declared at 0.05 < P < 0.10. 
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Results/key findings 

Three experiments were conducted to investigate the role of insoluble fibre and exogenous protease in 
low CP diets fed to broilers. In all three experiments, the average performance of birds exceeded the 
Ross 308 performance objectives (Aviagen, 2019) for feed intake, weight gain and FCR.  

 

Experiment 1 

The first experiment investigated the effects of dietary sugarcane bagasse as an insoluble fibre source 
with or without an exogenous protease in a low CP diet offered to broilers. 

The reduction in dietary CP increased FCR and abdominal fat pad and decreased feed intake, weight 
gain, water intake and water-to-feed intake ratio of broilers. Dietary supplementation of protease or 
bagasse did not affect feed intake. Protease decreased FCR in all except when bagasse was added to 
the normal CP diet. Bagasse decreased FCR when no protease was added in the normal CP but not in 
all other circumstances. There were no further improvements on growth performance when bagasse 
and protease were added in tandem in a normal CP diet. The low CP diet in this experiment was 
marginal in glycine, which possibly led to the lack of response of bagasse addition in the low CP 
treatment. Bagasse did not affect water intake and water-to-feed intake ratio. Protease did not affect 
water intake but increased the water-to-feed intake ratio. Bagasse increased relative gizzard weight. 

The reduction in dietary CP increased the starch digestibility coefficient and disappearance rate in 
distal jejunum. Bagasse decreased the starch digestibility coefficient and disappearance rate in distal 
jejunum. The starch digestibility coefficient in distal ileum decreased when bagasse was added to the 
normal CP diet but did not change when added to the low CP diet. The starch disappearance rate in 
distal ileum decreased when bagasse was added to both the normal and low CP diets.  
 
In distal jejunum, the reduction of dietary CP did not affect the CP digestibility coefficient but 
decreased the CP disappearance rate. In distal ileum, the reduction in dietary CP increased the CP 
digestibility coefficient and decreased the CP disappearance rate. The CP digestibility coefficient in 
distal ileum increased when bagasse was added to the diets without protease but did not change when 
it was added to the diets with protease. Similarly, protease increased the distal ileal CP digestibility 
coefficient when it was added to the diets without bagasse but not when it was added to the diets with 
bagasse. 

Bagasse decreased Lactobacillus counts in the caecal contents. A CP × protease interaction was 
observed for Bacillus counts in the caecal contents where protease decreased Bacillus counts when it 
was added to the normal CP diet but not when it was added to the low CP diet. Also, the birds 
offered a low CP diet without protease had lower Bacillus counts compared to those offered a normal 
CP diet without protease. 

The reduction in dietary CP decreased expression of the pancreatic AMY2A gene and tended to 
decrease expression of the PEPT1 gene. Bagasse tended to increase expression of the CAT1 gene 
when it was added to the normal CP diet but tended to decrease the CAT1 gene expression when it 
was added to the low CP diet. Bagasse tended to decrease expression of the GLUT2 and FFAR4 
genes in jejunal tissue. Bagasse decreased expression of the JAM2 gene and tended to decrease 
expression of the CLDN5 gene in jejunal tissue. 
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Experiment 2 

The second experiment investigated the effects of different sources of insoluble fibre on growth 
performance and nutrient utilisation of broilers offered low CP diets. The insoluble fibres (bagasse, 
oat hulls, lignocellulose and soy hulls) differed in proximate composition, lignin, crude fibre, soluble 
and insoluble NSP content. 

The reduction in dietary CP increased FCR and abdominal fat pad and decreased feed intake, weight 
gain, water intake and water-to-feed intake ratio of broilers. There was no effect on feed intake from 
birds being offered a low CP diet with either bagasse, lignocellulose or oat hulls as compared to 
being offered a low CP diet. Thus, when insoluble fibres are formulated in the diet rather than added 
over the top, feed intake is not affected as the nutrients in the feed are not diluted. The birds offered a 
low CP diet with soy hulls had a higher weight gain compared to those offered a low CP diet and 
similar weight gains to those offered low CP + bagasse and normal CP diets. The birds offered a low 
CP diet with soy hulls or bagasse had a lower FCR compared to those offered a low CP diet and 
similar FCR to those offered a normal CP diet. There was no effect on relative abdominal fat weight, 
water intake and water-to-feed intake ratio from birds being offered a low CP diet with either of the 
four insoluble fibres as compared to being offered a low CP diet. 

The reduction in dietary CP did not affect relative gizzard weight and gizzard contents. The birds 
offered a low CP diet with bagasse or oat hulls had higher relative gizzard weight compared to those 
offered a low CP diet. The reduction in dietary CP decreased the proportion of dilated proventriculus. 
The addition of insoluble fibres to the low CP diet did not affect the proportion of dilated 
proventriculus compared to the low CP treatment.  

The reduction in dietary CP increased the starch digestibility coefficient in distal ileum. The birds 
offered a low CP diet with either bagasse or soy hulls had a lower starch digestibility coefficient 
compared to those offered a low CP diet without fibre, and a similar starch digestibility coefficient to 
those offered a normal CP diet. The reduction in dietary CP increased starch disappearance rates in 
distal jejunum and distal ileum. The birds offered low CP diets with insoluble fibres had lower starch 
disappearance rates in distal ileum compared to those offered a low CP diet without fibre, and similar 
starch disappearance rates to those offered a normal CP diet.  

The birds offered a low CP diet with bagasse had a lower CP digestibility coefficient in distal jejunum 
compared to those offered a low CP diet. The reduction in dietary CP decreased the CP disappearance 
rate in distal ileum. The addition of either of the four insoluble fibres to the low CP diet did not affect 
the CP disappearance rate in distal ileum. The reduction in dietary CP increased starch-to-CP 
disappearance rate ratios in distal jejunum and distal ileum. The addition of either of the four 
insoluble fibres in the low CP diet decreased the starch-to-CP disappearance rate ratio in distal ileum, 
but it was higher than the normal CP treatment. 

The birds offered a low CP diet with either of the four insoluble fibres had a lower GE digestibility 
coefficient compared to those offered a low CP diet without fibre, but a similar GE digestibility 
coefficient to those offered a normal CP diet. 

Out of the 16 AA, the reduction in dietary CP increased the AID coefficients of Met and Gly, 
decreased the AID coefficient of Asp but had no effect on the AID coefficients of other AA. There 
was no effect of adding either of the four insoluble fibres to the low CP diet on AID of Met, Gly, 
Tyr, Ser and Asp except that the birds offered a low CP diet with oat hulls had lower AID of Tyr, Ser 
and Asp compared to those offered a low CP diet. The birds offered a low CP diet with bagasse or 
oat hulls had lower AID coefficients of His compared to those offered a low CP diet. The reduction 
in dietary CP decreased the ileal disappearance rates of Lys, Val, Iso, Phe, Tyr, His, Leu, Ser, Ala, 
Pro and Asp and increased the ileal disappearance rates of Met, Arg and Gly. The birds offered a low 
CP diet with bagasse had higher ileal disappearance rates of Met and Arg, and lower ileal 
disappearance rates of Phe and Pro, but there was no effect on other AA compared to the birds 
offered a normal CP diet. The low CP diet with lignocellulose decreased the ileal disappearance rates 
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of Met and Arg and increased the ileal disappearance rate of Asp but had no effect on other AA 
compared to the birds offered a low CP diet. The low CP diet with oat hulls decreased the ileal 
disappearance rates of all the AA except Glu, which was not affected. The low CP diet with soy hulls 
increased the ileal disappearance rates of Lys, Gly and Asp but had no effect on other AA compared 
to the birds offered a low CP diet. 

The birds offered a low CP diet with oat hulls had lower Lactobacillus counts in the ileal contents 
compared to those offered a low CP diet with lignocellulose or soy hulls. The birds offered a low CP 
diet with either oat hulls or bagasse had the lowest counts of total bacteria in the ileal contents. The 
birds offered a low CP diet with either bagasse or oat hulls had lower Lactobacillus counts in the 
caecal contents compared to those offered a low CP diet and a low CP diet with soy hulls.  

The reduction in dietary CP decreased expression of the pancreatic AMY2A gene. The addition of 
either of the four insoluble fibres to the low CP diet did not result in significant differences in the 
expression of AMY2A compared to the low CP treatment, but bagasse, lignocellulose and soy hull-
added diets also showed no significant differences of AMY2A expression compared to the normal 
CP group. The birds offered a low CP diet with bagasse had increased expression of the CCK gene 
than those offered a low CP diet with lignocellulose. The birds offered a low CP diet with oat hulls 
had decreased expression of the CELA1 gene compared to those offered a normal CP diet, while 
those with either lignocellulose or soy hulls had increased expression of the CELA2A gene than 
those offered a normal CP diet. 

 

Experiment 3 
 
The third experiment investigated the extent dietary CP level can be reduced in broilers by including 
soy hulls in the diet. Soy hulls were chosen as a source of insoluble fibre for two reasons. The first 
reason was that soy hulls produced a similar response as sugarcane bagasse in terms of growth 
performance and outperformed other fibre sources in Experiment 2. The second reason was that soy 
hulls are commercially available and easier to use in the feed in Australia compared to sugarcane 
bagasse.  

The progressive reduction in dietary CP from 21.7% to 19.7% with soy hulls did not affect feed 
intake compared to the 21.7% CP group. But when the dietary CP level was 18.7% and below with 
soy hulls, the feed intake decreased compared to the 21.7% CP group. The birds offered diets with 
19.7% CP and below with soy hulls had lower weight gain compared to those offered a 21.7% CP 
diet, but the weight gain was not affected when dietary CP was reduced to 20.7% with soy hulls. 
During d 10 to 35, the birds offered diets with 20.7% CP and below with soy hulls had higher FCR 
compared to those offered a 21.7% CP diet. The birds offered diets with 19.7% CP and below with 
soy hulls had lower water intake and water-to-feed intake ratio compared to those offered a 21.7% 
CP diet, but water intake and water-to-feed intake ratio were not affected when dietary CP was 
reduced to 20.7% with soy hulls. 

The birds offered diets with 18.7% CP and below with soy hulls had lower breast yield compared to 
those offered a 21.7% CP diet, but the breast yield was not affected until the dietary CP was reduced 
to 19.7% with soy hulls. The birds offered diets with 18.7% CP and below with soy hulls had higher 
relative abdominal fat weight compared to those offered a 21.7% CP diet, but the relative abdominal 
fat weight was not affected until the dietary CP was reduced to 19.7% with soy hulls. 

The CP digestibility coefficient was not affected when dietary CP was reduced to 20.7% with soy 
hulls, but when the birds were offered diets with 19.7% CP and below with soy hulls, CP 
digestibility coefficients decreased compared to those offered a 21.7% CP diet. The disappearance 
rate of CP decreased when soy hulls were added to a 21.7% CP diet and further reductions in dietary 
CP with soy hulls progressively decreased the CP disappearance rate. The birds offered diets with 
19.7% CP and below with soy hulls had lower GE digestibility coefficients compared to those 
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offered a 21.7% CP diet, but the GE digestibility coefficient was not affected when dietary CP was 
reduced to 20.7% with soy hulls. 

The dietary treatments tended to affect expression of the CLDN5 gene in the jejunal tissue. The birds 
offered a diet with 21.7% CP showed the least expression of the CLDN5 gene in the jejunal tissue. 

 
Implications for relevant stakeholders 

Poultry nutritionists, researchers, stock feed manufacturers and poultry producers will benefit from 
the outcomes of this study. The findings suggest that the reduction in dietary CP by 20 g/kg or below 
in a wheat, sorghum and soybean meal-based Australian type broiler diet will negatively affect growth 
performance of broilers, characterised by lower feed intake, lower weight gain, higher FCR and 
higher abdominal fat pad. This occurs even when low CP diets are supplemented with crystalline AA, 
including lysine, methionine, threonine, arginine, isoleucine, valine, and glycine to meet the minimum 
requirements of digestible AA in the diets. Thus, the performance loss in broilers fed low CP diets 
cannot be fully recovered by supplementing with essential AA and glycine. Nutritionists should be 
cautious about reducing dietary CP by 20 g/kg or lower in broilers if AA are the only supplements in 
the diet. 

 The use of insoluble fibres such as sugarcane bagasse may be useful to partially restore the growth 
performance loss associated with feeding a low CP diet. In this study, the use of sugarcane bagasse at 
20 g/kg in both normal and low CP diets improved FCR, weight gain and relative gizzard weight of 
birds. There was no added advantage of including exogenous protease and bagasse in tandem as each 
of them alone improved FCR. The response from soy hulls in low CP diets was not consistent as soy 
hulls improved FCR and weight gain of birds in one experiment but had no response in another. 
Therefore, the effect of soy hulls in low CP diets requires further investigation. Oat hulls or 
lignocellulose didn’t produce growth performance benefits when they were included in low CP diets 
but oat hulls improved relative gizzard weight, which may have implications in birds fed a normal CP 
diet. In addition to a bigger gizzard, oat hulls or bagasse resulted in lower counts of Lactobacillus spp. 
in the caeca, which indicates that certain types of insoluble fibres may help to modulate gut 
microbiota balance when added to low CP diets. Low CP diets may be used to reduce water intake 
and water-to-feed intake ratio of broilers, which may contribute to reduced litter moisture and less 
ammonia emissions in the shed. The finding that insoluble fibres in low CP diets have no impact on 
water intake and water-to-feed intake ratio indicates that litter quality will not be negatively affected 
by the inclusions of insoluble fibres at a relatively low level. 

A low CP diet will have an increased dietary starch-to-CP ratio, and it has been reported that capping 
dietary starch-to-CP ratio is beneficial in low CP formulations. However, this approach should be 
practised with caution. In this study, all insoluble fibre sources decreased dietary starch-to-CP ratio 
but only bagasse and soy hulls produced beneficial outcomes. There are possibly some additional 
factors that may have contributed to the benefit of low CP application other than starch-to-CP ratio. It 
was expected that all the fibres would increase relative gizzard weight but only bagasse and oat hulls 
increased relative gizzard weight when added to low CP diets. When birds are raised in floor pens 
with litter, they consume a significant amount of fibre from litter. The effect of dietary fibre on 
gizzard size should be interpreted with caution as the response may be different in broilers raised in 
floor pens and cages. The increased gizzard size may not always translate to improved nutrient 
digestibility but gizzard size may help with more synchronous delivery of starch and protein in the gut 
for protein synthesis. As protein synthesis is an energy-dependent process, an adequate and timely 
energy (starch) supply relative to CP is important. Insoluble fibres decreased the starch-to-CP 
disappearance rate ratio in distal ileum, which is beneficial for low CP-fed birds as there is an 
advantage of greater AA uptake relative to glucose in the small intestine for improving FCR. 

The outcomes from this study suggest that all insoluble fibres do not produce a similar response in 
low CP diets, possibly due to variations in physical and chemical characteristics and inclusion rates. 
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The source of insoluble fibre is important as fibres differ in composition and particle size distribution. 
Bagasse, oat hulls, lignocellulose and soy hulls used in this study varied in particle size distribution 
and nutritional composition, especially crude fibre, lignin, and soluble and insoluble NSP. Although 
the inclusion level of these fibres was adjusted to balance dietary crude fibre content, the response 
varied between the treatments, and sugarcane bagasse consistently produced the best response. 

 

Recommendations 

When developing a wheat, sorghum and soybean meal-based low CP feeding program for broilers, it 
is recommended that nutritionists and stock feed manufacturers add 20 g/kg of sugarcane bagasse as a 
source of insoluble fibre in normal or reduced protein diets. This will help to stimulate gizzard 
function, cap dietary starch-to-CP ratio, modulate starch-CP digestive dynamics and allow better AA 
uptake relative to glucose in the small intestine to improve FCR of birds. Protease enzyme produced 
performance benefits during the grower period but it is not recommended to use protease and bagasse 
in tandem as each of them alone improved FCR. Further research is warranted to examine the effect 
of different inclusion levels and particle size distribution of fibres on performance of broilers fed low 
CP diets, and the effect of soy hulls in low CP diets.
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Introduction 
The current focus of the Australian poultry industry is on developing a successful low CP feeding 
program for broilers. Reduced CP broiler diets have the potential to provide a number of benefits, 
including enhanced environmental outcomes, increased bird welfare and reduced input costs. 
However, as dietary CP is reduced, growth performance is often impaired (Dean et al., 2006; 
Namroud et al., 2008), body fat and fat pad weight are increased (Bregendahl et al., 2002; Chrystal et 
al., 2021) and gut health is negatively affected (Baraketain et al., 2019). This is especially the case 
when broilers are offered a wheat-based diet compared to a corn-based diet (Chrystal et al., 2021). 
Studies have shown that the decreased performance of broilers associated with feeding a low CP diet 
cannot be fully recovered by supplementing with essential AA (Hilliar et al., 2019). This is possibly 
due to changes in the ingredient and nutrient composition of the diets apart from essential AA as the 
dietary CP is reduced. A low CP wheat-based diet uses more wheat and crystalline AA but less 
soybean meal and feed-grade oils/fats compared to a standard diet. This change in ingredient 
composition results in increased levels of dietary starch and soluble non-starch polysaccharides 
(NSP), and decreased levels of protein-bound AA, non-protein nitrogen compounds, lipids and 
insoluble NSP in a low CP diet compared to a standard diet. The change in dietary nutrient 
composition apart from AA and the associated changes in the overall rate of digestion and absorption 
of nutrients may be the reason for decreased performance in broilers offered a low CP diet even when 
all essential AA requirements are met.  

Nutritional strategies to improve the performance of broilers offered low CP diets supplemented with 
crystalline AA are of interest to the poultry industry. So far, most research has focused on the use of 
enzymes and non-essential AA in low CP diets. For example, Dean et al. (2006) and Ospina-Rojas et 
al. (2014) suggested that the addition of glycine together with crystalline AA in low CP diets 
maintains the growth performance of broilers. However, Hilliar et al. (2018) performed a trial with 
broilers up to 35 days of age and found that the supplementation of non-essential AA (threonine + 
glycine + serine) in addition to the essential AA to a low CP diet improved FCR, but the weight gain 
was worse compared to the birds fed a low CP diet. Therefore, there are still challenges associated 
with feeding broilers a low CP diet, and more measures have to be investigated for effective use of 
low CP diets in the industry. The exogenous enzyme protease has been used in an attempt to improve 
the digestibility of CP and thus performance, particularly in low CP diets. Angel et al. (2011) 
maintained broiler performance from d 7 to 21 at 20.5% CP with the addition of ~15,000 units of 
mono-component protease. Cowieson et al. (2017) showed that the use of protease in diets with low 
CP concentration and digestible AA improved FCR in broilers. Rehman et al. (2017) found that 
protease improved FCR in broilers fed a diet containing 7% less digestible AA. However, in industry 
practice, protease has not been used to the same extent as other exogenous enzymes such as phytase 
and xylanase, possibly due to the inconsistent results to justify the use of protease. Whether 
supplemental protease can improve the performance of birds fed low CP diets sustainably has not 
been extensively investigated. 

In this project, insoluble fibre was chosen as a dietary strategy to provide benefits to a low CP feeding 
program. The use of insoluble fibres has been shown to improve nutrient digestibility and litter 
quality, and enhance gut development and health of broilers. Recent research conducted with broilers 
(Gonzalez-Alvarado et al., 2008; Jimenez-Moreno et al., 2009; Jimenez-Moreno et al., 2013) showed 
that moderate amounts of selected fibre sources might benefit the development and function of the 
digestive tract and improve nutrient digestibility and performance. It has been shown that 
supplementation of 1% lignocellulose or 2% sugarcane bagasse over the top of a standard corn-
soybean-based broiler diet improved CP digestibility by 3%, and 1 or 2% lignocellulose reduced litter 
moisture content (Kheravii et al., 2017). Jimenez-Moreno et al. (2009) reported an improvement in 
ileal digestibility of most nutrients in broilers with a 3% inclusion of oat hulls to the diet. Later, 
Jimenez-Moreno et al. (2016) reported that the inclusion of insoluble fibres in low fibre diets 
improved weight gain and FCR of broilers.  
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These benefits in growth performance and nutrient digestibility with insoluble fibre supplementation 
have been linked to improved functionality of the gizzard. A large and well-developed gizzard can 
grind feed particles more thoroughly, promoting pancreatic enzyme secretion, thus elevating 
proteolysis by endogenous proteases, such as pepsin, trypsin and chymotrypsin, and increasing 
substrate accessibility for exogenous protease (Svihus, 2011; Kheravii et al., 2018). Additionally, the 
inclusion of fibre in broiler diets has been shown to increase digesta retention time in the crop 
(Svihus, 2011), thus providing more time for exogenous enzymes (e.g., protease) to act on undigested 
CP, and increase the fermentation process due to improved peristalsis and production of short chain 
fatty acids (Svihus, 2011). Recent studies have shown that supplementation of fibre in broiler diets 
improved CP digestibility by increasing secretion of pepsin and other digestive enzymes and nutrient 
transporters in the digestive system, and promoted the growth of beneficial bacteria (Kheravii et al., 
2017; 2018a, 2018b). Sugarcane bagasse supplementation in broiler diets resulted in elevated protein 
and starch utilisation, increased ileal Bacillus spp. counts, and improved broiler performance 
(Kheravii et al., 2017). Hence, the fibre content may not be diluent as previously thought (Rougière 
and Carré, 2010) but can be bioactive in promoting the health and better physiological status of 
animals through its antioxidant (Mateos-Aparicio et al., 2012) or prebiotic roles. It has been reported 
that variations in physical and chemical characteristics of fibre may produce different responses in 
poultry, and the source and level of dietary fibre are important for the physiological status and health 
of the bird (Jiménez-Moreno et al., 2009; Jiménez-Moreno et al., 2011; Mateos et al., 2012). 

Therefore, examination of the role of fibre sources in poultry is important when low CP diet 
application in broilers is investigated. However, data concerning the use of a low CP diet 
supplemented with different sources of fibre and protease on broiler performance and nutrient 
digestibility are lacking. It was hypothesised that the inclusion of insoluble fibre in a low CP diet can 
improve growth performance and increase protein and AA utilisation efficiency in broilers. The use of 
insoluble fibre alone or in combination with exogenous protease in the feed may be one of the 
strategies to maximize the utilisation of CP and lower the level of dietary CP without affecting the 
performance of broilers. 

 

 

Objectives 
The broad objective of this project was to examine whether the performance of broilers fed a low CP 
diet can be enhanced through the supplementation of different sources of insoluble fibre and protease 
in feed. Three experiments were conducted to examine the following specific objectives: 

1. The effects of sugarcane bagasse as a source of insoluble fibre coupled with exogenous 
protease on performance and nutrient utilisation of broilers offered low CP diets. 

2. The effects of different sources of insoluble fibre on performance and nutrient utilisation of 
broilers offered low CP diets. 

3. The extent dietary CP level can be reduced in broilers by including insoluble fibre in diets. 
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Methodology 
Three feeding experiments were conducted at the Centre for Animal Research and Teaching, 
University of New England Poultry Research Facility.  

 

Experiment 1 
The first experiment investigated the effects of dietary sugarcane bagasse as an insoluble fibre source 
with or without an exogenous protease in a low protein diet offered to broilers. 

Ethics statement for animal trial 

This experiment was approved by the Animal Ethics Committee of the University of New England 
(approval no. AEC19-085). All broiler management procedures, including health care, husbandry and 
use of laboratory animals, fulfilled the requirements of the Australian Code for the Care and Use of 
Animals for Scientific Purposes (NHMRC, 2013). 

Experimental design and bird management 

A total of 672 day-old Ross 308 male parent-line broiler chicks were sourced from Aviagen hatchery 
in Goulburn, New South Wales. On d 0, chicks were randomly assigned to 48 floor pens of equal size 
in an environment-controlled poultry research facility. Each pen was equipped with a feeder and two 
nipple drinkers. An automated drinker system was used to measure water intake in each pen. The 
birds had ad libitum access to feed and water. Hard wood shavings up to a depth of about 7 cm were 
spread in the pens. The lighting and temperature followed the Ross 308 breed guidelines (Aviagen, 
2014). On d 10, all birds were weighed and re-assigned to pens of approximate equal weight within 
3% of the experiment mean for body weight and checked for no differences between treatments. The 
birds were assigned to eight treatments, each replicated six times, with 14 birds per pen in a 2 × 2 × 2 
factorial arrangement of treatments with dietary CP normal or reduced by 25 g/kg, bagasse included 
in the diets at 0 or 20 g/kg, and protease added over the top of the diets at 0 or 0.2 g/kg.  

Sugarcane bagasse 

Sugarcane bagasse was sourced from FCR consulting group in Brisbane. The bagasse was analysed 
for proximate composition, dry matter, GE, starch, non-starch polysaccharides, and lignin (Table 1).  

Table 1. Composition (%) of sugarcane bagasse 

Ingredient DM1 GE2, 
kcal/kg 

CP3 Ash Starch CF4 Lignin Soluble 
NSP5 

Insoluble 
NSP 

Total  
NSP 

Sugarcane 
bagasse, % 

92.7 4096 1.01 2.5 0.0 45.2 18.1 0.20 53.6 53.8 

1Dry matter; 2Gross energy; 3Crude protein; 4Crude fibre; 5Non-starch polysaccharides 
 

Diet  

The diets were thoroughly mixed and cold-pelleted at 65 °C at the University of New England. The 
diets contained wheat, sorghum and soybean meal as major ingredients, and these ingredients were 
analysed for CP, AA and AME by near-infrared spectroscopy (NIR) before diet formulation.  
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The ingredient and calculated nutrient compositions of the diets are presented in Tables 2 and 3 
respectively. A common starter crumble was offered for the first 10 days post-hatch. The treatment 
grower and finisher diets were offered as 3 mm pellets during d 10 to 24 and d 24 to 35 respectively. 
The diets were formulated to meet the Ross 308 nutrient specifications (Aviagen, 2019). The CP 
contributions from supplemental AA were included in diet formulations. The normal CP diets were 
balanced for digestible AA by adding supplemental L-lysine, D,L-methionine, and L-threonine. The 
low CP diet contained 25 g/kg less CP than the normal CP diet. The digestible AA of the low CP diet 
were balanced by adding L-valine, L-arginine, and L-isoleucine in addition to L-lysine, D,L-
methionine, and L-threonine. Diets were supplemented with xylanase (Econase XT 25, AB Vista Feed 
Ingredients, Marlborough, UK) at 1000 BXU/kg and phytase (Quantum Blue, AB Vista Feed 
Ingredients, Marlborough, UK) at 500 FTU/kg.  

Nutrient matrix values of phytase were included in diet formulations as recommended by the 
manufacturer. Vitamin and mineral premixes were added to meet requirements following 
manufacturer recommendations (UNE VM, Rabar Pty Ltd; UNE TM, Rabar Pty Ltd). Titanium 
dioxide (TiO2) was added as an indigestible marker at 0.5% in the grower diets. 

The analysed nutrient composition of the diets is presented in Table 4. The analysed CP contents in 
the diets were close to the calculated values. The difference in CP levels between normal and low CP 
diets was similar in analysed and calculated composition. 
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Table 2. Ingredient composition of the experimental diets (Experiment 1) 

Ingredients,  
% 

Starter 
diet 
  

Grower  
diet 

Normal CP1 

 Grower  
diet 

Low CP2 

 Finisher  
diet 

Normal CP 

 Finisher  
diet  

Low CP 
0  
g/kg  
SB3 

20 
g/kg 
SB 

 0  
g/kg  
SB 

20 
g/kg  
SB 

 0  
g/kg  
SB 

20 
g/kg 
SB 

 0 
g/kg           
SB 

20  
  g/kg  

SB 
Wheat (10.5 % CP)  48.22   37.40   33.79  47.55 43.80  42.52 38.91  52.42 48.67 
Sorghum (11.5 % CP)  10.00   25.00   25.00  25.00 25.00  25.00 25.00  25.00 25.00 
Soybean meal (46.5 % CP)  33.29   30.58   31.09  20.59 21.24  25.37 25.88  15.58 16.23 
Meat meal (52.0 % CP)  2.43 0.00   0.00  0.00 0.00  0.00 0.00  0.00 0.00 
Canola oil   3.11 3.42   4.49  2.120 3.21  3.85 4.93  2.60 3.69 
Sugarcane bagasse  0.00 0.00   2.00  0.00 2.00  0.00 2.00  0.00 2.00 
Limestone 0.993 1.117 1.109  1.140 1.132  1.038 1.030  1.060 1.052 
Dicalcium phosphate  0.515 0.788 0.804  0.845 0.861  0.605 0.622  0.662 0.678 
Sodium chloride 0.226 0.222 0.225  0.112 0.116  0.222 0.225  0.044 0.047 
Sodium bicarbonate 0.100 0.100 0.100  0.250 0.250  0.100 0.100  0.350 0.350 
Choline chloride 0.031 0.038 0.043  0.069 0.073  0.035 0.040  0.065 0.070 
Titanium dioxide 0.000 0.500 0.500  0.500 0.500  0.500 0.500  0.500 0.500 
L-lysine HCl  0.260 0.223 0.219  0.516 0.508  0.212 0.208  0.500 0.491 
D, L-methionine 0.356 0.305 0.313  0.367 0.375  0.267 0.276  0.329 0.337 
L-threonine 0.159 0.113 0.115  0.234 0.234  0.085 0.088  0.204 0.205 
L-valine 0.018 0.000 0.000  0.132 0.135  0.000 0.000  0.118 0.121 
L-arginine  0.000 0.000 0.000  0.270 0.266  0.000 0.000  0.264 0.261 
L-isoleucine 0.000 0.000 0.000  0.114 0.115  0.000 0.000  0.109 0.110 
Xylanase4  0.005 0.005 0.005  0.005 0.005  0.005 0.005  0.005 0.005 
Phytase5 0.010 0.010 0.010  0.010 0.010  0.010 0.010  0.010 0.010 
Vitamin premix6  0.085 0.080 0.080  0.080 0.080  0.080 0.080  0.080 0.080 
Mineral premix7    0.11 0.100 0.100  0.100 0.100  0.100 0.100  0.100 0.100 

1Normal crude protein; 2Low crude protein; 3Sugarcane bagasse; 4Econsase XT 25 (AB Vista Feed Ingredients, UK); 
5Quantam Blue 5G (AB Vista Feed Ingredients, UK); 6Vitamin premix per kg diet (UNE VM, Rabar Pty Ltd): vitamin A, 12 
MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 
mg; riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg; pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg; 
7Mineral premix per kg diet (UNE TM, Rabar Pty Ltd): Cu, 16 mg as copper sulphate; Mn, 60 mg as manganese sulphate; 
Mn, 60 mg as manganous oxide; I, 0.125 mg as potassium iodide; Se, 0.3 mg; Fe, 40 mg, as iron sulphate; Zn, 50 mg as zinc 
oxide; Zn, 50 mg as zinc sulphate.  
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Table 3. Calculated nutrient composition of the experimental diets (as-fed basis, Experiment 1) 

Nutrient 
composition,  
% 

Starter 
diet 
  

Grower  
diet 

Normal CP1 

 Grower  
diet 

Low CP2 

 Finisher  
diet 

Normal CP 

 Finisher 
diet 

Low CP 
0  
g/kg  
SB3 

20 
g/kg 
SB 

 0  
g/kg  
SB 

20  
g/kg  
SB 

 0  
g/kg  
SB 

20  
g/kg 
SB 

 0  
g/kg  
SB 

20  
g/kg 
SB 

AMEn, Kcal/kg 3000 3075 3075  3075 3075  3150 3150  3150 3150 
CP 23.9 21.9 21.8  19.4 19.3  20.0 19.8  17.5 17.4 
Dig4 Arg 1.37 1.23 1.23  1.23 1.23  1.09 1.09  1.09 1.09 
Dig Lys 1.28 1.15 1.15  1.15 1.15  1.02 1.02  1.02 1.02 
Dig Met 0.64 0.57 0.58  0.60 0.60  0.51 0.52  0.54 0.54 
Dig M+C 0.95 0.87 0.87  0.87 0.87  0.80 0.80  0.80 0.80 
Dig Trp 0.28 0.27 0.27  0.23 0.23  0.25 0.24  0.20 0.20 
Dig Leu 1.51 1.53 1.52  1.29 1.28  1.40 1.40  1.16 1.16 
Dig Ile 0.86 0.82 0.81  0.78 0.78  0.74 0.74  0.70 0.70 
Dig Thr 0.86 0.77 0.77  0.77 0.77  0.68 0.68  0.68 0.68 
Dig Val 0.96 0.89 0.89  0.87 0.87  0.81 0.81  0.78 0.78 
Dig Glyeq

5 1.57 1.34 1.33  1.11 1.10  1.22 1.21  0.99 0.99 
Calcium 0.96 0.86 0.86  0.86 0.86  0.78 0.78  0.78 0.78 
Available P 0.48 0.43 0.43  0.43 0.43  0.39 0.39  0.39 0.39 
Total P 0.60 0.53 0.53  0.52 0.51  0.49 0.48  0.47 0.47 
Sodium 0.20 0.18 0.18  0.18 0.18  0.18 0.18  0.18 0.18 
Chloride 0.25 0.23 0.23  0.23 0.23  0.23 0.23  0.19 0.19 

1Normal crude protein; 2Low crude protein; 3Sugarcane bagasse; 4Digestible coefficients for raw materials were 
determined using AMINODat 5.0 (Evonik Animal Nutrition); 5Digestible Glyeq was calculated as follows: Dig Glyeq= 
Dig Gly + (Dig Ser × 0.7143) 
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Table 4. Analysed nutrient composition of the experimental grower and finisher diets (as-fed basis, 
Experiment 1) 

Nutrient 
composition,  
% 

Grower  
diet 

Normal CP1 

 Grower  
diet 

Low CP2 

 Finisher  
diet 

Normal CP 

 Finisher  
diet 

Low CP 
0  
g/kg
SB3 

20 
g/kg 
SB 

 0 
g/kg 
SB 

20  
g/kg  
SB 

 0  
g/k 
SB 

20 
g/kg 
SB 

 0  
g/kg  
SB 

20 
g/kg 
SB 

DM4 88.3 89.0  88.1 88.8  88.5 88.7  88.2 88.8 
CP5 21.3 21.3  18.6 18.5  19.5 19.3  17.0 16.9 
CF6 2.9 4.9  3.0 4.9  3.3 4.6  3.7 4.8 
Soluble NSP 1.01 1.00  1.18 1.17  1.08 1.09  1.31 1.26 
Insoluble NSP7 7.21 8.28  6.59 7.43  6.46 7.40  5.62 7.30 
Total NSP8 8.22 9.28  7.77 8.60  7.54 8.49  6.93 8.56 
Lysine 1.20 1.23  1.11 1.11  1.09 1.10  1.09 1.06 
Methionine 0.47 0.46  0.44 0.45  0.42 0.41  0.49 0.46 
Threonine 0.86 0.88  0.79 0.79  0.77 0.78  0.74 0.74 
Valine 1.01 1.02  0.93 0.91  0.91 0.91  0.85 0.85 
Arginine 1.26 1.29  1.19 1.17  1.12 1.13  1.11 1.09 
Isoleucine 0.92 0.93  0.82 0.81  0.83 0.83  0.75 0.75 
Glycine 0.85 0.86  0.70 0.68  0.78 0.77  0.64 0.63 
Serine 1.02 1.02  0.83 0.81  0.93 0.92  0.75 0.75 
Leucine 1.76 1.75  1.45 1.41  1.59 1.58  1.30 1.31 
Phenylalanine 1.05 1.06  0.86 0.84  0.95 0.95  0.77 0.77 
Histidine 0.52 0.52  0.42 0.41  0.47 0.47  0.38 0.37 
Tyrosine 0.55 0.56  0.43 0.41  0.49 0.48  0.39 0.39 
Proline 1.32 1.31  1.19 1.16  1.24 1.22  1.11 1.10 
Alanine 0.98 0.97  0.82 0.80  0.89 0.89  0.73 0.74 
Aspartic acid 1.99 2.0  1.48 1.46  1.74 1.76  1.29 1.31 
Glutamic acid 4.29 4.25  3.73 3.65  3.97 3.93  3.46 3.44 

1Normal crude protein; 2Low crude protein; 3Sugarcane bagasse; 4Dry matter; 5Crude protein; 6Crude fibre; 
7Insoluble non-starch polysaccharides was calculated as: total NSP minus soluble NSP; 8Total NSP is the 
combination of total rhamnose, fucose, ribose, arabinose, xylose, mannose, galactose and glucose 
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Growth performance 

Birds and feed were weighed on d 0, 10, 24, and 35, and mortality was recorded daily. Feed intake, 
weight gain and mortality-adjusted FCR were determined during the experimental periods.  

Carcass cuts and internal organs 

On d 24 and 35, three birds were sampled per pen to measure the relative weight of gizzard. After 
growth performance measurement, the birds were reared until d 42 on finisher diets. On d 42, three 
birds were sampled per pen to measure the relative weights of gizzard, abdominal fat, breast, thigh 
and drumstick. The relative weights of carcass cuts and internal organs were calculated as mass per 
unit of live body weight (g/kg of live body weight). 

Water intake  

An automated drinker system was developed (Figure 1) to measure water intake at two time points  
(d 16 to 20 and d 20 to 24). The system consisted of a 1.4-litre reservoir with a microcontroller to 
monitor water consumption. Sensors in the reservoir triggered the opening of a solenoid valve to 
allow it to refill when it was below a minimum level. A flow meter on the inlet line measured the 
amount of water taken to refill the reservoir. This data, along with a cumulative count of the water use 
since the beginning of the trial and the number of refills, was transmitted wirelessly to a computer. 
Information in the database was collected and used to calculate water intake in each pen.  

 

 

Figure 1. Automated drinker system (highlighted by an arrow) 

 

Sample collection and processing for the measurements of nutrient digestibility  

On d 24, three birds were randomly sampled per pen, individually weighed and euthanised by 
electrical stunning (MEFE CAT 44N, Mitchell Engineering Food Equipment, Clontarf, Queensland, 
Australia) and cervical dislocation. The carcass was opened to collect the contents from distal jejunum 
and distal ileum by gently squeezing the contents into 50 mL plastic containers. The contents were 
pooled from each section and stored at -20 °C until further processing to measure the apparent 
digestibility of CP, starch and AA. The frozen samples were freeze-dried (Christ Alpha 1–4 LDplus, 
Osterode am Harz, Germany) and ground to pass through a 0.5 mm screen. Ground feed and intestinal 
contents were analysed in duplicates for nitrogen by the Dumas method using a LECO FP-2000 
automatic nitrogen analyzer (Leco Corporation, St Joseph, Michigan, USA). The nitrogen value was 
multiplied by 6.25 to calculate the CP level in the feed and intestinal contents. AA profiles in feed and 
intestinal contents were measured at the Australian Proteome Analysis Facility, Macquarie University, 
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Sydney, Australia. The AA were measured in the samples by standard procedures (AOAC, 1994) of 
oxidation followed by hydrolysis and the AA were detected using an AA analyser (Biochrom 30+, 
Cambridge, UK). The starch content of feed and digesta samples was measured using the Megazyme 
Total Starch Assay Kit (Megazyme Int. Ireland Ltd., Wicklow, Ireland). Titanium dioxide was 
measured in duplicate for diets and digesta samples by colorimetric method (Short et al., 1996). The 
ground feed and freeze dried samples were oven dried at 105 °C until constant weight to measure dry 
matter.  

Caecal DNA extraction and quantification of bacteria 
 
On d 24, cecal contents from three birds per pen were pooled in 50 mL containers. Then, sub-samples 
of the pooled cecal digesta were aliquoted into 2 mL Eppendorf tubes and snap-frozen in liquid N2. 
The samples were stored at -20 °C until analysis. The DNA of cecal content was extracted and relative 
amounts of Bacillus spp., Bacteroides spp., Bifidobacterium spp., Enterobacteriaceae, Lactobacillus 
spp., Ruminococcus spp., and total bacteria, expressed as log10 genomic DNA copies per gram of cecal 
contents, were quantified following the procedures described by Kheravii et al. (2017). The 
quantitative real-time PCR (Rotorgene 6000 real-time PCR machine, Corbett, Sydney, Australia) was 
employed to determine the bacterial population. The specific 16S rRNA primers were used for the 
quantification of different bacterial populations and are presented in Annex 1. 
 
Sample collection and processing for gene expression studies 

On d 24, jejunal and pancreatic tissues were collected from two birds per pen to measure gene 
expression of digestive enzymes, tight junction proteins and nutrient transporters. Tissues of about  
2 cm from mid pancreas and proximal jejunum were excised, carefully flushed with chilled sterile 
phosphate-buffered saline (PBS) and dipped in 2 mL Eppendorf tubes containing RNA later (Qiagen, 
Hilden, Germany). The tissues were stored at 4 ℃ for the first four to six hours and then at -20 ℃ 
until processed for RNA extraction. For total RNA extraction, tissues were homogenised for three to 
five minutes using a Tissuelyzer II following the manufacturer’s instructions. Total RNA collected 
was purified using an ISOLATE II RNA Mini Kit (Bioline, Sydney, Australia) with the inclusion of a 
DNase I digestion step to remove any remaining genomic DNA following the manufacturer’s 
instructions. Total RNA quantity and purity were determined using a NanoDrop ND-8000 
spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). RNA integrity was 
measured by recording RNA Integrity Number (RIN) using an RNA 6000 Nano Kit and Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc., Waldbronn, Germany). The RNA samples were considered 
of high integrity if the RIN was higher than 7.0 for jejunal and 6.0 for pancreatic tissues. The RNA 
extracted from the samples was reverse transcribed to cDNA using the SensiFAST cDNA Synthesis 
Kit (Bioline, Sydney, Australia) in a Rotorgene 6000 real-time PCR instrument (Corbett, Sydney, 
Australia) as per the manufacturer’s instructions. The cDNA was diluted 10 times with nuclease-free 
water and stored at -20 °C until further analysis.  

Quantitative polymerase chain reaction (qPCR) 

Quantitative PCR was performed using a SYBR Green SensiFAST SYBR No-ROX Kit (Bioline, 
Sydney, Australia) on a Rotorgene 6000 real-time PCR machine (Corbett Research, Sydney, 
Australia). The PCR reaction was carried out in a volume of 10 μL containing 5 μL of 2 × 
SensiFAST, 400 nM of each primer, 2.2 μL of nuclease-free water, and 2 μL of 10 × diluted cDNA 
sample. To determine two suitable reference genes for the analysis, the geNorm module in qbase+ 
software version 3.0 (Biogazelle, Zwijnbeke, Belgium) was used to calculate the gene expression 
stability (geNorm M) from 10 widely used housekeeping genes. Based on the expression stability of 
the reference genes, HMBS and HPRT1 were chosen to normalise the target genes in the pancreas as 
they had the lowest M values compared to the other reference genes (M = 0.229 for both genes). 
Similarly, TBP and HMBS were chosen as housekeeping genes to normalise the target genes in the 
jejunum (M = 0.265 for both genes). The genes determined in the pancreas and jejunum are 
summarised in Table 5.  
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Table 5. Genes determined in pancreatic and jejunal tissues of broilers on d 24 (Experiment 1) 

Organs 
 

Genes Role 

Pancreas AMY2A, ATP5A, CCK1R, CCK, CELA1, CELA2A, PNLIP Digestive enzymes 
Jejunum APN, SI Digestive enzymes 
Jejunum CLDN1, CLDN5, JAM2, ECADH, TJP1 Tight junction proteins 
Jejunum PEPT1, PEPT2 Peptide transporters 
Jejunum CAT1, ASCT1, LAT1, EAAT3, bo+AT, y+LAT2 AA transporters 
Jejunum GLUT2, GLUT5 Glucose transporters 
Jejunum FFAR2, FFAR4 Free fatty acid 

transporters 
 

The relative quantification of genes using the arithmetic mean method in the qBase+ software was 
exported to SAS 9.3 package (SAS Institute Inc., 2010) for further analysis. Primers for qPCR were 
either sourced from published papers or designed using the NCBI Primer-BLAST tool 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) as presented in Annex 2. All the primers used in 
this study were checked for specificity using an Agilent DNA 1000 Kit (Agilent Technologies, Inc., 
Waldron, Germany) on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Waldron, 
Germany).  

Calculations  

The apparent digestibility coefficient of nutrients was calculated by using the following equation: 

X digestibility coefficient =  100 −  (Ti diet/Ti digesta ×  X digesta/X diet) 

The disappearance rates of nutrients were calculated as follows: 

Disappearance rate of X (g/bird/day)  =  X intake (g/bird)/day ×  digestibility coefficient of X 

Where X is the nutrients or energy under analysis and X intake is the nutrient or energy times feed 
intake. 

Statistical analysis 

The data were analysed following a 2 × 2 × 2 factorial arrangement using JMP statistical software 
version 14 (SAS Institute Inc, Cary, North Carolina, USA) to test the main effects of diet, sugarcane 
bagasse, protease and their interactions. Data were subjected to three-way analysis of variance 
(ANOVA) and means were separated by Tukey’s HSD test at P < 0.05. A tendency was declared at 
0.05 < P < 0.10. 

 

Experiment 2 
The second experiment investigated the effects of different sources of insoluble fibre on growth 
performance and nutrient utilisation of broilers offered low CP diets. 

Ethics statement for animal trial 

This experiment was approved by the Animal Ethics Committee of the University of New England 
(approval no. AEC20-018). All broiler management procedures, including health care, husbandry and 
use of laboratory animals, fulfilled the requirements of the Australian Code for the Care and Use of 
Animals for Scientific Purposes (NHMRC, 2013). 
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Experimental design and bird management 

A total of 672 day-old Ross 308 male parent-line broiler chicks were sourced from Baiada hatchery in 
Goulburn, New South Wales. On d 0, chicks were randomly assigned to 48 floor pens of equal size in 
an environment-controlled poultry research facility. Each pen was equipped with a feeder and two 
nipple drinkers. An automated drinker system was used to measure water intake in each pen. The 
birds had ad libitum access to feed and water. Hard wood shavings up to a depth of about 5 cm were 
spread in the pens. The lighting and temperature followed the Ross 308 breed guidelines (Aviagen, 
2014). On d 10, all birds were weighed and re-assigned to pens of approximate equal weight within 
3% of the experiment mean for body weight and checked for no differences between treatments. The 
birds were assigned into six treatments with eight replicates of 14 birds per pen. The treatments were: 
a normal CP diet, a low CP diet (CP reduced by 20 g/kg) and low CP diets formulated with either 
sugarcane bagasse at 20 g/kg, lignocellulose-based product at 10 g/kg, oat hulls at 30 g/kg, or soy 
hulls at 30 g/kg. The fibres were formulated in the diets but CP and AMEn contributions from the 
fibres were not included in diet formulations. The basal diet of fibre treatments was the same and the 
formulations were adjusted by adding Celite, an indigestible component as a filler.  

Insoluble fibre 

Sugarcane bagasse, lignocellulose-based product (Arbocell, JRS Pharma), oat hulls and soy hulls were 
used as insoluble fibres. Sugarcane bagasse was sourced from FCR consulting group in Queensland. 
Oat hulls, soy hulls and lignocellulose-based product were sourced from Ridley Agriproducts Pty Ltd 
in Victoria. The fibres were analysed for proximate composition, dry matter, GE, starch, soluble NSP, 
insoluble NSP, total NSP and lignin. The NSP and lignin compositions in fibres were determined by 
following the procedures as in Experiment 1. 

Diet 

The diets were thoroughly mixed and cold-pelleted at 65 °C at the University of New England. The 
diets contained wheat, sorghum and soybean meal as major ingredients and were analysed for CP, AA 
and AMEn by NIR before diet formulation.  

The ingredient and calculated nutrient compositions of the diets are presented in Tables 6 and 7 
respectively. A common starter crumble (3000 kcal/kg AMEn, 23.9% CP) was offered for the first 10 
days post-hatch. The treatment grower and finisher diets were offered as 3 mm pellets during d 10 to 
24 and d 24 to 35 respectively. The diets were formulated to meet the Ross 308 nutrient specifications 
(Aviagen, 2019) including digestible AA. The CP contributions from supplemental AA were included 
during diet formulations. The normal CP diet was balanced for digestible AA by adding supplemental 
L-lysine, D,L-methionine, and L-threonine. The low CP diet contained 20 g/kg lower CP than the 
normal CP diet. The digestible AA in a low CP diet was balanced by adding L-valine, L-arginine, L-
isoleucine and L-glycine in addition to L-lysine, D,L-methionine and L-threonine.  

Diets were supplemented with xylanase (Econase XT 25, AB Vista Feed Ingredients, Marlborough, 
UK) at 1000 BXU/kg and phytase (Quantum Blue, AB Vista Feed Ingredients, Marlborough, UK) at 
500 FTU/kg. Nutrient matrix values of phytase were included in diet formulations as recommended 
by the manufacturer. Vitamin and mineral premixes were added to meet requirements following 
manufacturer recommendations (UNE VM, Rabar Pty Ltd; UNE TM, Rabar Pty Ltd). Titanium 
dioxide was added as an indigestible marker at 0.5% in the grower diets. 

The analysed nutrient composition of the diets is presented in Table 8. The analysed CP content in the 
diets was close to the calculated values. The difference in CP levels between normal and low CP diets 
was similar in analysed and calculated compositions. 
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Table 6. Ingredient composition of the experimental diets (Experiment 2) 

Ingredients, 
% 

Starter 
diet 

Grower diet  Finisher diet 
Normal 
CP1 

Low CP2 Low CP  
+ fibre 

 Normal 
CP 

Low CP Low CP 
+ fibre 

Wheat (10.2% CP)                            49.0 37.7 46.4 40.2  43.7 52.2 46.0 
Sorghum (10.5% CP)                        10.0 25.0 25.0 25.0  25.0 25.0 25.0 
Soybean meal (47.0% CP)                              32.6 30.6 21.8 23.4  25.3 16.6 18.2 
Meat meal (52.0% CP) 3.0 0 0 0  0 0 0 
Canola oil                          2.6 3.1 1.9 3.7  3.2 2.1 3.9 
Insoluble fibre + Celite3 0 0 0 3.0  0 0 3.0 
Limestone                        0.941 1.118 1.138 1.123  1.041 1.060 1.046 
Dicalcium phosphate                      0.406 0.786 0.838 0.859  0.598 0.650 0.671 
Sodium chloride                                 0.217 0.221 0.148 0.153  0.221 0.044 0.051 
Sodium bicarbonate                            0.100 0.100 0.200 0.200  0.100 0.350 0.350 
Choline chloride                           0.031 0.038 0.065 0.070  0.033 0.060 0.065 
Titanium dioxide                         0 0.500 0.500 0.500  0 0 0 
L-lysine HCl                       0.294 0.255 0.509 0.480  0.241 0.493 0.463 
D,L-methionine                            0.328 0.280 0.346 0.351  0.246 0.311 0.317 
L-threonine                              0.145 0.099 0.212 0.204  0.074 0.185 0.178 
L-valine                                 0.014 0 0.122 0.118  0 0.110 0.105 
L-arginine                            0 0 0.241 0.219  0 0.240 0.217 
L-isoleucine                             0 0 0.101 0.093  0 0.099 0.090 
L-glycine                                  0 0 0.212 0.207  0 0.211 0.206 
Xylanase4                  0.005 0.005 0.005 0.005  0.005 0.005 0.005 
Phytase5                0.010 0.010 0.010 0.010  0.010 0.010 0.010 
Vitamin premix6             0.085 0.080 0.080 0.080  0.080 0.080 0.080 
Mineral premix7                0.110 0.100 0.100 0.100  0.100 0.100 0.100 

1Normal crude protein diet; 2Low crude protein diet; 3Insoluble fibre sources were included in the diets as follows: 
sugarcane bagasse 2%, lignocellulose 1%, oat hulls 3%, and soy hulls 3%. Celite was added in sugarcane bagasse and 
lignocellulose treatments at 1% and 2% respectively; 4Econsase XT 25 (AB Vista Feed Ingredients, UK); 5Quantam Blue 
5G (AB Vista Feed Ingredients, UK); 6Vitamin premix per kg diet (UNE VM, Rabar Pty Ltd): vitamin A, 12 MIU; 
vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 mg; 
riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg; pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg; 
7Mineral premix per kg diet (UNE TM, Rabar Pty Ltd): Cu, 16 mg as copper sulphate; Mn, 60 mg as manganese 
sulphate; Mn, 60 mg as manganous oxide; I, 0.125 mg as potassium iodide; Se, 0.3 mg; Fe, 40 mg, as iron sulphate; Zn, 
50 mg as zinc oxide; Zn, 50 mg as zinc sulphate. 
 

  



 

13 
 

Table 7. Calculated nutrient composition of the experimental diets (as-fed basis, Experiment 2) 

Nutrient 
composition, % 

Starter 
diet 

Grower diet  Finisher diet 

Normal 
CP1 

Low 
CP2 

Low CP  
+ fibre3 

 Normal 
CP 

Low  
CP 

Low CP 
+ fibre 

AMEn, kcal/kg 3000 3075 3075  3075  3150 3150  3150 
CP         23.9 21.7 19.7  19.7  19.8 17.8  17.8 
Crude fat 4.9 5.3 4.2 5.8  5.5 4.4 6.0 
Dig Lys4            1.28 1.15 1.15  1.15  1.02 1.02 1.02 
Dig Met             0.62 0.55 0.58  0.58  0.50 0.53 0.53 
Dig M+C            0.95 0.87 0.87  0.87  0.80 0.80 0.80 
Dig Thr  0.86 0.77 0.77  0.77  0.68 0.68 0.68 
Dig Val  0.96 0.89 0.87  0.87  0.81 0.78 0.78 
Dig Arg           1.37 1.23 1.23  1.23  1.09 1.09 1.09 
Dig Ile  0.86 0.81 0.78  0.78  0.74 0.70 0.70 
Dig Trp            0.28 0.27 0.23  0.23  0.25 0.21 0.21 
Dig Leu  1.51 1.50 1.28  1.28  1.37 1.15 1.15 
Dig Glyeq

5                1.59 1.34 1.34  1.34  1.22 1.22 1.22 
Calcium               0.96 0.86 0.86  0.86  0.78 0.78 0.78 
Available P 0.48 0.43 0.43  0.43  0.39 0.39 0.39 
Sodium                0.20 0.18 0.18  0.18  0.18 0.18 0.18 
Chloride              0.26 0.24 0.25  0.25  0.24 0.18 0.18 

1Normal crude protein diet; 2Low crude protein diet; 3Insoluble fibre sources were included in the diets as 
follows: sugarcane bagasse 2%, lignocellulose 1%, oat hulls 3%, and soy hulls 3%. Celite was added in 
sugarcane bagasse and lignocellulose treatments at 1% and 2% respectively; 4Digestible coefficients of AA for 
raw materials were determined using AMINODat 5.0 (Evonik Animal Nutrition); 5Digestible Glyeq was 
calculated as follows: Dig Glyeq= Dig Gly + (Dig Ser × 0.7143) 
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Table 8. Analysed nutrient composition of the experimental grower and finisher diets (as-fed basis, Experiment 2) 

Nutrient 
composition, % 

Grower diet  Finisher diet 
Normal 
CP1 

 

Low  
CP2 

 

Normal 
CP + SB3 

Low  
CP + LC4 

Low  
CP + OH5 

 

Low  
CP + SH6 

Normal 
CP 
 

Low 
CP 
 

Low  
CP + SB 

Low  
CP + LC 

Low  
CP + OH 

Low  
CP + SH 

DM7 87.6 87.5 87.9 87.8 87.9 87.8  87.1 87.2 87.8 88.2 87.8 87.5 
GE8, kcal/kg 4006 3928     3982            3932  4027 4003  3977  3926 3990 3962 4009 4005 
CP9 21.3 19.3 19.4 19.0 19.4 19.7  19.4 17.5 17.5 17.0 17.3 17.4 
Starch 35.8 41.8 36.5 37.9 36.2 37.8  40.6 46.7 42.2 41.3 39.9 41.1 
Starch:CP 1.68 2.17 1.88 1.99 1.87 1.92  2.09 2.67 2.41 2.43 2.31 2.36 
Lys 1.23 1.17 1.20 1.18 1.06 1.26  1.05 1.02 1.05 1.05 1.05 1.03 
Met 0.44 0.50 0.53 0.45 0.45 0.49  0.42 0.47 0.42 0.43 0.48 0.43 
Thr 0.85 0.81 0.82 0.83 0.77 0.84  0.74 0.70 0.72 0.72 0.72 0.72 
Val 1.03 0.96 0.96 0.99 0.92 1.0  0.91 0.85 0.88 0.88 0.87 0.88 
Arg 1.27 1.20 1.23 1.24 1.13 1.24  1.09 1.09 1.08 1.09 1.10 1.08 
Ile 0.96 0.86 0.86 0.89 0.81 0.89  0.83 0.75 0.78 0.78 0.78 0.78 
Leu 1.71 1.44 1.44 1.50 1.39 1.51  1.54 1.31 1.34 1.34 1.33 1.34 
Gly 0.87 0.90 0.93 0.93 0.87 1.04  0.77 0.82 0.85 0.87 0.86 0.86 
Ser 1.02 0.83 0.84 0.88 0.80 0.88  0.90 0.76 0.77 0.77 0.77 0.78 
Phe 1.07 0.88 0.87 0.92 0.84 0.92  0.94 0.79 0.81 0.81 0.80 0.81 
His 0.55 0.46 0.46 0.48 0.44 0.48  0.49 0.41 0.42 0.42 0.42 0.42 
Tyr 0.54 0.43 0.46 0.45 0.40 0.45  0.46 0.40 0.38 0.36 0.40 0.39 
Pro 1.32 1.18 1.14 1.19 1.12 1.19  1.23 1.14 1.12 1.12 1.12 1.11 
Ala 1.0 0.85 0.85 0.88 0.82 0.90  0.91 0.78 0.79 0.78 0.78 0.79 
Asp 1.95 1.48 1.52 1.60 1.42 1.62  1.64 1.31 1.34 1.32 1.33 1.35 
Glu 4.33 3.73 3.65 3.84 3.55 3.80  3.93 3.59 3.54 3.48 3.52 3.51 

1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 4Diet formulated with 1% lignocellulose and 2% Celite 
powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls; 7Dry matter, 8Gross energy; 9Crude protein



 

15 
 

Growth performance 

Birds and feed were weighed on arrival and on d 10, 24, and 35, and mortality was recorded daily. 
Feed intake, weight gain, and mortality-adjusted FCR were determined during the experimental 
periods.  

Carcass cuts, internal organs and gizzard pH 

On d 24 and 35, three birds were sampled per pen to measure the relative weights of gizzard, gizzard 
contents and gizzard pH. On d 35, the sampled birds were also used for measuring the relative weights 
of breast, thigh, drumstick, abdominal fat and pancreas. The relative weights of carcass cuts and 
internal organs were calculated as mass per unit of live body weight (g/kg of live body weight). The 
pH of gizzard content was determined in situ by inserting a pH probe directly into the digesta. The 
procedure was repeated three times and an average pH value of the three readings was taken. 

Water intake  

The automated drinker system was used to measure water intake during the grower and finisher 
phases. The details of the drinker system are described in Experiment 1.  

Sample collection and processing for the measurements of nutrient digestibility  

Apparent digestibility coefficients of starch, CP, GE and AA were determined in 24-day-old birds. 
The methods of sample collection and processing for the determination of apparent jejunal or ileal 
nutrient digestibility were the same as in Experiment 1. The GE of the feed and digesta samples was 
determined on an IKAR©-WERKE bomb calorimeter (C7000, GMBH & CO., Staufen, Germany). 
 
Caecal and ileal DNA extraction and quantification of bacteria 
 
The selected group of bacteria in caecal and ileal contents were quantified in 24-day-old birds. The 
methods of sample collection and processing for the quantification of bacteria were the same as in 
Experiment 1. In short, the DNA of cecal and ileal contents were extracted and relative amounts of 
Bacillus spp., Bacteroides spp., Bifidobacterium spp., Enterobacteria, Lactobacillus spp., 
Ruminococcus spp., and total bacteria, expressed as log10 genomic DNA copies per gram of ileal and 
cecal contents, were quantified following the procedures described by Kheravii et al. (2017). The 
quantitative real-time PCR (Rotorgene 6000 real-time PCR machine, Corbett, Sydney, Australia) was 
employed to determine the bacterial population. The specific 16S rRNA primers used for the 
quantification of different bacterial populations are presented in Annex 1. 
 
Sample collection and processing for gene expression studies 

The expression of digestive enzyme genes in pancreatic, proventricular and jejunal tissues and the 
expression of nutrient transporter and tight junction protein genes in jejunal tissues were studied in 
24-day-old birds. The methods of sample collection and processing for gene expression studies in 
jejunal and pancreatic tissues were the same as in Experiment 1. In addition, tissue of about 2 cm 
from mid-portion of proventriculus was collected and processed in the same way as other tissues to 
investigate the expression of two additional digestive enzyme genes (Pep A and Pep C). 

Real-time quantitative polymerase chain reaction (RT-qPCR) 

Quantitative PCR was performed as described in Experiment 1. Based on the expression stability of 
the reference genes, SDHA and GAPDH were chosen to normalise the target genes in the pancreas as 
they had the lowest M values compared to the other reference genes (M = 0.263 for both genes). 
Similarly, ACTB and GAPDH were chosen for jejunum (M = 0.180 for both genes) and HMBS and 
YWHAZ were chosen for proventriculus (M = 0.270) as housekeeping genes to normalise the target 
genes. The genes determined in pancreas, proventriculus and jejunum are summarised in Table 9.  
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Table 9. Genes determined in pancreatic, proventricular and jejunal tissues on d 24 (Experiment 2) 

Organs Genes Role 
Pancreas AMY2A, ATP5A, CCK1R, CCK, CELA1, CELA2A, PNLIP Digestive enzymes 
Proventriculus Pep A, Pep C Digestive enzymes 
Jejunum APN, SI Digestive enzymes 
Jejunum CLDN1, CLDN5, JAM2, ECADH, TJP1 Tight junction proteins 
Jejunum PEPT1, PEPT2 Peptide transporters 
Jejunum CAT1, ASCT1, LAT1, EAAT3, bo+AT, y+LAT2 AA transporters 
Jejunum GLUT2, GLUT5 Glucose transporters 
Jejunum FFAR2, FFAR4 Free fatty acid 

transporters 
 

The relative quantification of genes using the arithmetic mean method in the qBase+ software was 
exported to SAS 9.3 package (SAS Institute Inc., 2010) for further analysis. Primers for qPCR were 
either sourced from published papers or designed using the NCBI Primer-BLAST tool 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) as presented in Annex 2. All the primers used in 
this study were checked for specificity using an Agilent DNA 1000 Kit (Agilent Technologies, Inc., 
Waldron, Germany) on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Waldron, 
Germany).  

  Calculations  
 

The apparent digestibility coefficient of nutrients was calculated by using the following equation: 

X digestibility coefficient =  100 −  (Ti diet/Ti digesta ×  X digesta/X diet) 

The disappearance rates of nutrients were calculated as follows: 

Disappearance rate of X (g/bird/day)  =  X intake (g/bird)/day ×  digestibility coefficient of X 

Where X refers to the nutrient under analysis and X intake is the nutrient times feed intake. 

Statistical analysis 

The data were analysed by one-way ANOVA using JMP statistical software version 14 (SAS Institute 
Inc, Cary, North Carolina, USA). Significance was determined at P < 0.05 using Tukey’s HSD and a 
tendency was determined at 0.05 < P < 0.10. 

 

Experiment 3 
The third experiment investigated the extent dietary CP level can be reduced in broilers by including 
soy hulls in the diet. 

Ethics statement for animal trial 

This experiment was approved by the Animal Ethics Committee of the University of New England 
(approval no. AEC20-053). All broiler management procedures, including health care, husbandry and 
use of laboratory animals, fulfilled the requirements of the Australian Code for the Care and Use of 
Animals for Scientific Purposes (NHMRC, 2013). 
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Experimental design and bird management 

A total of 672 day-old Ross 308 male parent-line broiler chicks were sourced from Baiada hatchery in 
Goulburn, New South Wales. On d 0, chicks were randomly assigned to 48 floor pens of equal size in 
an environment-controlled poultry research facility. Each pen was equipped with a feeder and two 
nipple drinkers. An automated drinker system was used to measure water intake in each pen. The 
birds had ad libitum access to feed and water. Hard wood shavings up to a depth of about 5 cm were 
spread in the pens. The lighting and temperature followed the Ross 308 breed guidelines (Aviagen, 
2014). On d 10, all birds were weighed and re-assigned to pens of approximate equal weight within 
3% of the experiment mean for body weight and checked for no differences between treatments. The 
birds were assigned into six treatments with eight replicates of 14 birds per pen. The treatments were: 
a normal CP diet, a normal CP diet with 30 g/kg soy hulls, and four low CP diets progressively 
lowered in dietary CP by 10 g/kg with 30 g/kg soy hulls. The CP contribution of soy hulls was 
included in diet formulations. 

Soy hulls 

Soy hulls were chosen as a source of insoluble fibre in Experiment 3 for two reasons. The first reason 
was that soy hulls produced a similar response as sugarcane bagasse in terms of growth performance 
and outperformed other fibre sources in Experiment 2. The second reason was that soy hulls are 
commercially available in Australia unlike sugarcane bagasse, which is not largely available for feed. 
Soy hulls were sourced from Ridley Agriproducts Pty Ltd in Victoria and analysed for proximate 
composition, dry matter, GE, starch, soluble NSP, insoluble NSP, total NSP and lignin before diet 
formulation. The NSP and lignin composition in soy hulls was determined by following the 
procedures as in Experiment 1. 

Diet 

The diets were thoroughly mixed and cold-pelleted at 65 °C at the University of New England. The 
diets contained wheat, sorghum and soybean meal as major ingredients and were analysed for CP, AA 
and AMEn by NIR before diet formulation.  

The ingredient composition and the calculated and analysed nutrient composition of the diets are 
presented in Tables 10 and 11 respectively. A common starter crumble was offered for the first 10 
days post-hatch. The treatment grower and finisher diets were offered as 3 mm pellets during d 10 to 
24 and d 24 to 35 respectively. The diets were formulated to meet the Ross 308 nutrient specifications 
(Aviagen, 2019). The CP contributions from supplemental AA were included in diet formulations. 
The normal CP diets were balanced for digestible AA by adding supplemental L-lysine, D,L-
methionine, and L-threonine. The low CP diets were progressively lowered in CP by 10 g/kg and the 
digestible AA were balanced by adding L-valine, L-arginine, L-isoleucine and L-glycine in addition 
to L-lysine, D,L-methionine and L-threonine.  

Diets were supplemented with xylanase (Econase XT 25, AB Vista Feed Ingredients, Marlborough, 
UK) at 1000 BXU/kg and phytase (Quantum Blue, AB Vista Feed Ingredients, Marlborough, UK) at 
500 FTU/kg. Nutrient matrix values of phytase were included in diet formulations as recommended 
by the manufacturer. Vitamin and mineral premixes were added to meet requirements following 
manufacturer recommendations (UNE VM, Rabar Pty Ltd; UNE TM, Rabar Pty Ltd). Titanium 
dioxide (TiO2) was added as an indigestible marker at 0.5% in the grower diets. The analysed CP 
content in the diets was slightly lower but closer to the calculated values. The difference in CP levels 
between normal and low CP diets was similar in analysed and calculated compositions. 
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Table 10. Ingredient composition of the experimental diets (Experiment 3) 

Ingredients, 
% 

Starter 
 diet 

Grower diet  Finisher diet 
21.7% 
CP1 

21.7%  
CP+SH2 

20.7%  
CP+SH 

19.7% 
CP+SH 

18.7% 
CP+SH 

17.7% 
CP+SH 

 19.8% 
CP 

19.8% 
CP+SH 

18.8% 
CP+SH 

 17.8% 
 CP+SH 

16.8% 
CP+SH 

15.8%
CP+SH 

Wheat (10.2% CP)                        49.0 37.73 33.29 37.32 41.71 46.89 51.72  43.70 39.25 43.26 47.63 52.86 57.70 
Sorghum (10.5% CP)                        10.0 25.0 25.0 25.0 25.0 25.0 25.0  25.0 25.0 25.0 25.0 25.0 25.0 
Soybean meal (47.0% CP)                              32.60 30.57 30.81 26.76 22.31 16.77 11.26  25.32 25.56 21.54 17.10 11.53 6.0 
Meat meal (52.0% CP) 3.0 0 0 0 0 0 0  0 0 0 0 0 0 
Soy hulls (10.0% CP) 0 0 3.0 3.0 3.0 3.0 3.0  0 3.0 3.0 3.0 3.0 3.0 
Canola oil                          2.60 3.11 4.33 3.80 3.20 2.34 1.57  3.24 4.46 3.94 3.34 2.47 1.70 
Limestone                        0.941 1.118 1.073 1.082 1.092 1.103 1.114  1.041 0.996 1.01 1.014 1.026 1.037 
Dicalcium phosphate                      0.406 0.786 0.805 0.829 0.855 0.890 0.927  0.598 0.617 0.641 0.668 0.703 0.739 
Sodium chloride                                 0.217 0.221 0.225 0.188 0.151 0.024 0.015  0.221 0.224 0.187 0.116 0.024 0.014 
Sodium bicarbonate                            0.100 0.100 0.100 0.150 0.200 0.380 0.390  0.100 0.100 0.150 0.250 0.380 0.390 
Choline chloride                           0.031 0.038 0.046 0.058 0.072 0.090 0.108  0.033 0.041 0.054 0.068 0.085 0.104 
Titanium dioxide                         0 0.500 0.500 0.500 0.500 0.500 0.500  0 0 0  0 0 0 
L-lysine HCl                       0.294 0.255 0.245 0.362 0.491 0.653 0.815  0.241 0.230 0.347 0.476 0.638 0.801 
D,L-methionine                            0.328 0.280 0.287 0.318 0.351 0.394 0.437  0.246 0.253 0.283 0.317 0.359 0.403 
L-threonine                              0.145 0.099 0.100 0.152 0.209 0.281 0.354  0.074 0.074 0.126 0.183 0.256 0.328 
L-valine                                 0.014 0 0 0.051 0.123 0.213 0.305  0 0 0.039 0.110 0.201 0.293 
L-arginine                            0 0 0 0.112 0.234 0.388 0.543  0 0 0.111 0.233 0.388 0.544 
L-isoleucine                             0 0 0 0.030 0.099 0.187 0.275  0 0   0.028 0.097 0.185 0.274 
L-glycine                                  0 0 0 0.098 0.206 0.343 0.482  0 0 0.097 0.206 0.343 0.482 
L-tryptophan 0 0 0 0 0 0 0.013  0 0 0 0 0 0.015 
L-Leucine 0 0 0 0 0 0.138 0.283  0 0 0 0 0.144 0.289 
L-Phenylalanine 0 0 0 0 0 0.171 0.344  0 0 0 0 0.172 0.345 
L-Histidine 0 0 0 0 0 0.050 0.101  0 0 0 0 0.051 0.101 
Xylanase3                  0.005 0.005 0.005 0.005 0.005 0.005 0.005  0.005 0.005  0.005 0.005 0.005 0.005 
Phytase4                0.010 0.010 0.010 0.010 0.010 0.010 0.010  0.010 0.010  0.010 0.010 0.010 0.010 
Vitamin premix5             0.085 0.080 0.080 0.080 0.080 0.080 0.080  0.080 0.080  0.080 0.080 0.080 0.080 
Mineral premix6                0.110 0.100 0.100 0.100 0.100 0.100 0.100  0.100 0.100  0.100 0.100 0.100 0.100 

1Crude protein; 2Soy hulls included at 3% in the diet; 3Econsase XT 25 (AB Vista Feed Ingredients, UK); 4Quantam Blue 5G (AB Vista Feed Ingredients, UK); 5Vitamin premix per 
kg diet (UNE VM, Rabar Pty Ltd): vitamin A, 12 MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 mg; 
riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg; pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg; 6Mineral premix per kg diet (UNE TM, Rabar Pty Ltd): Cu, 16 
mg as copper sulphate; Mn, 60 mg as manganese sulphate; Mn, 60 mg as manganous oxide; I, 0.125 mg as potassium iodide; Se, 0.3 mg; Fe, 40 mg, as iron sulphate; Zn, 50 mg as 
zinc oxide; Zn, 50 mg as zinc sulphate.
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Table 11. Calculated and analysed nutrient composition of the experimental diets (as-fed basis, Experiment 3) 

Ingredients, 
% 

Starter 
 diet 

Grower diet  Finisher diet 
21.7% 
CP1 

21.7%  
CP+SH2 

20.7%  
CP+SH 

19.7% 
CP+SH 

18.7% 
CP+SH 

17.7% 
CP+SH 

 19.8% 
CP 

19.8% 
CP+SH 

18.8% 
CP+SH 

17.8% 
CP+SH 

16.8% 
CP+SH 

15.8% 
CP+SH 

AMEn, kcal/kg 3000 3075 3075 3075 3075 3075 3075  3150 3150 3150 3150 3150 3150 
CP         23.9 21.7 21.7 20.7 19.7 18.7 17.7  19.8 19.7 18.8 17.8 16.8 15.8 
Crude fat 4.9 5.3 6.5 6.0 5.4 4.6 3.8  5.5 6.7 6.2 5.6 4.7 3.9 
Crude fibre 2.72 2.69 3.72 3.69 3.61 3.53 3.46  2.64 3.67 3.62 3.57 3.49 3.41 
Dig Lys3            1.28 1.15 1.15 1.15 1.15 1.15 1.15  1.02 1.02 1.02 1.02 1.02 1.02 
Dig Met             0.62 0.55 0.56 0.57 0.58 0.60 0.62  0.50 0.50 0.52 0.53 0.55 0.57 
Dig M+C            0.95 0.87 0.87 0.87 0.87 0.87 0.87  0.80 0.80 0.80 0.80 0.80 0.80 
Dig Thr  0.86 0.77 0.77 0.77 0.77 0.77 0.77  0.68 0.68 0.68 0.68 0.68 0.68 
Dig Val  0.96 0.89 0.88 0.87 0.87 0.87 0.87  0.81 0.81 0.78 0.78 0.78 0.78 
Dig Arg           1.37 1.23 1.23 1.23 1.23 1.23 1.23  1.09 1.09 1.09 1.09 1.09 1.09 
Dig Ile  0.86 0.81 0.81 0.78 0.78 0.78 0.78  0.74 0.73 0.70 0.70 0.70 0.70 
Dig Trp            0.28 0.27 0.27 0.25 0.23 0.20 0.19  0.25 0.24 0.23 0.21 0.18 0.17 
Dig Leu  1.51 1.49 1.49 1.39 1.28 1.27 1.27  1.37 1.36 1.26 1.15 1.15 1.15 
Dig Glyeq

4                1.59 1.34 1.34 1.34 1.34 1.34 1.34  1.22 1.22 1.22 1.22 1.22 1.22 
Calcium               0.96 0.86 0.86 0.86 0.86 0.86 0.86  0.78 0.78 0.78 0.78 0.78 0.78 
Available P 0.48 0.43 0.43 0.43 0.43 0.43 0.43  0.39 0.39 0.39 0.39 0.39 0.39 
Sodium                0.20 0.18 0.18 0.18 0.18 0.18 0.18  0.18 0.18 0.18 0.18 0.18 0.18 
Chloride              0.26 0.24 0.24 0.24 0.25 0.21 0.23  0.24 0.24 0.24 0.22 0.20 0.23 
Analysed nutrients 
GE5, kcal/kg  3939 3996 3981 3956 3921 3878  4031 4095 4049 3998 3957 3914 
CP, %  21.1 20.3 20.0 19.4 18.6 17.0  19.7 19.2 18.7 17.2 16.3 15.5 

1Crude protein; 2Soy hulls included at 3% in the diet; 3Digestible coefficients of AA for raw materials were determined using AMINODat 5.0 (Evonik Animal Nutrition); 4Digestible 
Glyeq was calculated as follows: Dig Glyeq= Dig Gly + (Dig Ser × 0.7143); 5Gross energy
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Growth performance 

Birds and feed were weighed on arrival and on d 10, 24, and 35, and mortality was recorded daily. 
Feed intake, weight gain, and mortality-adjusted FCR were determined during the experimental 
periods.  

Carcass cuts and internal organs  

On d 35, three birds were sampled per pen to measure the relative weights of breast, thigh, drumstick, 
abdominal fat, pancreas and gizzard. The relative weights of carcass cuts and internal organs were 
calculated as mass per unit of live body weight (g/kg of live body weight).  

Water intake  

The automated drinker system was used to measure water intake during the grower and finisher 
phases. The details of the drinker system are described in Experiment 1. 

Sample collection and processing for the measurements of nutrient digestibility  

Apparent ileal digestibility coefficients of GE and CP were determined in 24-day-old birds. The 
methods of sample collection and processing for the determination of CP and GE digestibility 
coefficients in distal ileum were the same as in Experiments 1 and 2.  

Caecal and ileal DNA extraction and quantification of bacteria 
 
The selected group of bacteria in caecal and ileal contents were quantified in 24-day-old birds. The 
methods of sample collection and processing for the quantification of bacteria were the same as in 
Experiments 1 and 2. In short, the DNA of cecal and ileal contents were extracted and relative 
amounts of Bacillus spp., Bacteroides spp., Bifidobacterium spp., Enterobacteria, Lactobacillus spp., 
Ruminococcus spp., and total bacteria, expressed as log10 genomic DNA copies per gram of ileal and 
cecal contents, were quantified following the procedures described by Kheravii et al. (2017). The 
quantitative real-time PCR (Rotorgene 6000 real-time PCR machine, Corbett, Sydney, Australia) was 
employed to determine the bacterial population. The specific 16S rRNA primers used for the 
quantification of different bacterial populations are presented in Annex 1. 
 
Sample collection and processing for gene expression studies 

The expression of digestive enzyme genes in pancreatic and proventricular tissues and the expression 
of tight junction protein genes in jejunal tissues were studied in 24-day-old birds. The methods of 
sample collection and processing for gene expression studies in jejunal and pancreatic tissues were the 
same as in Experiments 1 and 2. 

Quantitative polymerase chain reaction 

Quantitative PCR was performed as described in Experiments 1 and 2. Based on the expression 
stability of the reference genes, YWHAZ and GAPDH were chosen to normalise the target genes in 
the pancreas as they had the lowest M values compared to the other reference genes  (M = 0.220 for 
both genes). Similarly, YWHAZ and GAPDH were chosen for jejunum (M = 0.205 for both genes) as 
housekeeping genes to normalise the target genes. The genes determined in pancreas, proventriculus 
and jejunum are summarised in Table 12.  
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Table 12. Genes determined in pancreatic, proventricular and jejunal tissues on d 24 (Experiment 3) 

Organs 

 

Genes Role 

Pancreas AMY2A, ATP5A, CCK1R, CCK, CELA1, CELA2A, PNLIP Digestive enzymes 
Proventriculus Pep A, Pep C Digestive enzymes 
Jejunum CLDN1, CLDN5, JAM2, ECADH, TJP1 Tight junction proteins 

 

The relative quantification of genes using the arithmetic mean method in the qBase+ software was 
exported to SAS 9.3 package (SAS Institute Inc., 2010) for further analysis. Primers for qPCR were 
either sourced from published papers or designed using the NCBI Primer-BLAST tool 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) as presented in Annex 2. All the primers used in 
this study were checked for specificity using an Agilent DNA 1000 Kit (Agilent Technologies, Inc., 
Waldron, Germany) on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Waldron, 
Germany).  

Calculations  

The apparent digestibility coefficient of nutrients was calculated by using the following equation: 

X digestibility coefficient =  100 −  (Ti diet/Ti digesta ×  X digesta/X diet) 

The disappearance rates of nutrients were calculated as follows: 

Disappearance rate of X (g/bird/day)  =  X intake (g/bird)/day ×  digestibility coefficient of X 

Where X refers to the nutrient under analysis and X intake is the nutrient times feed intake. 

Statistical analysis 

The data were analysed by one-way ANOVA using JMP statistical software version 14 (SAS 
Institute Inc, Cary, NC). Significance was determined at P < 0.05 using Tukey’s HSD and a tendency 
was determined at 0.05 < P < 0.10. 
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Results 
Experiment 1 
The performance of birds exceeded the Ross 308 performance objectives (Aviagen, 2019) for feed 
intake, weight gain and FCR (Table 13). During d 10 to 35, the average feed intake, weight gain and 
FCR were 3300 g, 2218 g and 1.488 respectively. Compared to the Aviagen performance targets for 
Ross 308, feed intake was higher by 3.97% (3300 g versus 3174 g), weight gain was higher by 8.04% 
(2218 g versus 2053 g), and FCR was lower by six points (1.488 versus 1.546) during d 10 to 35.  

Sugarcane bagasse contained 92.7% DM, 1.0% CP, 45.2% CF, 2.5% ash, 0.0% starch, 18.1% lignin 
and 53.8% total NSP, out of which 53.6% was insoluble and 0.2% was soluble.  

Growth performance 

The effects of low CP diet, sugarcane bagasse and protease on growth performance of broilers are 
presented in Table 13. The reduction in dietary CP decreased feed intake (P < 0.001) and weight gain 
(P < 0.001) during finisher (d 24 to 35) and overall periods (d 10 to 35). Protease or bagasse did not 
affect (P > 0.05) feed intake during the experimental periods. A three-way CP × bagasse × protease 
interaction was observed for weight gain during d 10 to 24 (P < 0.05) and for FCR during d 10 to 24 
and d 10 to 35 (P < 0.01). During d 10 to 24, weight gain was increased by 4.37% when protease was 
added to the normal CP diet without bagasse but not when it was added to the low CP diet without 
bagasse. Meanwhile, FCR was decreased by protease in all except for when bagasse was added to the 
normal CP diet. On the other hand, dietary inclusion of bagasse only reduced FCR when no protease 
was added in the normal CP diet but not in all other circumstances. There were no further 
improvements in weight gain and FCR when bagasse and protease were added in tandem in the 
normal CP diet.  

Carcass cuts and internal organs 

The effects of low CP diet, sugarcane bagasse and protease on relative weights of carcass cuts and 
internal organs are presented in Table 14. Sugarcane bagasse increased (P < 0.01) relative gizzard 
weight on d 24, d 35 and d 42. Reduction in CP tended to decrease (P = 0.057) breast meat yield on  
d 42. A three-way CP × bagasse × protease interaction (P < 0.01) was observed for the relative 
abdominal fat pad weight on d 42. The relative abdominal fat pad weight decreased when protease or 
bagasse alone was added to the normal CP diet but increased when added to the low CP diet (P < 
0.01). No further changes were observed when they were added in tandem. 

Water intake 

The effects of low CP diet, sugarcane bagasse and protease on feed intake, water intake and water-to-
feed intake ratio during d 16 to 20 and d 20 to 24 are presented in Table 15. The reduction in dietary 
CP decreased (P < 0.05) feed intake and decreased (P < 0.001) water intake and water-to-feed intake 
ratio at both time points. Sugarcane bagasse did not affect (P > 0.05) water intake and water-to-feed 
intake ratio. Protease did not affect (P > 0.05) water intake but increased (P < 0.05) water-to-feed 
intake ratio at both time points. 
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Table 13. Effects of low crude protein diet, sugarcane bagasse and protease on growth performance of broilers (Experiment 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a-d Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Crude protein; 2Sugarcane bagasse                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
 

 

CP1 

 
SB2  
(%) 

Protease  
(%) 

Feed intake 
(g/bird) 

 Weight gain 
(g/bird) 

 FCR 
(g/g) 

   d 10-24 d 24-35 d 10-35  d 10-24 d 24-35 d 10-35  d 10-24 d 24-35 d 10-35 
Normal 0 0 1395 1946 3341  1030bcd 1233 2263  1.354b 1.579 1.476c 

 0 0.02 1406 1977 3383  1075a 1210 2285  1.308d 1.635 1.481bc 

 2 0 1385 1962 3347  1044bc 1251 2294  1.327c 1.570 1.459d 

 2 0.02 1396 1978 3373  1055ab 1240 2295  1.324c 1.596 1.470cd 

Low  0 0 1404 1858 3277  1010de 1151 2173  1.390a 1.614 1.508a 

 0 0.02 1368 1852 3220  1003de 1131 2133  1.364b 1.638 1.509a 

 2 0 1364 1837 3202  980e 1139 2120  1.392a 1.613 1.511a 

 2 0.02 1389 1861 3253  1022cd 1152 2180  1.359b 1.615 1.492b 

SEM   12.29 25.78 34.47  11.31 18.74 24.76  0.005 0.008 0.004 
Main effect 
CP  Normal 1395 1966 3361  1051 1233 2284  1.328 1.595 1.472 
  Reduced 1381 1852 3238  1004 1143 2152  1.376 1.620 1.505 
SB (%)  0 1393 1908 3305  1030 1181 2214  1.354 1.616 1.493 
  2 1384 1909 3294  1025 1196 2222  1.350 1.598 1.483 
Protease (%)  0 1387 1901 3292  1016 1194 2213  1.366 1.594 1.488 
  0.02 1390 1917 3307  1039 1183 2223  1.339 1.621 1.488 
Source of variation (P value) 
CP   0.118 <0.001 <0.001  <0.001 <0.001 <0.001  <0.001 <0.001 <0.001 
SB   0.282 0.950 0.634  0.579 0.282 0.621  0.327 0.005 0.003 
Protease   0.757 0.391 0.509  0.006 0.438 0.534  <0.001 <0.001 0.928 
CP × SB   0.964 0.701 0.685  0.924 0.472 0.478  0.622 0.324 0.301 
CP × Protease   0.351 0.693 0.438  0.499 0.622 0.981  0.568 0.024 0.017 
SB × Protease   0.091 0.844 0.325  0.615 0.383 0.246  0.019 0.037 0.333 
CP × SB × Protease   0.093 0.536 0.193  0.011 0.690 0.080  0.001 0.743 0.046 
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Table 14. Effects of low crude protein diet, sugarcane bagasse and protease on relative weights of carcass cuts and internal organs of broilers (Experiment 1) 

CP1  
 

SB2  
(%) 

Protease  
(%) 

Gizzard 
(g/kg) 

 Abdominal fat 
(g/kg) 

 Breast  
(g/kg) 

 Thigh+drumstick 
(g/kg) 

d 24 d 35 d 42  d 42  d 42  d 42 
Normal 0 0 19.0 11.8 10.8  14.5ab  179.8  145.9 
 0 0.02 18.7 11.6 10.4  12.7c  185.1  148.9 
 2 0 19.8 12.7 11.4  12.7c  179.3  145.2 
 2 0.02 19.1 12.6 11.5  12.8c  178.7  146.4 
Low 0 0 19.4 12.1 10.4  13.4bc  172.3  145.8 
 0 0.02 18.3 11.5 10.3  15.2a  183.0  148.6 
 2 0 19.8 13.2 11.5  15.4a  174.2  147.1 
 2 0.02 20.6 12.6 11.6  14.8ab  174.3  146.9 
SEM   0.439 0.378 0.429  0.528  3.435  1.785 
Main effect 
CP  Normal 19.2 12.2 11.1  13.2  180.8  146.6 
  Reduced 19.5 12.3 10.9  14.7  175.9  147.1 
SB (%)  0 18.8 11.8 10.5  14.0  180.1  147.3 
  2 19.8 12.8 11.5  14.0  176.6  146.4 
Protease (%)  0 19.5 12.5 11.0  14.0  176.4  146.0 
  0.02 19.2 12.1 11.0  13.9  180.3  147.7 
Source of variation (P value) 
CP   0.261 0.616 0.682  <0.001  0.057  0.679 
SB   0.003 <0.001 0.003  0.977  0.170  0.471 
Protease   0.268 0.153 0.860  0.724  0.123  0.198 
CP × SB   0.284 0.757 0.572  0.031  0.999  0.578 
CP × Protease   0.553 0.376 0.782  0.065  0.535  0.752 
SB × Protease   0.276 0.979 0.541  0.730  0.102  0.353 
CP × SB × Protease   0.104 0.928 0.812  0.007  0.635  0.809 

a-c Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Crude protein; 2Sugarcane bagasse      
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Table 15. Effects of low crude protein diet, sugarcane bagasse and protease on feed intake, water intake 
and water-to-feed intake ratio of broilers at two time points (Experiment 1) 

     1Crude protein; 2Sugarcane bagasse      
 

Nutrient digestibility 

The effects of low CP diet, sugarcane bagasse and protease on apparent jejunal and ileal digestibility 
coefficients and disappearance rates of starch on d 24 are presented in Table 16. The reduction in 
dietary CP increased the starch digestibility coefficient (P < 0.01) and disappearance rate (P < 0.001) 
in distal jejunum. Sugarcane bagasse decreased the starch digestibility coefficient (P < 0.01) and 
disappearance rate (P < 0.001) in distal jejunum. Two-way CP × bagasse interactions (P < 0.01) were 
observed for the starch digestibility coefficient and disappearance rate in distal ileum. The starch 
digestibility coefficient in distal ileum decreased when bagasse was added to the normal CP diet but 
did not change when added to the low CP diet. The starch disappearance rate in distal ileum 
decreased when bagasse was added to both the normal and low CP diets. The birds offered the low 
CP diet without bagasse had a higher starch disappearance rate in distal ileum than the birds offered 
the normal CP diet without bagasse. 

  

CP1 

 
SB2 

(%) 
Protease  
(%) 

Feed intake 
(g) 

 Water intake  
(g) 

 Water-to-feed 
intake ratio  

(g/g) 
d 16-20 d 20-24  d 16-20 d 20-24  d 16-20 d 20-24 

Normal 0 0 438 566  967 1186  2.21 2.10 
 0 0.02 433 560  965 1224  2.22 2.19 
 2 0 425 555  894 1183  2.11 2.13 
 2 0.02 430 551  940 1182  2.19 2.14 
Low 0 0 428 554  837 1065  1.95 1.92 
 0 0.02 417 541  870 1071  2.09 1.98 
 2 0 418 545  805 1054  1.92 1.93 
 2 0.02 422 546  872 1091  2.07 2.00 
SEM   4.82 5.26  29.45 22.40  0.064 0.039 
Main effect 
CP  Normal 431 558  942 1194  2.18 2.14 

  Reduced 421 547  846 1070  2.00 1.96 

SB (%)  0 429 555  910 1136  2.12 2.05 
  2 424 549  878 1127  2.07 2.05 
Protease (%)  0 427 555  876 1122  2.05 2.02 

  0.02 426 550  912 1142  2.14 2.08 

Source of variation (P values) 
CP   < 0.05 < 0.05  < 0.001 < 0.001  < 0.001 < 0.001 
SB   0.109 0.120  0.136 0.581  0.306 0.830 
Protease   0.582 0.131  0.095 0.235  < 0.05 < 0.05 
CP × SB   0.357 0.295  0.423 0.423  0.612 0.736 
CP × Protease   0.489 0.863  0.506 0.922  0.321 0.833 
SB × Protease   0.065 0.284  0.329 0.903  0.670 0.538 
CP × SB × Protease   0.643 0.455  0.873 0.289  0.763 0.422 
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Table 16. Effects of low crude protein diet, sugarcane bagasse and protease on apparent jejunal and ileal 
digestibility coefficients and disappearance rates of starch on d 24 (Experiment 1) 

CP1  
 

SB2 

(%) 
Distal jejunum  Distal ileum 

Digestibility 
coefficient 

Disappearance 
rate (g/bird/day) 

 Digestibility 
coefficient 

Disappearance 
rate (g/bird/day) 

Normal 0 0.867 34.2  0.952a 37.7c 

 2 0.855 31.7  0.939b 35.1d 

Low  0 0.892 40.8  0.958a 43.2a 

 2 0.876 37.9  0.962a 41.9b 

SEM  0.004 0.535  0.002 0.223 
SB 
(%) 

Protease  
(%) 

     

0 0 0.879 37.49  0.954 40.71a 

 0.02 0.895 37.54  0.957 40.11a 

2 0 0.865 34.82  0.949 38.17b 

 0.02 0.867 35.29  0.952 38.80b 

SEM  0.007 0.392  0.003 0.228 
Main effect       
CP Normal 0.866 33.3  0.946 36.4 

 Reduced 0.887 39.3  0.960 42.5 

SB (%) 0 0.887 37.5  0.955 40.4 

 2 0.866 35.1  0.951 38.5 

Protease (%) 0 0.872 36.2  0.952 39.4 
 0.02 0.881 36.4  0.954 39.5 
Source of variation (P values)      
CP  < 0.01 < 0.001  < 0.001 < 0.001 
SB  < 0.01 < 0.001  0.115 < 0.001 
Protease  0.234 0.539  0.325 0.947 
CP × SB  0.714 0.751  < 0.01 < 0.01 
CP × Protease  0.761 0.371  0.208 0.506 
SB × Protease  0.332 0.612  0.912 < 0.05 
CP × SB × Protease  0.900 0.436  0.943 0.128 

a-d Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Crude protein; 2Sugarcane bagasse      
 

The effects of low CP diet, sugarcane bagasse and protease on apparent jejunal and ileal digestibility 
coefficients and disappearance rates of CP on d 24 are presented in Table 17. In distal jejunum, the 
reduction in dietary CP had no effect (P > 0.05) on the CP digestibility coefficient but decreased (P < 
0.001) the CP disappearance rate. In distal ileum, the reduction in dietary CP increased (P < 0.01) the 
CP digestibility coefficient and decreased (P < 0.001) the CP disappearance rate. A two-way bagasse 
× protease interaction (P < 0.01) was observed for the CP digestibility coefficient in distal ileum. The 
CP digestibility coefficient in distal ileum increased when bagasse was added to the diets without 
protease, but bagasse had no effect when it was added to the diets with protease. Similarly, protease 
increased the distal ileal CP digestibility coefficient when it was added to the diets without bagasse 
but not when it was added to the diets with bagasse. 
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Table 17. Effects of low crude protein diet, sugarcane bagasse and protease on apparent jejunal and ileal 
digestibility coefficients and disappearance rates of crude protein on d 24 (Experiment 1) 

CP1 

 
Protease  
(%) 

Distal jejunum  Distal ileum 
Digestibility 
coefficient 

Disappearance 
rate (g/bird/day) 

 Digestibility 
coefficient 

Disappearance 
rate (g/bird/day) 

Normal 0 0.669 13.62  0.836 17.57 
 0.02 0.672 14.33  0.827 17.63 
Low  0 0.652 11.85  0.837 15.32 
 0.02 0.680 12.63  0.851 15.85 
SEM  0.019 0.431  0.004 0.127 
SB2 

(%) 
Protease  
(%) 

     

0 0 0.664 12.63  0.829b 16.39 
 0.02 0.680 13.65  0.845a 16.94 
2 0 0.657 12.85  0.844a 16.49 
 0.02 0.673 13.32  0.833ab 16.54 
SEM  0.019 0.430  0.004 0.127 
Main effect       
CP Normal 0.671 13.98  0.832 17.6 

 Reduced 0.666 12.24  0.844 15.6 

SB (%) 0 0.672 13.14  0.837 16.7 
 2 0.665 13.08  0.839 16.5 
Protease (%) 0 0.660 12.74  0.837 16.4 

 0.02 0.676 13.48  0.839 16.7 

Source of variation (P values)      
CP  0.810 < 0.001  < 0.01 < 0.001 
SB  0.718 0.904  0.609 0.254 
Protease  0.411 0.099  0.606 < 0.05 
CP × SB  0.920 0.538  0.874 0.245 
CP × Protease  0.506 0.940  0.064 0.065 
SB × Protease  0.995 0.531  < 0.01 0.056 
CP × SB × Protease  0.502 0.231  0.455 0.063 

a-b Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05);  
1Crude protein;  2Sugarcane bagasse      
 

The effects of low CP diet, sugarcane bagasse and protease on apparent ileal digestibility (AID) 
coefficients of AA on d 24 are presented in Table 18. Two way CP × protease interactions (P < 0.05) 
were observed for the AID coefficients of Lys, Met, Thr, Val, Iso, Arg, and Leu and tendencies were 
observed for Phe (P = 0.056), Gly (P = 0.074), Ala (P = 0.052) and Pro (P = 0.067). The AID 
coefficients of Met and Thr were greater when protease was added to the low CP diet but not when it 
was added to the normal CP diet. In general, protease increased the AID coefficient of AA when it 
was added to the low CP diets compared to when it was added to the normal CP diets. Two-way 
bagasse × protease interactions (P < 0.05) were observed for the AID coefficients of Thr, Val, Arg, 
Phe, His, Gly, Ser, Pro and Asp and tendencies were observed for Lys (P = 0.059), Met (P = 0.064) 
and Leu (P = 0.089). Protease increased the AID coefficients of Thr, Val, His, Gly, Ser and Pro when 
it was added to the diets without bagasse but not when it was added with bagasse. Similarly, bagasse 
increased the AID coefficients of Val, Arg, Phe and Asp when it was added to the diets without 
protease but not when it was added with protease. 
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Table 18. Effects of low crude protein diet, sugarcane bagasse and protease on apparent ileal digestibility coefficients of AA on d 24 (Experiment 1) 

a-c Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Crude protein; 2Sugarcane bagasse      

CP1 Protease 
(%) 

Lys Met Thr Val Iso Arg Phe His Leu Gly Ser Ala Pro Asp Glu 

Normal 0 0.903bc 0.961b 0.818c 0.843bc 0.857bc 0.912b 0.864 0.861 0.845ab 0.819 0.832 0.823 0.851 0.828 0.896 
 0.02 0.896c 0.956b 0.818c 0.835c 0.850c 0.908b 0.858 0.864 0.835b 0.814 0.828 0.816 0.848 0.820 0.889 
Low 0 0.909ab 0.961b 0.830b 0.853ab 0.862ab 0.919a 0.863 0.853 0.840ab 0.809 0.827 0.813 0.857 0.818 0.899 
 0.02 0.914a 0.967a 0.845a 0.863a 0.871a 0.924a 0.872 0.866 0.851a 0.821 0.837 0.828 0.867 0.824 0.904 
SEM  0.003 0.002 0.004 0.004 0.004 0.0022 0.004 0.004 0.005 0.0045 0.0042 0.005 0.003 0.0041 0.002 
SB2 

(%) 
Protease  
(%) 

               

0 0 0.902 0.958 0.820b 0.842b 0.855 0.912b 0.858b 0.852b 0.837 0.808b 0.824b 0.813 0.850b 0.817b 0.894 
 0.02 0.907 0.962 0.835a 0.853a 0.862 0.917ab 0.867ab 0.869a 0.846 0.823a 0.836a 0.825 0.862a 0.825ab 0.899 
2 0 0.910 0.964 0.829ab 0.853a 0.864 0.919a 0.869a 0.862ab 0.847 0.820ab 0.834ab 0.823 0.857ab 0.829a 0.901 
 0.02 0.903 0.961 0.825ab 0.849ab 0.859 0.915ab 0.862ab 0.861ab 0.840 0.813ab 0.829ab 0.818 0.853ab 0.819ab 0.895 
SEM  0.003 0.002 0.004 0.004 0.004 0.0022 0.004 0.004 0.004 0.0045 0.0042 0.005 0.003 0.0041 0.003 
Main effect                 
CP Normal 0.900 0.956 0.817 0.839 0.853 0.910 0.861 0.863 0.840 0.816 0.830 0.820 0.850 0.824 0.893 

 Reduced 0.911 0.964 0.838 0.858 0.867 0.921 0.868 0.860 0.845 0.815 0.832 0.820 0.862 0.821 0.902 

SB (%) 0 0.904 0.960 0.827 0.848 0.859 0.914 0.863 0.861 0.842 0.816 0.830 0.819 0.856 0.821 0.897 
 2 0.907 0.962 0.827 0.849 0.862 0.917 0.866 0.861 0.844 0.816 0.832 0.821 0.855 0.824 0.898 
Protease (%) 0 0.906 0.961 0.824 0.848 0.860 0.915 0.864 0.857b 0.842 0.814 0.829 0.818 0.854 0.823 0.897 
 0.02 0.905 0.962 0.830 0.849 0.860 0.916 0.865 0.865a 0.843 0.818 0.832 0.822 0.858 0.822 0.897 
Source of variation (P values)                
CP  < 0.001 < 0.01 < 0.001 < 0.001 < 0.01 < 0.001 0.078 0.390 0.241 0.838 0.544 0.860 < 0.001 0.457 < 0.01 
SB  0.389 0.203 0.941 0.749 0.425 0.297 0.439 0.818 0.628 0.874 0.763 0.778 0.786 0.391 0.739 
Protease  0.736 0.564 0.155 0.727 0.794 0.780 0.801 < 0.05 0.857 0.417 0.473 0.516 0.239 0.787 0.835 
CP × SB  0.616 0.876 0.709 0.922 0.933 0.455 0.982 0.852 0.872 0.831 0.688 0.937 0.742 0.950 0.841 
CP × Protease  < 0.05 < 0.01 < 0.05 < 0.05 < 0.05 < 0.05 0.056 0.137 < 0.05 0.074 0.110 0.052 0.067 0.107 0.062 
SB × Protease  0.059 0.064 < 0.05 < 0.05 0.114 < 0.05 < 0.05 < 0.05 0.089 < 0.05 < 0.05 0.112 < 0.05 < 0.05 0.060 
CP × SB × Protease  0.460 0.305 0.515 0.825 0.531 0.693 0.667 0.535 0.960 0.414 0.903 0.663 0.689 0.712 0.896 
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Microflora 

The effects of low CP diet, sugarcane bagasse and protease on bacterial load (log10 genomic DNA 
copies/g) in caecal contents of broilers are presented in Table 19. The reduction in dietary CP 
decreased Lactobacillus (P < 0.05) and total bacteria counts (P < 0.05) in the caecal contents. 
Sugarcane bagasse decreased (P < 0.05) Lactobacillus counts in the caecal contents. A two-way CP 
× protease interaction (P < 0.05) was observed for Bacillus counts in the caecal contents where 
protease decreased Bacillus counts when it was added to the normal CP diet but not when it was 
added to the low CP diet. Also, the birds offered low CP diets without protease had lower Bacillus 
counts compared to those offered normal CP diets without protease. 

Gene expression 

The mRNA expressions of nine digestive enzyme genes in jejunal and pancreatic tissues in response 
to low CP diet, sugarcane bagasse and protease on d 24 are presented in Table 20. The reduction in 
dietary CP decreased (P < 0.05) the expression of the pancreatic AMY2A gene. There was no effect 
of dietary treatments (P > 0.05) on other digestive enzyme genes. 

The mRNA expressions of two peptide transporter genes and six AA transporter genes in jejunal 
tissue in response to low CP diet, sugarcane bagasse and protease on d 24 are presented in Table 21. 
The reduction in dietary CP tended to decrease (P = 0.067) the expression of the PEPT1 gene. A 
tendency for CP × bagasse interaction (P = 0.076) was observed in the expression of the CAT1 gene 
where bagasse tended to increase the expression of the CAT1 gene when it was added to the normal 
CP diet but tended to decrease the CAT1 gene expression when it was added to the low CP diet. 
There was no effect of dietary treatments (P > 0.05) on other peptide and AA transporter genes. 

The mRNA expressions of two glucose and two free fatty acid transporter genes in jejunal tissue in 
response to low CP diet, sugarcane bagasse and protease on d 24 are presented in Table 22. 
Sugarcane bagasse tended to decrease the expression of the GLUT2 (P = 0.070) and FFAR4 (P = 
0.062) genes. There was no effect of dietary treatments (P > 0.05) on other glucose and free fatty 
acid transporter genes. 

The mRNA expressions of tight junction protein genes in jejunal tissue in response to low CP diet, 
sugarcane bagasse and protease on d 24 are presented in Table 23. Sugarcane bagasse decreased (P < 
0.05) the expression of the JAM2 gene and tended to decrease (P = 0.068) the expression of the 
CLDN5 gene in jejunal tissue. 
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Table 19. Effects of low crude protein diet, sugarcane bagasse and protease on bacterial load (log10 genomic DNA copies/g) in caecal contents on d 24  
(Experiment 1) 

CP1   
 

SB2 

(%) 
Protease  
(%) 

Bacillus Bacteroides Bifidobacteria Enterobacteria Lactobacillus Ruminococcus Total  
bacteria 

Normal 0 0 8.36 9.46 8.68 8.65 10.87 9.54 12.05 
 0 0.02 7.99 9.40 8.67 8.66 10.99 9.43 12.00 
 2 0 8.38 9.36 8.66 8.54 10.75 9.36 11.98 
 2 0.02 8.17 9.44 8.68 8.86 10.79 9.43 12.00 
Low 0 0 8.02 9.44 8.63 8.71 10.76 9.48 11.95 
 0 0.02 8.07 9.54 8.62 8.69 10.70 9.47 11.89 
 2 0 7.86 9.51 8.58 8.60 10.46 9.51 11.93 
 2 0.02 8.13 9.49 8.71 8.68 10.62 9.54 11.95 
SEM   0.128 0.119 0.092 0.100 0.114 0.066 0.047 
Main effect          
CP  Normal 8.22 9.42 8.67 8.68 10.85 9.44 12.01 
  Reduced 8.02 9.49 8.63 8.67 10.64 9.50 11.93 
SB (%)  0 8.11 9.46 8.65 8.68 10.83 9.48 11.97 
  2 8.13 9.45 8.66 8.67 10.66 9.46 11.97 
Protease (%)  0 8.16 9.44 8.64 8.62 10.71 9.47 11.98 
  0.02 8.09 9.47 8.67 8.72 10.78 9.47 11.97 
Source of variation (P values)        
CP   0.029 0.357 0.580 0.898 0.010 0.244 0.032 
SB   0.782 0.919 0.950 0.915 0.035 0.704 0.882 
Protease   0.451 0.778 0.621 0.185 0.430 0.914 0.516 
CP × SB   0.422 0.818 0.873 0.449 0.865 0.144 0.411 
CP × Protease   0.016 0.844 0.669 0.338 0.816 0.779 0.930 
SB × Protease   0.308 0.926 0.470 0.153 0.682 0.275 0.290 
CP × SB × Protease   0.902 0.469 0.693 0.463 0.328 0.481 0.906 

1Crude protein; 2Sugarcane bagasse  
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Table 20. Effects of low crude protein diet, sugarcane bagasse and protease on expression of digestive enzyme genes in jejunal and pancreatic tissues on d 241 
(Experiment 1) 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised relative quantities (NRQ). Relative quantities for individual 
genes are scaled to the average across all unknown samples per target gene; 2Crude protein; 3Sugarcane bagasse

CP2 

 
SB3 

(%) 
Protease  
(%) 

Jejunum  Pancreas 
APN SI  AMY2A ATP5A CCK1R CCK CELA1 CELA2A PNLIP 

Normal 0 0 1.112 1.070  1.199 1.009 1.078 1.282 1.110 0.961 1.164 
 0 0.02 1.044 1.110  1.006 1.006 1.011 1.041 1.455 0.879 1.039 
 2 0 1.118 0.849  1.073 0.942 1.044 1.112 1.085 1.052 1.000 
 2 0.02 1.163 0.928  1.059 1.045 1.054 0.782 1.026 1.009 1.138 
Low 0 0 0.945 0.948  1.010 1.051 0.963 1.138 1.185 1.076 0.986 
 0 0.02 1.020 1.153  1.035 1.135 1.196 1.216 1.130 1.082 0.975 
 2 0 0.995 1.096  0.832 1.015 0.954 0.879 0.864 1.121 0.972 
 2 0.02 0.949 1.018  0.976 0.982 0.891 1.126 1.045 1.048 0.993 
SEM   0.120 0.116  0.084 0.055 0.089 0.171 0.221 0.097 0.113 
Main effect 
CP  Normal 1.109 0.989  1.084 1.000 1.047 1.054 1.169 0.975 1.085 
  Reduced 0.977 1.054  0.963 1.046 1.001 1.090 1.056 1.082 0.982 
SB (%)  0 1.030 1.070  1.062 1.050 1.062 1.169 1.220 1.000 1.041 
  2 1.056 0.973  0.985 0.996 0.986 0.975 1.005 1.057 1.026 
Protease (%)  0 1.042 0.991  1.028 1.004 1.010 1.103 1.061 1.053 1.031 
  0.02 1.044 1.052  1.019 1.042 1.038 1.041 1.164 1.004 1.036 
Source of variation (P values) 
CP   0.148 0.418  0.049 0.258 0.466 0.772 0.475 0.129 0.200 
SB   0.773 0.225  0.204 0.175 0.232 0.121 0.177 0.406 0.849 
Protease   0.987 0.444  0.874 0.346 0.654 0.619 0.513 0.489 0.945 
CP × SB   0.681 0.198  0.495 0.318 0.205 0.870 0.940 0.455 0.830 
CP × Protease   0.883 0.980  0.124 0.756 0.372 0.076 0.799 0.836 0.992 
SB × Protease   0.983 0.446  0.220 0.944 0.389 0.869 0.790 0.888 0.356 
CP × SB × Protease   0.516 0.315  0.803 0.163 0.145 0.601 0.313 0.673 0.474 
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Table 21. Effects of low crude protein diet, sugarcane bagasse and protease on expression of peptide and AA transporter genes in jejunal tissue 
on d 241 (Experiment 1) 

CP2 

 
SB3 

(%) 
Protease  
(%) 

Peptide transporters  AA transporters 
PEPT1 PEPT2  CAT1 ASCT1 LAT1 EAAT3 bo+AT y+LAT2 

Normal 0 0 1.188 2.252  0.856 1.020 1.084 1.055 1.170 1.018 
 0 0.02 1.190 1.086  1.272 1.040 0.961 1.000 1.096 1.043 
 2 0 1.074 1.792  1.367 0.936 1.061 0.956 1.014 1.036 
 2 0.02 1.137 1.740  1.096 0.953 0.975 0.984 1.038 1.062 
Low  0 0 1.046 2.103  1.162 0.919 0.995 1.128 0.991 1.001 
 0 0.02 0.947 2.698  1.088 0.975 1.008 1.045 1.040 1.004 
 2 0 1.052 1.105  0.943 0.983 0.916 1.037 1.111 0.982 
 2 0.02 0.894 2.493  0.853 1.035 0.990 0.978 0.852 0.972 
SEM   0.123 0.732  0.145 0.112 0.107 0.076 0.091 0.082 
Main effect 
CP  Normal 1.147 1.717  1.148 0.987 1.020 1.000 1.079 1.040 
  Reduced 0.985 2.100  1.011 0.978 0.977 1.047 0.998 0.990 
SB (%)  0 1.093 2.035  1.094 0.988 1.012 1.057 1.074 1.016 
  2 1.039 1.783  1.065 0.977 0.986 0.989 1.004 1.013 
Protease (%)  0 1.090 1.813  1.082 0.964 1.014 1.044 1.071 1.009 
  0.02 1.042 2.004  1.077 1.000 0.984 1.002 1.007 1.020 
Source of variation (P values) 
CP   0.067 0.453  0.215 0.904 0.568 0.411 0.250 0.376 
SB   0.535 0.620  0.784 0.884 0.727 0.250 0.315 0.952 
Protease   0.581 0.706  0.965 0.652 0.685 0.474 0.356 0.840 
CP × SB   0.728 0.493  0.076 0.358 0.770 0.860 0.599 0.698 
CP × Protease   0.355 0.121  0.481 0.825 0.325 0.619 0.568 0.792 
SB × Protease   0.996 0.351  0.113 0.983 0.744 0.649 0.453 0.955 
CP × SB × Protease   0.729 0.875  0.129 0.995 0.939 0.804 0.150 0.947 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised relative quantities (NRQ). Relative quantities for 
individual genes are scaled to the average across all unknown samples per target gene; 2Crude protein; 3Sugarcane bagasse
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Table 22. Effects of low crude protein diet, sugarcane bagasse and protease on expression of 
glucose and free fatty acid transporter genes in jejunal tissue on d 241 (Experiment 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1The relative expression levels of the genes of respective treatment groups are expressed as means of 
normalised relative quantities (NRQ). Relative quantities for individual genes are scaled to the average across 
all unknown samples per target gene; 2Crude protein; 3Sugarcane bagasse

CP2 

 
SB3 

(%) 
Protease  
(%) 

Glucose transporters 
 

 Free fatty acid 
transporters  

GLUT2 GLUT5  FFAR2 FFAR4 
Normal 0 0 1.102 1.207  1.110 1.176 
 0 0.02 1.141 1.005  1.131 1.087 
 2 0 0.872 0.879  0.889 0.941 
 2 0.02 0.937 0.901  0.976 1.064 
Low 0 0 1.125 0.820  0.974 1.013 
 0 0.02 1.084 1.066  1.052 1.113 
 2 0 0.977 1.064  1.206 0.895 
 2 0.02 1.076 1.019  1.338 0.922 
SEM   0.113 0.165  0.254 0.099 
Main effect        
CP  Normal 1.013 0.998  1.027 1.067 
  Reduced 1.065 0.992  1.143 0.986 
SB (%)  0 1.113 1.025  1.067 1.097 
  2 0.965 0.966  1.102 0.955 
Protease (%)  0 1.019 0.993  1.045 1.006 
  0.02 1.060 0.998  1.124 1.047 
Source of variation (P values)       
CP   0.510 0.961  0.512 0.277 
SB   0.070 0.614  0.840 0.062 
Protease   0.609 0.964  0.652 0.587 
CP × SB   0.388 0.181  0.211 0.867 
CP × Protease   0.884 0.414  0.884 0.756 
SB × Protease   0.603 0.888  0.866 0.640 
CP × SB × Protease   0.719 0.271  0.987 0.339 
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Table 23. Effects of low crude protein diet, sugarcane bagasse and protease on expression of tight 
junction protein genes in jejunal tissue on d 241 (Experiment 1) 

CP2 

 
SB3  
(%) 

Protease  
(%) 

              Tight junction proteins genes 
 CLDN1 CLDN5 JAM2 ECADH TJP1 

Normal 0 0  1.065 0.939 1.164 1.042 1.130 
 0 0.02  1.008 1.046 1.154 1.050 1.023 
 2 0  0.896 0.995 1.051 0.998 1.028 
 2 0.02  0.895 0.869 0.872 0.789 1.005 
Low  0 0  0.878 1.143 1.077 0.941 1.041 
 0 0.02  1.015 1.161 1.207 1.178 1.097 
 2 0  1.120 0.912 0.851 1.379 1.010 
 2 0.02  1.034 1.018 0.977 1.433 1.252 
SEM    0.127 0.995 0.125 0.271 0.187 
Main effect         
CP  Normal  0.966 0.962 1.060 0.970 1.046 
  Reduced  1.012 1.059 1.028 1.233 1.100 
SB (%)  0  0.991 1.072 1.150 1.053 1.072 
  2  0.986 0.949 0.938 1.150 1.073 
Protease (%)  0  0.990 0.997 1.036 1.090 1.052 
  0.02  0.988 1.023 1.052 1.113 1.094 
Source of variation (P values)       
CP    0.609 0.152 0.732 0.206 0.678 
SB    0.954 0.068 0.029 0.638 0.993 
Protease    0.985 0.696 0.859 0.913 0.744 
CP × SB    0.134 0.341 0.876 0.230 0.635 
CP × Protease         0.760 0.588 0.242 0.550 0.406 
SB × Protease         0.639 0.584 0.646 0.628 0.599 
CP × SB × Protease         0.436 0.232 0.662 0.966 0.843 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised 
relative quantities (NRQ). Relative quantities for individual genes are scaled to the average across all unknown 
samples per target gene; 2Crude protein; 3Sugarcane bagasse 
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Experiment 2 
Composition of insoluble fibres 

The composition of different insoluble fibres is presented in Table 24. Lignocellulose contained the 
highest concentration of crude fibre (65.7%) followed by bagasse (45.2%), soy hulls (37.7%) and oat 
hulls (31.0%). Bagasse contained the highest concentration of insoluble NSP (53.6%) followed by 
lignocellulose (48.9%), oat hulls (47.4%) and soy hulls (45.1%). Lignocellulose contained the highest 
concentration of lignin (26.8%) followed by bagasse (18.1%), oat hulls (15.2%) and soy hulls (3.8%). 
Oat hulls contained 6.2% starch whereas no starch was detected on the other fibre sources. Soy hulls 
contained the highest concentration of CP (9.3%) followed by oat hulls (3.1%), bagasse (1.0%) and 
lignocellulose (0.3%). 

Pellet durability index 

The average pellet durability index (PDI) of the treatment grower and finisher diets is shown in Figure 
2. The reduction in dietary CP resulted in a higher PDI value of the diet. The addition of insoluble 
fibres in low CP diets lowered the PDI values of the diets and was comparable to the normal CP diet. 

 

 
Figure 2. Pellet durability index of finished feeds (mean of grower and finisher feeds) 

 

Growth performance  

The performance of birds exceeded the Ross 308 performance objectives (Aviagen, 2019) for feed 
intake, weight gain and FCR (Table 25). During d 10 to 35, the average feed intake, weight gain and 
FCR were 3218 g, 2220 g and 1.450 respectively. Compared to the Aviagen performance targets for 
Ross 308, feed intake was higher by 1.39% (3218 g versus 3174 g), weight gain was higher by 8.13% 
(2220 g versus 2053 g), and FCR was lower by nine points (1.450 versus 1.546) during d 10 to 35.  

The effects of low CP diets with insoluble fibres on growth performance of broilers are presented in 
Table 25. Dietary treatments tended (P = 0.067) to affect feed intake during d 10 to 24 and the highest 
feed intake during this period was observed in the birds offered a normal CP diet. Dietary treatments 
had a significant effect on feed intake (P < 0.001) during d 24 to 35 and d 10 to 35. During these 
periods, the reduced dietary CP decreased feed intake of birds. There was no effect on feed intake 
from birds being offered a low CP diet with either bagasse, lignocellulose or oat hulls as compared to 
being offered a low CP diet. 
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Table 24. Composition of sugarcane bagasse, lignocellulose, oat hulls and soy hulls  

Insoluble 
fibre, % 

    Rhamnose Fucose Ribose Arabinose Xylose Mannose Galactose Glucose Total  Lignin 
% 

DM1 

% 
GE2 

kcal/kg 
CP3  
% 

CF4  
% 

Starch 
% 

Ash 
% 

Sugarcane  
bagasse 
  
  
  

Free sugars 0 0 0.009 0.069 0.431 0.041 0.118 0.210 0.879 18.1 92.7 4096 1.0 45.2 0 2.5 
SNSP5 0.005 0 0.002 0.022 0.025 0.035 0.050 0.085 0.201        
INSP6 0 0.049 0.158 2.336 19.02 0.145 1.080 37.25 53.57              
Total NSP 0 0.049 0.160 2.358 19.04 0.180 1.130 37.34 53.78              

                  
Ligno- 
cellulose7 

  
  
  

Free sugars 0 0 0.007 0.021 0.050 0.072 0.100 0.058 0.305 26.8 93.2  4217 0.3 65.7 0 0.5 
SNSP 0.007 0 0.002 0.030 0.012 0.149 0.238 0.041 0.430        
INSP 0.069 0.054 0.160 1.043 4.496 7.795 2.781 38.17 48.94              
Total NSP 0.076 0.054 0.162 1.073 4.508 7.944 3.019 38.21 49.37              

                  
Oat hulls 
  
  
  

Free sugars 0.01 0 0.011 0.034 0.051 0.171 0.092 0.797 1.166 15.2 93.5  3917 3.1 31.0 6.2 5.1 
SNSP 0.005 0 0.003 0.066 0.104 0.037 0.070 0.210 0.441        
INSP 0 0.212 0.128 3.470 24.38 0.050 1.344 23.75 47.43              
Total NSP 0 0.212 0.131 3.536 24.49 0.087 1.414 23.96 47.87              

                  
Soy hulls 
  
  
  

Free sugars 0.016 0 0.011 0.069 0.027 0.132 0.430 0.638 1.323 3.8 91.1  3780 9.3 37.7 0 4.5 
SNSP 0.065 0.013 0.009 0.717 0.044 1.380 0.856 0.037 2.793              
INSP 0.321 0.330 0.162 3.462 6.129 2.989 2.414 34.49 45.06        
Total NSP 0.386 0.343 0.171 4.179 6.173 4.369 3.270 34.52 47.86              

1Dry matter; 2Gross energy; 3Crude protein; 4Crude fibre; 5Soluble non-starch polysaccharides; 6Insoluble non-starch polysaccharides; 7Arbocell, JRS Pharma 
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Table 25. Growth performance of broilers offered low crude protein diets with insoluble fibres (Experiment 2) 

Treatment Feed intake (g/bird) Weight gain (g/bird) FCR (g/g) 
d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 

Normal CP1                        1412 1895a 3307a 1084a 1214a 2298a 1.302b 1.561 1.439d 

Low CP2                         1380 1817b 3198bc 1041bc 1150c 2190cd 1.326a 1.581 1.460a 

Low CP + SB3           1368 1846ab 3214bc 1053bc 1174bc 2227bc 1.300b 1.573 1.443cd 

Low CP + LC4          1370 1787b 3158c 1031c 1146c 2176cd 1.330a 1.560 1.451abc 

Low CP + OH5         1359 1792b 3151c 1026c 1139c 2166d 1.324a 1.573 1.455ab 

Low CP + SH6          1389 1890a 3278ab 1069ab 1194ab 2263ab 1.299b 1.583 1.448bcd 

SEM 12.62 19.01 27.94 9.81 12.04 18.26 0.005 0.006 0.004 
P value 0.067 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.072 < 0.01 

a-dWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal 
crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 4Diet formulated 
with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls 
 

The birds offered a low CP diet with soy hulls had higher feed intake compared to those offered a 
low CP diet during d 24 to 35. Dietary treatments had a significant effect on weight gain (P < 
0.001) in all phases. The reduction in dietary CP decreased the weight gain of birds in all phases. 
The birds offered a low CP diet with soy hulls had a higher weight gain compared to those offered 
a low CP diet and similar weight gains to those offered low CP + bagasse and normal CP diets. 
Dietary treatments led to a significant difference in FCR (P < 0.001) during d 10 to 24 and d 10 to 
35. During these periods, the reduction in dietary CP increased FCR of birds. The birds offered a 
low CP diet with soy hulls or bagasse had a lower FCR compared to those offered a low CP diet 
without fibre and similar FCR to those offered a normal CP diet. FCR tended to be significant (P = 
0.072) during d 24 to 35 and the lowest FCR was observed in the birds offered a normal CP diet. 
 
Carcass cuts and internal organs 
 
The effects of low CP diets with insoluble fibres on relative organ weights of broilers are presented 
in Tables 26 and 27. Dietary treatments had a significant effect (P < 0.05) on relative abdominal fat 
weight. The reduction in dietary CP increased relative abdominal fat weight of birds. There was no 
effect on relative abdominal fat weight from birds being offered a low CP diet with insoluble fibres 
(bagasse, lignocellulose, oat hulls or soy hulls) as compared to being offered a low CP diet. Dietary 
treatments tended (P = 0.058) to affect relative pancreas weight and the highest weight was 
observed in the normal CP treatment. There was no effect (P > 0.05) of dietary treatments on the 
relative weights of breast, thigh and drumstick. 
 
Dietary treatments led to significant effects in relative gizzard weight and gizzard contents on d 24 
(P < 0.05) and d 35 (P < 0.001), as shown in Table 27. The reduction in dietary CP had no effect on 
relative gizzard weight and gizzard contents at both time points. On d 24, the birds offered a low 
CP diet with bagasse or oat hulls had higher relative gizzard weight compared to those offered a 
normal CP diet. On d 35, the birds offered a low CP diet with oat hulls or bagasse had higher 
relative gizzard weight compared to those offered a low CP diet. The addition of bagasse in low CP 
diets increased relative gizzard contents on d 35. There was no effect (P > 0.05) of dietary 
treatments on gizzard pH at both time points. On d 35, the proportion of dilated proventriculus was 
affected (P < 0.05) by dietary treatments. The reduction in dietary CP decreased the proportion of 
dilated proventriculus. The addition of insoluble fibres to the low CP diet had no effect on the 
proportion of dilated proventriculus compared to the low CP treatment. 
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Table 26. Relative organ weights of broilers offered low crude protein diets with insoluble fibres on d 
35 (Experiment 2) 

a, bWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 
4Diet formulated with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 
3% soy hulls 
 

Table 27. Relative gizzard weight, gizzard contents, gizzard pH and proportion of dilated proventriculi 
of broilers offered low crude protein diets with insoluble fibres (Experiment 2) 

Treatment Day 24  Day 35 
Gizzard 
weight 
(g/kg) 

Gizzard 
contents 
(g/kg) 

Gizzard 
pH 

 Gizzard 
weight 
(g/kg) 

Gizzard 
contents 
(g/kg) 

Gizzard 
pH  

Proportion of  
dilated  
proventriculus 

Normal CP1                        17.82b 10.39a 3.03  11.49bc 4.93bc 3.57 0.33a 

Low CP2                         18.25ab 8.70ab 3.03  11.37c 4.96bc 3.60 0.13bc 

Low CP + SB3           19.35a 9.71ab 2.97  12.36ab 6.72a 3.58 0.08bc 

Low CP + LC4          18.10ab 8.71ab 2.99  10.78c 4.22c 3.61 0.17abc 

Low CP + OH5         19.50a 8.92ab 3.02  13.34a 6.33ab 3.32 0.002c 

Low CP + SH6          17.82b 9.26ab 3.04  11.40bc 5.16bc 3.42 0.21ab 

SEM 0.503 0.406 0.085  0.344 0.493 0.103 0.066 
P value 0.039 0.019 0.272  < 0.001 < 0.001       0.267 0.032 

a-cWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 
4Diet formulated with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 
3% soy hulls 
 

Water intake 
 
The effects of low CP diets with insoluble fibres on feed intake, water intake and water-to-feed 
intake ratio of broilers are presented in Table 28. In all phases, dietary treatments had a significant 
effect (P < 0.001) on water intake and water-to-feed intake ratio. The reduction in dietary CP 
decreased water intake and water-to-feed intake ratio in all phases. There was no effect (P > 0.05) 
on water intake and water-to-feed intake ratio from birds being offered a low CP diet with 
insoluble fibres (bagasse, lignocellulose, oat hulls or soy hulls) as compared to being offered a low 
CP diet. 

 

 

Treatment Breast  
(g/kg) 

Thigh 
(g/kg) 

Drumstick 
(g/kg) 

Abdominal fat 
(g/kg) 

Pancreas 
(g/kg) 

Normal CP1                        162.7 99.96 90.45 11.68b 1.70 
Low CP2                         159.4 99.54 91.09 13.67a 1.56 
Low CP + SB3           158.4 99.80 92.43 13.65a 1.62 
Low CP + LC4          158.9 99.90 91.34 13.67a 1.50 
Low CP + OH5         158.3 102.6 93.51 13.17ab 1.69 
Low CP + SH6          158.6 99.90 90.54 12.88ab 1.67 
SEM 2.293 1.503 0.912 0.501 0.054 
P value 0.744 0.710 0.153 0.048 0.058 
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Table 28. Feed intake, water intake and water-to-feed intake ratio of broilers offered low crude   
protein diets with insoluble fibres (Experiment 2) 

a-cWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal 
crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 4Diet formulated 
with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls 
 

Nutrient digestibility 

The effect of low CP diets with insoluble fibres on apparent starch and CP digestibility coefficients 
and disappearance rates in distal jejunum and distal ileum, and the GE digestibility coefficient in 
distal ileum, of broilers is presented in Tables 29 and 30. The dietary treatments had a significant 
effect (P < 0.01) on the starch digestibility coefficient in distal ileum but not (P > 0.05) in distal 
jejunum. The reduction in dietary CP increased (P < 0.01) the starch digestibility coefficient in distal 
ileum. The birds offered a low CP diet with either bagasse or soy hulls had a lower starch 
digestibility coefficient compared to those offered a low CP diet without fibre, and a similar starch 
digestibility coefficient to those offered a normal CP diet. The dietary treatments had a significant 
effect (P < 0.001) on starch disappearance rates in distal jejunum and distal ileum. The reduction in 
dietary CP increased starch disappearance rates in distal jejunum and distal ileum. The birds offered 
low CP diets with insoluble fibres had lower starch disappearance rates compared to those offered a 
low CP diet without fibre, and similar starch disappearance rates to those offered a normal CP diet. 

The dietary treatments had a significant effect (P < 0.05) on the CP digestibility coefficient in 
distal jejunum but not (P > 0.05) in distal ileum. The birds offered a low CP diet with bagasse had 
a lower CP digestibility coefficient in distal jejunum compared to those offered a low CP diet. The 
dietary treatments had a significant effect (P < 0.001) on CP disappearance rates in distal jejunum 
and distal ileum. The reduction in dietary CP decreased CP disappearance rate in distal ileum. The 
addition of either of the four insoluble fibres to the low CP diet did not affect CP disappearance 
rate in distal ileum. The dietary treatments had a significant effect on starch to CP disappearance 
rate ratios in distal jejunum (P = 0.001) and distal ileum (P < 0.001). The reduction in dietary CP 
increased starch to CP disappearance rate ratios in distal jejunum and distal ileum. The addition of 
either of the four insoluble fibres in the low CP diet decreased starch to CP disappearance rate ratio 
in distal ileum but was higher than the normal CP treatment. 

The dietary treatments had a significant effect (P < 0.01) on the GE digestibility coefficient in distal 
ileum. The birds offered a low CP diet with either of the four insoluble fibres had a lower GE 
digestibility coefficient compared to those offered a low CP diet without fibre, but a similar GE 
digestibility coefficient to those offered a normal CP diet. The effect of low CP diets with insoluble 
fibres on the AID coefficients of AA on d 24 is presented in Table 31. The dietary treatments affected 
(P < 0.05) the AID coefficients of Met, Tyr, His, Gly, Ser and Asp and tended (P = 0.057) to affect 
the AID coefficient of Pro. The reduction in dietary CP increased the AID coefficients of Met and 
Gly, decreased the AID coefficient of Asp, but had no effect on the AID coefficients of other AA. 
There was no effect of adding either of the four insoluble fibres to the low CP diet on the AID of 
Met, Gly, Tyr, Ser and Asp except that the birds offered a low CP diet with oat hulls had lower AID 
of Tyr, Ser and Asp compared to those offered a low CP diet. The birds offered a low CP diet with 
bagasse or oat hulls had lower AID coefficients of His compared to those offered a low CP diet. 

Treatment Water intake  
(g/bird) 

Feed intake  
(g/bird) 

Water-to-feed intake ratio 
(g/g) 

d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 
Normal CP1                        3108a 3650a 6757a 1412 1895a 3307a 2.194a 1.931a 2.052a 

Low CP2                         2767bc 3216bc 5983bc 1380 1817b 3198bc 2.003b 1.778b 1.875b 

Low CP + SB3           2800bc 3304bc 6105bc 1368 1846ab 3214bc 2.041b 1.787b 1.895b 

Low CP + LC4          2768bc 3175c 5943c 1370 1787b 3158c 2.031b 1.783b 1.890b 

Low CP + OH5         2726c 3290bc 6016bc 1359 1792b 3151c 2.007b 1.836b 1.910b 

Low CP + SH6          2875b 3419ab 6294b 1389 1890a 3278ab 2.072b 1.809b 1.921b 

SEM 33.71 56.27 79.51 12.62 19.01 27.94 0.026 0.027 0.023 
P value < 0.001 < 0.001 < 0.001 0.067 < 0.001 < 0.001 < 0.001 0.002 < 0.001 
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Table 29. Apparent starch and crude protein digestibility coefficients in distal jejunum and distal 
ileum and gross energy digestibility coefficient in distal ileum of broilers offered low crude protein 
diets with insoluble fibres on d 24 (Experiment 2)  

Treatment Starch digestibility 
coefficient 

 CP digestibility 
coefficient 

 GE1 digestibility 
coefficient 

Distal 
jejunum 

Distal 
ileum 

 Distal 
jejunum 

Distal 
ileum 

 Distal  
ileum 

Normal CP2                        0.864 0.936d  0.590ab 0.812  0.734ab 

Low CP3                         0.891 0.962a  0.639a 0.814  0.751a 

Low CP + SB4           0.872 0.947bcd  0.563b 0.798  0.729b 

Low CP + LC5          0.866 0.952abc  0.600ab 0.796  0.721b 

Low CP + OH6         0.870 0.956ab  0.606ab 0.807  0.728b 

Low CP + SH7         0.869 0.940cd  0.608ab 0.800  0.729b 

SEM 0.008 0.005  0.014 0.007  0.006 
P value 0.212 0.003  0.020 0.358  0.002 

a, bWithin each treatment factor, means in the same column with a different superscript differ significantly 
(P < 0.05); 1 Gross energy; 2Normal crude protein diet; 3Low crude protein diet; 4Diet formulated with 2% 
sugarcane bagasse and 1% Celite powder; 5Diet formulated with 1% lignocellulose and 2% Celite powder; 
6Diet formulated with 3% oat hulls; 7Diet formulated with 3% soy hulls 

 
Table 30. Apparent starch and crude protein disappearance rates in distal jejunum and distal ileum of 
broilers offered low crude protein diets with insoluble fibres on d 24 (Experiment 2) 

Treatment Starch disappearance 
rate, g/bird/day 

 CP disappearance rate, 
g/bird/day 

 Starch:CP 
disappearance rate 

Distal 
jejunum 

Distal 
ileum 

 Distal 
jejunum 

Distal 
ileum 

 Distal 
jejunum 

Distal 
ileum 

Normal CP1                        40.39bc 43.79bcd  16.54a 22.63a  2.503c 1.936d 

Low CP2                         47.98a 51.81a  15.91ab 20.22b  3.039a 2.563a 

Low CP + SB3           40.25bc 43.74cd  13.82c 19.60b  2.920ab 2.231c 

Low CP + LC4          41.41bc 45.39bc  14.58bc 19.47b  2.840abc 2.331b 

Low CP + OH5         39.57c 43.47d  14.81bc 19.71b  2.682bc 2.206c 

Low CP + SH6          41.86b 45.47b  15.45ab 20.34b  2.728abc 2.237c 

SEM 0.470 0.406  0.377 0.215  0.087 0.018 
P value < 0.001 < 0.001  < 0.001 < 0.001  0.001 < 0.001 

a-dWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 
4Diet formulated with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 
3% soy hulls 
 
The effect of low CP diets with insoluble fibres on apparent ileal disappearance rates of AA in 
broilers on d 24 is presented in Table 32. The dietary treatments had a significant effect (P < 
0.001) on the apparent ileal disappearance rates of all the AA studied in this experiment. The 
reduction in dietary CP decreased the ileal disappearance rates of Lys, Val, Iso, Phe, Tyr, His, 
Leu, Ser, Ala, Pro and Asp and increased the ileal disappearance rates of Met, Arg and Gly. The 
birds offered a low CP diet with bagasse had higher ileal disappearance rates of Met and Arg and 
lower ileal disappearance rates of Phe and Pro but there was no effect on other AA compared to 
the birds offered a normal CP diet. The low CP diet with lignocellulose decreased the ileal 
disappearance rates of Met and Arg and increased the ileal disappearance rate of Asp but had no 
effect on other AA compared to the birds offered a low CP diet. The low CP diet with oat hulls 
decreased the ileal disappearance rates of all the AA except Glu, which was not affected. The low 
CP diet with soy hulls increased the ileal disappearance rates of Lys, Gly and Asp but had no 
effect on other AA compared to the birds offered a low CP diet. 
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Table 31. Apparent ileal digestibility coefficients of AA as affected by low crude protein diets with insoluble fibres on d 24 (Experiment 2) 

Treatment Lys Met Thr Val Iso Arg Phe Tyr His Leu Gly Ser Ala Pro Asp Glu 
Normal CP1                        0.878 0.934b 0.778 0.808 0.824 0.892 0.837 0.824a 0.835a 0.806 0.782c 0.802a 0.779 0.824 0.794a 0.871 

Low CP2                         0.885 0.945a 0.793 0.817 0.828 0.900 0.829 0.808ab 0.824ab 0.800 0.812ab 0.784ab 0.770 0.827 0.770b 0.870 

Low CP + SB3           0.877 0.945a 0.776 0.800 0.813 0.891 0.812 0.804abc 0.806c 0.782 0.801abc 0.766bc 0.749 0.802 0.754bc 0.854 

Low CP + LC4          0.877 0.942a 0.778 0.806 0.818 0.895 0.822 0.800bc 0.811bc 0.788 0.801abc 0.778bc 0.753 0.808 0.767b 0.860 

Low CP + OH5         0.865 0.937ab 0.769 0.798 0.807 0.887 0.813 0.784c 0.805c 0.786 0.794bc 0.761c 0.752 0.813 0.745c 0.861 

Low CP + SH6          0.882 0.939ab 0.787 0.812 0.822 0.895 0.825 0.796bc 0.814bc 0.793 0.816a 0.777bc 0.763 0.811 0.774ab 0.859 

SEM 0.006 0.003 0.008 0.007 0.007 0.005 0.007 0.008 0.006 0.008 0.007 0.008 0.009 0.006 0.007 0.005 
P value 0.265 0.040 0.297 0.428 0.325 0.546 0.119 0.022 0.017 0.322 0.018 0.017 0.220 0.057 0.001 0.225 

a-cWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 
2% sugarcane bagasse and 1% Celite powder; 4Diet formulated with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls 
 
 
 
Table 32. Apparent ileal disappearance rates (g/bird/d) of AA as affected by low crude protein diets with insoluble fibres on d 24 (Experiment 2) 

Treatment Lys Met Thr Val Iso Arg Phe Tyr His Leu Gly Ser Ala Pro Asp Glu 
Normal CP1                        1.410a 0.537c 0.864a 1.086a 1.033a 0.537c 1.169a 0.582a 0.599a 1.800a 0.889c 1.068a 1.017a 1.421a 2.021a 0.868a 

Low CP2                         1.334b 0.609b 0.828abc 1.011bc 0.918bc 0.609b 0.940b 0.448b 0.488bc 1.485bc 0.942b 0.839bc 0.843bc 1.258b 1.468c 0.854ab 

Low CP + SB3           1.330b 0.633a 0.804c 0.971c 0.884c 0.633a 0.893c 0.467b 0.469c 1.423cd 0.941b 0.813c 0.804cd 1.156c 1.448c 0.810b 

Low CP + LC4          1.314b 0.533c 0.820bc 1.013bc 0.925bc 0.533c 0.960b 0.457b 0.494b 1.501b 0.947b 0.870b 0.841bc 1.220b 1.559b 0.824ab 

Low CP + OH5         1.151c 0.529c 0.744d 0.922d 0.821d 0.529c 0.857c 0.394c 0.445d 1.372d 0.867c 0.765d 0.774d 1.143c 1.328d 0.818b 

Low CP + SH6          1.431a 0.593b 0.851ab 1.045ab 0.941b 0.593b 0.977b 0.461b 0.5039b 1.540b 1.092a 0.880b 0.883b 1.242b 1.613b 0.834ab 

SEM 0.014 0.006 0.010 0.011 0.010 0.006 0.002 0.006 0.005 0.002 0.011 0.010 0.012 0.001 0.002 0.001 
P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.01 

a-cWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal crude protein diet; 2Low crude protein diet; 3Diet formulated with 2% 
sugarcane bagasse and 1% Celite powder; 4Diet formulated with 1% lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls
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Microflora 
 
The effect of low CP diets with insoluble fibres on bacterial load (log10 genomic DNA copies/g) in 
ileal contents of broilers on d 24 are presented in Table 33. The dietary treatments had a significant 
effect (P < 0.05) on Lactobacillus counts and tendencies were observed for Bifidobacteria (P = 
0.095), Ruminococcus (P = 0.058) and total bacteria (P = 0.056) counts in the ileal contents. The 
birds offered a low CP diet with oat hulls had lower Lactobacillus counts in the ileal contents 
compared to those offered a low CP diet with lignocellulose or soy hulls. The birds offered a low CP 
diet with either oat hulls or bagasse had the lowest counts of total bacteria in the ileal contents 
compared to others. 
 
Table 33. Bacterial load (log10 genomic DNA copies/g) in ileal contents of broilers offered low crude 
protein diets with insoluble fibres on d 24 (Experiment 2) 

Treatment Bacillus Bacteroides Bifidobacteria Enterobacteria Lactobacillus Ruminococcus Total 
bacteria 

Normal CP1                        6.84 4.10 7.77 7.92 9.55ab 4.63 10.58 
Low CP2                         6.88 4.13 7.75 7.45 9.54ab 4.83 10.59 
Low CP + SB3           6.80 4.14 7.58 7.04 9.42ab 4.91 10.37 
Low CP + LC4          6.87 4.47 7.84 7.47 9.66a 4.84 10.61 
Low CP + OH5         6.90 4.13 7.60 7.25 9.31b 4.67 10.38 
Low CP + SH6          6.91 4.73 7.88 7.86 9.68a 4.43 10.65 
SEM 0.079 0.212 0.088 0.376 0.081 0.116 0.078 
P value 0.928 0.215 0.095 0.545 0.022 0.058 0.056 

a, bWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal crude 
protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 4Diet formulated with 1% 
lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls 
 
 
The effect of low CP diet with insoluble fibres on bacterial load (log10 genomic DNA copies/g) in 
caecal contents of broilers on d 24 are presented in Table 34. The dietary treatments had a significant 
effect (P < 0.05) on Lactobacillus and Ruminococcus counts and a tendency (P = 0.076) was 
observed for Bacteroides counts in the caecal contents. The birds offered a low CP diet with either 
bagasse or oat hulls had lower Lactobacillus counts in the caecal contents compared to those offered 
a low CP diet and a low CP diet with soy hulls. 
 
Table 34. Bacterial load (log10 genomic DNA copies/g) in caecal contents of broilers offered low crude 
protein diets with insoluble fibres on d 24 (Experiment 2) 

Treatment Bacillus Bacteroides Bifidobacteria Enterobacteria Lactobacillus Ruminococcus Total 
bacteria 

Normal CP1                        7.51 5.68 9.12 7.96 10.18ab 9.52b 11.66 
Low CP2                         7.72 5.75 9.12 7.99 10.28a 9.67ab 11.89 
Low CP + SB3           7.85 5.85 9.15 8.00 9.98b 9.65ab 11.87 
Low CP + LC4          7.88 5.82 9.10 8.07 10.05ab 9.73a 11.93 
Low CP + OH5         7.64 5.87 9.10 7.57 9.98b 9.75a 11.88 
Low CP + SH6          8.12 5.80 9.33 8.33 10.28a 9.68ab 11.90 
SEM 0.197 0.048 0.108 0.256 0.088 0.045 0.070 
P value 0.348 0.076 0.664 0.478 0.047 0.013 0.113 

a, bWithin each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Normal crude 
protein diet; 2Low crude protein diet; 3Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 4Diet formulated with 1% 
lignocellulose and 2% Celite powder; 5Diet formulated with 3% oat hulls; 6Diet formulated with 3% soy hulls 
 
 
 



 

43 
 

Gene expression 
 
The mRNA expressions of seven digestive enzyme genes in pancreatic tissue of broilers offered low 
CP diets with insoluble fibres on d 24 are presented in Table 35. The difference (P < 0.05) in 
expression of digestive enzyme genes in response to dietary treatments was observed for the 
AMY2A, CCK, CELA1 and CELA2A genes in the pancreas. The reduction in dietary CP decreased 
(P < 0.05) expression of AMY2A gene. The addition of either of the four insoluble fibres to the low 
CP diet had no effect on expression of AMY2A compared to the low CP treatment but bagasse, 
lignocellulose and soy hulls added diets had similar AMY2A expression as the normal CP group. 
The birds offered a low CP diet with bagasse had increased expression of the CCK gene than those 
offered a low CP diet with lignocellulose. The birds offered a low CP diet with oat hulls had 
decreased expression of the CELA1 gene compared to those offered a normal CP diet. The birds 
offered a low CP diet with either lignocellulose or soy hulls had increased expression of the 
CELA2A gene than those offered a normal CP diet. There was no effect of dietary treatments (P > 
0.05) on the ATP5A, CCK1R and PNLIP genes. 
 
Table 35. Expression of digestive enzyme genes in pancreatic tissue of broilers offered low crude protein 
diets with insoluble fibres on d 241 (Experiment 2) 

Treatment AMY2A ATP5A CCK1R CCK CELA1 CELA2A PNLIP 
Normal CP2                        1.201a 0.935 0.996 0.954ab 1.452a 0.813b 1.023 
Low CP3                         0.904b 1.031 1.052 1.002ab 0.905ab 0.996ab 0.994 
Low CP + SB4           1.067ab 1.125 1.091 1.537a 1.152ab 1.092ab 1.083 
Low CP + LC5          1.046ab 0.984 0.924 0.919b 0.785ab 1.121a 1.060 
Low CP + OH6         0.903b 0.922 1.047 0.948ab 0.745b 1.082ab 0.897 
Low CP + SH7         0.989ab 1.099 1.053 0.954ab 0.941ab 1.129a 0.986 
SEM 0.061 0.063 0.085 0.143 0.171 0.070 0.078 
P value 0.011 0.137 0.786 0.0312 0.037 0.022 0.662 

a, b Within each treatment factor, means in the same column with a different superscript differ significantly (P < 
0.05); 1The relative expression levels of the genes of respective treatment groups are expressed as means of 
normalised relative quantities (NRQ). Relative quantities for individual genes are scaled to the average across all 
unknown samples per target gene; 2Normal crude protein diet; 3Low crude protein diet; 4Diet formulated with 2% 
sugarcane bagasse and 1% Celite powder; 5Diet formulated with 1% lignocellulose and 2% Celite powder; 6Diet 
formulated with 3% oat hulls; 7Diet formulated with 3% soy hulls 

 
 
Table 36. Expression of digestive enzyme genes in proventricular and jejunal tissues and tight junction 
protein genes in jejunal tissue of broilers offered low crude protein diets with insoluble fibres on d 241 

(Experiment 2) 

Treatment Digestive enzyme genes  Tight junction protein genes 
APN SI Pep A2 Pep C3  CLDN1 CLDN5 JAM2 ECADH TJP1 

Normal CP4                        1.180 1.078 1.010 0.850  0.697 0.891 1.100 0.685 1.052 
Low CP5                         1.035 1.054 1.138 1.042  0.622 1.008 1.051 1.843 1.105 
Low CP + SB6          0.922 0.859 1.174 1.203  0.715 1.125 1.012 1.764 1.119 
Low CP + LC7          0.995 0.956 0.943 0.977  0.769 1.020 1.138 1.094 1.194 
Low CP + OH8         1.117 1.053 0.969 1.020  1.119 1.113 0.934 1.830 1.079 
Low CP + SH9         1.025 0.898 1.027 1.116  0.789 0.850 1.057 0.704 1.038 
SEM 0.107 0.075 0.104 0.089  0.117 0.125 0.120 0.494 0.167 
P value 0.611 0.184 0.555 0.127  0.121 0.593 0.879 0.336 0.989 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised relative 
quantities (NRQ). Relative quantities for individual genes are scaled to the average across all unknown samples per target 
gene; 2Pepsinogen A gene from proventricular tissue; 3Pepsinogen C gene from proventricular tissue, 4Normal crude protein 
diet; 5Low crude protein diet; 6Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 7Diet formulated with 1% 
lignocellulose and 2% Celite powder; 8Diet formulated with 3% oat hulls; 9Diet formulated with 3% soy hulls 
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The mRNA expressions of digestive enzyme genes in proventricular and jejunal tissues, and tight 
junction protein genes in jejunal tissue, of broilers offered reduced low CP diets with insoluble fibres 
on d 24 are presented in Table 36. The dietary treatments had no effect (P > 0.05) on digestive 
enzyme genes in proventricular and jejunal tissues and tight junction protein genes in jejunal tissues. 

The mRNA expressions of two peptide and six AA transporter genes in jejunal tissue of broilers on d 
24 in response to low CP diets with insoluble fibres are presented in Table 37. There was no effect (P 
> 0.05) of dietary treatments on peptide and AA transporter genes in jejunal tissue. 

Table 37. Expression of peptide and AA transporter genes in the jejunal tissue of broilers offered low 
crude protein diets with insoluble fibres on d 241 (Experiment 2) 

Treatment Peptide transporter 
genes 

 AA transporter genes 

PEPT1 PEPT2  CAT1 ASCT1 LAT1 EAAT3 bo+AT y+LAT2 
Normal CP2                        1.435 1.043  0.787 0.746 0.898 0.127 1.160 0.959 
Low CP3                         1.100 0.899  1.341 0.886 1.085 0.123 1.002 0.954 
Low CP + SB4           0.819 0.887  1.200 0.951 1.135 0.999 0.861 0.903 
Low CP + LC5          1.229 0.822  1.085 0.863 1.219 0.855 1.027 0.940 
Low CP + OH6         1.088 1.362  1.071 1.151 1.204 1.129 1.083 0.991 
Low CP + SH7         1.010 0.731  1.170 0.841 0.999 1.036 1.067 0.967 
SEM 0.212 0.307  0.175 0.158 0.170 0.113 0.120 0.052 
P value 0.458 0.792  0.362 0.591 0.752 0.483 0.627 0.891 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised relative 
quantities (NRQ). Relative quantities for individual genes are scaled to the average across all unknown samples per target 
gene; 2Normal crude protein diet; 3Low crude protein diet; 4Diet formulated with 2% sugarcane bagasse and 1% Celite 
powder; 5Diet formulated with 1% lignocellulose and 2% Celite powder; 6Diet formulated with 3% oat hulls; 7Diet 
formulated with 3% soy hulls 

 

The mRNA expressions of two glucose and two free fatty acid transporter genes in jejunal tissue of 
broilers on d 24 in response to low CP diets with insoluble fibres is presented in Table 38. There was 
no effect (P > 0.05) of dietary treatments on glucose and free fatty acid transporter genes in jejunal 
tissue. 
 
Table 38. Expression of glucose and free fatty acid transporter genes in jejunal tissue of broilers offered 
low crude protein diets with insoluble fibres on d 241 (Experiment 2) 

Treatment Glucose transporter 
genes 

 Free fatty acid transporter 
genes 

GLUT2 GLUT5  FFAR2 FFAR4 
Normal CP2                        1.003 0.848  0.618 1.165 
Low CP3                         1.081 0.980  0.907 1.012 
Low CP + SB4           1.056 0.813  1.073 0.951 
Low CP + LC5          0.949 0.855  0.960 1.100 
Low CP + OH6         1.081 0.871  1.672 1.128 
Low CP + SH7         0.931 0.786  0.901 0.935 
SEM 0.114 0.115  0.297 0.115 
P value 0.896 0.939  0.245 0.623 

1The relative expression levels of the genes of respective treatment groups are expressed as means of 
normalised relative quantities (NRQ). Relative quantities for individual genes are scaled to the 
average across all unknown samples per target gene; 2Normal crude protein diet; 3Low crude protein 
diet; 4Diet formulated with 2% sugarcane bagasse and 1% Celite powder; 5Diet formulated with 1% 
lignocellulose and 2% Celite powder; 6Diet formulated with 3% oat hulls; 7Diet formulated with 3% 
soy hulls 



 

45 
 

Experiment 3 
Growth performance  

The growth performance of birds exceeded the Ross 308 performance objectives (Aviagen, 2019) for 
feed intake, weight gain and FCR (Table 39). During d 10 to 35, the average feed intake, weight gain 
and FCR were 3317 g, 2213 g and 1.498 respectively. Compared to the Aviagen performance targets 
for Ross 308, feed intake was higher by 4.51% (3317 g versus 3174 g), weight gain was higher by 
7.79% (2213 g versus 2053 g), and FCR was lower by five points (1.498 versus 1.546) during d 10 to 
35.  

The effect of low CP diets with soy hulls on growth performance of broilers is presented in Table 39. 
Dietary treatments had a significant effect on feed intake (P < 0.001), weight gain (P < 0.001) and 
FCR (P < 0.001) during all the experimental periods. The progressive reduction in dietary CP from 
21.7% to 19.7% with soy hulls did not affect feed intake compared to the 21.7% CP group, but when 
the dietary CP level was 18.7% and below with soy hulls, feed intake decreased compared to the 
21.7% CP group. The birds offered diets with 19.7% CP and below with soy hulls had lower weight 
gain compared to those offered a 21.7% CP diet, but the weight gain was not affected when dietary 
CP was reduced to 20.7% with soy hulls. The response to FCR was different during the grower and 
finisher phases. During d 10 to 24, the birds offered diets with 20.7% CP and below with soy hulls 
had higher FCR compared to those offered a 21.7% CP diet, whereas during d 24 to 35, FCR was 
similar until the dietary CP reduced to 19.7% with soy hulls, but FCR increased when dietary CP 
reduced to 18.7% and below with soy hulls compared to the 21.7% CP group. During d 10 to 35, the 
birds offered diets with 20.7% CP and below with soy hulls had higher FCR compared to those 
offered a 21.7% CP diet. 

Carcass cuts and internal organs 

The effects of low CP diets with soy hulls on relative organ weights of broilers on d 35 is presented in 
Table 40. Dietary treatments had a significant effect on relative weights of breast (P < 0.001) and 
abdominal fat (P < 0.001). The birds offered diets with 18.7% CP and below with soy hulls had lower 
breast yield compared to those offered a 21.7% CP diet but the breast yield was not affected until the 
dietary CP was reduced to 19.7% with soy hulls. The birds offered diets with 18.7% CP and below 
with soy hulls had higher relative abdominal fat weight compared to those offered a 21.7% CP diet, 
but the relative abdominal fat weight was not affected until the dietary CP was reduced to 19.7% with 
soy hulls. Dietary treatments had no effect (P > 0.05) on relative weights of thigh, drumstick, pancreas 
and gizzard. 

Water intake 

The effects of low CP diets with soy hulls on feed intake, water intake and water-to-feed intake ratio 
of broilers is presented in Table 41. In all phases, dietary treatments had a significant effect on water 
intake (P < 0.001) and water-to-feed intake ratio (P < 0.001). The birds offered diets with 19.7% CP 
and below with soy hulls had lower water intake and water-to-feed intake ratio compared to those 
offered a 21.7% CP diet, but water intake and water-to-feed intake ratio were not affected until the 
dietary CP was reduced to 20.7% with soy hulls.
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Table 39. Growth performance of broilers offered low crude protein diets with soy hulls (Experiment 3) 

a-d Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Crude protein; 2Soy hulls included at 3% in the diet 

 
Table 40. Relative organ weights of broilers offered low crude protein diets with soy hulls on d 35 
(Experiment 3) 

a-c Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Crude protein; 2Soy hulls included at 3% in the diet 

 
Table 41. Feed intake, water intake and water-to-feed intake ratio of broilers offered low crude protein 
diets with soy hulls (Experiment 3) 

Treatment Water intake (g/bird) Feed intake (g/bird) Water-to-feed intake ratio 
(g/g) 

d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 
21.7% CP1 3218a 3877a 7094ab 1477a 1944ab 3421ab 2.179a 1.994a 2.074a 

21.7% CP+SH2 3201a 3916a 7119a 1475a 1956a 3431a 2.172a 2.001a 2.082a 

20.7% CP+SH 3115a 3768a 6883b 1470a 1927abc 3398ab 2.114ab 1.948ab 2.020ab 

19.7% CP+SH 2951b 3407b 6365c 1440ab 1840bcd 3280bc 2.049bc 1.861bc 1.946bc 

18.7% CP+SH 2787c 3254c 6041d 1423b 1831cd 3254cd 1.960d 1.777d 1.860d 

17.7% CP+SH 2747c 3101d 5849d 1407b 1746d 3119d 1.952d 1.776d 1.875d 

SEM 36.25 69.58 103.3 9.841 24.65 32.57 0.023 0.036 0.032 
P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

a-d Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Crude 
protein; 2Soy hulls included at 3% in the diet 

Treatment Feed intake (g/bird) Weight gain (g/bird) FCR (g/g) 

d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 d 10-24 d 24-35 d 10-35 

21.7% CP1 1477a 1944ab 3421ab 1121a 1226a 2347a 1.318e 1.586c 1.458d 

21.7% CP+SH2 1475a 1956a 3431a 1116a 1212a 2328a 1.322de 1.615c 1.474cd 

20.7% CP+SH 1470a 1927abc 3398ab 1103ab 1184ab 2287ab 1.333cd 1.627bc 1.486c 

19.7% CP+SH 1440ab 1840bcd 3280bc 1076b 1132bc 2208bc 1.338c 1.629bc 1.486c 

18.7% CP+SH 1423b 1831cd 3254cd 1034c 1098c 2133c 1.376b 1.667b 1.526b 

17.7% CP+SH 1407b 1746d 3119d 983.6d 988d 1972d 1.431a 1.732a 1.582a 

SEM 9.841 24.65 32.57 8.647 16.43 20.37 0.004 0.012 0.006 

P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Treatment Breast  
(g/kg) 

Thigh 
(g/kg) 

Drumstick 
(g/kg) 

Abdominal 
fat (g/kg) 

Pancreas 
(g/kg) 

Gizzard  
weight (g/kg) 

21.7% CP1 165.0ab 132.5 90.8 11.1bc 1.66 9.78 

21.7% CP+SH2 167.5a 126.7 91.8 10.1c 1.67 9.68 

20.7% CP+SH 166.4a 117.5 92.1 11.4bc 1.64 9.78 

19.7% CP+SH 159.4abc 125.2 93.3 12.5b 1.58 9.94 

18.7% CP+SH 155.6cd 121.6 91.7 14.7a 1.60 10.62 

17.7% CP+SH 151.2d 121.5 91.7 15.2a 1.58 10.23 

SEM 2.385 9.934 0.935 0.442 0.046 0.395 

P value < 0.001 0.926 0.592 < 0.001 0.621 0.546 
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Nutrient digestibility 

The effects of low CP diets with soy hulls on apparent GE and CP digestibility coefficients and 
disappearance rates in distal ileum of broilers on d 24 is presented in Table 42. Dietary treatments 
had a significant effect on the CP digestibility coefficient (P < 0.001) and CP disappearance rate (P 
< 0.001) in distal ileum. The CP digestibility coefficient was not affected when dietary CP was 
reduced to 20.7% with soy hulls but when the birds were offered diets with 19.7% CP and below 
with soy hulls, the CP digestibility coefficients decreased compared to those offered a 21.7% CP 
diet. The disappearance rate of CP decreased when soy hulls were added to 21.7% CP diet and 
further reductions in dietary CP with soy hulls progressively decreased the CP disappearance rate. 

Dietary treatments had a significant effect on the GE digestibility coefficient (P < 0.05) in distal 
ileum. The birds offered diets with 19.7% CP and below with soy hulls had a lower GE digestibility 
coefficient compared to those offered a 21.7% CP diet, but the GE digestibility coefficient was not 
affected when dietary CP was reduced to 20.7% with soy hulls. 

Table 42. Apparent gross energy and crude protein digestibility coefficients and disappearance rates in 
distal ileum of broilers offered low crude protein diets with soy hulls on d 24 (Experiment 3) 

a-d Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 
1Gross energy; 2Crude protein; 3Soy hulls included at 3% in the diet 

 

Microflora 

The effects of low CP diets with soy hulls on bacterial load (log10 genomic DNA copies/g) in 
ileal contents of broilers on d 24 are presented in Table 43. There was no effect (P > 0.05) of 
dietary treatments on Bacillus, Bacteroides, Bifidobacteria, Enterobacteria, Lactobacillus, 
Ruminococcus, and total bacterial counts in the ileal contents. 
 
Table 43. Bacterial load (log10 genomic DNA copies/g) in ileal contents of broilers offered low crude protein 
diets with soy hulls on d 24 (Experiment 3) 

1Crude protein; 2Soy hulls included at 3% in the diet 

Treatment CP digestibility  
coefficient 

CP disappearance rate, 
(g/bird/day) 

GE1 digestibility  
coefficient 

21.7% CP2 0.835a 24.0a 0.763a 

21.7% CP+SH3 0.811ab 22.4b 0.738ab 

20.7% CP+SH 0.813ab 22.0b 0.736ab 

19.7% CP+SH 0.805b 20.7c 0.723b 

18.7% CP+SH 0.800b 19.5d 0.725b 

17.7% CP+SH 0.790b 17.3e 0.723b 

SEM 0.006 0.184 0.008 
P value < 0.001 < 0.001 0.012 

Treatment 
 

Bacillus Bacteroides Bifidobacteria Enterobacteria Lactobacillus Ruminococcus Total 
bacteria 

21.7% CP1 6.75 4.83 8.28 6.12 10.00 4.59 10.78 
21.7% CP+SH2 6.83 4.69 8.26 6.39 9.79 4.15 10.67 
20.7% CP+SH 6.71 4.63 8.03 6.39 9.71 4.35 10.60 
19.7% CP+SH 6.85 4.92 8.03 6.22 9.86 4.45 10.66 
18.7% CP+SH 6.83 5.04 8.38 5.97 9.77 4.29 10.70 
17.7% CP+SH 6.79 4.95 8.58 5.93 9.75 4.48 10.63 
SEM 0.112 0.244 0.18 0.280 0.098 0.174 0.109 
P value 0.944 0.827 0.262 0.762 0.426 0.455 0.902 
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The effects of low CP diets with soy hulls on bacterial load (log10 genomic DNA copies/g) in caecal 
contents of broilers on d 24 are presented in Table 44. Dietary treatments had a significant effect on 
Bacillus (P < 0.05) and Bacteroides (P < 0.05) counts in the caecal contents. The birds offered diets 
with 19.7% CP with soy hulls had higher Bacillus counts compared to those offered 20.7% CP with 
soy hulls. The birds offered diets with 17.7% CP with soy hulls had higher Bacteroides counts 
compared to those offered 20.7% CP with soy hulls. There was no effect (P > 0.05) of dietary 
treatments on Bifidobacteria, Enterobacteriaceae, Lactobacillus, Ruminococcus and total bacterial 
counts in the caecal contents. 

Table 44. Bacterial load (log10 genomic DNA copies/g) in caecal contents of broilers offered low crude 
protein diets with soy hulls on d 24 (Experiment 3) 

Treatment Bacillus Bacteroides Bifidobacteria Enterobacteria Lactobacillus Ruminococcus Total 
bacteria 

21.7% CP1 7.35ab 8.98ab 8.85 7.12 10.03 8.98 11.78 
21.7% CP+SH2 7.25ab 9.07ab 8.57 7.27 10.01 9.07 11.80 
20.7% CP+SH 7.07b 8.74b 8.23 7.23 10.01 9.01 11.79 
19.7% CP+SH 7.77a 9.26ab 8.80 7.29 10.02 9.02 11.79 
18.7% CP+SH 7.52ab 9.25ab 9.10 6.95 10.06 9.06 11.77 
17.7% CP+SH 7.67ab 9.43a 8.90 7.15 9.88 9.04 11.77 
SEM 0.150 0.133 0.153 0.131 0.067 0.035 0.029 
P value 0.018 0.0134 0.293 0.485 0.482 0.563 0.974 

a, b Within each treatment factor, means in the same column with a different superscript differ significantly (P < 0.05); 1Crude 
protein; 2Soy hulls included at 3% in the diet 

 

Gene expression 

The mRNA expressions of digestive enzyme genes in pancreatic tissue of broilers offered low CP 
diets with soy hulls on d 24 are presented in Table 45. The dietary treatments had no effect (P > 
0.05) on the AMY2A, ATP5A, CCK1R, CCK, CELA1, CELA2A and PNLIP genes in pancreatic 
tissue. 

Table 45. Expression of digestive enzyme genes in pancreatic tissue of broilers offered low crude protein 
diets with soy hulls on d 241 (Experiment 3) 

Treatment AMY2A ATP5A CCK1R CCK CELA1 CELA2A PNLIP 
21.7% CP2 0.948 0.882 0.880 1.059 0.883 0.865 0.931 
21.7% CP+SH3 1.028 0.982 1.025 1.034 1.080 0.994 1.146 
20.7% CP+SH 1.257 1.097 1.115 1.126 1.278 1.096 1.167 
19.7% CP+SH 1.037 1.071 0.942 0.826 1.012 1.145 0.968 
18.7% CP+SH 1.045 1.096 1.100 0.949 0.761 1.018 0.957 
17.7% CP+SH 0.896 1.001 1.087 0.785 1.020 1.160 1.010 
SEM 0.091 0.070 0.076 0.111 0.178 0.077 0.089 
P value 0.124 0.237 0.186 0.252 0.452 0.111 0.284 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised 
relative quantities (NRQ). Relative quantities for individual genes are scaled to the average across all unknown 
samples per target gene; 2Crude protein; 3Soy hulls included at 3% in the diet 
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The mRNA expressions of digestive enzyme genes in proventricular tissue and tight junction protein 
genes in jejunal tissue of broilers offered reduced low CP diets with soy hulls on d 24 are presented 
in Table 46. The dietary treatments had no effect (P > 0.05) on the Pep A and Pep C genes in 
proventricular tissue and the CLD1, JAM2, ECADH and TJP1 genes in jejunal tissue. The dietary 
treatments tended (P = 0.060) to affect the expression of the CLDN5 gene in jejunal tissue and the 
birds offered a diet with 21.7% CP showed the least expression of the CLDN5 gene in the jejunal 
tissue. 

Table 46. Expression of digestive enzyme genes in proventricular tissue and tight junction protein genes 
in jejunal tissue of broilers offered low crude protein diets with soy hulls on d 241 (Experiment 3) 

Treatment          Digestive enzyme genes                       Tight junction protein genes 
Pep A   Pep C  CLDN1 CLDN5 JAM2 ECADH TJP1 

21.7% CP2 0.869   1.058  0.968 0.885 0.913 0.855 1.000 
21.7% CP+SH3 1.031   1.112  0.909 1.030 0.910 0.979 0.965 
20.7% CP+SH 1.008   0.928  0.796 0.967 0.946 0.776 1.108 
19.7% CP+SH 0.969   0.915  1.262 0.949 0.964 0.893 0.936 
18.7% CP+SH 1.118   1.021  1.015 1.112 0.929 0.753 1.072 
17.7% CP+SH 1.075   1.016  1.486 1.380 1.084 1.374 0.973 
SEM 0.075   0.086  0.120 0.116 0.078 0.182 0.068 
P value 0.271   0.600  0.295 0.060 0.784 0.322 0.412 

1The relative expression levels of the genes of respective treatment groups are expressed as means of normalised relative 
quantities (NRQ). Relative quantities for individual genes are scaled to the average across all unknown samples per target 
gene; 2Crude protein; 3Soy hulls included at 3% in the diet
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Implications 
Three experiments were conducted to investigate the role of insoluble fibre and exogenous protease in 
low CP diets fed to broilers. The outcomes of this study will be beneficial for poultry nutritionists, 
researchers, stock feed manufacturers and poultry producers. The findings from this study suggest that 
the reduction in dietary CP by 20 g/kg or below in a wheat, sorghum and soybean meal-based 
Australian type broiler diet will negatively affect growth performance of broilers, characterised by 
lower feed intake, lower weight gain, higher FCR and higher abdominal fat pad, even if low CP diets 
are supplemented with crystalline AA, including lysine, methionine, threonine, arginine, isoleucine, 
valine and glycine to meet the minimum requirements of digestible AA in the diets. Thus, the 
performance loss in broilers fed low CP diets cannot be fully recovered by supplementing with 
essential AA and glycine.  

The use of insoluble fibre such as sugarcane bagasse may be useful to partially restore the growth 
performance loss associated with feeding a low CP diet. In this study, the use of sugarcane bagasse at 
20 g/kg in both normal and low CP diets improved FCR, weight gain and relative gizzard weight of 
birds. There was no added advantage of including exogenous protease and bagasse in tandem as each 
of them alone improved FCR. The response from soy hulls in low CP diets was not consistent as soy 
hulls improved FCR and weight gain of birds in one experiment but had no response in the other 
experiment. The effect of soy hulls in low CP diets requires further investigation. Oat hulls or 
lignocellulose didn’t produce growth performance benefits when they were included in low CP diets, 
possibly due to variations in physical (e.g. particle size distribution) and chemical characteristics and 
inclusion rates, but oat hulls improved relative gizzard weight, which may have implications in 
normal CP diets. In fact, in addition to bigger gizzard, oat hulls or bagasse resulted in lower counts of 
Lactobacillus spp. in the caeca, which indicates that certain types of insoluble fibres may help to 
modulate gut health when added to low CP diets. Low CP diets may be used to reduce water intake 
and water-to-feed intake ratio of broilers, which may contribute to reduced litter moisture and less 
ammonia emissions in the shed. The finding that insoluble fibres in low CP diets have no impact on 
water intake and water-to-feed intake ratio indicates that litter quality will not be negatively affected 
by low-level inclusions of insoluble fibres. The outcomes from this study suggest that different 
insoluble fibres produce different responses in low CP diets. The source of insoluble fibre is important 
as fibres differ in composition and particle size distribution. Bagasse, oat hulls, lignocellulose and soy 
hulls used in this study varied in particle size distribution and nutritional composition, especially 
crude fibre, lignin, soluble and insoluble NSP. Although the inclusion level of these fibres were 
adjusted to balance dietary crude fibre content, the response varied between the treatments.  

Insoluble fibres may be used to cap dietary starch-to-CP ratio in low CP diets but capping dietary 
starch-to-CP ratio with fibres did not translate to improved performance in all the cases as only the 
addition of bagasse and soy hulls improved FCR. Although capping dietary starch-to-CP ratio has 
been reported to be beneficial in a low CP broiler diet, this approach should be practised with caution 
as other factors may affect the outcomes. It was expected that all the fibres would increase relative 
gizzard weight but only bagasse and oat hulls increased relative gizzard weight when added to low CP 
diets. When birds are raised in floor pens with litter, they consume a significant amount of fibre from 
litter. The effect of dietary fibre on gizzard size should be interpreted with caution as the response 
may be different in broilers raised in floor pens and cages. The increased gizzard size didn’t translate 
to improved nutrient digestibility but rather decreased the apparent starch digestibility coefficient and 
disappearance rate in distal ileum without affecting the CP digestibility coefficient and disappearance 
rate, resulting in a lower starch-to-CP disappearance rate ratio in distal ileum. This is beneficial for 
low CP-fed birds as there is an advantage of greater AA uptake relative to glucose in the small 
intestine for improving FCR.  
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Recommendations 
When developing a wheat, sorghum and soybean meal-based low CP feeding program for broilers, it 
is recommended that nutritionists and stock feed manufacturers add 20 g/kg of sugarcane bagasse as a 
source of insoluble fibre in normal or reduced protein diets. This will help to stimulate gizzard 
function, cap dietary starch-to-CP ratio, modulate starch-CP digestive dynamics and allow better AA 
uptake relative to glucose in the small intestine to improve FCR of birds. Protease enzyme produced 
performance benefits during the grower period but it is not recommended to use protease and bagasse 
in tandem as each of them alone improved FCR. Further research is warranted to examine the effect 
of different inclusion levels and particle size distribution of fibres on performance of broilers fed low 
CP diets, and the effect of soy hulls in low CP diets.
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Annex 
Annex 1. Sequence of primers used for the qPCR analysis of selected cecal microbial population of 24-
day-old broilers 

Target group  
or organism 

Primer sequence (5’ – 3’) Annealing 
temperature 
(°C) 

Reference 

Bacillus spp. F-GCA ACG AGC GCA ACC CTT GA   
R-TCA TCC CCA CCT TCC GGT 

63 Zhang et al. (2015) 

Bacteroides spp. F-GAG AGG AAG GTC CCC CAC   
R-CGC TAC TTG GCT GGT TCA G 

63 Layton et al. (2006) 

Bifidobacterium spp. F-GCG TCC GCT GTG GGC   
R-CTT CTC CGG CAT GGT GTT G 

63 Requena et al. (2002) 

Clostridium spp. F-ATG CAA GTC GAG CGA KG   
R-TAT GCG GTA TTA ATC TYC CTT T 

60 Rinttilä et al. (2004) 

Enterobacteriaceae F-CAT TGA CGT TAC CCG CAG AAG C   
R-CTC TAC GAG ACT CAA GCT TGC 

63 Bartosch et al. (2004) 

Lactobacillus spp. F-CAC CGC TAC ACA TGG AG   
R-AGC AGT AGG GAA TCT TCC A 

63 Wise and Siragusa (2007) 

Ruminococcus spp. F-GGC GGC YTR CTG GGC TTT   
R-CCA GGT GGA TWA CTT ATT GTG TTA A 

63 Ramirez-Farias et al. (2008) 

Total bacteria F-CGG YCC AGA CTC CTA CGG G   
R-TTA CCG CGG CTG GCA C 

63 Lee et al. (1996) 
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Annex 2. Sequences of primers used for the qPCR analysis of selected genes in pancreatic and jejunal tissues of 24-day-old broilers 

Gene  Gene full name Primer sequence (5ʹ-3ʹ) Ta  

°C 

Amplicon 
size (bp) 

Reference 

Digestive enzymes, peptide and AA transporter genes 

APN  Aminopeptidase N F-AATACGCGCTCGAGAAAACC 
R-AGCGGGTACGCCGTGTT 
 

60 70 Gilbert et al. (2007) 

SI Sucrose isomaltase F-CTTTAAG↓ATGGGCAAGAGGAAG  
R- CCACCACCAGGCAAAAGAGG 
 

60 65 Kheravii et al. (2018) 

AMY2A Pancreatic alpha 2A amylase F-CGGAGTG↓GATGTTAACGACTGG 
R-ATGTTCGCAGACCCAGTCATTG 
 

60 112 Kheravii et al. (2018) 

ATP5A1W ATP synthase subunit alpha                                F-GGCAATGAAACAGGTGGCAG 
R-GGGCTCCAGCTTGTCTAAGTGA 
 

60 232 Nafari et al. (2021) 

CCK1R Cholecystokikin type 1  receptor F-CACTTACTTCATGGGTATCTCTGTG 
R-GATGGCAACAAGGTTGAATGTAGA 
 

60 55 Ohkubo et al. (2007) 

CCK Cholecystokinin F-AGGTTCCACTGGGAGGTTCT 
R-CGCCTGCTGTTCTTTAGGAG 
 

60 152 Kheravii et al. (2018) 

CELA1 Chymotrypsin-like elastase family, member 1 F-AGCGTAAGGAAATGGGGTGG 
R-GTGGAGACCCCATGCAAGTC 
 

60 75 Kheravii et al. (2018) 

CELA2A Chymotrypsin-like elastase family member 2A F-GAGGGGAAGATGCAAGACCAT 
R-CCTTGCTCCTCAGCTTCTAGG 
 

60 196 Kheravii et al. (2018) 

PNLIP Pancreatic lipase F-GCATCTGGGAAG↓GAACTAGGG 
R- TGAACCACAAGCATAGCCCA 
 

60 113 Kheravii et al. (2018) 

b°,+AT  Solute carrier family 7, member 9  F-CAGTAGTGAATTCTCTGAGTGTGAAGCT  
R- GCAATGATTGCCACAACTACCA  

60 88 Gilbert et al. (2007) 
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PepT1  Peptide transporter-1  F-TACGCATACTGTCACCATCA  
R-TCCTGAGAACGGACTGTAAT  

60 205 Guo et al. (2014) 

PepT2  Peptide transporter-2  F-TGACTGGGCATCGGAACAA  
R-ACCCGTGTCACCATTTTAACCT  

60 63 Paris and Wong (2013) 

CAT1  Cationic amino acid transporter-1 F-CAAGAGGAAAACTCCAGTAATTGCA  
R- AAGTCGAAGAGGAAGGCCATAA  

60 75 Gilbert et al. (2007) 

ASCT1 Alanine, serine, Cysteine, and threonine 
transporter (SLC1A4) 

F-TTGGCCGGGAAGGAGAAG 
R-AGACCATAGTTGCCTCATTGAATG 
 

60 63 Paris et al. (2013) 

EEAT3  Excitatory amino acid transporter 3  
 

F-TGCTGCTTTGGATTCCAGTGT  
R- 
AGCAATGACTGTAGTGCAGAAGTAATATATG  
  

60 79 Su et al. (2014) 

LAT1 L type amino acid transporter-1 (SLC7A5) F-GATTGCAACGGGTGATGTGA 
R- CCCCACACCCACTTTTGTTT 
 

60 70 Gilbert et al. (2007) 

y+LAT2  y+ L amino acid transporter-2 F-GCCCTGTCAGTAAATCAGACAAGA 
R-TTCAGTTGCATTGTGTTTTGGTT 
 

60 82 Gilbert et al. (2007) 

GLUT2 Glucose transporter-2 (SLC2A2) F-TGATCGTGGCACTGATGGTT 
R-CCACCAGGAAGAC↓GGAGATA 
 

- - Slawinska et al. (2019) 

GLUT5 Glucose transporter-5 F:ACGGTTCCCAGAGCAAGTTA 
R:GTCTTGCATGTATGGGGCTG 

- - Slawinska et al. (2019) 

FFAR2 Free fatty acid receptor 2 F: GCTCGACCCCTTCATCTTCT  
R: ACACATTGTGCCCCGAATTG 
 

- - Slawinska et al. (2019) 

FFAR4 Free fatty acid receptor 4 F: AGTGTCACTGGTGAGGAGATT  
R: ACAGCAACAGCATAGGTCAC 

- - Slawinska et al. (2019) 

Tight junction proteins and inflammatory-related genes   

CLDN1  Claudin 1 F-CTTCATCATTGCAGGTCTGTCAG 
R-AAATCTGGTGTTAACGGGTGTG 
 

60 103 Zanu et al. (2020) 
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CLDN5  Claudin 5 F-GCAGGTCGCCAGAGATACAG 
R-CCACGAAGCCTCTCATAGCC 
 

61 162 Zanu et al. (2020) 

JAM2 Junctional adhesion 2 F-AGACAGGAACAGGCAGTGCTAG 
R-ATCCAATCCCATTTGAGGCTAC 

60 135 Zanu et al. (2020) 

TJP1  Tight junction protein F-GGATGTTTATTTGGGCGGC 
R-GTCACCGTGTGTTGTTCCCAT 

60 187 Zanu et al. (2020) 

Housekeeping genes 

HPRT1 Hypoxanthine guanine 
phosphoribosyl transferase 1 

F-ACTGGCTGCTTCTTGTG 
R-GGTTGGGTTGTGCTGTT 
 

63  245 Yang et al. (2013) 

TBP TATA-Box binding protein F-TAGCCCGATGATGCCGTAT 
R-GTTCCCTGTGTCGCTTGC 
 

62  147 Li et al. (2005) 

HMBS Hydroxymethylbilane synthase F: GGCTGGGAGAATCGCATAGG 
R: TCCTGCAGGGCAGATACCAT 

- 131 Yin et al. (2011) 
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