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A B S T R A C T

This study was designed to investigate the performance, bone quality, and nutrient and energy utilization in 
broiler chickens fed wheat-soybean meal-based diets with a dietary multi-enzyme complex. The positive control 
(PC) diet met or exceeded energy and nutrient needs, while the negative control (NC) diet was formulated to 
contain 3.0, 16.7, and 33.3% less of AMEn, Ca, and avP, respectively. Enzyme complex was supplemented to the 
NC diet at 0, 150, 200, or 250 mg/kg during the pre-starter (d 0-9) and starter (d 9-22) phases. A total of 300 d- 
old male broiler chicks were assigned to the 5 treatments in a randomized complete block design with 10 
replicate cages of 6 chicks per cage. Data were analyzed using the GLM procedures of SAS. Birds fed the NC diet 
had lower (P < 0.01) average daily gain, average daily feed intake, and feed efficiency (FE) compared to those 
fed the PC diet (d 0-22), while the chickens fed enzyme supplemented diets had similar (P > 0.05) performance 
to those fed the PC diet. Average daily feed intake (d 9-22 and 0-22) and FE (d 9-22) rose linearly (P < 0.05) with 
the level of enzyme supplementation. There were linear and quadratic (P < 0.001) relationships for jejunal 
digesta viscosity, tibia bone breaking strength and tibia ash with enzyme supplementation level. Birds fed the NC 
diet had lower (P < 0.05) apparent ileal digestibility and utilization of DM, N, digestible energy, and AMEn, but 
higher (P < 0.05) Ca digestibility and utilization compared with birds fed the PC diet. Higher levels of enzyme 
supplementation resulted in a quadratic relationship (P = 0.005) with P digestibility and a linear relationship (P 
< 0.001) with P utilization. Ileal digestibility of nonessential amino acids was quadratically related (P < 0.05) 
with enzyme supplementation except for Glu and Tyr (P < 0.01). This study showed that growth performance, 
energy and nutrient utilization, and bone mineralization were maintained with a supplemental multi-enzyme 
complex in a reduced energy and nutrient wheat-soybean meal-based diet.

Introduction

Sustainable broiler meat production requires the bird’s ability to 
optimally digest and utilize the energy and nutrients contained in their 
feed. Wheat is the second most widely used feed ingredient after corn as 
a source of energy in broiler diets. The plant-based feed ingredients 
which account for more than 90 % of the diet contains phytic acid and 
non-starch polysaccharides (NSP). These two important antinutritional 
factors (phytic acid and NSP) make it difficult for poultry to efficiently 

utilize the energy and the nutrients in the feed ingredients (Naghshbandi 
and Moghimi, 2020). There are several exogenous enzymes in the 
market today that are supplemented to poultry feeds to enhance the 
digestion of energy and nutrient. The advantages of this are two-fold, 
first they help to reduce feed cost and secondly, they make poultry 
feeding operations more sustainable by reducing nutrient excretion into 
the environment.

The three most common exogenous enzymes are the phytases, car
bohydrases, and proteases (Naghshbandi and Moghimi, 2020). Most of 
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these enzymes are available singly which makes it easier for poultry 
nutritionists to select enzymes based on their particular needs. However, 
it is important to note that a corn-soybean meal (SBM) - or 
wheat-SBM-based diet contains antinutritional factors such as phytic 
acid and NSP, hence the birds’ ability to break down these antinutri
tional factors may require the combined efforts of several exogenous 
enzymes rather than a single enzyme.

After energy and protein (amino acid, AA), phosphorus (P) is the 
third most expensive component of a typical poultry diet. Phytase sup
plementation can allow P to be used at a lower level by reducing the 
inclusion rate of inorganic phosphate. One of the advantages of enzyme 
supplementation to diets is to reduce feed cost. In addition to a reduction 
in feed cost, the use of phytase has also been shown to make poultry 
production more environmentally friendly by minimizing the output of 
P in excreta (Chakraborty et al., 2021).

Carbohydrases on the other hand are a group of exogenous enzymes 
that enhance how birds digest and utilize energy from fractions of plant- 
based feed ingredients that otherwise would not have been available to 
them. Wheat contains a high level of arabinoxylan, which is the major 
component of NSP, hence without supplemental carbohydrase enzyme, 
the birds are unable to efficiently utilize the energy embedded in the 
NSP. Studies have shown that wheat-based diets benefit more than corn- 
based diets from supplemental exogenous carbohydrase because of the 
ability of the water soluble portion of the arabinoxylan to convert the 
digesta into a gel-like structure. This process limits the ability of 
endogenously produced enzymes to have direct access to the digesta 
leading to a decrease in digestibility of energy and nutrients (Ravindran 
and Amerah, 2009; Adeola and Cowieson, 2011). This increase in vis
cosity also increases the quantity of nutrient such as nitrogen (N) from 
undigested protein or peptides and undigested polysaccharides that 
escape into the hindgut and could lead to the proliferation of potentially 
pathogenic bacteria (Olojede and Adedokun, 2019; Cowieson, 2010). 
The excreta from highly viscous digesta have also been shown to result 
in wet litter with the potential for an increase in incidence of footpad 
dermatitis (Liu et al., 2021).

One of the commercially available carbohydrase enzymes that is able 
to enhance the breakdown of NSP is xylanase, with its ability to improve 
energy and nutrient digestibility via a reduction in digesta viscosity 
(Engberg et al., 2004; Munyaka et al., 2016; Dunaway and Adedokun, 
2021). Despite the fact that there are many commercially available 
exogenous enzymes on the market, efforts are still ongoing by different 
labs and companies to come up with an improved single product or a 
product that combines the activities of two or more enzymes into one 
product. The use of enzyme cocktail is becoming common because of the 
potential for reduced cost of adding two or more enzyme from the same 
product as well as the possibility of taking advantage of potential syn
ergistic effect of multiple enzymes. The hypothesis of this study was that 
increasing level of supplemental enzyme would result in an increase in 
the response variables being evaluated. Hence, the objective of this 
study was to examine the growth performance, bone mineralization, 
energy and nutrient digestibility in broiler chickens fed a 
wheat-SBM-based diets with varying levels of a dietary exogenous 
enzyme with multiple enzyme activities. The enzyme that was evaluated 
in this study was added to diets containing reduced energy, calcium (Ca) 
and P levels because of the anticipated actions of the enzymes in 
increasing nutrient and energy digestibility from their respective 
substrates.

Materials and methods

Animal housing, management, and experimental design

The experimental procedures and management of birds were 
approved by the Institutional Animal Care and Use Committee of the 
University of Kentucky. Three hundred day-old male Cobb by-product 
breeder chicks were obtained from a commercial hatchery. The study 

was conducted as a randomized complete block design with location in 
the room as the blocking factor. Chicks were weighed on d 0 and 
randomly assigned to treatments. Each of the 5 dietary treatments were 
randomly assigned to cages and replicated 10 times with 6 birds per 
replicate cage. The birds were housed in cages (0.61 × 0.51 × 0.36 m) in 
an environmentally controlled room with 22 h of light and 2 h of 
darkness. The experimental diets consisted of a pre-starter (Table 1) and 
starter (Table 2) diets. The pre-starter diets were fed from d 0-9 while the 
starter diets were fed from d 9-22. All birds were given ad libitum access 
to feed and water for the duration of the experiment.

Experimental diets

The enzyme product used in this experiment was Allzyme® Spec
trum (Alltech Inc., Nicholasville, KY). Prior to diet mixing, the enzyme 
was analyzed and confirmed to contain 4.2 million XU/lb of Xylanase 
(Trichoderma longibrachiatum) and 454,000 SPU/lb of Phytase (Asper
gillus niger). One xylanase unit is the amount of enzyme that releases 1 
mmol of xylans per minute under the conditions of the assay. Enzyme 
supplementation to the experimental diets was based on the analyzed 
activity levels of the enzyme product. The solid-State fermentation 
phytase unit (SPU) is defined as the amount of enzyme that will release 1 
mmol of inorganic P per minute under the conditions of the assay 
(McKinney et al., 2015).

Each of the feeding phases consisted of 5 diets. A positive control 
(PC), negative control (NC), NC + 150, NC + 200, and NC + 250 mg of 
the enzyme per kg of the diet. The positive control (PC) diet for both the 
pre-starter and starter phases was a wheat-SBM-based reference diet 
comparable to what was recommended by the breeder company that 
met or exceeded the energy and nutrient requirements of birds of this 

Table 1 
Ingredients composition of the experimental pre-starter diets fed to broiler 
chickens from day 0-9 (on as-fed basis)1.

Ingredient, g/kg Positive control (Treatment A) Negative control 
(Treatment B)

Wheat (hard red) 712.4 722.20
Soybean meal (47 % CP) 231.4 222.1
Wheat bran 0.0 20.6
Soy oil 14.0 0.0
L-Lysine HCl 5.20 5.20
DL-Methionine 2.60 2.60
L-Threonine 1.40 1.40
Salt (NaCl) 3.40 3.40
Limestone 10.6 11.8
Dicalcium phosphate 16.7 8.4
Vitamin-mineral premix2 1.50 1.50
Choline chloride (60 %) 0.8 0.8
Total 1,000.0 1,000.0

1 The three enzyme containing dietary treatments (C, D, and E) were mixed 
from the same negative control basal diet. Exogenous enzyme (Allzyme® 
Spectrum) was added to the basal diet at the rate of 150, 200, and 250 mg/kg to 
produce diets containing increasing levels of enzyme activity. Allzyme® Spec
trum contains 454,000 SPU/lb of Phytase (Aspergillus niger) and 4.2 million 
XU/lb of Xylanase (Trichoderma longibrachiatum). One Solid State Fermenta
tion Phytase unit (SPU) is defined as the amount of enzyme that will release 1 
mmol of inorganic P per minute under the conditions of the assay. One xylanase 
unit is the amount of enzyme that will release 1 mmol of xylans per minute under 
the conditions of the assay. The calculated enzyme activity for each enzyme 
containing diet is 150 SPU and 1,395 XU, 200 SPU and 1,860 XU, and 250 SPU 
and 2,325 XU for the 150, 200, and 250 mg/kg, respectively.

2 Provided the following quantities of vitamins and micro minerals per kilo
gram of complete diet: 32 mg of iron from iron sulfate; 8 mg of copper from 
copper sulfate; 51 mg of manganese from manganese oxide; zinc oxide, 60 mg; 
iodine (EDDI), 1.48 mg; sodium selenite, 0.24 mg; vitamin A (retinyl acetate), 
8,820 IU; vitamin D3 (cholecalciferol), 2,822 IU; vitamin E (dl-α-tocopheryl ac
etate), 26 IU; vitamin K activity, 0.73 mg; thiamine, 1.76 mg; riboflavin, 6.17 
mg; pantothenic acid, 14 mg; niacin, 44 mg; pyridoxine, 4 mg; folic acid, 0.88 
mg; biotin, 0.18 mg; vitamin B12, 0.02 mg; choline, 480 mg.
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age (Cobb-Vantress, 2022). The negative control (NC) diet was similar to 
the PC diet except that the energy (AMEn), Ca, and avP were reduced by 
3.0 (90 kcal), 16.7, and 33.3 %, respectively. These values were based on 
internal data from previous studies (unpublished). The NC diet and all 
enzyme supplemented diets were mixed from a single basal diet, divided 
into different portions to which different amount of exogenous enzymes 
were added to the apportioned NC diets to produce the respective 
enzyme supplemented diets. Titanium dioxide (5 g/kg diet) was added 
to all the starter diets as an indigestible marker for digestibility and 
utilization calculations. The ingredient composition and the formulated 
and analyzed energy and nutrient contents of the experimental diets are 
reported in Tables 1 and 3 (pre-starter) and Table 2 and 4 (starter).

Sample collection

Excreta samples were collected from each cage on d 21 and 22 and 
dried for 5 days at 55◦C in a forced-air oven. The dried samples were 
ground using a Wiley Mill Laboratory Standard (Model No. 3, Arthur H. 
Thomas Co., Philadelphia, PA, USA) fitted with a 1 mm screen and then 
stored in airtight plastic bags at 4 ◦C before being analyzed for DM, gross 
energy (GE), Ca, N, P, and titanium (Ti). On d 22, two birds per cage 
were euthanized by argon asphyxiation prior to tibia and digesta 
collection. The right tibia from two birds per cage were removed from 
birds with body weights closest to the average cage body weight. All 
bone samples were stored at - 20 ◦C until bone-breaking strength (BBS) 
and bone ash determination. Additionally, jejunal digesta samples were 
collected from the same two birds. The digesta was placed in a pre- 
labeled 15 mL plastic tube. The jejunal samples were frozen at -20◦C 
until measured for viscosity. Ileal digesta from the distal two-thirds of 

the ileum was collected from all the birds within each cage by flushing 
with distilled water into clean pre-labeled plastic containers. All ileal 
digesta samples from each cage were combined in a single container 
before being stored at -20◦C until they were freeze-dried. The dried ileal 
digesta samples were ground using a coffee grinder before storing in 
airtight bags in a refrigerator at 4 ◦C until they were analyzed for GE, 
DM, AA, Ti, Ca, P, and N.

Table 2 
Ingredients composition of the experimental starter diets fed to broiler chickens 
from day 9-22 (on as-fed basis)1.

Ingredient, g/kg Positive control (Treatment A) Negative control 
(Treatment B)

Wheat (hard red) 759.9 0 779.20
Soybean meal (47 % CP) 174.3 164.4
Wheat bran 0.0 14.0
Soy oil 20.9 4.6
L-Lysine HCl 6.00 6.00
DL-Methionine 2.30 2.30
L-Threonine 1.90 1.90
Salt (NaCl) 3.20 3.20
Limestone 9.8 10.9
Dicalcium phosphate 14.4 6.2
Vitamin-mineral premix2 1.50 1.50
Choline chloride (60 %) 0.8 0.8
Titanium dioxide 5.0 5.0
Total 1,000.0 1,000.0

1 The three enzyme containing dietary treatments (C, D, and E) were mixed 
from the same negative control basal diet. Exogenous enzyme (Allzyme® 
Spectrum) was added to the basal diet at the rate of 150, 200, and 250 mg/kg to 
produce diets containing increasing levels of enzyme activity. Allzyme® Spec
trum contains 454,000 SPU/lb of Phytase (Aspergillus niger) and 4.2 million XU/ 
lb of Xylanase (Trichoderma longibrachiatum). One Solid State Fermentation 
Phytase unit (SPU) is defined as the amount of enzyme that will release 1 mmol 
of inorganic P per minute under the conditions of the assay. One xylanase unit is 
the amount of enzyme will release 1 mmol of xylans per minute under the 
conditions of the assay. The calculated enzyme activity for each enzyme con
taining diet is 150 SPU and 1,395 XU, 200 SPU and 1,860 XU, and 250 SPU and 
2,325 XU for the 150, 200, and 250 mg/kg, respectively.

2 Provided the following quantities of vitamins and micro minerals per kilo
gram of complete diet: 32 mg of iron from iron sulfate; 8 mg of copper from 
copper sulfate,; 51 mg of manganese from manganese oxide; zinc oxide, 60 mg; 
iodine (EDDI), 1.48 mg; sodium selenite, 0.24 mg; vitamin A (retinyl acetate), 
8,820 IU; vitamin D3 (cholecalciferol), 2,822 IU; vitamin E (dl-α-tocopheryl ac
etate), 26 IU; vitamin K activity, 0.73 mg; thiamine, 1.76 mg; riboflavin, 6.17 
mg; pantothenic acid, 14 mg; niacin, 44 mg; pyridoxine, 4 mg; folic acid, 0.88 
mg; biotin, 0.18 mg; vitamin B12, 0.02 mg; choline, 480 mg.

Table 3 
Formulated and analyzed energy and nutrient contents of the experimental pre- 
starter diets fed to broiler chickens from day 0-9.

Nutrient and energy Positive control Negative control1

Formulated value
Crude protein, g/kg 220.3 220.4
MEn, kcal/kg 2,975 2,885
Ca, g/kg 9.0 7.5
P, g/kg 7.5 6.2
Non-phytate P, g/kg 4.5 3.0
SID2 amino acid, g/kg ​ ​
Lys 12.1 12.0
Met 5.2 5.3
Met + Cys 8.2 8.3
Thr 6.7 6.7
Trp 2.3 2.3
Val 8.7 8.6
Analyzed value
Crude protein, g/kg 212.5 213.5
Gross energy, kcal/kg 3,938 3,888
Ca, g/kg 12.4 10.6
P, g/kg 6.5 5.4
Lys, g/kg 13.6 13.7
Met, g/kg 5.6 5.2
Met + Cys, g/kg 9.1 8.7
Thr, g/kg 8.2 8
Trp, g/kg 2.3 2.3
Val, g/kg 9.6 9.4

1 The negative control diet and diets containing supplemental exogenous 
enzymes (C, D, and E) were mixed from a single basal diet.

2 Standardized ileal digestibility (digestible)

Table 4 
Formulated and analyzed energy and nutrient contents of the experimental 
starter diets fed to broiler chickens from day 9-22.

Nutrient and energy Positive control Negative control1

Formulated values
Crude protein, g/kg 199.8 201.1
MEn, kcal/kg 3,056 2,966
Ca, g/kg 8.0 6.5
P, g/kg 6.9 5.6
Non-phytate P, g/kg 4.0 2.5
SID2 amino acid, g/kg ​ ​
Lys 11.4 11.3
Met 4.7 4.7
Met + Cys 7.6 7.6
Thr 6.5 6.4
Trp 2.1 2.1
Val 7.9 7.9
Analyzed values
Crude protein, g/kg 199.6 201.4
Gross energy, kcal/kg 3,964 3,927
Ca, g/kg 10.6 7.7
P, g/kg 6.0 4.4
Lys, g/kg 12.9 12.7
Met, g/kg 4.7 4.5
Met + Cys, g/kg 8.2 7.8
Thr, g/kg 7.6 8.3
Trp, g/kg 2.1 2.1
Val, g/kg 8.6 8.5

1 The negative control diet and diets containing supplemental exogenous 
enzymes (C, D, and E) were mixed from a single basal diet.

2 Standardized ileal digestibility (digestible)
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Sample analysis

Diets (collected immediately after mixing at the feed mill) were 
analyzed in triplicate while excreta, ileal digesta, and jejunal digesta 
samples were analyzed in duplicate. Five percent coefficient of variation 
(CV) was used as the cutoff point with any samples with CV above 5% 
subjected to repeat analysis. The DM contents of the diets, ileal digesta, 
and excreta were determine by drying at 105◦C for 24 h (method 934.01; 
AOAC, 2006). Gross energy of the diets, ileal digesta, and excreta was 
determined using a bomb calorimeter (Parr adiabatic bomb calorimeter, 
model 6200, Parr Instruments, Moline, IL, USA) with benzoic acid 
serving as the calibration standard. Nitrogen in the diets, excreta, and 
ileal digesta was analyzed using the LECO analyzer (model FP2000, 
LECO, St. Joseph, MI; AOAC, 2006; method 990.03), with EDTA as the 
internal standard. The Ti content of the diets, ileal digesta, and excreta 
were analyzed using the Short et al. (1996) method and then determined 
using a UV-visible spectrophotometer (UV-1800, Shimadzu Scientific, 
Kyoto, Japan) at a wavelength of 410 nm. The Ca and P of the diets, ileal 
digesta, and excreta as well as the AA of the diets and ileal digesta were 
determined at the Agricultural Experiment Station Chemical Labora
tories, University of Missouri-Columbia (Columbia, MO). The Ca and P 
contents were determined using Inductively Coupled Plasma-optical 
emission spectroscopy (method 990.08; AOAC, 2006). Concentrations 
of AA were analyzed using method 982.30 E(a,b,c) (AOAC, 2006). The 
concentration of Ti in the diets, ileal digesta, and excreta samples was 
determined as described by Myers et al. (2004) at the Agricultural 
Experiment Station Chemical Laboratories, University of 
Missouri-Columbia (Columbia, MO).

To determine the viscosity of the jejunal sample, the digesta samples 
were first centrifuged for 10 min at 5,000 rpm. The supernatant was then 
removed and centrifuged again for 8 min at 10,000 rpm. That viscosity 
of the supernatant was then determined using a viscometer (Vibro 
Viscometer SV-1A, A&D Weighing, Ann Arbor, MI). The tibias were 
cleaned thoroughly during collection, following thawing all additional 
tissue and fat were removed. The BBS was measured using an Instron 
Materials tester (model 4301, Instron Corp., Canton, MA) at a loading 
rate of 50 mm/min. Following BBS determination, the bones were dried 
in an oven at 105◦C for 24 h (Precision Scientific Co., Chicago, IL). The 
dried bones were then soaked in a glass jar with petroleum ether for four 
extraction periods with the fresh complete replacement of the petroleum 
ether with a clean fresh petroleum ether every 24 h for a total of 96 h. 
After no color change of the petroleum ether solution was observed 
following the final extraction, bones were removed and allowed to dry 
for 8 h under the hood at room temperature. They were then dried in the 
105◦C oven overnight to ensure there was no moisture left. These dried, 
de-fatted bones were then weighed by cage (2 tibias/cage) and placed in 
a pre-weighed porcelain crucible for ashing in a muffle furnace over
night at 600 ◦C. The porcelain crucible containing the bones were then 
weighed back to determine bone ash percentage.

Calculations and statistical analysis

All the diets were individually analyzed for GE, Ca, P, N, Ti, and AA, 
the values of the NC and all the enzyme supplemented diets were 
averaged because they were mixed from a single basal diet prior to the 
addition of the enzyme. The average values of the diets mixed from the 
NC were used for digestibility and utilization calculations while the 
analyzed values for the PC diet were used for PC calculations.

The apparent ileal nutrient and energy digestibility (AID) and energy 
and nutrient utilization (TTU) of DM, energy, N, Ca, and P were calcu
lated using the method of Kong and Adeola (2014) with the following 
equation: 

AIDorTTU(%) = 100 − [100 × (Ti /To)x(No /Ni)]

Where To is the concentration of titanium in the ileal digesta or 
excreta (%), Ti is the titanium concentration in the feed, No is the 

concentration of energy or nutrients in ileal digesta or excreta, and Ni is 
the concentration of energy or nutrients in the feed.

The AME and apparent digestible energy (ADE) were calculated 
using the equation below: 

AME or ADE (kcal/kg DM) = Calculated energy utilization or ileal 
energy digestibility (%) × GE of the diet (kcal/kg).
The AME corrected for N (AMEn) was obtained using the Hill and 
Anderson (1958) method.

Data was analyzed using the PROC GLM procedure of SAS 9.4 v 4 
(2011, SAS Institute Inc., Cary, NC) appropriate for a randomized 
complete block design. PROC IML was used to generate the coefficients 
used for orthogonal polynomial contrasts. Orthogonal polynomial con
trasts were utilized to determine polynomial effects of increasing dietary 
supplemental levels of enzyme. A simple contrast between the PC and 
NC diets was also performed. Additionally, a contrast between the PC 
and the enzyme supplemented diets was also performed. All outliers 
(data that deviated from first or third quartiles by more than 3 times the 
interquartile range within each dietary treatment) were removed prior 
to statistical analysis. The level of significance was defined as P < 0.05. 
Digestibility and utilization data is presented on a DM basis.

Results

Nutrient composition of experimental diets

The pre-starter and starter diets were analyzed for N, GE, Ca, and P 
contents and the starter diets were also analyzed for Ti. The analyzed Ca 
in the starter diets was 32% higher than the formulated value (10.6 vs 
8.0 g/kg) for the PC diet (Table 4) while for the NC diet, it was 18% 
higher than the formulated value (7.7 vs 6.5 g/kg; Table 4). Similar 
trends were observed for the pre-starter diets as well (Table 3).

Growth performance and viscosity

The treatment effect on performance are reported in Tables 5 and 6. 
Birds fed the NC diet had lower (P < 0.01) average daily gain (ADG), 
average daily feed intake (ADFI), and feed efficiency (FE) compared to 
those fed the PC diet for the entire experimental period (22 days), while 
the ADG, ADFI, and FE of birds fed diets supplemented with enzymes 
were not different from that of birds fed the PC diet. Average daily feed 
intake of birds from d 9-22 and 0-22 and FE from d 9-22 linearly 
increased (P < 0.05) with increasing level of supplemental enzyme. 
There was a quadratic relationship (P < 0.05) of enzyme supplementa
tion and BWG d 9-22 and 0-22 and FE d 9-22 and 0-22.

The treatment effect on jejunal digesta viscosity among treatments 
are reported in Table 6. Both the linear and quadratic effects were sig
nificant (P < 0.001) for jejunal digesta viscosity, with enzyme supple
mentation resulting in lower viscosity. Enzyme supplemented diets had 
lower (P < 0.05) digesta viscosity compared to PC diets.

Energy and nutrient digestibility

Enzyme supplementation resulted in higher (P < 0.05) Ca and P 
digestibility compared to birds on the PC diet (Table 7). There was also a 
quadratic relationship (P < 0.01) with DM, N, P digestibility, and ADE 
for birds fed the enzyme supplemented diets. Birds fed the NC diet had 
lower (P < 0.05) apparent ileal digestibility of DM, N, and ADE but 
higher (P < 0.05) Ca digestibility compared with those fed the PC diet. 
There was a positive linear relationship (P = 0.002) for Ca digestibility 
and increasing enzyme supplementation (Table 7).

There was no difference (P > 0.05) in apparent ileal digestibility of 
essential AA when comparing the PC diet to the enzyme supplemented 
diets except for Thr (P < 0.001) where enzyme supplementation 
resulted in higher (P < 0.05) apparent ileal Thr digestibility compared to 
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the PC diet (87.2 vs. 85.0%; Table 8). There was a quadratic relationship 
(P < 0.05) for ileal digestibility of Arg, His, and Val with increasing 
enzyme supplementation, as well as a linear relationship (P = 0.001) for 
ileal digestibility of Thr (Table 8). Birds on the PC diets had higher (P <

0.05) nonessential AA digestibility compared to birds on the NC diets 
except for Glu and Tyr where there was no difference (Table 9). 
Increasing enzyme supplementation resulted in quadratic change (P <
0.05) in all the nonessential AA investigated in this study except for Glu 
and Tyr where the difference was not significant (Table 9).

Energy and nutrient utilization

The effects of exogenous enzyme supplementation on energy and 
nutrient retention are reported in Table 10. Birds fed the NC diet had 
lower (P < 0.05) utilization of DM, N, and AME but higher (P < 0.05) Ca 
and P utilization compared with those fed the PC diet. Birds fed the 
enzyme supplemented diets had higher (P < 0.001) DM, N, Ca, P, and 
energy utilization compared to the birds fed the PC diet. Enzyme sup
plementation level had a quadratic relationship (P < 0.001) with DM, N, 
energy retention, AME, and AMEn. Calcium and P utilization also rose 
linearly (P < 0.001) with enzyme supplementation level.

Bone mineralization

The effect of exogenous enzyme supplementation on BBS and bone 
ash are reported in Table 11. Birds fed the PC diet had higher BBS (P =
0.003) and bone ash (P = 0.013) compared to birds fed the NC and 
enzyme supplemented diets. There was a linear and quadratic increases 
(P < 0.001) in percent bone ash and BBS with exogenous enzyme 
supplementation.

Discussion

The current study shows that feeding a reduced energy and nutrient 

Table 5 
Effects of increasing level of Allzyme Spectrum® supplementation on the performance of 22-d-old broiler chickens fed wheat-soybean-meal-based diets1.

Treatment Diet Allzyme Spectrum®, mg/kg IBW, g/b Feed intake, g/b/d Body weight gain, g/b/d

d 0-9 d 9-22 d 0-22 d 0-9 d 9-22 d 0-22

A PC 0 40.8 21.5z 75.7 53.3 17.7 48.8 35.9
B NC 0 40.4 20.0 67.7 47.8 15.2 38.9 29.0
C NC 150 40.7z 21.5 76.2 53.6 17.9 47.2 35.1
Dz NC 200 39.9 20.4 75.0 52.2 16.4 47.6 34.6
E NC 250 41.3 21.3 76.2z 53.1 16.9 47.9z 34.8
Pooled standard deviation 0.355 0.584 1.483 1.093 0.704 1.171 0.896
P-value 0.120 0.260 0.001 0.002 0.065 <0.001 <0.001

Probability
PC vs. NC 0.409 0.076 <0.001 0.001 0.018 <0.001 <0.001
PC vs. Enzyme supplemented diets 0.591 0.485 0.978 0.773 0.472 0.391 0.328
Linear effect of enzyme supplementation 0.418 0.157 <0.001 <0.001 0.089 <0.001 <0.001
Quadratic effect of enzyme supplementation 0.247 0.568 0.083 0.070 0.111 0.049 0.026

1 PC = Positive control, NC = Negative control, IBW = Initial body weight. Pre-starter diet fed from d 0-9 and starter diet fed from d 9-22 
zn = 10 replicate cages with 6 birds/replicate, subscript z where n = 9

Table 6 
Effects of increasing level of Allzyme Spectrum® supplementation on feed effi
ciency and jejunal digesta viscosity of 22-d-old broiler chickens fed wheat- 
soybean-meal-based diets1.

Treatment Diet Allzyme 
Spectrum®, 
mg/kg

Feed efficiency

d 0-9 d 9-22 d 0-22 Viscosity, 
mPa

A PC 0 0.820z 0.644 0.673 5.2
B NC 0 0.758z 0.574 0.606 6.2
C NC 150 0.832 0.620z 0.656z 3.1
D NC 200 0.811 0.634 0.660z 2.9
E NC 250 0.791 0.629 0.656 3.0
Pooled standard deviation 0.02 0.01 0.01 0.38
P-value 0.016 <0.001 <0.001 <0.001

Probability
PC vs. NC 0.008 <0.001 <0.001 0.078
PC vs. Enzyme supplemented diets 0.638 0.112 0.086 <0.001
Linear effect of enzyme 

supplementation
0.041 <0.001 <0.001 <0.001

Quadratic effect of enzyme 
supplementation

0.006 0.158 0.046 <0.001

1 PC = Positive control, NC = Negative control. Pre-starter diet fed from d 0-9 
and starter diet fed from d 9-22 

zn = 10 replicate cages with 6 birds/replicate, except for subscript z where n 
= 9

Table 7 
Effects of increasing level of Allzyme Spectrum® supplementation on apparent ileal nutrient and energy digestibility of 22-d-old broiler chickens fed wheat-soybean- 
meal-based diets (DM basis)1

Treatment Diet Allzyme Spectrum®, mg/kg DM, % N, % Ca, % P, % Energy, % ADE, kcal/kg

A PC 0 78.3 87.7 61.7 59.3 77.1 3,454
B NC 0 71.9 86.2 71.2 56.4 69.8 3,139
C NC 150 78.4 88.4 75.4z 62.3 76.6 3,404
D NC 200 79.0 88.3 73.2 65.5 77.4 3,434
E NC 250 78.7 88.5 76.2 66.0 77.2 3,426
Pooled standard deviation 1.35 1.20 9.25 5.39 0.46 60.83
P-value <0.001 <0.001 0.008 <0.001 <0.001 <0.001

Probability
PC vs. NC <0.001 0.011 0.027 0.232 <0.001 <0.001
PC vs. Enzyme supplemented diets 0.442 0.091 <0.001 0.011 0.991 0.157
Linear effect of enzyme supplementation 0.370 0.162 0.002 0.021 0.927 0.228
Quadratic effect of enzyme supplementation <0.001 0.003 0.337 0.005 <0.001 <0.001

1 PC = Positive control, NC = Negative control, ADE = apparent digestible energy. Pre-starter diet fed from d 0-9 and starter diet fed from d 9-22 
zn = 10 replicate cages with 6 birds/replicate, except for subscript z where n = 9
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wheat-soybean meal-based diet supplemented with a multi-enzyme 
complex to broiler chickens can result in growth performance and 
nutrient and energy digestibility and utilization not different from that 
of birds receiving a full nutrient diet. Birds fed the enzyme supplemented 
diets had an overall better performance than those fed only the reduced 
energy and nutrient diet (NC). The poor performance by birds on the NC 
diet could be attributed to the reduction in nutrient and energy levels in 
the diet (compared to the PC diet) coupled with the difficulty of 
releasing energy and nutrient from the NSPs and phytate, whose nega
tive effects were offset by the carbohydrase and phytase enzymes, 

respectively, in the multi-enzyme complex that was supplemented to the 
NC diets. The performance of birds given the enzyme supplemented 
diets was not different from birds fed the PC diet.

Wheat is high in arabinoxylans, a form of hemi-cellulose NSPs. 
Wheat’s soluble arabinoxylan content is 17 times that of corn (Choct, 
1997); the only other cereal grain with a higher soluble arabinoxylan 
content than the wheat is rye (Choct, 1997). Xylanase has been shown to 
offset the anti-nutritive factors of arabinoxylans by hydrolyzing the β-1, 
4 glycosidic bonds of xylan into xylose (Adeola and Cowieson, 2011). 
Alongside phytase, the exogenous enzyme responsible for hydrolyzing 

Table 8 
Effects of increasing level of Allzyme Spectrum® supplementation on apparent ileal digestibility of essential amino acids of 22-d-old broiler chickens fed wheat- 
soybean-meal-based diets (DM basis)1

Treatment Diet Allzyme Spectrum®, mg/kg Arg, % His, % Ile, % Leu, % Lys, % Met, % Phe, % Thr, % Trp, % Val, %

A PC 0 88.0 87.8 87.8 87.7 90.5 93.6z 89.2 85.0 88.5 85.6
Bz NC 0 86.3 86.1 86.6 86.4 89.8 92.2 87.9 84.7 87.6 83.9
C NC 150 88.1z 88.1z 89.0 88.8 91.3 93.2 90.1 87.4 89.1 86.1z

Dz NC 200 88.4 88.2 88.3 88.2 90.9 92.9 89.5 86.9 89.0 86.3
E NC 250 88.6 88.4 89.0 88.7z 91.5 93.3 90.2 87.3z 89.4 86.7
Pooled standard deviation 1.72 1.61 1.84 1.85 1.80 1.10 1.49 1.87 1.74 1.82
P-value 0.032 0.027 0.042 0.049 0.264 0.089 0.013 0.004 0.160 0.022
Probability
PC vs. NC 0.035 0.026 0.153 0.122 0.391 0.009 0.070 0.943 0.246 0.045
PC vs. Enzyme supplemented diets 0.606 0.490 0.178 0.216 0.272 0.275 0.172 <0.001 0.276 0.307
Linear effect of enzyme supplementation 0.709 0.587 0.363 0.355 0.458 0.200 0.377 0.001 0.405 0.449
Quadratic effect of enzyme supplementation 0.017 0.014 0.165 0.117 0.362 0.080 0.082 0.146 0.158 0.020

1 PC = Positive control, NC = Negative control. Pre-starter diet fed from d 0-9 and starter diet fed from d 9-22 
zn = 10 replicate cages with 6 birds/replicate, except for subscript z where n = 9

Table 9 
Effects of increasing level of Allzyme Spectrum® supplementation on apparent ileal digestibility of nonessential amino acids of 22-d-old broiler chickens fed wheat- 
soybean-meal-based diets (DM basis)1

Treatment Diet Allzyme Spectrum®, mg/kg Ala, % Asp, % Cys, % Glu, % Gly, % Pro, % Ser, % Tyr, %

A PC 0 83.8 85.0 86.2 93.8 84.2 92.8 86.2 88.5
Bz NC 0 81.7 83.0 82.3 93.2 81.9 91.7 84.1 87.2
C NC 150 84.2z 86.1 85.9 94.6 84.5z 93.5 87.2 89.8
Dz NC 200 84.5 85.4 85.8 94.3 84.8 93.2 86.7 89.1
E NC 250 84.8 86.0 85.5 94.6 84.9 93.4 87.3 89.7
Pooled standard deviation 2.20 1.92 1.79 0.90 1.82 0.85 1.99 1.75
P-value 0.032 0.005 <0.001 0.006 0.004 <0.001 0.009 0.014
Probability
PC vs. NC 0.040 0.022 <0.001 0.126 0.007 0.010 0.030 0.095
PC vs. Enzyme supplemented diets 0.395 0.252 0.452 0.058 0.462 0.054 0.233 0.122
Linear effect of enzyme supplementation 0.501 0.445 0.555 0.140 0.548 0.114 0.390 0.240
Quadratic effect of enzyme supplementation 0.018 0.032 <0.001 0.069 0.003 0.004 0.029 0.088

1 PC = Positive control, NC = Negative control. Pre-starter diet fed from d 0-9 and starter diet fed from d 9-22 
zn = 10 replicate cages with 6 birds/replicate, except for subscript z where n = 9

Table 10 
Effects of increasing level of Allzyme Spectrum® supplementation on apparent nutrient and energy utilization of 22-d-old broiler chickens fed wheat-soybean-meal- 
based diets (DM basis)1

Treatment Diet Allzyme Spectrum®, mg/kg DM, % N, % Ca, % P, % Energy, % AME, kcal/kg AMEn, kcal/kg

A PC 0 72.8z 63.1 65.6 61.8 76.6z 3,352z 3,249z

B NC 0 68.3 60.8 69.9 68.4 71.8z 3,099z 2,989z

C NC 150 74.8 69.6 72.7 75.2 77.2 3,329 3,244
D NC 200 74.9 68.2 72.3 73.6z 77.3z 3,337z 3,249z

E NC 250 74.8 68.8 74.4 75.2 77.1 3,325 3,237
Pooled standard deviation 0.62 3.79 3.65 1.81 1.55 21.04 22.05
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Probability ​
PC vs. NC <0.001 0.044 0.012 <0.001 <0.001 <0.001 <0.001
PC vs. Enzyme supplemented diets <0.001 <0.001 <0.001 <0.001 0.002 0.009 0.495
Linear effect of enzyme supplementation <0.001 <0.001 <0.001 <0.001 0.001 0.044 0.833
Quadratic effect of enzyme supplementation <0.001 <0.001 0.598 0.262 <0.001 <0.001 <0.001

1 PC = Positive control, NC = Negative control, AME = apparent metabolizable energy, AMEn = AME corrected for nitrogen. Pre-starter diet fed from d 0-9 and 
starter diet fed from d 9-22 

zn = 10 replicate cages with 6 birds/replicate, except for subscript z where n = 9
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phytate, these enzymes supported digestion and improved birds’ ability 
to utilize energy and nutrients in wheat-based diets.

The ability of xylanase to alleviate challenges associated with high 
digesta viscosity has been well documented (Engberg et al., 2004; 
Munyaka et al., 2016). The lower digesta viscosity in the current study 
(51%) is in line with what Engberg et al. (2004) reported (50%) for 
digesta viscosity when xylanase was added to wheat-based diets. 
Munyaka et al. (2016) also reported a decrease of 31% in digesta vis
cosity of broiler chickens fed wheat-based diets supplemented with 
xylanase. Likewise, Anwar et al., (2023) reported a greater reduction in 
digesta viscosity in birds fed wheat-based diets supplemented with both 
xylanase and phytase compared to birds supplemented with only xyla
nase (37 vs. 56% reductions). The results from the use of a combination 
of phytase and xylanase showed that there is a potential additive effects 
of both enzymes in reducing digesta viscosity. The high difference in 
digesta viscosity (51%) observed in the current study can be attributed 
primarily to xylanase’s ability to break down arabinoxylans but also to 
the interactive effects of both enzymes (xylanase and phytase).

The enzyme complex use in this study allowed the birds to maintain 
performance on a low nutrient diet. The linear and quadratic increases 
in performance (ADFI, ADG, and FE) of the birds fed enzyme supple
mented diets in the current study is consistent with published manu
scripts (Gonzalez-Ortiz et al., 2016; Gonzalez-Ortiz et al., 2017; 
Arczewska-Wlosek et al., 2019; Olukosi et al., 2020). Anwar et al., 
(2023) reported birds fed diets supplemented with xylanase and phytase 
had an improved FI, BWG, and feed conversion ratio (FCR) compared to 
those birds who did not receive enzyme supplemented diet. The growth 
performance benefits seen in the current study can be attributed to 
phytases’ ability to cleave phytate bound nutrient, making them more 
available to the birds. The lower digesta viscosity observed with enzyme 
supplementation allowed for greater interactions between the endoge
nously secreted digestive enzymes such as the protein and energy 
digesting enzymes likely leading to greater digestion and absorption of 
these nutrients, indicated in this study by the higher nutrient di
gestibility values (Palander et al., 2005; Rutherfurd, et al., 2007).

The AME and nutrient utilization improvement observed in the 
enzyme supplemented diets in the current study can be associated with 
the partial or total cleavage of arabinoxylans in the wheat. The lower 
digesta viscosity with enzyme inclusion allowed for better absorption of 
nutrients in the mid gut. Digestible and metabolizable energy gains with 
enzyme supplementation is well documented (Walters et al., 2019; 
Anwar et al., (2023)). The AMEn benefit (8%) in this study is compa
rable to the improvement (5%) in AMEn that Selle et al. (2009) reported 
when feeding xylanase and phytase in combination to broilers being fed 
low-P wheat-based diets. Similarly, Gallardo et al. (2018) reported 

similar increases (9.7%) in AME due to supplemental phytase and 
xylanase. Despite these documented improvements in energy di
gestibility and utilization, there are speculations that the improvement 
in energy may be independent of its effect on AA digestibility. It has been 
suggested that Ca phytate may increase the formation of metallic soaps 
in the lumen of the GIT, resulting in reduced digestibility (Adeola and 
Cowieson, 2011; Cowieson et al., 2017).

Nonstarch polysaccharides are known to bind multivalent cations 
(Gallardo et al., 2018), so the addition of phytase and xylanase would 
allow for better availability of these cations to the birds, thus improving 
digestibility and utilization. Phytase has also been shown to improve 
mineral digestibility and utilization due to its ability to hydrolyze 
mineral-phytate complexes. This is likely the reason for the linear in
creases in P and Ca digestibility and utilization in enzyme supplemented 
birds in this study. The results of the current study agree with Gallardo 
et al. (2018) who reported similar findings on Ca (5 vs. 8%) and P (10 vs. 
13%) retention (control vs. enzyme supplemented diet) when xylanase 
and phytase were added to wheat-based broiler diets. Selle et al. (2009)
also reported an improvement in Ca and P retention with phytase and 
xylanase supplementation while Walters et al. (2019) reported an 
improvement in Ca and P digestibility when phytase was added to low-P 
diets. In the current study, apparent ileal Ca digestibility and Ca and P 
utilization were higher in the NC diet compared to the PC diet, however 
the lower apparent ileal P digestibility of the NC diet although difficult 
to explain, may be attributed to the fact that unlike in the PC diet, where 
the analyzed level of P (starter diet) was 13% below the formulated 
level, the corresponding value for the NC diet was 21%. This means the 
NC diet probably had much less nPP (from dicalcium phosphate) than 
formulated. This could explain why the NC diet that was not supple
mented with exogenous enzymes resulted in lower P digestibility value 
compared to birds on the PC diet.

Greater DM digestibility is consistent with reports from other re
searchers (Anwar et al., 2023). The higher N digestibility (2.6%) and 
retention (11.8%) reported in the current study (average of enzyme 
supplemented diets vs. the NC diet) can be associated with lower 
endogenous losses of N due to the action of the carbohydrase and phy
tase enzymes on NSPs and phytate (Selle et al., 2006; Cowieson et al., 
2017). Both phytate and NSPs are known to bind to proteins so the 
addition of exogenous enzymes can increase dietary protein hydrolysis. 
Selle et al. (2009) observed an 11% increase in N retention in broiler 
diets supplemented with phytase and xylanase. However, they reported 
that N retention improved more (10 vs. 6%) when only phytase was 
supplemented compared to when only xylanase was supplemented. This 
is likely due to phytases’ ability to cleave phytate-bound proteins. Gal
lardo et al. (2018) reported similar improvements of 8% in N retention 
when broilers were fed wheat-based diets with phytase and xylanase 
supplementation.

The effect of exogenous enzymes on apparent ileal AA digestibility is 
inconsistent. Selle et al. (2006) observed that improved AA digestibility 
was associated with reduction of endogenous AA losses. It has been 
suggested that the negative effect of phytate on AA digestibility may be 
due to increased losses of endogenous AA from the intestine rather than 
a direct impact on dietary protein utilization (Cowieson et al., 2017; 
Gallardo et al., 2018). Woyengo et al. (2008) reported an improvement 
in apparent AA digestibility in pigs fed wheat-based diets supplemented 
with phytase and xylanase. Cowieson et al. (2017) reported that Met and 
Glu showed lower responses to phytase addition compared to other AA. 
Similar studies have shown improvement in apparent AA digestibility in 
wheat-based diets with enzyme supplementation (Gallardo et al., 2018; 
Anwar et al., 2023). It has been suggested that NSPs impair the di
gestibility of AA by encapsulating the AA in grains, thereby preventing 
digestion and absorption of those AAs (Anwar et al., 2023). The higher 
apparent digestibility of some AA in this current study may be attributed 
to xylanases ability to degrade NSPs thus enhancing protein 
digestibility.

Bone quality response variables such as BBS and bone ash have been 

Table 11 
Effect of increasing level of Allzyme Spectrum® supplementation on the tibia 
quality of 22-d-old broiler chickens fed wheat-soybean-meal based diets1.

Treatment Diet Allzyme Spectrum®, 
mg/kg

Bone breaking 
strength, kgf

Bone ash, 
%

A PC 0 17.7 53.4z

B NC 0 11.2 50.1
C NC 150 15.6 51.4y

D NC 200 15.4 51.2z

E NC 250 15.4 53.0
Pooled standard deviation 1.98 1.62
P-value <0.001 <0.001
Probability
PC vs. NC <0.001 <0.001
PC vs. Enzyme supplemented diets 0.003 0.013
Linear effect of enzyme supplementation 0.006 0.002
Quadratic effect of enzyme supplementation <0.001 0.011

1 PC = Positive control, NC = Negative control. Pre-starter diet fed from d 0-9 
and starter diet fed from d 9-22 

zn = 10 replicate cages with 6 birds/replicate, except for y & z where n =
8&9, respectively
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shown to improve when enzymes are supplemented to reduced nutrient 
diets (Lalpanmawia et al., 2014; Leyva-Jimenez et al., 2019; Walters 
et al., 2019). Al-Qahtani et al. (2020) reported a comparable improve
ment of 23% in BBS in broilers fed wheat-based diets supplemented with 
xylanase and phytase. The beneficial changes in BBS and percent bone 
ash are likely due to phytase hydrolyzing the phytate-bound minerals, 
especially P, and making them more available to the bird leading to an 
increase in bone mineralization. Xylanase’s ability to reduce digesta 
viscosity thereby allowing for better energy and nutrient digestion and 
absorption through an increase in digesta surface area and better in
teractions between the digesta and digestive enzymes may also have 
contributed to the improvement in BBS and bone ash percentages 
through an increase in the digestion and absorption of P.

The addition of xylanase and phytase to broiler diets allows birds to 
optimize nutrient digestion supporting greater nutrient absorption. One 
of the ways through which broiler chickens could benefit from the 
combination of the two exogenous enzymes is the potential ability of 
increased interaction of exogenous enzymes, in this case phytase, with 
digesta in the small intestine after a reduction in digesta viscosity 
through the action of xylanase leading to an increase in nutrient release 
This means formulated crude protein, energy, and P levels in the diet can 
be adjusted for the expected release of these nutrients by the supple
mental exogenous enzymes. This reformulation would, in turn, allow for 
lower feed costs and less environmental pollution as a result of signifi
cant decrease in P and N excretion into the environment (Chakraborty 
et al., 2021). Furthermore, the effect of exogenous enzymes on nutrient 
and energy digestibility allows nutritionists to use cheaper alternative 
feed ingredients and more by-products in broiler diets, subsequently 
providing more economic benefits to producers and reducing wastes 
(Williams, 2006).

Conclusion

Allzyme® Spectrum enzyme supplementation to broiler chickens fed 
wheat-based, low nutrient diets in the current study resulted in growth 
performance, energy and nutrient digestibility and utilization, and tibia 
bone mineralization on par with birds fed full nutrient diets. This study 
shows that the use of an enzyme complex containing phytase and 
xylanase in wheat-SBM-based diets offer the ability to producers to feed 
reduced energy and nutrient (Ca and P) diets while still maintaining 
performance standards equivalent to that of birds fed a standard com
mercial diet. The use of the combination of exogenous phytase and 
xylanase shows potential as a useful way for a sustainable, environ
mentally friendlier, lower cost diet for poultry production.
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