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Maize replacement with sorghum and a combination of
protease, xylanase, and phytase on performance, nutrient
utilization, litter moisture, and digestive organ size
in broiler chicken
G.A.M. Pasquali, V.B. Fascina, A.L. Silva, M.M. Aoyagi, E.M. Muro, P.G. Serpa, D.A. Berto,
E.S.P.B. Saldanha, and J.R. Sartori

Abstract:We investigated the effects of a combination of protease, xylanase, and phytase in maize- or sorghum-based
diets for broilers. Two experiments were conducted with male chicks randomly distributed in a 3× 2 factorial arrange-
ment with three replacement levels of maize with sorghum (0%, 50%, and 100%) with or without enzymes. In the first
trial, 1152 chicks were allotted to 36 floor pens to determine performance, relative organ weight, and litter moisture. A
second trial was performed with 150 and 120 chicks allotted in 30 cages with five and four broilers per cage to deter-
mine nutrient and energy utilization from 11 to 21 d and from 25 to 35 d, respectively. Enzyme supplementation
improved body-weight gain and feed conversion ratio. Total maize replacement with sorghum compromised
body-weight gain from 1 to 14 d and from 1 to 35 d. Nitrogen retention was reduced by partial and total maize replace-
ment with sorghum at starter phase and by total replacement at grower phase. Enzyme supplementation improved
nitrogen retention at starter phase and apparent metabolizable energy at starter and grower phases. Therefore, partial
maize replacement with sorghum is viable and on top application of an enzyme blend containing protease, xylanase,
and phytase improves performance and nutrient retention of broilers.

Key words: maize, sorghum, exogenous enzymes, nutrient retention, broiler chicken.

Résumé : Nous avons examiné les effets d’une combinaison de protéases, xylanases et phytases dans les diètes à
base de maïs ou de sorgho chez les poulets à griller. Deux expériences ont été effectuées chez des poussins
mâles distribués de façon aléatoire dans un design factoriel 3 × 2 avec trois niveaux de remplacement du maïs
par le sorgho (0 %, 50 % et 100 %) avec ou sans enzymes. Dans la première étude, 1152 poussins ont été alloués à
36 enclos au sol pour déterminer la performance, le poids relatif des organes et l’humidité contenue dans la
litière. La deuxième étude a été effectuée avec 150 et 120 poussins attribués à 30 cages avec cinq et quatre poulets
par cage pour déterminer l’utilisation des éléments nutritifs et de l’énergie des jours 11 à 21 et des jours 25 à 35,
respectivement. Les suppléments d’enzymes ont amélioré le gain de poids ainsi que l’indice de consommation.
Le remplacement total du maïs par le sorgho a compris le gain de poids des jours 1 à 14 et des jours 1 à 35. La
rétention d’azote a été réduit par le remplacement partiel ou total du maïs par le sorgho dans la phase initiale
ainsi que par le remplacement total dans la phase de croissance. Les suppléments d’enzymes ont amélioré la
rétention d’azote dans la phase initiale et l’énergie métabolisable apparente corrigé pendant les phases initiales
et de croissance. Donc, le remplacement partiel du maïs par le sorgho est une solution viable et l’application
d’un mélange d’enzymes contenant des protéases, xylanases et phytases améliore la performance et la rétention
des éléments nutritifs chez les poulets à griller. [Traduit par la Rédaction]

Mots-clés : maïs, sorgho, enzymes exogènes, rétention des éléments nutritifs, poulet à griller.
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Introduction
For years, sorghum has been used for an alternative

feed ingredient to maize in broiler diets due to the
lower production cost of sorghum and the similarity in
grain compositions. However, most studies with poultry
have investigated the effect of maize- or sorghum-based
diets and have not taken in account the partial
replacement of the dietary cereal grain (Lunedo et al.
2014; Tancharoenrat et al. 2014). Furthermore, inclusion
of exogenous enzymes in diets composed by different
cereal grains may lead to different responses due to their
grain composition and substrate content for the
enzymes. Moreover, responses to phytase, protease, and
xylanase supplementation may differ in maize- and sor-
ghum-based diets for broilers due to phytate’s different
concentrations and localizations (Doherty et al. 1982),
arabinoxylan content (Choct 2015) and crude protein
inherent digestibility and content (Rostagno et al. 2011)
in maize and sorghum grains.

Despite higher protein content of sorghum, the digesti-
bility of some essential amino acids, such as lysine,
methionine, and threonine, is relatively lower than those
of maize (Rostagno et al. 2011). Kafirin is sorghum’s main
protein, and it has low digestibility (Oria et al. 2000). In
addition to kafirin, sorghum is also rich in tannin and
phytate, antinutrients that can negatively affect the uti-
lization of energy and nutrients (Selle et al. 2010). Tannin
may complex to macromolecular nutrients, such as pro-
teins, making them unavailable (Spencer et al. 1988),
whereas phytate mainly binds to minerals from the diet,
thus reducing poultry nutrient digestibility (Woyengo
and Nyachoti 2013). Moreover, although in maize, phytate
is mainly located in the germ, in sorghum grain, phytate
is present in the aleurone layers (Doherty et al. 1982).
Also, althoughmaize and sorghum are nonviscous grains,
maize presents relatively higher insoluble arabinoxylan
content than sorghum (Choct 2015).

The use of exogenous enzymes such as phytase, xyla-
nase, and protease in diets for broilers has been widely
researched over the last few years to alleviate the nega-
tive effects of the phytate-binding ability, cell-wall
nutrient encapsulating of nonstarch polysaccharides
(NSPs) such as arabinoxylans, and to break down undi-
gested protein fractions.

Therefore, first, this study aimed at assessing the
possibility of partial or total maize replacement with
sorghum, and second, studying whether the responsive-
ness of broilers fed diets supplemented with a combina-
tion of exogenous enzymes (protease, xylanase, and
phytase) could contribute to this nutritional strategy
without affecting broilers’ growth.

Materials and Methods
Birds were cared for in accordance with the guidelines

established by São Paulo State University Ethical
Committee for Animal Use (No. 04/2013 — CEUA).

Experimental design and dietary treatments
Both experiments were completely randomized in a

3 × 2 factorial design (0%, 50%, and 100% substitution of
maize with sorghum × inclusion or not of enzyme blend
containing protease, xylanase, and phytase). Sorghum
was included as a substitute for maize, and enzyme addi-
tion was on top, i.e., without considering nutritional
value promoted by exogenous enzymes. In diets without
the addition of exogenous enzymes, kaolin was used as
an inert material to replace enzyme products. Diets were
isonitrogenous and isocaloric (Tables 1 and 2), formulated
to meet or exceed nutritional requirements recom-
mended by Rostagno et al. (2011) for male broilers with
average performance, and divided into four feeding
phases. The use of starch and maize gluten meal (60%
crude protein) in diets containing sorghum aimed tomake
such diets as nutritive and caloric as maize-based diets.
Condensed tannin content of sorghum used in feed was
0.11%, a value determined by near-infrared spectros-
copy (NIRS).

Enzyme inclusion levels were used in accordance with
the manufacturer’s recommendations (DSM Nutritional
Products, São Paulo, Brazil): protease and serine endo-
peptidase (RONOZYME® ProAct), produced by Bacillus
licheniformis, 75 000 PROT g−1 of product, dosage of
200 mg kg−1 of feed, which corresponds to 15 000 PROT
kg−1 of feed; xylanase (RONOZYME® WX), produced by
Thermomyces lanuginosus spp., 1000 FXU g−1 of product,
dosage of 150 mg kg−1 of feed, which corresponds to
150 FXU kg−1 of feed; and 6-phytase, produced by syn-
thetic genes from Citrobacter braakii expressed in
Aspergillus oryzae (RONOZYME® HiPhos GT), 10 000 phytase
units activity (FYT) g−1, dosage of 100 mg kg−1 of feed,
which corresponds to 1000 FYT kg−1 of feed.

A protease unit (PROT) corresponds to the quantity of
enzyme that releases 1 mmol of p-nitroaniline from
1 mmol L−1 of substrate (Suc–Ala–Ala–Pro–Phe–pNA)
min−1 at pH 9.0 at 37 °C. Xylanase activity (FXU) is deter-
mined by means of xylanase incubation with remazol-
xylan substrate, at pH 6.0 at 50 °C for 30 min and
compared with reference standard activity, xylanase pro-
duced by Humicola insolens. One FYT is defined as the
quantity of enzyme required to release 1 μmol inorganic
P min−1, at pH 5.5, from an excess of 15 μmol L−1 sodium
phytate at 37 °C.

Trial I: performance, relative organ weight, and litter
moisture

A total of 1152 d old male broiler chicks (Cobb) were
obtained from a commercial hatchery and placed in
36 floor pens, distributed into six dietary treatments
with six replicate pens with 32 broilers each. Birds were
housed in 2 m2 floor pens, with 15 cm thick wood shav-
ings litter, equipped with tubular feeder and nipple
drinker.

Average body-weight gain, feed intake, and feed con-
version ratio adjusted for mortality were obtained by
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weighing broilers and feed weekly. Mortality rate was
registered daily for each experimental unit.

At 21 and 42 d of age, one and two birds per experi-
mental unit, respectively, were taken from the floor
pen, according to their average body weight, weighed,
and sacrificed by cervical dislocation after fasting for
2 h. Subsequently, proventriculus, gizzard, small intes-
tine, large intestine, liver, and pancreas were removed
and weighed. Afterward, relative weights were calcu-
lated in relation to broiler body weight. The intestines
were emptied, and proventriculus and gizzard fat were
removed before being weighed.

Litter moisture was determined weekly, through litter
samples from five different places in each floor pen,
from the surface to the bottom, far from the nipple

drinker and feeder area. The litter samples were stored
in plastic bags and homogenized, and immediately, 70 g
portions were taken and weighed in aluminum trays.
The samples were dried in a forced ventilation oven at
65 °C for 24 h, according to the methods described by
Association of Official Analytical Chemists (AOAC 2000).

Trial II: energy and nutrient retention and total tract
transit time

Two metabolism tests were carried out, with a total of
150 male broiler chicks from day 11 to day 21 (starter
phase) and a total of 120 male broiler chicks from
day 25 to day 35 (grower phase). Broilers used in trials
were obtained from a commercial hatchery and fed a
maize- and soybean meal-based diet from placement
until the beginning of each experimental period. From

Table 1. Dietary composition and calculated nutrient content for prestarter and starter phases.

Pre-starter (1–7 d) Starter (8–21 d)

0% 50% 100% 0% 50% 100%

Item (g kg−1)
Maize 548.9 282.9 — 590.8 303.8 —

Sorghuma
— 282.9 558.9 — 303.8 598.8

Soybean meal 45% 383.6 344.3 323.7 348.3 308.5 281.9
Soybean oil 22.6 23.4 28.0 22.1 23.5 27.2
Maize gluten 60% — 20.0 30.0 — 20.0 34.0
Maize starch — — 11.9 — — 16.3
Dicalcium phosphate 19.1 19.1 19.0 15.1 15.1 15.1
Limestone 9.1 9.3 9.6 9.2 9.5 9.6
Sodium chloride 3.5 3.5 3.5 3.5 3.5 3.5
DL-Methionine (Met) 3.6 3.6 3.7 2.8 2.9 3.0
Lysine HCl (Lys) 2.8 3.9 4.5 2.1 3.2 4.0
L-Threonine (Thr) 1.0 1.3 1.5 0.6 0.8 1.1
Sodium bicarbonate 2.3 2.3 2.3 1.9 1.9 1.9
Vitamin+mineral premixb 2.0 2.0 2.0 2.0 2.0 2.0
Choline chloride 0.6 0.6 0.6 0.6 0.6 0.6
Enzymes or inertc 0.45 0.45 0.45 0.45 0.45 0.45

Calculated specifications
Metabolizable energy (ME; kcal kg−1) 2,950 2,950 2,950 3,000 3,000 3,000
ME (MJ kg−1) 12.35 12.35 12.35 12.56 12.56 12.56
Crude protein 222.0 222.0 222.0 208.0 208.0 208.0
Calcium 9.2 9.2 9.2 8.2 8.2 8.2
Available phosphorus (P) 4.7 4.7 4.7 3.9 3.9 3.9
Digestible Met 6.5 6.5 6.6 5.6 5.7 5.7
Digestible sulphur amino acid 9.4 9.4 9.4 8.5 8.5 8.5
Digestible Lys 13.1 13.1 13.1 12.0 12.0 12.0
Digestible Thr 8.5 8.5 8.5 7.6 7.6 7.6
Sodium 2.2 2.2 2.2 2.1 2.1 2.1
Chloride 2.6 2.6 2.6 2.6 2.6 2.6
Potassium 8.6 8.1 7.9 8.1 7.6 7.2

aCondensed tannin concentration was 0.11% determined by NIRS.
bVitamin + mineral premix provided kg−1 of feed: vitamin A, 11092 IU; vitamin D3, 2678 IU;

vitamin E, 24.86 IU; folic acid, 0.99 mg; D-panthotenic acid, 11.78 mg; vitamin B6, 2.49 mg; biotin,
0.1 mg; niacin, 30.0 mg; vitamin B2, 4.5 mg; vitamin B1, 2.01 mg; vitamin B12, 12.00 μg; vitamin K3,
1.89 mg; Fe, 49.60 mg; Cu, 8.56 mg; Mn, 66.6 mg; Zn, 51.36 mg; I, 1.0 mg; Se, 0.3 mg; salinomicin,
60 mg; virginiamycin, 16.5 mg.

cEnzyme blend: protease (200 mg kg−1), xylanase (150 mg kg−1), and phytase (100 mg kg−1);
inert: kaolin.
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those periods on, experimental diets were offered to
birds until the end of the metabolism testing. During
the tests, broilers were housed in a total of 30 galvanized
wire battery cages (60 cm × 50 cm × 40 cm) equipped
with trough feeders and nipple drinkers, with five cages
per treatment in both trials, and five birds per cage in
the starter phase, and four birds per cage in the grower
phase.

The metabolism tests were carried out for 10 d (i.e., 5 d
to adapt to the experimental diet and 5 d to excreta col-
lection), conducted twice daily (at 0800 and 1700), using
a total excreta collection method. The excreta collected
from each experimental unit were stored and frozen at
−20 °C, and after that, homogenized for analysis. Feeds
were weighed at the beginning and end of the collecting
period to determine the feed intake.

After excreta homogenization, portions were taken
and dried in a forced ventilation oven at 65 ± 5 °C for
72 h. Total dry matter (DM) content of the samples was
determined by oven drying at 105 °C. Total nitrogen con-
tent of the experimental feeds and excreta was deter-
mined using micro-Kjeldahl method and gross energy
(GE) using a bomb calorimeter (C-2000 Basic, IKA®,
Werke). Values of N and DM retention were obtained by
the following equation:

N ð%Þ = ½ðfeed intake ×NdietÞ−ðexcreta output × NexcretaÞ
=ðfeed intake × NdietÞ� × 100

DMð%Þ= ½ðfeed intake × DMdietÞ−ðexcreta output×DMexcretaÞ
=ðfeed intake × DMdietÞ� × 100

Table 2. Dietary composition and calculated nutrient content for grower and finisher phases.

Grower (22–35 d) Finisher (36–42 d)

0% 50% 100% 0% 50% 100%

Item (g kg−1)
Maize 617.4 317.1 — 664 9 340.0 —

Sorghuma
— 317.1 646.1 — 340.0 697.8

Soybean meal 45% 316.1 275.9 243.5 274 0 235.7 192.3
Soybean oil 31.8 33.6 37.7 29 9 33.0 35.5
Maize gluten 60% — 20.0 34.8 — 18.4 39.7
Dicalcium phosphate 12.7 12.7 12.7 10.7 10.7 10.7
Limestone 8.6 8.9 9.1 7.7 7.9 8.2
Sodium chloride 3.5 3.5 3.5 3.5 3.5 3.5
DL-Methionine (Met) 2.5 2.6 2.7 2.4 2.4 2.5
Lysine HCl (Lys) 1.9 3.0 3.9 2.3 3.4 4.6
L-Threonine (Thr) 0.4 0.7 0.9 0.5 0.8 1.1
Sodium bicarbonate 1.6 1.6 1.6 1.4 1.4 1.4
Vitamin+mineral premixb 2.0 2.0 2.0 2.0 2.0 2.0
Choline chloride 0.5 0.5 0.5 0.4 0.4 0.4
Enzymes or inertc 0.45 0.45 0.45 0.45 0.45 0.45

Calculated specifications
Metabolizable energy (ME; kcal kg−1) 3,100 3,100 3,100 3,150 3,150 3,150
ME (MJ kg−1) 12.98 12.98 12.98 13.19 13.19 13.19
Crude protein 195.0 195.0 195.0 180.0 180.0 180.0
Calcium 7.3 7.3 7.3 6.4 6.4 6.4
Available phosphorus (P) 3.4 3.4 3.4 3.0 3.0 3.0
Digestible Met 5.2 5.2 5.3 4.9 4.9 5.0
Digestible sulphur amino acid 7.9 7.9 7.9 7.4 7.4 7.4
Digestible Lys 10.8 10.8 10.8 10.1 10.1 10.1
Digestible Thr 7.0 7.0 7.0 6.6 6.6 6.6
Sodium 2.0 2.0 2.0 2.0 2.0 2.0
Chloride 2.6 2.6 2.6 2.6 2.6 2.6
Potassium 7.6 7.1 6.7 6.9 6.5 5.9

aCondensed tannin concentration was 0.11% determined by NIRS.
bVitamin + mineral premix provided kg−1 of feed: vitamin A, 11092 IU; vitamin D3, 2678 IU; vitamin E,

24.86 IU; folic acid, 0.99 mg; D-panthotenic acid, 11.78 mg; vitamin B6, 2.49 mg; biotin, 0.1 mg;
niacin, 30.0 mg; vitamin B2, 4.5 mg; vitamin B1, 2.01 mg; vitamin B12, 12.00 μg; vitamin K3, 1.89 mg;
Fe, 49.60 mg; Cu, 8.56 mg; Mn, 66.6 mg; Zn, 51.36 mg; I, 1.0 mg; Se, 0.3 mg; salinomicin, 60 mg;
virginiamicin, 16.5 mg.

cEnzyme blend: protease (200 mg kg−1), xylanase (150 mg kg−1), and phytase (100 mg kg−1); inert: kaolin.
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Values of nitrogen-corrected apparent metabolizable
energy (AMEn) were obtained by equations proposed by
Matterson et al. (1965) and expressed in MJ kg−1.

AMEndiet= ½ðfeed intake ×GEdietÞ
− ðexcreta output ×GEexcreta ± 8.22 ×N retentionÞ�
=feed intake

Total tract transit time was determined according to the
elapsed time from the beginning of feed consumption
until the appearance of excreta with the indigestible
marker’s characteristic colour (ferric oxide 2%) in each
experimental unit.

Statistical analysis
Data were subjected to analysis of variance (P < 0.05)

with two factors using the general linear model pro-
cedure of SAS version 9.0 (SAS Institute, Inc. 2002).
Mean separation was adjusted by Tukey’s test with
P < 0.05 as the significance level; P-values >0.05 and
<0.10 were presented if data suggested a trend. Data nor-
mality was tested using univariate procedure of SAS and
the Shapiro–Wilk test.

Results
There was no interaction for any of the parameters

measured except for DM retention from 11 to 21 d
post hatch.

Growth performance
The performance results are shown in Table 3.

Mortality rate was 5.5% from day 1 to day 42 and was
not affected by experimental diets.

Partial or total replacement of maize with sorghum
reduced feed intake from 1 to 7 d post hatch (P < 0.05).
Body-weight gain was reduced with partial or total
replacement of maize with sorghum from 1 to 14 d post
hatch (P < 0.01) and with total replacement from 1 to
35 d compared with broilers fed maize-based diets
(P < 0.05). Despite being not significant, total maize
replacement with sorghum tended to decrease body-
weight gain from 1 to 42 d post hatch (P = 0.067) and to
impair the feed conversion ratio from 1 to 35 d post
hatch (P = 0.098).

Enzyme supplementation improved body-weight gain
from 1 to 7 (P < 0.05), 1 to 14 (P < 0.01), 1 to 21 (P < 0.01),
1 to 28 (P< 0.01), 1 to 35 (P< 0.01), and 1 to 42 d post hatch
(P < 0.05). Feed conversion ratio was improved from 1 to
14 (P < 0.05), 1 to 21 (P < 0.05), and 1 to 35 d post hatch
(P < 0.05) when enzymes were added to diets regardless
of the cereal grain (P< 0.05).

Nutrient retention and total tract transit time
Data related to nutrient retention and total tract transit

time from day 11 to day 21 and day 25 to day 35 are shown
in Table 4. There was interaction between the level of
maize replacement with sorghum and enzyme supple-
mentation on DM retention from day 11 to day 21. TotalT
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replacement of maize with sorghum reduced DM
retention (P < 0.05), and enzyme supplementation
improved DM retention in broilers fed a sorghum-based
diet. Enzyme supplementation increased nitrogen (N)
retention from 11 to 21 d post hatch (P < 0.05) and
AMEn in both periods assessed (P < 0.01). Despite
being not significant, responsiveness of N retention to
enzyme supplementation of birds fed diets containing
sorghum tended to be higher (P = 0.076) than those fed
corn-based diets.

Nitrogen retention was reduced with partial and total
maize replacement with sorghum from 11 to 21 d post
hatch (P < 0.01). From 25 to 35 d post hatch only, total
replacement of maize with sorghum reduced N retention
(P < 0.01). Sorghum-based diets increased total tract
transit time (P< 0.01) and AMEn (P< 0.01) from 25 to 35 d
post hatch.

Relative organ weight

Results from the analysis of relative organs weight of
the digestive tract are shown in Table 5.

Broilers fed diets containing exogenous enzymes
presented a reduction in relative gizzard weight
(P< 0.05) and small intestine weight (P< 0.01) at 21 d post
hatch. Maize replacement with sorghum did not affect
the relative organs weight at 21 and 42 d post hatch,
and neither did the supplementation of exogenous
enzymes on day 42.

Litter moisture
Litter moisture is presented in Table 6. Enzyme sup-

plementation increased litter moisture at 7 d (P < 0.01)
and 42 d (P < 0.05). Total replacement of maize with
sorghum reduced litter moisture compared with a
maize-based diet on day 14 (P < 0.01). Partial and total
replacement of maize with sorghum reduced litter
moisture at 35 d post hatch (P< 0.05) and 42 d post hatch
(P< 0.01) compared with the maize-based diet.

Discussion
This study observed that the inclusion of protease,

xylanase, and phytase progressively improved broiler
body-weight gain up to day 21 and, from this period on,
the positive effects were gradually reduced until the
end of the grower phase. Broilers fed diets containing
exogenous enzymes presented greater body-weight gain
+3.1% (7 d), +3.9% (14 d), +8.6% (21 d), +5.2% (28 d), +3.9%
(35 d), and +2.3% (42 d) compared with birds that were
not fed enzyme-supplemented diets, showing that the
positive response to the inclusion of exogenous enzymes
in diets was more significant in young broilers at starter
phases.

In this study, the improvement in the starter perfor-
mance promoted by exogenous enzymes can be attrib-
uted to a better use of dietary nutrients, evidenced by
the increase in N retention (+2.6%) and AMEn (+2.4%).
According to Sakomura et al. (2004), activities of

Table 4. Effect of maize replacement with sorghum and enzyme supplementation on nutrient utilization and total tract transit
time from 11 to 21 and 25 to 35 d post hatch.

Enzymesa

(mg kg−1)

DM retention (%) N retention (%) AMEn (MJ kg−1)
Transit timeb

(min)

11–21 d 25–35 d 11–21 d 25–35 d 11–21 d 25–35 d 11–21 d 25–35 d

Sorghum (%)
0 0 73.39a 76.15 60.99 57.45 11.82 13.13 168 165
0 450 73.64a 76.66 60.45 57.17 12.09 13.38 150 185
50 0 72.85ab 76.60 56.13 53.78 11.83 13.15 164 170
50 450 73.24ab 76.75 59.66 56.22 11.98 13.29 162 185
100 0 71.65b 77.01 56.81 51.73 11.75 13.29 162 206
100 450 73.67a 77.12 58.40 53.07 12.16 13.60 168 198

SEM 0.205 0.126 0.477 0.694 0.040 0.040 3.430 3.872

Main effects
Sorghum (%) 0 73.52 76.41 60.72a 57.31a 11.95 13.25b 159 175b

50 73.04 76.68 57.89b 55.00ab 11.91 13.22b 163 177b
100 72.66 77.06 57.60b 52.40b 11.96 13.45a 165 202a

Enzymesa (ppm) 0 72.63 76.59 57.97b 54.32 11.80b 13.19b 165 180
450 73.52 76.85 59.50a 55.49 12.08a 13.42a 160 189

P-value Sorghum 0.105 0.157 0.002 0.004 0.729 <0.001 0.785 0.002
Enzymes 0.010 0.321 0.032 0.253 <0.001 <0.001 0.519 0.145
Interaction 0.048 0.797 0.076 0.541 0.229 0.263 0.390 0.134

Note: Means within columns followed by different lowercased letters are significantly different (P< 0.05). SEM, standard error
of the mean.

aEnzyme blend: protease (200 mg kg−1), xylanase (150 mg kg−1), and phytase (100 mg kg−1).
bTime elapsed from the beginning of feed consumption until the appearance of excreta with indigestible marker’s

characteristic colour.
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pancreatic enzymes involved in digestion such as amyl-
ase, trypsin, and lipase increase as the birds age, espe-
cially in the second week of life, when the pancreas is
almost fully developed. Therefore, it can be inferred that
the inclusion of exogenous protease in diets comple-
mented the activity of endogenous proteolytic enzymes
in the poultry digestive tract, improving nutrient metab-
olizability parameters during the first weeks of age, and
consequently, improving performance due to a better
feed conversion ratio.

The benefits of including protease, xylanase, and phy-
tase regarding DM retention (+2.8%) in 100% maize
replacement with sorghum diets from day 11 to day 21
show that nutrient retention in a sorghum-based diet
was inferior compared with maize; however, this effect
can be mitigated by enzyme supplementation. The lower
DM digestibility may be explained by the lower reten-
tion rate of nitrogen in sorghum-based diets, probably
due to kafirin’s low digestibility rate, which is sorghum’s
main protein, and the existence of tannin.

Reduced feed intake of broilers fed diets containing
sorghum in the first week may be related to the astrin-
gent taste of tannins found in sorghum when in contact
with salivary proteins. In this study, this can impair feed
palatability (Butler et al. 1984), even when a low-tannin
sorghum (0.11% tannin concentration) is used and may
reduce body-weight gain up to 11.5% in the first week of
age (Thomas and Ravindran 2008). In this study,
body-weight gain was reduced with partial (−3.12%) and
total (−4.90%) replacement of maize with sorghum from
1 to 14 d post hatch. Such reduction may be attributed
to worse N retention and lower feed intake with inclu-
sion of sorghum.

Partial and total replacements of maize with sorghum
reduced N retention in the starter phase, 4.66% and
5.14%, respectively, in comparison with a maize-based
diet. Reduced digestibility of sorghum protein may be
related to karifin’s low digestibility (Wong et al. 2010)
and the existence of condensed tannin, which is capable
of binding to dietary proteins (Hagerman et al. 1998).
Nevertheless, in the grower phase, only the total replace-
ment of maize with sorghum impaired N retention.
Reduced body-weight gain from 1 to 35 d only with total
replacement of maize with sorghum may be attributed
to worse N retention.

Surprisingly, in this study, AMEn in sorghum-based
diets was higher than in maize-based diets or diets with
partial replacement of maize with sorghum in the
grower phase. This effect can be attributed to longer feed
retention time, evidenced by a longer transit time when
using sorghum-based diets. The increase in transit time
may be related to the higher inclusion of oil (3.77%) in
sorghum-based diets in the grower phase. Besides pro-
viding energy, vegetable oil has extra caloric effects,
such as increased feed retention time in the digestive
tract (Mateos et al. 1982), thus improving energy and
nutrient digestion and absorption. Also, sorghum mayT
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presents relatively reduced starch digestion coefficients
in comparison with maize, and feedstuffs with low
starch digestion usually stay longer in the small intes-
tine of birds (Weurding et al. 2001). Moreover, a higher
inclusion of maize gluten in 100% sorghum diets may
be related to higher energy retention due to high
metabolizable energy content of this feed ingredient
(Brumano et al. 2006). In spite of that, growth perfor-
mance was not improved by higher AMEn in sorghum-
based diets, as birds showed poorer performance when
fed those diets.

Maize replacement with sorghum did not affect rela-
tive organs weight at 21 and 42 d post hatch. Similar
results were found by Thomas and Ravindran (2008),
when sorghum-based diets did not affect the weight of
digestive tract organs compared with maize-based diets.
In this study, enzymes reduced the relative weight of
the gizzard and small intestine at day 21. It is known that
the presence of NSPs in diets can impair access of diges-
tive enzymes to their substrates, thus, modifying the
structure and functions of digestive organs. To minimize
such a negative effect, digestive organs can be enlarged
due to a greater need for enzyme secretion (Ikegami
et al. 1990). On that account, the enzyme addition is
likely to have minimized such a response in organs of
the digestive tract due to less need for enzyme secretion,
thus, reducing the size of the gizzard and small intestine
(Wang et al. 2005). Similar results were found by Wu
et al. (2004) and Zhu et al. (2014) in diets supplemented
with exogenous enzymes. Furthermore, a decrease in
the relative small intestine weight is indicative of less
cell proliferation and, consequently, less of a mainte-
nance requirement for this organ (Adeola and Cowieson
2011). In this study, exogenous enzymes improved

energy and nutrient utilization in the starter phase,
thus, reducing the quantity of substrates that pass
through the digestive tract, which could be used by
pathogenic microorganisms, thus reducing cell prolifer-
ation in the intestinal epithelium (Brenes et al. 2002).

Supplementation of exogenous enzymes increased lit-
ter moisture by 15.3% and 6.7% at 7 and 42 d, respectively.
It is known that the use of phytase may reduce endo-
genous losses of sodium due to phytate breakdown in
avian gut (Liu et al. 2008). Therefore, it is possible that
the use of phytase without properly adjusting the level
of sodium in the diet may have increased the content of
such a mineral in the digestive tract, increasing excreta
moisture, and consequently, litter moisture. Farahat
et al. (2013) and Pos et al. (2003) observed an increase in
litter moisture with phytase supplementation in diets
for turkeys and broilers, respectively. This effect could
also be due to an increase in digesta osmolarity of broil-
ers fed diets with phytase, attributed to the release of
more cations than anions in the early stages of degrada-
tion of phytate, because 6-phytase acts cyclically, releasing
gradually cations and anions in unequal proportions
(Letourneau-Montminy et al. 2011). Therefore, there is a
disproportionate release of cations and anions, increasing
water excretion in the intestine and urine production,
thus, increasing litter moisture. Furthermore, enzyme
supplementation improved AMEn only in the grower
phase, not showing any effect on nitrogen retention,
which may have caused a lack of proportion in the rela-
tionship between energy and protein, increasing water
intake (Huang et al. 2011), and, consequently, excreta and
litter moisture.

The total replacement of maize with sorghum reduced
litter moisture on day 14 by 16.9%. At 35 and 42 d, both

Table 6. Effect of maize replacement with sorghum and enzyme supplementation on litter
moisture.

Litter moisture (%)

7 d 14 d 21 d 28 d 35 d 42 d

Sorghum (%)
0 9.83 17.70a 21.22 25.65 28.92a 30.39a
50 10.94 16.38ab 20.90 24.50 26.37b 25.93b
100 9.59 14.71b 20.69 25.12 26.27b 27.38b

Enzymesa (ppm)
0 9.40b 16.29 20.77 24.86 27.15 26.99b
450 10.84a 16.23 21.09 25.31 27.22 28.81a
SEM 0.31 0.37 0.42 0.52 0.42 0.49

P-value
Sorghum 0.092 0.002 0.891 0.657 0.012 <0.001
Enzymes 0.010 0.923 0.730 0.661 0.925 0.016
Interaction 0.055 0.149 0.732 0.103 0.723 0.051

Note: Means within columns followed by different lowercased letters are significantly different
(P< 0.05). SEM, standard error of the mean.

aEnzyme blend: protease (200 mg kg−1), xylanase (150 mg kg−1), and phytase (100 mg kg−1).
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partial and total maize replacements with sorghum
reduced litter moisture; the most outstanding results
appeared on day 42, reducing by 14.7% and 9.9% regard-
ing partial and total maize replacement with sorghum,
respectively. This effect may have been caused by the
increased dietary potassium content, which is propor-
tionally related to litter moisture; such effect becomes
more impressive as broilers age (Ahmad et al. 2005). In
this study, the higher inclusion of soybean meal in
maize-based diets, compared with diets containing sor-
ghum, was done to balance protein levels as maize has
a lower level of crude protein. Soybean meal is rich in
potassium (Rostagno et al. 2011); thus, it increases potas-
sium levels in maize-based diets, impairing digesta
osmolarity, and consequently, litter moisture, especially
in the final period of the grower phase, as observed in
broilers fed diets based on maize and soybean diets in
this study.

In conclusion, sorghum can replace half of the maize
in broiler diets without compromising growth perfor-
mance, and on top application of an enzyme blend com-
posed of exogenous protease, xylanase, and phytase
improves performance, nitrogen retention and AMEn,
regardless of the dietary cereal grain in broiler chicken
from 1 to 42 d post hatch.
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