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Abstract

Background: This study was conducted to estimate the impacts of using varied feeding regimens with or without
protease supplementation on the growth performance, apparent amino acid ileal digestibility (AID%), economic
efficiency, intestinal histology, and blood biochemical parameters of broiler chickens. Three hundred one-day-old
chicks (Ross 308 broiler) were randomly allotted to a 3 × 2 factorial design. The experimental design consisted of
three feeding regimens; FR1: a recommended protein SBM diet, FR2: a low-protein SBM diet, and FR3: a low-protein
diet with the inclusion of 5% DDGS and 5% SFM, with or without protease supplementation (250 mg/kg).

Results: Increased feed intake and feed conversion ratio were observed in the FR3 treatment during the starter
stage and decreased body weight and body weight gain during the grower stage. However, there was no
significant effect of the different feeding regimens, protease supplementation, or interaction on the overall
performance. The economic value of diets also remained unaffected by the different feeding regimens, protease
supplementation, or interaction. Protease supplementation resulted in lowering the AID% of tryptophan and
leucine. Reduced AID% of methionine was evident in the FR2 + VE and FR3 − VE treatments. Histological findings
substantiated the FR3 treatment mediated a decrease in the duodenal and jejunal villous height (VH), jejunal villous
width (VW), and ileal VW, whereas, increase in the ileal crypt depth (CD). The FR2 + VE treatment reduced the VH:CD
ratio in the duodenum. The duodenal CD and the jejunal goblet cell count were reduced as a consequence of
protease supplementation. The FR3 + VE treatment documented a rise in duodenal CD, while an increase in the
jejunal goblet cell count was observed in the FR3 − VE treatment. The FR3 treatment enhanced the IgM serum
levels compared to the FR1 and FR2 treatments. IgM serum levels were also elevated following protease
supplementation. FR3 + VE treatment increased IgM serum levels. The highest serum ALP was found in the FR3
treatment, whereas the lowest level was obtained in the FR2 treatment.
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Conclusion: Low-protein SBM-based diets could be used without affecting the birds’ growth. Altered
morphometric measures of the intestine and increased IgM and ALP levels indicated the low-protein SBM/DDGS-
SFM diet-induced damage of the intestinal histoarchitecture and immune system of birds. These different diets and
protease supplementation failed to affect economic efficiency positively.

Keywords: Broiler chicken, Protease, Dried distillers’ grain with solubles, Sunflower meal, Growth performance, Ileal
digestibility, Gut health

Background
Dietary protein and amino acid balance exhibit a sub-
stantial role in gut health and performance [1]. Potential
profits of low-protein diets include reducing the cost of
feeding, nitrogen excretion, and environmental impact
[2]. The higher utilization of nutrients by farm animals
incurs a decrease in nutrient input and loss associated
with the animal product and is thus beneficial. Hence,
the impact of animal husbandry on the environment is
reduced. Crude protein and phosphorus are environ-
mentally related nutrients in poultry feed [3]. Cecal bac-
teria ferment around 10–43% of the undigested proteins
[4]. Therefore, the birds’ gut health can be alleviated by
reducing dietary crude protein levels and their un-
digested contents in the ileum or cecum. The effects of
low-protein diets fortified with amino acids on broiler
chickens’ growth and carcass features, estimated in sev-
eral trials, reveal conflicting outcomes, leading to an am-
biguous conclusion regarding the consequence of these
diets on broilers’ applied production. Some studies re-
ported no significant effect of low-protein diets on
growth performance [5–7]. However, broilers fed low-
protein diets (more than 3%) documented a lower
growth rate and inferior carcass composition even after
satisfying all nutrient requirements [8–10]. Zulkifli et al.
[11] claimed reduced growth performance of broilers fed
on low-protein diets under heat stress. However, low-
protein diets were advantageous in enhancing
survivability.
An increase in average daily gain, average daily feed in-

take, protein intake, energy intake, and eviscerated
carcass weight was achieved by incorporating 110%
Threonine in 97.5% CP of Ross recommendations. Com-
pared to the 100% CP diets, low dietary protein encour-
aged abdominal fat deposition, increased serum level of
uric acid, total cholesterol, and alanine aminotransferase,
and decreased triglycerides [12]. Attia et al. [2] demon-
strated that supplementing low-protein with amino acids
improved protein utilization in finishing broilers in com-
parison with the high-protein diet. Moreover, no nega-
tive effects on carcass yield and breast muscle
composition were witnessed by feeding a low protein
diet (15% CP) and supplemented with lysine and me-
thionine; however, there was a decrease in the nitrogen
excretion by 21%.

Feed enzyme supplementation can aggravate nutrient
utilization by broilers outside of a possible base for the
digestive system [13, 14]. The utilization of dietary
proteins and amino acids may be enhanced by protease
supplementation [15, 16]. The nutritionists, therefore,
preserve the growth and enhance poultry production
sustainability by adding protease to low-protein diets
[17]. Improved AA digestibility, feed conversion, and
broiler chickens’ intestinal integrity were achieved by
protease supplementation [18]. Another study confirmed
that supplementing proteases may alter available sub-
strates for bacterial growth in the gut [19]. The effects of
protease supplementation are also controversial. Reports
suggested an increase [18, 20, 21], decrease [22, 23], or
no effect [24–26] on the AA digestibility by protease
supplementation in broiler and turkey. Protease effect
on the amino acid digestibility depends on its product
[27] and supplementation level [20]. The feed ingredient
composition directly influences the substrate and modu-
lates other factors affecting the enzymes of the digestive
system.
A massive increase in feed cost over the past decade

encouraged the hunt for cost-effective feed ingredients
[28]. Soybean meal has been extensively replaced by sun-
flower meal (SFM) as a substitute in poultry feeds [29].
Furthermore, new developments in de-hulling technol-
ogy facilitated the production of a high-protein SFM,
with higher crude protein (46%) and fewer crude fiber
(CF, 8 to 14%) than partially de-hulled SFM (34 to 40%
CP and 15 to 19% CF) and the standard (23 to 30% CP
and 22 to 28% CF) [30–33]. Distiller’s dried grain with
solubles (DDGS), an ethanol industry by-product, is ob-
tained from cereal grain starch fermentation in ethanol
plants. Corn, an excellent source of fermentable starch,
is the primary grain used in ethanol fuel production.
Corn DDGS is a rich source of amino acids, energy,
minerals, water-soluble vitamins, linoleic acid, and xan-
thophylls for poultry feeds [34, 35]. Recent biofuel pro-
duction trends have supplied nutritionists a chance to
use DDGS as substitutes to protein supplements in
poultry diets.
Therefore, the present study was designed to deter-

mine the effects of dietary supplementation of protease
(250 mg/kg) to different feeding regimens (FR1: a rec-
ommended protein SBM diet, FR2: a low-protein SBM
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diet, and FR3: a low-protein diet with the inclusion of
5% DDGS and 5% SFM) on the growth performance
parameters, amino acid ileal digestibility, economic effi-
ciency, intestinal histomorphology, and blood biochem-
ical parameters of broiler chickens.

Results
Growth performance
No significant interaction was observed between the dif-
ferent feeding regimens and protease on birds’ growth
all over the experimental period (P > 0.05). Regardless of
the protease effect, increased feed intake and FCR (P =
0.00) were documented by feeding birds on the FR3
treatment (low-protein SBM/DDGS-SFM diet) than FR1
and FR2 treatments during the starter period. Birds fed
on the FR3 treatment revealed decreased BW and BWG
compared to birds fed the FR1 treatment during the
grower stage (P < 0.05). Different feeding regimes mani-
fested no effect on the growth during the finisher period.
The parameters all over the experimental period
(P > 0.05) (Table 1) substantiated that, regardless of the
diet effect, protease supplementation had no improving
effect on the growth. No mortalities were recorded all
over the experimental period among the different
treatments.

Apparent ileal digestibility coefficient (AID%) of amino
acids
A significant interaction between the different feeding
regimens and protease level highlighted decreased AID%
of methionine in the FR2 + VE and FR3 −VE treatment
groups compared to the FR1 −VE treatment group (P =
0.006). The AID% of tryptophan was the highest in the
FR1 + VE and FR3 −VE treatment groups, while, lowest
in the FR2 + VE treatment group (P = 0.02). The AID%
of lysine, threonine, arginine, leucine, isoleucine and val-
ine were insignificantly varied among the different treat-
ments (P > 0.05). Regardless of the protease effect, a
decrease in the AID% of methionine, arginine, leucine,
isoleucine, and valine were noted in the FR2 and FR3
treatments compared to the FR1 treatment (P < 0.05).
Regardless of diet effect, protease supplemented groups
manifested lower AID% of tryptophan and leucine than
non-supplemented groups (P < 0.05) (Table 2).

Economic efficiency
As summarized in Table 3, the economic efficiency indi-
cators such as feed costs, total costs, total return, net
profit, feed cost/kg gain, economic efficiency, and per-
formance index remained unaffected by the different
feeding regimens, protease supplementation, or their
interaction.

Histological findings of the small intestine
A standard histological structure formed from tunica
mucosa, consisting of lamina epithelialis, lamina propria,
and thin muscularis mucosa, was reflected in the light
microscopic examination of the small intestine in the
three segments for all treatments. The intestinal villi, the
characteristic feature of the mucosa, differed in shape
and size in each segment. The villi were nearly pointed
in the duodenum, while comparatively shorter and
broader in the jejunum. The villi were very short and ab-
sent in the ileum in other regions with blunt, apical, and
broad basal parts. The lamina epithelialis were lined with
simple columnar cells with goblet and enterochromaffin
cells. The lamina propria formed from loose connective
tissue contains intestinal glands or crypts, which were
lined with simple columnar epithelium cells and goblet
cells. The latter gave a positive reaction with PAS and
alcian blue stains between the columnar lining of villi
and crypts. The tunica submucosa formed from a thin
layer of loose connective tissue with no Brunner’s
glands. The tunica musculosa arose from thick inner cir-
cular and thin outer longitudinal of smooth muscle fi-
bers. The tunica serosa consisted of loose connective
tissue, blood vessels and lined by mesothelial cells (Figs.
1, 2 and 3).

Morphometric measures of the small intestine
The morphometric measurements of the different parts
of the small intestine of birds fed on the different treat-
ments were illustrated in Table 4 and Figs. 1, 2 and 3. A
significant interaction between the different feeding regi-
mens and protease supplementation revealed increased
duodenal crypt depth in birds fed on the FR3 + VE treat-
ment (P = 0.04) and increased jejunal goblet cell count
in the birds fed on the FR3 − VE treatment (P = 0.02).
There was a reduction in the VH:CD ratio in the duode-
num for the FR2 + VE treatment group (P = 0.03). Re-
gardless of protease effect, birds fed on the FR3
treatment manifested decreased duodenal and jejunal
villous height, jejunal VW, and ileal VW, whereas in-
creased ileal CD (P < 0.05). For the FR2 treatment, a de-
creased VH:CD ratio in the jejunum and duodenum was
witnessed (P = 0.02, P = 0.002, respectively). Regardless
of diet effect, protease supplementation increased duo-
denal CD, decreased jejunal goblet cells, and decreased
VH:CD ratio in the jejunum (P < 0.05).

Blood biochemical parameters
The serum levels of total protein, albumin, globulin,
albumin/globulin ratio, and complement 3 were not sig-
nificantly affected by the different feeding regimens, pro-
tease supplementation, or their interaction (P < 0.05).
Increased IgM serum levels resulted from a significant
interaction between the FR3 diet and protease
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supplementation (FR3 + VE) compared to other treat-
ments (P = 0.04). Irrespective of the protease effect,
marked elevation of IgM serum levels was observed in
birds fed on the FR3 treatment compared to the FR1
and FR2 treatments (P = 0.01). The highest serum ALP
was found in the FR3 treatment, and the lowest level
was obtained in the FR2 treatment (P = 0.04). Regardless
of the diet effect, protease supplementation increased
IgM serum level (P = 0.04) (Table 5).

Discussion
Dietary protein plays a significant role in digestive sys-
tem development and growth performance. Modern

poultry primarily focuses on reducing the feed cost to
optimize economic benefits since feed is the main factor
determining the total production cost, and crude protein
is one of the fundamental cost constituents of poultry
feed [36]. The current study documented that birds fed
on a low-protein SBM/DDGS-SFM diet exhibited in-
creased feed intake and FCR during the starter period
and decreased BW and BWG during the grower stage.
Reduced digestibility of most amino acids, coupled with
the damage in the intestinal histomorphology observed
in birds fed with a low-protein SBM/DDGS-SFM diet,
could justify the above findings. The insignificant effect
of dietary protease on the growth performance during

Table 2 The effect of different feeding regimens, protease supplementation, or their interaction on the blood biochemical
parameters of broiler chickens

Item Feeding regimens Protease
level

Feeding regimens × Protease level P-value SEM

FR1 FR2 FR3 − VE + VE FR1 −
VE

FR1 +
VE

FR2 −
VE

FR2 +
VE

FR3 −
VE

FR3 +
VE

FR Protease Interaction

Methionine 98.74a 98.69b 98.69b 98.72 98.70 98.75a 98.73ab 98.72ab 98.66c 98.68bc 98.71abc 0.006 0.06 0.01 0.007

Lysine 99.14 98.85 98.92 99.07 98.87 99.39 98.89 98.91 98.78 98.90 98.94 0.40 0.29 0.45 0.015

Threonine 98.43 98.47 98.47 98.46 98.45 98.44 98.41 98.51 98.44 98.44 98.50 0.20 0.64 0.15 0.008

Tryptophan 98.76 98.70 98.69 98.74a 98.69b 98.73ab 98.78a 98.77a 98.64b 98.71ab 98.67ab 0.06 0.04 0.02 0.015

Arginine 98.75a 98.68b 98.66b 98.69 98.70 98.75 98.75 98.68 98.67 98.65 98.68 0.00 0.37 0.12 0.004

Isoleucine 86.10a 85.68b 85.41b 85.70 85.76 86.04 86.16 85.81 85.56 85.25 85.56 0.002 0.48 0.08 0.05

Leucine 90.89a 90b 89.94b 90.39a 90.16b 91.05 90.74 90.11 89.88 90 89.88 0.00 0.01 0.52 0.02

Valine 98.55a 98.50b 98.46c 98.50 98.51 98.55 98.55 98.50 98.51 98.45 98.46 0.00 0.53 0.86 0.006

FR1: recommended protein corn-SBM diet; FR2: low-protein SBM diet; FR3: low-protein SBM/DDGS-SFM diet; FR1 − VE: recommended protein SBM diet without
protease supplementation; FR1 + VE: recommended protein SBM diet + protease supplementation; FR2 − VE: low-protein SBM diet without protease
supplementation; FR2 + VE: low-protein SBM diet + protease supplementation; FR3 − VE: low-protein SBM/DDGS-SFM diet without protease supplementation;
FR3 + VE: low-protein SBM/DDGS-SFM diet + protease supplementation
a,b,cMeans within the same row carrying different superscripts are significantly different at (P < 0.05)

Table 3 The effect of different feeding regimens, protease supplementation, or their interaction on the economic efficiency

Item Feeding regimens Protease
level

Feeding regimens × Protease level P-value SEM

FR1 FR2 FR3 − VE + VE FR1 −
VE

FR1 +
VE

FR2 −
VE

FR2 +
VE

FR3 −
VE

FR3 +
VE

FR Protease Interaction

Total return
(USD)/bird

2.98 2.93 2.94 2.99 2.91 3.01 2.96 2.99 2.86 2.98 2.89 0.81 0.26 0.90 0.03

Net profit (USD) 1.23 1.20 1.18 1.24 1.17 1.24 1.22 1.23 1.17 1.23 1.13 0.85 0.37 0.89 0.03

Total costs (USD) 1.75 1.72 1.75 1.75 1.73 1.76 1.74 1.75 1.68 1.74 1.76 0.49 0.28 0.40 0.01

Feed costs (USD) 1.27 1.24 1.27 1.28 1.25 1.28 1.26 1.28 1.21 1.27 1.28 0.49 0.28 0.40 0.01

Economic
efficiency

0.96 0.97 0.92 0.96 0.94 0.96 0.96 0.96 0.97 0.97 0.88 0.78 0.59 0.73 0.02

Feed cost/kg gain
(USD)

0.64 0.64 0.65 0.64 0.65 0.64 0.64 0.64 0.64 0.64 0.67 0.75 0.69 0.63 0.01

Performance
index%

127.29 122.35 111.15 124.38 116.14 128.11 126.46 124.10 120.59 120.92 101.37 0.15 0.21 0.48 3.26

FR1: recommended protein corn-SBM diet; FR2: low-protein SBM diet; FR3: low-protein SBM/DDGS-SFM diet; FR1 − VE: recommended protein SBM diet without
protease supplementation; FR1 + VE: recommended protein SBM diet + protease supplementation; FR2 − VE: low-protein SBM diet without protease
supplementation; FR2 + VE: low-protein SBM diet + protease supplementation; FR3 − VE: low-protein SBM/DDGS-SFM diet without protease supplementation,
FR3 + VE: low-protein SBM/DDGS-SFM diet + protease supplementation
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the whole period may be attributed to the non-
significant effect on the amino acid’s digestibility ob-
served in our study. Furthermore, protease supplementa-
tion to the different feeding regimens failed to impart
any significant effect on broiler growth, which may be
explained by the protease supplements’ adverse effect on
the endogenous enzyme secretion [25]. Another assump-
tion for this result is the sufficiency of the amount of
proteases present in the gut for protein digestion, or it
might be related to the animal’s adaptation [37]. How-
ever, the overall growth performance remained un-
affected by the interaction between the different feeding
regimens (FR1: a recommended protein SBM diet, FR2:
a low-protein SBM diet, FR3: a low-protein SBM/
DDGS-SFM diet) and protease supplementation. More-
over, the present study also reported insignificant inter-
action between the feeding regimens and protease
supplementation on the AID% except for the AID% of
methionine that was decreased in the FR2 + VE and
FR3 − VE treatments. The AID% of tryptophan was
found to be highest in the FR1 + VE and FR2 − VE

treatments, whereas lowest in the FR2 + VE treatment.
Protease supplementation also showed no significant ef-
fect on AID% except for the AID% of tryptophan and
leucine that was found to be reduced. These findings
were in accordance with Siegert et al. [3], who detected
no significant interaction between the source of protein
and protease supplementation for nitrogen accretion and
growth performance, and the outcome of the growth
performance was comparable for SBM and SBM/SFM
treatments. Furthermore, there was no prominent influ-
ence on the average daily gain and daily feed intake.
They also claimed that the interaction between the pro-
tein source and enzyme supplementation had no effect
on the prececal digestibility of crude protein and amino
acids except for cystine. Lourenco et al. [38] reported
that birds fed a low protein diet exhibited lower BWG
and poorer overall FCR, but these parameters remained
unaffected by protease inclusion. It can thus be assumed
that the effect of protease on amino acid digestibility de-
pends on the diet composition since the feed compo-
nents provide the substrate for the working of the

Fig. 1 A photomicrograph of chicken intestinal tissue sections highlighting normal histological structure in cross-section of the duodenum in
group I (A–C), group II (D), group III (E, F), group IV (G, H), group V (I), and group VI (J, K, L). Villus (V), crypt (c), goblet cells (arrows), and tunica
musculosa (M). Stain: H & E in (A, E, J, K, L), alcian blue (D, G, H), and PAS in (B, C, F, I). I (FR1 − VE): recommended protein SBM diet without
protease supplementation, II (FR1 + VE): recommended protein SBM diet + protease supplementation, III (FR2 − VE): low-protein SBM diet without
protease supplementation, IV (FR2 + VE): low-protein SBM diet + protease supplementation, V (FR3 − VE): low-protein SBM/DDGS-SFM diet without
protease supplementation, VI (FR3 + VE): low-protein SBM/DDGS-SFM diet + protease supplementation
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enzymes. Toghyani et al. [39] observed that supplement-
ing diets containing SBM or SBM/canola meal with pro-
tease failed to affect the crude protein’s prececal
digestibility. In agreement with these findings, Dalólio
et al. [40] research also documented no effect on crude
protein’s prececal digestibility by supplementing the full-
fat soybeans diets with protease. Moreover, Mahmood
et al. [41] found that there was no effect on prececal di-
gestibility of crude protein by supplementing protease to
different levels of poultry by-product meal replacing the
SBM. When fed wheat or sorghum-based diets, the pro-
tease effect on AID% was influenced [42] and fed corn-
SBM diets [16]. Besides, the difference in the dosage and
protease products used may be responsible for the effect
of diet ingredients used and the differences in the re-
sults. Diets were supplemented with 500 mg/kg [42] or
200 mg/kg [16, 39, 40] of protease. An earlier study re-
vealed that protease supplementation by 1600 mg/kg in-
creased the ileal digestibility of AA, while there was no
effect on supplementation with 200 mg/kg [22].
In contrast, the same protease product’s potential was

achieved after 200 mg/kg was complemented [20]. Low-
CP diets-induced reduced broilers’ growth with constant
ME:CP ratio was reported by Kamran et al. [43] though

carcass traits were unaffected. Feeding a low-protein diet
resulted in reduced nitrogen excretion that could, in
turn, decrease the nitrogen loss to the environment [8,
44]. Law et al. [45] claimed that protease
supplementation-mediated alleviation of the adverse ef-
fects of a low-protein diet on the broiler’s growth leads
to enhanced body weight gain, FCR, and carcass traits.
Mahmood et al. [46] established improved body weight
gain, FCR, nutrient digestibility, nitrogen retention with
no effect on the feed intake in birds fed SBM diet with
3% poultry by-product meal and supplemented with pro-
tease compared to those fed on a conventional diet
(corn-SBM diet without protease supplementation). Im-
proved amino acid digestibility by protease supplements
may justify the amelioration of growth in their study
without effect on the feed intake [47]. Hussain et al. [48]
found that supplementation of high-protein DDGS-
based diets with protease and/or enzyme blend (manna-
nase and xylanase) exerted no significant effect on the
broilers’ growth and nutrient utilization. However, the
high levels of corn-DDGS reduced growth performance
[49–51]. Campasino et al. [52] informed that comple-
menting the corn-DDGS based diets with NSPase
(xylanase, glucanase, and galactosidase) exhibited no

Fig. 2 A photomicrograph of chicken intestinal tissue sections showing the normal histological structure in cross-section of jejunum in group I
(A), group II (B), group III (C), group IV (D), group V (E–G), and group VI (H). Villus (V), crypt (c), goblet cells (arrows), and tunica musculosa (M).
Stain: H & E in (A, D, E), and PAS in (B, C, F, G). I (FR1 − VE): recommended protein SBM diet without protease supplementation; II (FR1 + VE):
recommended protein SBM diet + protease supplementation; III (FR2 − VE): low-protein SBM diet without protease supplementation; IV (FR2 + VE):
low-protein SBM diet + protease supplementation; V (FR3 − VE): low-protein SBM/DDGS-SFM diet without protease supplementation; VI (FR3 + VE):
low-protein SBM/DDGS-SFM diet + protease supplementation
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improving effect on the weight gain and FCR compared
to the control diet. Protein digestibility was also found
to remain unaffected by enzyme supplementation to 10%
DDGS inclusion level, but the improvement was de-
tected at 15% DDGS addition. Protease supplementation
alone or in combination with amylase and xylanase
amended nitrogen digestibility, as obtained by Olukosi
et al. [53]. Saleh et al. [54] documented that by improv-
ing the protein digestibility, protease supplementation
(200–300 mg/kg) could alleviate growth performance.
Barekatain et al. [55] indicated that body weight gain
and feed intake could be maintained by protease supple-
mentation to a high inclusion level of sorghum DDGS
(20%). Ndazigaruye et al. [56] validated increased BW
and BWG and decreased FCR of broiler chickens by
dietary protease during the starter period, while CP level
has no effect on the BW and increased the FCR during
the whole period. However, the interaction between CP
and protease failed to significantly affect the growth per-
formance. They concluded the relevance of dietary pro-
tease to young chicks, independent of CP levels.

Despite the similar performance of these different regi-
mens to the control diet, there was no positive effect on
the economic efficiency parameters, which may be ex-
plained by the fact that the reduced protein level was
not so high to affect the diets’ cost.
The efficacy of dietary protein utilization in poultry

partially relies on the digestive traits [57]. The small in-
testine, particularly the absorptive epithelium’s villi and
crypts, plays a pivotal role in the last phase of the diges-
tion and integration of nutrients [13, 58]. Intestinal
growth can be evaluated by determining the CD, VH,
and surface area, to estimate the area available for diges-
tion and absorption [57, 59, 60]. Reports have been pub-
lished on anatomical alterations in the intestine and
changes in villi morphology in the different species de-
pending on the diet type [61–63]. However, short re-
ports highlight the correlation of the dietary nutrients’
effects, particularly protein, with the poultry gastrointes-
tinal tract development. The presence of digested nutri-
ents in the small intestinal lumen mostly contributes to
the morphological alterations in the intestinal villi in

Fig. 3 A photomicrograph of chicken intestinal tissue sections showing the normal histological structure in cross-section of ileum in group I (A),
group II (B), group III (C), group IV (D, E), group V (F, G), and group VI (H, I), Villus (V), crypt (c), goblet cells (arrows), and tunica musculosa (M).
Stain: H & E in (A, C, F), alcian blue (B), and PAS in (G–I). I (FR1 − VE): recommended protein SBM diet without protease supplementation; II
(FR1 + VE): recommended protein SBM diet + protease supplementation; III (FR2 − VE): low-protein SBM diet without protease supplementation; IV
(FR2 + VE): low-protein SBM diet + protease supplementation; V (FR3 − VE): low-protein SBM/DDGS-SFM diet without protease supplementation; VI
(FR3 + VE): low-protein SBM/DDGS-SFM diet + protease supplementation
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broilers [64]. The present study confirmed the low-
protein SBM/DDGS-SFM diet-induced alteration of the
intestine’s morphometric measures (decreased duodenal
and jejunal villous height, jejunal VW, and ileal VW, and
increased ileal CD) that substantiate the reduced growth
performance of birds fed on this diet during the starter
and grower period and the reduced digestibility of most
amino acids. The deleterious effect of low-protein diets
on the intestinal morphometric measurements may be
vindicated by lower concentrations of nonessential
amino acids such as proline, glutamine, and glycine, ef-
fectively maintaining the epithelial layer consider a sig-
nificant portion of the intestinal builders and
gastrointestinal secretions [65].
Laudadio et al. [66] reported improved intestinal mor-

phometric measures induced by a medium-protein diet
(20.5% CP), resulting in enhanced broiler chicken
growth performance. The absence of any significant ef-
fect on the intestinal integrity of broiler chickens was
documented by Hussain et al. [48] on supplementing
high-protein-based diets by protease or enzyme blend
(mannanase and xylanase). The study of Buwjoom et al.
[67] assessed the effect of the use of long-standing feed-
ing of low-protein diets in broiler chickens on the intes-
tinal villi’s histological features epithelial cells. They
observed histological changes represented by long villi,
large cell areas, and numerous mitotic cells in nutritional
deficiency conditions, not only in hyper-nutrition condi-
tions, which proposes that hypotrophied histological
changes could indicate that the diet is nutritionally un-
balanced. Barekatain et al. [68] also revealed no

significant effect of dietary protein and AA levels on the
VH, VW, crypt depth, and VH:CD ratio in the jejunum
and ileum, although a small surface area of the jejunal
villi was observed on the birds fed with a low-protein
diet than those on a standard-protein diet. In accordance
with these findings, no significant interaction between
crude protein level and protease on the VH, VW, CD,
VH:CD ratio, and intestinal absorptive surface area in
the duodenum, jejunum, and ileum were highlighted by
Law et al. [45]. In contrast, protease supplementation
depicted an increase in the intestinal absorptive surface
area. Moghaddam et al. [69] recorded reduced VH and
enhanced CD in the duodenum and jejunum with in-
creasing SFM levels.
The serum levels of TP, ALB, GL, ALB/GL ratio, and

complement 3 were found to remain unaffected by the
different feeding regimens, protease supplementation, or
their interaction as reflected in the present study. None-
theless, IgM serum level manifested a significant inter-
action in the FR3 + VE treatment group. The FR3
treatment group witnessed the highest serum ALP, while
the minimal level was found in the FR2 treatment. Al-
tered intestinal morphometric measures associated with
increased serum ALP and IgM levels in birds fed the
FR3 may indicate intestinal inflammation. Law et al. [45]
recorded a significant interaction between crude protein
level and protease on the serum levels of albumin but
not for serum total protein. However, decreased serum
ALB and TP were reported in broilers fed a low-protein
diet. They also reported that protease supplementation
failed to affect serum. TP. Saleh et al. [54] reported that

Table 5 The effect of protease supplementation in different feeding regimens on the blood biochemical parameters of broiler
chickens

Item Feeding regimens Protease level Feeding regimens × Protease level P-value SEM

FR1 FR2 FR3 − VE + VE FR1 −
VE

FR1 +
VE

FR2 −
VE

FR2 +
VE

FR3 −
VE

FR3 +
VE

FR Protease Interaction

TP (g/dL) 7.98 7.517 8.40 7.47 8.46 7.72 8.24 7.40 7.63 7.29 9.51 0.59 0.17 0.48 0.33

Albumin
(g/dL)

4.08 4.20 4.35 4.23 4.18 4.1 4.06 4.11 4.29 4.50 4.20 0.08 0.55 0.13 0.05

Globulin
(g/dL)

3.69 3.31 4.05 3.17 4.19 3.44 3.94 3.28 3.34 2.79 5.30 0.65 0.13 0.29 0.32

A/G ratio
(%)

1.25 1.28 1.39 1.49 1.12 1.38 1.123 1.29 1.28 1.82 0.96 0.87 0.11 0.32 0.11

ALP(U/L) 60.22ab 48.48b 74.23a 59.59 62.36 57.49 62.96 50.23 46.73 71.07 77.39 0.04 0.71 0.83 4.01

C3 (mg/dL) 109.16 99.98 117.63 101.17 116.68 110 108.33 86.51 113.46 107 128.27 0.27 0.08 0.35 4.60

IgM (mg/
dL)

94.73b 74.36b 142.56a 87.80b 119.97a 94.77b 94.69b 73.04b 75.69b 95.59b 189.52a 0.01 0.04 0.04 10.78

FR1: recommended protein corn-SBM diet; FR2: low-protein SBM diet; FR3: low-protein SBM/DDGS-SFM diet; FR1 − VE: recommended protein SBM diet without
protease supplementation, FR1 + VE: recommended protein SBM diet + protease supplementation, FR2 − VE: low-protein SBM diet without protease
supplementation, FR2 + VE: low-protein SBM diet + protease supplementation, FR3 − VE: low-protein SBM/DDGS-SFM diet without protease supplementation,
FR3 + VE: low-protein SBM/DDGS-SFM diet + protease supplementation; TP: total protein; A/G ratio: albumin/globulin ratio; ALP: alkaline phosphatase; C3:
complement 3
a,bMeans within the same row carrying different superscripts are significantly different at (P < 0.05)
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protease supplementation (200–300 mg/kg) held no sig-
nificant effect on serum TP. Furthermore, Perez [70]
also observed that dietary inclusion of DDGS or cellu-
lose accelerated recovery of young pigs challenged with
pathogenic Escherichia coli. Nevertheless, this protective
effect of DDGS was not detected in broilers challenged
with E. acervuline [71]. Dietary inclusion of DDGS was
found to lessen the intensity of intestinal lesions caused
by Lawsonia intracellularis infection in young pigs, as
noted by Whitney et al. [72]. Weber et al. [73] estab-
lished that the expression of proinflammatory and anti-
inflammatory cytokines in the intestine was up-regulated
in weanling pigs fed a diet with a 7.5% DDGS inclusion
level.

Conclusion
Low-protein SBM-based diets (1% CP less than rec-
ommended by the Breeder’s Guide) could be
employed without negatively impacting the birds’
growth. Owing to decreased amino acid digestibility,
low-protein SMB/DDGS-SFM based diets reduced
the growth performance during the starter and
grower periods without influencing the overall
growth performance. Altered morphometric mea-
sures of the intestine and increased IgM and ALP
levels substantiated that low-protein SBM/DDGS-
SFM diet may impair the intestinal histoarchitecture
and immune system of birds. Protease supplementa-
tion demonstrated no constructive effect on the
growth performance parameters or amino acid
digestibility. There was no positive effect of these
different diets and protease supplementation on eco-
nomic efficiency.

Methods
Birds, experimental design, and diets
Three hundred one-day-old chicks (Ross 308 broiler)
were obtained from a commercial chick producer
(Dakahlia Poultry, Mansoura, Egypt). Before the ex-
periments, the chicks were acclimatized to a 3-day
adaptation period to reach an average body weight of
74.35 g ± 0.82 (mean ± SE). The Ethical approval of
the experimental protocol was obtained from the In-
stitutional Animal Care and Use Committee of Zaga-
zig University, Egypt (ZUIACUC–2020). All animal
experiments were performed based on the recommen-
dations described in “The Guide for the Care and
Use of Laboratory Animals in scientific investiga-
tions”. All the animal experiments also followed the
ARRIVE guidelines. The trial continued for 35 days,
with continuous lighting and adequate ventilation.
Freshwater and feed were provided for ad libitum
consumption throughout the investigation period. The
chicks were reared in the same administrative, health,

and environmental conditions throughout the experi-
mental period. The routine health and vaccination
practices were implemented strictly according to the
recommendations. The chicks were examined daily
for any health problems. After the study ended, all
remaining chickens were freed.

Experimental design and diets
Birds were randomly allotted to a 3 × 2 factorial de-
sign (5 replicates/treatment, ten chicks/replicate). The
experimental design consisted of three feeding regi-
mens; FR1: a recommended protein SBM diet, FR2: a
low-protein corn-SBM diet (1% lower than recom-
mended), and FR3: low-protein diet with the inclusion
of DDGS and SFM (1% lower than recommended)
with or without protease supplementation (250 mg/
kg) (Protease, Cibenza® EP150, Novus Europe S.A./
N.V. Woluwe Atrium, Neerveld 101–103, 1200
Brussels, Belgium). The safety of Cibenza® EP150 for
broiler chicken has been verified [74]. Table 6 details
the formulation and chemical composition of the
basal diet. Following the Ross 308 broiler nutrition
specifications’ standard procedures, the proximate
chemical analysis of the used feedstuffs and the ex-
perimental diets was conducted [75].

Growth performance
The average initial body weight was recorded on the 4th
day of age, and then the body weight was recorded at 10,
23, 35 days.
The body weight gain (g/bird) = W2 − W1, where W2

is the final body weight at the intended period, and W1
is the initial body weight in the same period.

Feedintake g=birdð Þ ¼ feedofferedweight� residuesleft=birds No:

The feed conversion ratio was estimated weekly: FCR =
the amount of feed consumed (g)/Bodyweight gain (g).
The relative growth rate (RGR) was calculated using

the equation described by [76].

RGR ¼ W2�W1=1=2 W1þW2ð Þ � 100:

W1: the initial live weight (g), W2: the live weight at
the end of the considered period (g).
Protein efficiency ratio (PER) was determined accord-

ing to [77].

PER ¼ Liveweightgain gð Þ=Proteinintake gð Þ:

Amino acids ileal digestibility
The amino acids’ ileal digestibility was determined by es-
timating Titanium dioxide, an indigestible indicator sub-
stance, as described by Amer et al. [13]. The amino acid
concentration in the diet and ileal digesta samples were
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evaluated according to Li et al. [78] and Siriwan et al.
[79]. Tryptophan was ascertained separately, according
to Ravindran and Bryden [80]. Titanium dioxide was es-
timated following the procedures delineated by Fenton
and Fenton [81].

AID %ð Þ ¼ 100� Ti dietð Þ � AA ileumð Þð Þ= TI ileumð Þ � AA dietð Þð Þ � 100½ �

Ti (diet): titanium dioxide concentration in the diet. Ti
(ileum): titanium dioxide concentration in ileal digesta.
AA (ileum): the concentration of the test AA in ileal

Table 6 The proximate chemical composition of the experimental diets (%)

Ingredients Unit Starter stage (4–10 day) Grower stage (11–23 day) Finisher stage (24–35 day)

T1–T2 T3–T4 T5–T6 T1–T2 T3–T4 T5–T6 T1–T2 T3–T4 T5–T6

Corn 7.25% CP % 54 56.5 52.2 58 59.60 55.30 62.52 64 59.50

Soybean meal 47% CP % 39 37.9 31.6 32 33.80 27.50 26.00 27 21

Corn gluten meal 60% CP % 1.2 – – 3.20 – – 4.50 2.24 2

Corn DDGS 26.5% CP % – – 5 – – 5 – – 5

Sunflower meal 36% CP % – – 5 – – 5 – – 5

Oil (Soya) % 2 1.55 2.20 3 2.90 3.5 3.50 3.30 4

Dicalcium phosphate 18% % 2 2 1.80 1.70 1.70 1.55 1.45 1.45 1.33

Calcium carbonate % 0.5 0.40 0.40 0.50 0.45 0.50 0.50 0.45 0.50

Dl methionine 99% % 0.39 0.35 0.33 0.28 0.31 0.29 0.27 0.30 0.28

Sodium bicarbonate % 0.32 0.37 0.31 0.33 0.32 0.31 0.32 0.30 0.30

Broiler Premixa % 0.3 0.30 0.40 0.30 0.30 0.30 0.30 0.30 0.30

L-LYSINE Hcl 98% % 0.25 0.29 0.32 0.30 0.25 0.37 0.28 0.27 0.38

Salt % 0.11 0.08 0.07 0.11 0.12 0.08 0.13 0.13 0.10

L-Threonine 98.5% % 0.10 0.09 0.13 0.10 0.07 0.09 0.06 0.08 0.10

Choline % 0.06 0.07 0.10 0.07 0.07 0.10 0.07 0.07 0.10

Antimycotoxin % 0.1 0.1 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Phytase enzyme % 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Chemical analysis

Moisture % 11.35 11.44 11.19 11.23 11.32 11.07 11.18 11.25 11.00

Crude protein % 23.2 22.20 22.22 21.55 20.53 20.56 20.15 19.10 19.10

Crude fat % 4.91 4.49 5.53 6.04 5.87 6.85 6.67 6.43 7.50

Lysine g/kg 14.48 13.71 13.77 13.20 13.05 13.05 11.55 11.57 11.55

Methionine g/kg 7.34 6.76 6.73 6.18 6.14 6.12 5.97 6.02 5.97

Methionine + cystine g/kg 10.88 10.37 10.22 9.58 9.34 9.40 9.19 9.08 9.12

Threonine g/kg 9.85 9.41 9.62 9.13 8.52 8.55 8.03 7.96 7.99

Tryptophan g/kg 2.83 2.75 2.63 2.49 2.50 2.38 2.18 2.17 2.07

Arginine g/kg 15.53 15.09 14.79 13.72 13.76 13.49 12.07 12.02 11.80

Valine g/kg 11.10 11.04 11.08 10.27 10.14 10.23 9.45 9.07 9.01

Calcium g/kg 8.79 8.43 8.43 7.83 7.70 7.68 7.09 6.95 7

Av. Phosphorus g/kg 4.98 4.98 4.91 4.47 4.49 4.49 4.03 4.04 4.09

Sodium g/kg 1.59 1.59 1.59 1.62 1.61 1.61 1.67 1.60 1.67

Potassium g/kg 9.19 9.11 8.87 8.05 8.41 8.19 7.07 7.29 7.11

Cl g/kg 2.28 1.98 2.25 2.32 2.30 2.36 2.34 2.33 2.43

Crude fiber % 3.52 3.52 4.29 3.23 3.34 4.11 2.99 3.05 3.84

ME (kcal/kg) Kcal/kg 2991.12 2969.7 2973.74 3103.42 3071.17 3070.72 3200.15 3173.76 3173.84

T1 (FR1 − VE): recommended protein SBM diet without protease supplementation; T2 (FR1 + VE): recommended protein SBM diet + protease supplementation; T3
(FR2 − VE): low-protein SBM diet without protease supplementation; T4 (FR2 + VE): low-protein SBM diet + protease supplementation; T5 (FR3 − VE): low-protein
SBM/DDGS-SFM diet without protease supplementation; T6 (FR3 + VE): low-protein SBM/DDGS-SFM diet + protease supplementation
aPremix per kg of diet: vitamin A, 1 500 IU; vitamin D3, 200 IU; vitamin E, 10 mg; vitamin K3, 0.5 mg; thiamine, 1.8 mg; riboflavin, 3.6 mg; pantothenic acid, 10 mg;
folicacid, 0.55 mg; pyridoxine, 3.5 mg; niacin, 35 mg; cobalamin, 0.01 mg; biotin, 0.15 mg; Fe, 80 mg; Cu, 8 mg; Mn, 60 mg; Zn, 40 mg; I, 0.35 mg; Se, 0.15 mg
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digesta. AA (diet): the concentration of the test AA in
the diet.

Economic efficiency
Collective efficiency measures, which include total re-
turn, total costs, variable costs, and net profit, were cal-
culated according to [82, 83].
Total feed cost (USD/bird) = Total feed intake/

bird × Price of 1 kg feed.
Total cost (USD/bird) was computed by considering

feed cost as well as the expenses of 1-day-old chick, lit-
ter, labor, veterinary services, electricity, and other mis-
cellaneous expenditure, that were common to all groups.
Total return (USD/bird) = Live body weight/

bird × Price of kg body weight.
Net profit (USD/bird) = Total returns − Total costs.
Economic efficiency (E.EF) = Net profit/Total feed

cost.
Feed cost/kg gain (USD/bird) = Total feed cost/Total

weight gain.
The performance index (PI) was calculated based on a

previous study [84].
Performance index % (PI) = final live body weight

(kg)/feed conversion × 100.

Sample collection and laboratory analyses
At the end of the experiment, five randomly chosen
birds per treatment were euthanized using cervical dis-
location, according to the American Veterinary Medical
Association guidelines [85], and blood samples were col-
lected. Samples were left to coagulate at 4 °C and centri-
fuged at 3500 rpm for 15 min to extract the serum,
which was then stored in Eppendorf tubes at – 20 °C
until being analyzed. Samples from different parts of the
small intestine were obtained for histological
examination.
The serum concentration of total proteins was deter-

mined colorimetrically using the biuret method [86].
The serum levels of alkaline phosphatase and IgM were
determined using chicken ELISA kits of MyBioSource
Co. of CAT.NO. MBS012469, MBS701683, and of
ABCAM Co. of CAT. NO. AB157691, respectively. A
sandwich enzyme-linked immunosorbent assay (ELISA)
kit manufactured by Life Span Biosciences, Inc. of CAT.-
NO.LS-F9287 was employed to estimate the serum com-
plement 3 levels by following the manufacturer’s
instructions.

Histological examination of the small intestine
The tissue samples (approximately 1 cm) were obtained
from the midpoints of the three segments of the small
intestine (duodenum, jejunum, and ileum), gently
washed with normal saline to remove any debris, and
then fixed in 10% buffered neutral formalin. The tissue

samples were subjected to routine histological process-
ing and embedded in paraffin. Finally, 5–7 micron-thick
sections were cut and stained by Harris’s hematoxylin
and Eosin to elucidate the general structures, Periodic
acid Schiff technique for neutral and some acidic muco-
polysaccharides, Alcian blue pH (2.5) for detecting acidic
mucopolysaccharides. The methods of processing and
staining were adopted following [87]. Image J software
(http://Sb.Info.nih.gov/ij/) was applied for performing
the measurements, including, Intestinal villi length (from
the upper region to the junction between the villus and
crypt), villi width, and crypts depth (from the base of the
villi to muscularis mucosa) by examination of five differ-
ent nonoverlapping fields in three separate H&E-stained
sections of different birds in each group on low power
field (40× magnification) while the number of goblet
cells was on power field (400× magnification). The dens-
ity of goblet cells was calculated as the number of goblet
cells per unit of surface area (mm2).

Statistical analysis
Shapiro–Wilk’s test was employed to verify the normal-
ity, and Levene’s test was exploited to ascertain the
homogeneity of variance components between experi-
mental treatments, and the assumption was achieved
(P > 0.05). Variations were assessed by two-way
(ANOVA), and factorial analysis was executed on the
factors included in the model, such as feeding regimen,
protease supplementation, and their interaction. The
differences between the means were compared by the
post-hoc Tukey’s multiple range tests at 5% probability.
Variation in the data was expressed as pooled SEM. The
significance level was set at P < 0.05.
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