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Abstract: The present study was conducted to evaluate the effect of dietary zinc (Zn) 
levels on growth performance, carcass characteristic, nutrient digestibility, jejunum 
architecture and immune responses in broiler chickens fed wheat-soy diets. In addition 
the Zn requirement to optimize responses were estimated through regression models. 
A total, of 250 day-old male Ross-308 broiler chicks were randomly allocated to a 
completely randomized design experiment with five dietary treatments of five replicates 
of 10 birds each. Birds were fed diets containing 30, 70, 110, 150, and 190 mg/kg Zn from 
1 to 35 days of age. A Zn level of 70 mg/kg diet was adequate to acquire typical growth 
performance, the nutrient digestibility, and carcass yield. First antibody titres response 
to sheep red blood cell inoculation, cutaneous basophil hypersensitivity elicited by 
phytohemagglutinin-P intradermal injection increased linearly by the increase in dietary 
Zn level. The Zn requirement estimated by the quadratic and linear broken-line models 
was varied between 63-70 mg/kg to optimize growth performance criteria. It is concluded 
the basal Zn concentration in wheat-soy diet is inadequate to fulfill the broiler chickens 
genetic potential in growth and a minimum of 70 mg/kg dietary Zn concentration is 
suggested to optimize broiler chickens performance.
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INTRODUCTION
Zinc (Zn) is an essential trace element in 
numerous metabolic pathways. It plays an 
essential role in a wide variety of processes, 
including cell proliferation, growth, immune 
system, reproduction, hormone secretion, 
antioxidant defense, as well as many other 
biochemical processes (Abedini et al. 2018, Attia 
et al. 2019). The fact that more than 300 enzymes 
activities depend on Zn, makes it absolutely 
necessary for a large number of cellular vital 
functions, such as alkaline phosphatase, 
alcohol dehydrogenase, carboxypeptidase, 
carbonic anhydrase, and DNA/RNA polymerase 

(Stephanos & Addison 2014). Because of its 
effect on the number of peripheral T cells, 
thymocytes, and activity of natural killer cells, Zn 
is an essential element for the normal activity 
of immune system (Sunder et al. 2008, Attia et 
al. 2013a, b). It has also positive effects on the 
intestine through increased cell proliferation, 
enhanced protein synthesis (Tako et al. 2005), 
intestine crypt cell production, enterocytes 
integrity, and barrier structures and functions 
(Lambert et al. 2004). 

A wide range of Zn requirement from 10.6 
(Emmert & Baker 1995) to 105 mg/kg (Rossi 
et al. 2007) of diet were reported to optimize 
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different traits in broiler chickens. The amounts 
of Zn supply from usual feedstuffs in non-
supplemented regular diets ranges between 13-
62 mg/kg (Salim et al. 2008). However, Sunder et 
al. (2008) reported that preparation of 29 mg Zn/
kg diet from the organic sources was adequate to 
optimize growth performance, mineral retention 
and immune response in broiler chickens. 
The results of some studies showed marginal 
supplementation of Zn (20 mg/kg) in practical 
diets was adequate to meet the Zn requirement 
of broiler chickens (Ao et al. 2011, Huang et al. 
2007). Most of these estimates are less than of 
supplementary levels of trace elements (100 to 
110 mg/kg) recommended by broiler chickens 
professional manual guide (Aviagen 2016). 
Excess minerals in diets may cause antagonism 
affecting other minerals bioavailability (Jahanian 
& Rasouli 2015). 

There are high amounts of soluble non-
starch polysaccharides (NSP) in wheat cell wall 
as well as other cereals such as barley, rye, 
and triticale (Teimouri et al. 2018). High levels 
of these compounds in the poultry diets can 
increase digesta viscosity and decrease physical 
mixing of intestinal contents, movement of 
compounds through the gastrointestinal tract, 
and consequently nutrients bioavailability 
(Zarghi et al. 2010, Attia et al. 2019). It is 
hypothesized that Zn supplementation may 
have a positive effect on performance of broiler 
chickens when fed wheat-based diet. Therefore, 
the current experiment was conducted to 
study the effects of different dietary Zn levels 
on growth performance, carcass yield, nutrient 
digestibility, intestinal digesta viscosity, jejunal 
architecture and immune responses in broiler 
chickens fed wheat-soy diet.

MATERIALS AND METHODS
Birds and management
The protocol used in this experiment complied 
with the Animal Care Committee guidelines, 
Ferdowsi University of Mashhad, Mashhad, 
Iran (approval no. 271/329/2013). Two hundred 
fifty day-old Ross 308 male broiler chicks were 
obtained from a local commercial hatchery. The 
chicks were weighed and assigned to treatments 
in a completely randomized design with 5 
treatments, 5 replicates and 10 each one. The 
chicks were kept in floor pen (1 m2, covered with 
wood shavings, equipped with a hanging feeder 
and two nipples water to provide birds with 
free access to feed and water), and each pen 
containing 10 birds served as an experimental 
unit. The house initial temperature was 32±2ºC 
for 3 days and then gradually decreased (0.5ºC, 
every day) to reach a constant temperature of 20-
22ºC at 24 day of age. The relative humidity was 
maintained at 50-60% and a 23: 1 hour of light: 
dark cycle was used throughout the experiment.

Experimental diets
Falat wheat variety was used in this experiment, 
and obtained from the Khorasan Razavi 
Agricultural and Natural Resource Research 
Center, Iran. The chemical compositions of feed 
ingredients were determined by Evonic “Evonik 
Nutrition & Care GmbH” office in Tehran, Iran 
via NIR analysis and the values were used to 
formulate diets using UFFDA software. Three 
basal diets were formulated for the starter (d1-
10), grower (d11-24), and finisher (d25-35) periods, 
to meet nutrient requirements according to the 
Ross-308 recommendation (Aviagen 2016) for a 
target live body weight of 1.70-2.40 kg/b (Table 
I). A big batch of basal diet for each period 
was provided and then divided into five equal 
portions. The basal (starter, grower and finisher) 
diets were obtained by using a Zn-free trace 
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Table I. Feed ingredients and composition of the basal wheat-soy diets1.

Periods

Starter (d1-10) Grower (d11-24) Finisher (d25-35)

Ingredient (g/kg)

Wheat grain (13.15% CP) 579.2 613.3 670.8

Soybean meal (45.55% CP) 320.4 280.2 217.9

Soybean oil 52.3 62.8 70.3

Limestone 9.9 9.20 8.5

Dicalcium phosphate 20.0 17.8 16.0

Sodium chloride 1.6 1.6 1.4

Sodium bicarbonate 1.5 1.5 1.5

Vitamin premix2 2.5 2.5 2.5

Mineral premix3 2.5 2.5 2.5

DL-methionine 3.9 3.4 3.1

L-Threonine 1.9 1.6 1.5

L-Lysine HCL 4.3 3.6 4.0

Nutrient  composition4, as-fed basis

Metabolizable energy, MJ/kg 12.6 13.0 13.4

Crude protein, g/kg 230.0 215.0 19.5

Calcium, g/kg 9.6 8.7 7.9

Available phosphorus, g/kg 4.8 4.4 4.0

Sodium, g/kg 1.6 1.6 1.6

Lysine, g/kg 14.4 12.9 11.6

Methionine, g/kg 7.0 6.3 5.7

Methionine + Cystine, g/kg 10.8 9.9 9.1

Threonine, g/kg 9.7 8.8 7.8

Zinc, mg/kg 30.1 29.2 28.9
1A batch of basal diet for each period was made and then divided into 5 equal portions, the Zn supplement as reagent-grade 
“ZnSO4.7H2O, 22.60% Zn” was added at the rate of 0, 177, 354, 531 and 708 mg/kg on top of each portion and mixed to provide 
five diets with 30 (basal diet), 70, 110, 150, and 190 mg/kg Zn concentration.
2Vitamin premix supplied the followings per kilogram of diet: vitamin A (all-trans-retinol), 12000 IU; vitamin D3 (cholecalciferol), 
5000 IU; vitamin E (α-tocopherol), 18 IU; vitamin K3 (menadione), 2.65 mg; vitamin B1 (thiamin), 2.97 mg; vitamin B2 (riboflavin), 
8.0 mg; vitamin B3 (niacin), 57.42 mg; vitamin B5 (pantothenic acid), 17.86 mg; vitamin B6 (pyridoxine), 4.45 mg; vitamin B9 (folic 
acid), 1.9 mg; vitamin B12 (cyanocobalamin), 0.02 mg; vitamin H2 (biotin), 0.18 mg; choline chloride, 487.5 mg, and antioxidant 1.0 
mg.
3Mineral premix supplied the followings per kilogram of diet: Zn (zinc sulfate), 0.00 mg; Mn (manganese sulfate), 120.6; Fe (iron 
sulfate), 40.5; Cu (copper sulfate), 16.1; I (calcium iodate), 1.26; Se (Sodium Selenite), 0.31; choline chloride, 474.0.
4The determined ingredient analysis was used to calculate nutrients composition.
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mineral mixture and contained 28.9-30.1 mg/
kg of Zn from raw materials, as measured by 
Atomic Absorption Spectrometry analysis. A Zn 
of reagent-grade (ZnSO4.7H2O, 22.60% Zn-Sigma-
Aldrich Chemical Co., St. Louis, MO) was added at 
the rate of 0, 177, 354, 531 and 708 mg/kg to the 
top of each portion and mixed to provide five 
diets with 30 (basal diet), 70, 110, 150, and 190 
mg Zn/kg of diet, as fed basis. The supplemental 
and analysed zinc in experimental diets is shown 
in Table II.

Performance traits 
All birds (pen groups) were weighed at 1, 10, 24 
and 35d of age 4h after feed withdrawal. Daily 
dead birds in each pen were weighed and 
recorded to correct the growth performance 
traits. Average daily weight gain (ADG), average 
daily feed intake (ADFI), and feed conversion 
ratio (FCR) were calculated after adjustment for 
mortality in each pen and period.

Nutrient digestibility 
Chromic oxide was used at the rate of 3 g/kg diet 
as an inert marker during 24-30d of ages. Excreta 
samples were collected three times daily for 72h 

from a plastic sheet that was placed on the litter 
of each pen after 3 days adaptation period (24-
27d). Collected excreta samples for each pen 
was pooled, thoroughly mixed and about 100g 
of the uniform mix was immediately stored at 
−20°C. A 100g excreta samples from each pen 
was later dried in a forced air oven at 60°C for 
72h. The feed and dried excreta samples ground 
to pass through a 40-mesh screen and mixed 
thoroughly before analysis. Apparent digestibility 
coefficients of DM, organic dry matter (ODM) and 
crude protein (CP) were calculated according to 
formula 1, using the marker ratio in the diet and 
excreta (Tiemouri et al. 2019). 

Formula 1: Apparent nutrient digestibility % 
= {(N/M) d− (N/M) e}/ (N/M) d × 100,

Where (N/M) d = Ratio of nutrient to marker 
in diet, and (N/M) e = Ratio of nutrient to marker 
in excreta.

Chemical analysis
The Cr2O5, DM, and nitrogen contents in feed 
and excreta samples were determined using 
the standard procedure of AOAC (Latimer Junior 
2012). The Zn in feed sample was determined in 
an Air-Acetylene flame on an atomic absorption 
spectrophotometer (Perkin Elmer A Analyst 100, 
Massachusetts, Wellesley, USA) after digestion 
with tri-acid mixture; HNO3: H2SO4: HClO4 in the 
ratio of 15:2:4 (Jahanian & Rasouli 2015).

Humoral immune response 
Sheep red blood cells (SRBC) inoculation, 
as a non-pathogenic antigen, was used for 
evaluating the humoral immune response in 
broiler chickens. Two birds/replicate close to the 
average pen weight were marked with dye and 
injected with 0.1 ml of 0.5% SRBC suspension into 
the brachial vein on the 21th and 27th days, and 
blood samples were taken seven day after each 
inoculation (Allahdo et al. 2018). Subsequently, 
the micro hemagglutination activity of serum 

Table II. Supplemental and analysed Zn concentrations 
in starter, grower and finisher diets1.

Zn Supplement, 
mg/kg

(ZnSO4.7H2O, 
22.60% Zn)

Analysed diets Zn (mg/kg)

Starter Grower Finisher

0 30.10 29.20 28.90

177 70.20 69.50 70.10

354 110.50 111.60 109.60

531 149.50 150.50 151.30

708 189.50 190.50 191.0
1 The basal experimental diets were analysed for Zn content 
by atomic absorption. Each value based on triplicate 
determinations.
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was estimated and the antibody titre (log2) 
measured following the standard procedure 
reported by Bartlett & Smith (2003).  

Cellular immune response 
The cell-mediated immune (CMI) response 
was assessed by measuring the response of 
cutaneous basophil hypersensitivity (CBH) to 
the mitogen phytohemagglutinin-P (PHA-P) by 
intradermal injection. Two birds/replicate close 
to the average pen weight were marked at 35d of 
age, the thickness of the web between the third 
and fourth inter-digital space on the left and 
right feet were measured with a micrometre and 
the web of right foot was injected with 100μg 
of PHA-P suspended in 0.1 ml of phosphate 
buffered saline (PBS), while in each bird the left 
web (Control) was injected with 0.1 ml of PBS. 
The web swelling of both feet was measured at 
8, 16 and 24 h after injection (Allahdo et al. 2018). 
The CBH response to PHA-P was determined 
by subtracting the web thickness of the first 
measurement (pre-injection) from the second 
(post-injection) and the values of left foot 
(control) from the right foot (Corrier & Deloach 
1990). 

Carcass and visceral organs relative weight
Two birds/replicate close to the average pen 
weight were weighed and slaughtered after 4 
hours of feed withdrawal, then plucked, and 
gastrointestinal tract, giblets, and other inner 
organs excised. Carcass yield and its cuts were 
weighed after chilled for 24 h at 4°C (Zarghi et 
al. 2020). Carcass, breast, legs, abdominal fat, 
and visceral organ were weighed by a weighing 
scale (0.001-g, model GF 400, A&D Weighing, San 
Jose, CA, USA), to calculate their relative weights 
(g/100 LBW). 

Intestinal contents viscosity
The intestinal tract of the slaughtered birds 
was immediately removed to obtain small 
intestine contents by gentle finger stripping 
of the intestinal segments. For the viscosity 
measurement, the contents were taken from 
the jejunum and/ or ileum and each divided 
into two sub-samples, homogenized thoroughly 
and approximately 1.5 g wet weight centrifuged 
at 12700 g for 5 min to obtain the supernatants 
(Zarghi et al. 2010). The supernatant was 
withdrawn and its viscosity in centipoises 
(1/100 dyne-second per square centimetre) was 
measured in a Brookfield digital Viscometer 
(Model LVDVII + CP, Brookfield Engineering Labs, 
Inc., Stoughton, MA 02072) at 37°C. The average 
value obtained from two subsamples was used 
for the statistical analysis.

Jejunum architecture
One tissue sample (0.5-1.0 cm) was taken from 
jejunum midpoint of each slaughtered bird 
and then immersed in a 10% buffered formalin 
solution for 72h. Then, samples treated in the 
tissue processor apparatus and embedded in 
paraffin wax. Transverse sections were cut (6 µm) 
using a rotary microtome (Leica RM 2145), placed 
on a glass slide and stained with Hematoxylin 
and Eosin (H&E), then they were analysed under 
a light microscope to determine morphological 
indices (Gangali et al. 2015). All chemicals were 
purchased from Sigma chemical company. 
Micrographs were taken with an Olympus BX41 
microscope (Olympus Corporation, Tokyo, Japan) 
fitted with a digital video camera. The images 
were analysed using image software (Image-Pro 
Plus v 4.5) on 9 villi chosen from each slide and 
only vertically oriented villus were selected for 
measuring. The morphometric traits were: villus 
height (VH), villus width (VW), crypt depth (CD), 
muscular thickness (MT) and villus surface area 
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(VSA) which was calculated according to Formula 
2 (Teimouri et al. 2018).

Formula 2:  

Where  = 3.14, VW = Villus width, and VH = 
Villus height 

Statistical analysis
All data were analysed for normality using SAS 
9.1 software through the Univariate plot normal 
procedure (SAS 2003). Then, data were analysed 
by the General Linear Model of SAS 9.1 software 
with diets as independent variables. Linear and 
quadratic polynomial models were analysed to 
describe the relationships between dietary Zn 
levels and variables. Zinc requirement for optimal 
growth performance response parameters were 
determined by using NLIN procedure of SAS 9.1 
software, through linear and quadratic broken-
lines regression fit models (Robbins et al. 2006). 
Two mathematical models were used to estimate 
the optimal dietary Zn level to maximize broiler 
responses base on a gradient dietary Zn levels. 
Linear broken-line (LBL) and quadratic-broken 
line (QBL) models were expressed as formula 
3-4, respectively (Zarghi et al. 2020). 

Formula 3: ,	 (β2-X) = 0 for X > 
β2

Where: Y is the dependent variable, X is 
the dietary Zn concentration, β0 is the value 
at the plateau, β1 is the slope and β2 is the Zn 
concentration at the breakpoint. 

Formula 4: ,	(β2-X) = 0 for X > 
β2

Where: Y is the dependent variable, X is 
the dietary Zn concentration, β0 is the value at 
the plateau, β1 is the slope and β2 is the Zn 
concentration at the breakpoint. 

To assist in choosing an appropriate 
model, R2 values and mean absolute error 

were calculated using the formula 5 and 6, 
respectively.

Formula 5: 

Where: R2 is the fraction of variation in 
the dependent variable explained by the 
model, residual values were used to compute 
the necessary sums of squares for error and 
corrected total sums of squares (CTSS) were 
used as the baseline. 

Formula 6: 

Where: MAE is the mean absolute error, n is 
the number of observation, Yi is the observation 
and Ýi is the predicted value.

RESULTS 
Performance traits
The initial average weight of chicks was 
44.42±2.26g and were not significant for the 
assigned treatment groups (P<0.05). The 
Overall mortality mean was 3.95% and was 
not significantly influenced by dietary Zn 
concentration. Increasing dietary Zn levels 
quadratically affect BW, ADG and FCR, whereas 
linearly ADFI was increased in the starter period. 
Birds fed diet contained 70 mg/kg Zn performed 
higher than the other groups. Live body weight 
was 8.2% higher in birds fed diet with 70 mg/kg 
Zn compared to those fed non-supplemented 
diet at the end of grower period (P<0.002). In 
spite of large numerical differences the ADG, 
ADFI and FCR were not significantly affected 
by dietary Zn levels in the grower period. 
Supplemental dietary Zn produce a quadratic 
(P<0.001) dose response for final BW and linear 
(P<0.001) responses for ADFI and ADG in the 
finisher period, but not effect on FCR. Increased 
dietary Zn levels quadratically enhanced final 
BW and ADG; and linearly increased ADFI in the 
whole rearing period (d1-35). Live body weight 
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was 7.0, 5.4, 5.4 and 4.6% higher in birds fed 
diets contained 70, 110, 150 and 190 mg/kg Zn as 
compared to those fed the basal diet (dietary Zn 
level, 30 mg/kg) at the end of the trial. Similarly, a 
significant quadratic effect of increasing dietary 
Zn level was observed for ADG. As dietary Zn 
level increased from 30 to 190 mg/kg, the ADFI 

linearly increased. The FCR was not affected by 
dietary Zn levels (Table III).

Nutrient digestibility
There was a significant linear response in 
nutrients digestibility to increasing dietary Zn 
concentration. The increase in Zn concentration 
from 30 mg/kg (basal diet) up to 150 mg/

Table III. Effect of dietary zinc concentration on the performance of broiler chickens fed wheat-soy diets 1-35d of 
age1.

Dietary Zn level, mg/kg as-fed
SEM2

Significance, P-value

30 70 110 150 190 ANOVA Linear Quadratic

Starter (d1-10)

LBW d1, g 45.2 43.5 44.7 44.9 43.8 1.058 0.758 0.685 0.922

LBW d10, g 198cd 228a 204bc 207b 195d 2.287 <0.001 0.145 0.004

ADG, g/d 15.26c 18.45a 15.94bc 16.18b 15.13c 0.252 <0.001 0.185 0.008

ADFI, g/d 19.82b 21.36a 21.79a 22.55a 22.80a 0.473 0.002 <0.001 0.202

FCR 1.300b 1.160c 1.367b 1.394b 1.512a 0.039 <0.001 0.131 <0.001

Grower (d11-24)

LBW d24, g 842b 911a 848b 860b 839b 11.936 0.002 0.279 0.114

ADG, g/d 46.00 48.82 46.02 46.69 45.98 0.790 0.086 0.444 0.421

ADFI, g/d 65.32 72.53 68.31 71.66 69.31 1.758 0.064 0.266 0.158

FCR 1.423 1.486 1.485 1.541 1.510 0.052 0.607 0.159 0.299

Finisher (d25-35)

LBW d35, g 1805c 1932a 1902ab 1902ab 1889b 12.598 <0.001 0.053 <0.001

ADG, g/d 96.32b 102.09a 105.33a 104.13a 105.04a 1.574 0.003 0.002 0.123

ADFI, g/d 185.27c 194.80b 198.86ab 203.45a 203.25a 2.101 <0.001 <0.001 0.112

FCR 1.924 1.908 1.888 1.955 1.940 0.032 0.624 0.439 0.878

Total (d1-35)

ADG, g/d 50.28c 53.97a 53.06ab 53.05ab 52.73b 0.354 <0.001 0.051 <0.001

ADFI, g/d 84.72b 90.77a 90.37a 93.23a 92.31a 1.094 <0.001 <0.001 0.115

FCR 1.685 1.682 1.703 1.758 1.751 0.026 0.142 0.145 0.326
1 The value are means of 5 replicates of 10 chickens each. 
2SEM, Standard error of the means.
LBW, Live body weight; ADG, Average daily gain; ADFI, Average daily feed intake; FCR, Feed conversion ratio.
a, …,cThe means within each row with uncommon superscript letters are significantly different (P<0.05).
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kg, apparent digestibility of dry matter (DM) 
and crude protein (CP) increased linearly. In 
birds fed diet with 150 mg/kg Zn, the apparent 
digestibility of DM and CP were 2.2% and 4.3% 
higher than those fed non supplemented basal 
diet, but remained almost constant at higher Zn 
level, 190 mg/kg of diet (Table IV). 

Relative carcass and visceral organs weights 
and intestine content viscosity
Effects of dietary Zn levels on carcass and cuts 
yield, abdominal fat, relative small intestine 
weights (g/100g of LBW) and small intestine 
content viscosity are shown in Table V. An 
increase in dietary Zn concentration linearly 
enhanced relative carcass and breast weights, 
and decreased relative small intestine weight 
(P<0.01). Supplementation of diet with Zn caused 
a significant linear reduction in ileum content 
viscosity (P<0.05), but did not affect jejunum 
content viscosity.

Jejunum architecture
Effects of dietary Zn levels on jejunum 
morphometric traits are shown in Table VI. A 
significant linear response to increasing dietary 
Zn concentration was observed on VH, CD and 
VH/CD ratio (P<0.001). Increasing dietary Zn levels 
from 30 to 190 mg/kg the VH increased from 
1092 to 1369 µm (approximately 25% longer) and 
CD decreased from 220 to 174 µm (approximately 
25% diminish) with a linear manner. Therefore, 
birds fed diet with 190 mg/kg Zn had the highest 
VH and lowest CD. In line with those, the VH/CD 
ratio linearly increased from 5.1 to 7.9 as dietary 
Zn level increased from 30 to 190 mg/kg. Villus 
width, muscular thickness and villus surface 
area were not significantly affected by diet Zn 
level. 

Immune response
The effect of dietary Zn supplementation on 
the relative weight of lymphoid organs, humoral 
and cellular immune responses are shown in 
Table VII. The humoral and cellular immune 
responses linearly were improved as dietary Zn 
concentration increased (P<0.05). First antibody 
titres to sheep red blood cell (SRBC) inoculation 
and cutaneous basophil hypersensitivity (CBH) 
elicited by phytohemagglutinin-P (PHA-P) 
intradermal injection were increased linearly by 
the increase in dietary Zn levels (P<0.05). Relative 
lymphoid organs (liver, Bursa of Fabricius and 
Spleen) weights were not affected by dietary Zn 
levels (P>0.05).

Estimated Zn requirement
The Zn requirement estimated by a linear 
broken line (LBL) and quadratic broken line 
(QBL) regression fit models to optimize growth 
performance responses are shown in Table VIII. 
The predicted Zn requirement for optimal LBW, 
ADG, ADFI and FCR by the LBL model were 68.09, 
68.04, 64.79, and 62.75 mg/kg of diet, and by the 

Table IV. Effect of dietary Zn concentration on 
apparent dry matter, organic dry matter and crude 
protein digestibility in broiler chickens fed wheat-soy 
diets1.

Apparent nutrient digestibility (%)

Dry 
matter

Organic dry 
matter 

Crude 
protein

Dietary Zn 
level, mg/kg

30 65.82 68.27 60.54
70 66.08 69.04 61.49
110 67.00 69.29 63.16
150 67.23 69.37 63.18
190 67.09 69.33 62.72

SEM2 0.666 0.914 1.121
Significance, P-value

ANOVA 0.081 0.785 0.095
Linear 0.027 0.193 0.040

Quadratic 0.178 0.586 0.134
1 The value are means of 5 replicates of 10 chickens each. 
2SEM= Standard error of the means.
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QBL model were 67.85, 70.00, 70.00 and 68.01 
mg/kg of diet, respectively. The Zn requirement 
estimated to optimize LBW and ADG responses 
by the LBL and QBL models were approximately 
equal, but the estimated Zn requirement by the 
QBL model to optimize FI and FCR were 1.08% 
higher than those estimated by the LBL fit 
model.

DISCUSSION

Dietary Zn and performance
The results of this experiment indicated that ADFI 
and ADG increased by the increase in dietary 
Zinc level. It seems that feeding broiler chickens 
with a basal diet (non Zn supplemented) 
lead to reduce appetite. The reduction in 
appetite may be signaled by decrease in brain 
neurotransmitter “gamma-amino-butyric acid” 
concentrations and key enzyme carbohydrates 

metabolism “pyruvate kinase” (Salim et al. 
2008). Improvement in weight gain of the 
birds fed diet supplemented with Zn has been 
observed in earlier study (Sunder et al. 2008). 
The increase in body weight in birds fed Zn 
supplemented diet may be linked with higher 
production of digestive enzymes (Korének et al. 
2007), improvement of nucleic acid biosynthesis 
and protein synthesis (Salim et al. 2008). In our 
study, the maximum of ADG was observed in 
chickens fed diet contained 70 mg of Zn/kg, and 
then gradually decreased in a quadratic manner 
as supplemental Zn increased further (P<0.001). 
This downward may be resulted by Zn antagonism 
with other nutrients. It has been reported that 
increasing dietary Zn levels more than 80 mg/
kg impair phosphorus bioavailability (Sunder 
et al. 2008). In contrast, some studies reported 
dietary Zn supplementation did not affect the 
ADFI and ADG of broiler chickens (Burrell et 

Table V. Effect of dietary Zn concentration on relative weight (g/100g live body weight) of the carcass, abdominal 
fat and visceral organs and gut contents viscosity (centipoise) in broiler chickens fed wheat-soy diets1.

Carcass portion2
Abdominal 

fat2
Small 

intestine2

Digesta viscosity(Cps3)

Carcass Breast Legs Other4 Jejunum Ileum

Dietary Zn level, mg/ kg         

30 71.75b 24.06b 20.66 27.03 1.93 3.09a 0.59 4.02a

70 71.76ab 24.01b 20.45 27.31 1.89 2.98a 0.62 3.47ab

110 72.22ab 24.81ab 20.24 27.18 1.60 2.85ab 0.64 2.80b

150 72.69ab 25.19ab 19.66 27.84 1.96 2.85ab 0.63 2.67b

190 73.95a 26.44a 20.00 27.50 1.92 2.70b 0.62 2.92b

SEM5 0.565 0.618 0.511 0.703 0.224 0.094 0.048 0.418

Significance, P-value

ANOVA 0.068 0.067 0.678 0.936 0.793 0.047 0.956 0.045

Linear 0.005 0.004 0.181 0.488 0.943 0.022 0.637 0.035

Quadratic 0.011 0.012 0.384 0.779 0.732 0.221 0.699 0.038
1The value are means of 5 replicates of 2 samples each. 
2Calculated as a percentage of live body weight.
3Cps=centipoise, 1/100 dyne-second per square centimetre.
4Back and neck.
5SEM, Standard error of the means.
a, bThe means within each column with uncommon superscript letters are significantly different (P<0.05).
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al. 2004, Sunder et al. 2008). Increased dietary 
Zn level through organic (Rossi et al. 2007), 
inorganic and their mixtures (Burrell et al. 2004, 
Attia et al. 2019) did not significantly affect the 
feed efficiency in broiler chickens. In contrast, 
the beneficial effect of supplemental Zn on feed 
efficiency has been demonstrated in other study 
(Hess et al. 2001), they showed that the increase 
in dietary Zn up to 95 mg/kg improved feed 
efficiency in broiler chickens. 

Our data confirmed that the increase 
in dietary Zn, increased relative carcass and 
breast weights (Table V). Similarly, other 
researchers revealed that an increase in carcass 
yield of broiler chickens when they fed diet 
supplemented with Zn (Ao et al. 2011). The 
increase in carcass yield of quails by dietary 
Zn supplementation has also been reported 
(Sahin et al. 2009). It is suggested that higher 
concentrations of Zn improved meat yield by 
helping to promote protein synthesis, collagen 
formation and optimal activity of the enzymes 

(Saenmahayak et al. 2010). Although, some 
investigators did not find any effect of dietary 
Zn supplementation on relative carcass weight 
of broiler chickens (Rossi et al. 2007, Zakaria et 
al. 2017, Sunder et al. 2008, Attia et al. 2013a, b). 

Dietary Zn affect GIT responses
The result of our study revealed, a significant 
linear increase in apparent digestibility of 
dry matter and crude protein by the increase 
in dietary Zn concentration (Table IV). Zinc 
serves as a cofactor for many digestive 
enzymes, such as metalloproteinase and 
metallocarboxypeptidases (Sahin et al. 2009, 
Attia et al. 2019). It is reported that Zn can 
be found in high concentrations in various 
glandular organs, especially digestive tract 
secretions organs (Hedemann et al. 2006) and 
the pancreatic enzyme activity was increased by 
dietary Zn supplementation (Szabo et al. 2004). 

Our study showed that as dietary Zn 
concentration increased, the relative small 

Table VI. Effect of dietary Zn concentration on jejunum histomorphological measurements in broiler chickens fed 
wheat-soy diets1.

VH2 VW2 CD2 MT2 VSA2 VH/CD2

Dietary Zn level, mg/kg ………………… µm ………………… 10000 µm2

30 1092c 207 220a 164 70.61 5.10c

70 1113c 180 235a 153 63.13 4.75c

110 1212bc 185 184b 164 69.89 6.60b

150 1241b 163 173b 174 63.22 7.25ab

190 1369a 158 174b 170 63.34 7.90a

SEM3 39.834 16.092 10.342 9.948 2.592 0.355

Significance, P-value

ANOVA 0.001 0.181 0.001 0.528 0.255 <0.001

Linear <0.001 0.211 <0.001 0.875 0.162 <0.001

Quadratic <0.001 0.321 0.002 0.579 0.121 <0.001
1 The value are means of 5 replicates. 
2VH=Villus Height; VW=Villus Width; CD=Crypt Depth; MT=Muscular thickness; VSA= Villus surface area; and VH/CD=Villus height/
Crypt depth.
3SEM, Standard error of the means.
a, …,cThe means within each column with uncommon superscript letters are significantly different (P<0.05).



HEYDAR ZARGHI et al.	 RESPONSE OF BROILERS TO DIETARY ZN

An Acad Bras Cienc (2022) 94(2)  e20200266  11 | 15 

intestine weight and ileum viscosity linearly 
decreased (Table V). The decrease in the 
relative small intestine weight may be related 
to enhanced gut endogenous enzyme excretion 

and enzyme activity under adequate supply of 
Zn (Hedemann et al. 2006) which led to decrease 
the adverse effect of wheat anti-nutrients. 
Since Zn functions as a cofactor for many 
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metalloenzymes, decreasing intestinal digesta 
viscosity in Zn supplemented groups may 
be linked with higher production of digestive 
enzymes (Korének et al. 2007). The use of viscos 
cereal grains such as wheat, barley, rye and 
triticale in broiler feed formulation is the cause 
of high digesta viscosity (Zarghi et al. 2010, Attia 
et al. 2013a, b). So by the increase in dietary Zn 
level, the adverse effects of high NSP levels on 
digesta viscosity may be reduced (Sahin et al. 
2009, Szabo et al. 2004). 

The VH and VH/CD improved numerically 
with increase in dietary Zn level (Table VI), 
this beneficial effect may be attributed to the 
reduced NSP stress caused by wheat based diet. 
It is reported that the addition of inorganic Zn 
in diet led to increase in the VH and VH/CD ratio 
(Shah et al. 2019), and or Zn supplemented at 
the rate of 80 and 120 mg/kg resulted in a higher 
VH:CD in broilers challenged with Salmonella 
typhimurium (Zhang et al. 2012). Zinc is a 
trace mineral having antioxidant properties by 
metallothionein production (Shah et al. 2019). 
It changes intestinal morphology by enhancing 
intestinal absorptive capacity and promotes 
intestinal health (Liu et al. 2015). Additionally, 

the increased VH in Zn supplemented groups 
may be linked to increase the proliferation of 
crypt cells due to Zn bioavailability (Tako et al. 
2005).

Dietary Zn affects immune competence
A significant linear response to increase in 
dietary Zn concentration was observed for 
total antibody and IgM (Table VII). The primary 
response of birds received 190 mg Zn/kg diet 
was a significantly higher titers of total and 
IgM antibodies compared to those fed diet 
containing 30 mg Zn/kg. However, this effect was 
not observed when measured at the 14d post 
immunization. These results are in agreement 
with the previous study that showed diets 
supplemented with zinc tend to improve the 
immune status in broiler chickens (Bartlett & 
Smith 2003, Kidd et al. 1996). Other researchers 
found an improvement in antibody titer against 
SRBC in broiler chickens fed a diet with Zn 
supplementation (Sunder et al. 2008). Abnormal 
T-lymphocyte development is thought to be the 
primary consequence of Zn deficiency (Sahin 
et al. 2009). Diet supplemented with Zn over 40 
mg/kg enhanced antibody production (Kidd et 

Table VIII. Summary of Zn requirements (mg/kg of diet) for optimization of performance responses estimated by 
the liner and quadratic broken-line regression fit models in broiler chickens fed wheat-soy diet.

Linear broken-line regression analysis Quadratic broken-line regression analysis

Estimated Zn 
requirement

Approximate 
confidence limits

P-Value R2 Estimated Zn 
requirement

Approximate 
confidence limits

P-Value R2

Lower 
95%

Upper 
95%

Lower 
95%

Upper 
95%

LBW 68.09 58.49 77.69 0.001 0.94 67.85 60.49 75.22 0.001 0.92

ADG 68.04 58.76 77.32 0.001 0.94 70.00 62.54 77.45 0.001 0.94

ADFI 64.79 37.77 91.81 0.005 0.70 70.00 50.53 89.47 0.004 0.71

FCR 62.75 13.14 94.36 0.010 0.98 68.01 31.71 105.30 0.030 0.90

LBW, Live body weight; ADG, Average daily gain; ADFI, Average daily feed intake; FCR, Feed conversion ratio.
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al. 1996). As dietary Zn concentration increased 
the CBH response elicited by the mitogen 
PHA-P intradermal injection linearly increased. 
Cutaneous basophil hypersensitivity elicited 
in chickens by intradermal injection of PHA-P 
is a thymus-dependent response mediated 
by thymic cells and is a useful method for 
assessing CMI in vivo (Corrier & Deloach 1990). 
Specific CMI involves many effector mechanisms 
including the actions of cytotoxic lymphocytes 
“cytotoxic T lymphocytes and natural killer cells” 
and macrophages whose functions are greatly 
enhanced by or dependent on type-1 cytokines 
(Erf 2004). Sunder et al. (2008) reported CMI 
responses in the broiler chickens fed diet 
supplemented with 80 mg/kg or greater which 
were significantly higher than those fed diet 
with lower Zn concentration.

Our result showed the relative lymphoid 
organs (liver, Bursa of Fabricius & Spleen) 
weights were not affected by dietary Zn 
levels (P>0.05). Our finding is consistent with 
previous reported, lymphoid organs such as 
thymus, bursa of Fabricius, and spleen did not 
significantly affected by the dietary zinc level in 
broiler chickens (Bartlett & Smith 2003, Attia et 
al. 2013a, b). In contrast with the above finding, 
Sunder et al. (2008) reported the weights of the 
bursa of Fabricius and spleen were significantly 
higher in broilers fed a diet with 40 mg/kg 
supplemental Zn than those fed lower level. 
On the other hand, low levels of supplemental 
Zn showed a relative reduction in the size of 
lymphoid organs with a possible decrease in 
T-cell function (Kidd et al. 1996). 

Zinc requirement

The Zn requirements estimated by the linear and 
quadratic broken-line models varied between 
63-70 mg/kg for performance optimization (Table 
VIII). Zinc requirements obtained in this study to 
optimize performance traits in broiler chickens 

fed wheat soy diet was almost 75% higher than 
those (40 mg/kg of diet) recommended by 
the National Research Council (NRC 1994), but 
was 36% lower than those (110 mg/kg of diet) 
recommended by Ross 308 manual (Aviagen 
2016). In various studies, the different optimum 
level of dietary Zn was reported to improve the 
performance of broiler chickens including 29 
mg/kg (Sunder et al. 2008), 45 mg/kg (Salim et 
al. 2008), 84 mg/kg (Huang et al. 2007) and 95 
mg/kg of diet (Hess et al. 2001). The differences 
in Zn requirement in various reports may be due 
to genetic, diets and rearing conditions used in 
different studies (Zakaria et al. 2017, Attia et al. 
2019).

 In conclusion, supplementation of Zn in the 
wheat-soy diet increased growth performance, 
immune response, nutrient digestibility, and 
carcass yield in broiler chickens raised to 35 d of 
age. Maximum performance in broiler chickens 
was achieved with 63-70 mg/kg dietary Zn, which 
was higher than that recommended by NRC (40 
mg/kg). Overall, the natural presence of Zn in 
the wheat-soy diets from the raw materials is 
not enough alone to adequately sustain the 
optimum performance and health of broiler 
chickens. Therefore it is necessary to supply 
dietary Zn concentration up to 70 mg/kg, as fed 
basis.

Acknowledgments
We greatly appreciate our colleagues from the Poultry 
Research Station and Animal Nutrition Laboratory for 
their valuable help, critiques, and suggestions. This work 
was supported by the grant from the vice president in 
research at the Ferdowsi University of Mashhad, Iran 
(Research Code: 2/27481). 

REFERENCES
ABEDINI M, SHARIATMADARI F, KARIMI TORSHIZI MA & AHMADI 
H. 2018. Effects of zinc oxide nanoparticles on the 
egg quality, immune response, zinc retention, and 



HEYDAR ZARGHI et al.	 RESPONSE OF BROILERS TO DIETARY ZN

An Acad Bras Cienc (2022) 94(2)  e20200266  14 | 15 

blood parameters of laying hens in the late phase of 
production. J Anim Physiol Anim Nutr 102: 736-745.

ALLAHDO P, GHODRATY J, ZARGHI H, SAADATFAR Z, KERMANSHAHI 
H & EDALATIAN DOVOM MR. 2018. Effect of probiotic and 
vinegar on growth performance, meat yields, immune 
responses, and small intestine morphology of broiler 
chickens. Ital J Anim Sci 17: 675-685.

AO T, PIERCE JL, PESCATORE AJ, CANTOR AH, DAWSON KA, FORD MJ 
& PAUL M. 2011. Effects of feeding different concentration 
and forms of zinc on the performance and tissue mineral 
status of broiler chicks. Brit Poultry Sci 52: 466-471.

ATTIA Y, ABD-EL-HAMID A, ELKOMY A & SHAWKY OM. 
2013a. Responses of productive, physiological and 
immunological traits of growing Fayoumi males subjected 
to heat stress to vitamin C and/or E and organic Zinc 
supplementation. J Agric & Env Sci Dam Univ 12: 48-75.

ATTIA YA, ADDEO NF, AL-HAMID AE & BOVERA F. 2019. Effects of 
Phytase Supplementation to Diets with or without Zinc 
Addition on Growth Performance and Zinc Utilization of 
White Pekin Ducks. Animals 9: 280.

ATTIA YA, AL-HAMID AE, ZEWEIL HS, QOTA EM, BOVERA F, 
MONASTRA G & SAHLEDOM MD. 2013b. Effect of dietary 
amounts of inorganic and organic zinc on productive 
and physiological traits of White Pekin ducks. Animal 7: 
895-900.

AVIAGEN. 2016. Ross 308. Broiler nutrition specification. 
In: AVIAGEN INC., H, AL (Ed), USA.

BARTLETT JR & SMITH MO. 2003. Effects of different levels 
of zinc on the performance and immunocompetence of 
broilers under heat stress. Poult Sci 82: 1580-1588.

BURRELL AL, DOZIER WA, DAVIS AJ, COMPTON MM, FREEMAN ME, 
VENDRELL PF & WARD TL. 2004. Responses of broilers to 
dietary zinc concentrations and sources in relation to 
environmental implications. Brit Poultry Sci 45: 255-263.

CORRIER DE & DELOACH JR. 1990. Evaluation of cell mediated 
cutaneous basophil hypersensitivity in young chickens 
by an inter-digital skin test. Poult Sci 69: 403-408.

EMMERT JL & BAKER DH. 1995. Zinc stores in chickens delay 
the onset of zinc deficiency symptoms. Poult Sci 74: 
1011-1021.

ERF GF. 2004. Cell-mediated immunity in poultry. Poult 
Sci 83: 580-590.

GANGALI H, RAJI AR & ZARGHI H. 2015. Effect of post hatch 
delayed access to feed on performance, GIT physical and 
histological development and yolk absorption in young 
broiler chicks. Biomed Pharmacol J 8: 945-955.

HEDEMANN MS, JENSEN BB & PAULSEN HD. 2006. Influence 
of dietary zinc and copper on digestive enzyme activity 
and intestinal morphology in weaned pigs. J Anim Sci 84: 
3310-3320.

HESS JB, BILGILI SF, PARSON AM & DOWNS KM. 2001. Influence 
of complexed zinc products on live performance and 
carcass grade of broilers. J Appl Poult Res 19: 49-60.

HUANG YL, LU L, LUO XG & LIU B. 2007. An optimal dietary 
zinc level of broiler chicks fed a corn-soybean meal diet. 
Poult Sci 86: 2582-2589.

JAHANIAN R & RASOULI E. 2015. Effects of dietary substitution 
of zinc-methionine for inorganic zinc sources on growth 
performance, tissue zinc accumulation and some blood 
parameters in broiler chicks. J Anim Physiol Anim Nutr 
99: 50-58.

KIDD MT, FERKET PR & QURESH MA. 1996. Zinc metabolism 
with special reference to its role in immunity. World’s 
Poult Sci J 52: 309-323.

KORÉNEK M, KORÉNEKOVÁ B, VAŠKO L, SKALICKÁ M, NAĎ P, 
ŠUTIAK V & NEUSCHL J. 2007. Effects of cadmium and zinc 
on the activity of chymotrypsin and trypsin in droppings 
of Japanese quails. Int J Environ Stud 64: 221-227.

LAMBERT JC, ZHOU Z, WANG L, SONG Z, MCCLAIN CJ & KANG 
YJ. 2004. Preservation of intestinal structural integrity 
by zinc is independent of metallothionein in alcohol-
intoxicated mice. Am J Pathol 164: 1959-1966.

LATIMER JUNIOR GW. 2012. Official methods of analysis of 
AOAC International. Washington: AOAC International.

LIU ZH, LU L, WANG RL, LEI HL, LI SF, ZHANG LY & LUO XG. 
2015. Effects of supplemental zinc source and level on 
antioxidant ability and fat metabolism-related enzymes 
of broilers. Poult Sci 94: 2686-2694.

NRC. 1994. Nutrient requirements of poultry. Ninth 
Revised ed, Washington, DC: The National Academies 
Press.

ROBBINS KR, SAXTON AM & SOUTHERN LL. 2006. Estimation 
of nutrient requirements using broken-line regression 
analysis. J Anim Sci 84(Suppl): E155-165.

ROSSI P, RUTZ F, ANCIUTI MA, RECH JL & ZAUK NHF. 2007. 
Influence of graded levels of organic zinc on growth 
performance and carcass traits of broilers. J Appl Poult 
Res 16: 219-225.

SAENMAHAYAK B, BILGILI SF, HESS JB & SINGH M. 2010. Live and 
processing performance of broiler chickens fed diets 
supplemented with complexed zinc. J Appl Poult Res 19: 
334-340.



HEYDAR ZARGHI et al.	 RESPONSE OF BROILERS TO DIETARY ZN

An Acad Bras Cienc (2022) 94(2)  e20200266  15 | 15 

SAHIN K, SAHIN N, KUCUK O, HAYIRLI A & PRASAD AS. 2009. Role 
of dietary zinc in heat-stressed poultry: A review. Poult 
Sci 88: 2176-2183.

SALIM HM, JOC & LEE BD. 2008. Zinc in broiler feeding and 
nutrition. Avian Biol Res 1: 5-18.

SAS. 2003. User’s guide: Statistics. S.A.S Institute Cary, NC.

SHAH M, ZANEB H, MASOOD S, KHAN RU, ASHRAF S, SIKANDAR 
A, REHMAN HFU & REHMAN HU. 2019. Effect of Dietary 
Supplementation of Zinc and Multi-Microbe Probiotic on 
Growth Traits and Alteration of Intestinal Architecture in 
Broiler. Probiotics & Antimicro Prot 11: 931-937.

STEPHANOS JJ & ADDISON AW. 2014. Chemistry of 
metalloproteins: Problems and solutions in bioinorganic 
chemistry. Wiley & Sons.

SUNDER GS, PANDA AK, GOPINATH NCS, RAO SVR, RAJU MVLN, 
REDDY MR & KUMAR CV. 2008. Effects of Higher Levels of Zinc 
Supplementation on Performance, Mineral Availability, 
and Immune Competence in Broiler Chickens. J Appl 
Poult Res 17: 79-86.

SZABO J, HEGEDUS M, BRUCKNER G, KOSA E, ANDRASOFSZKY E 
& BERTA E. 2004. Large doses of zinc oxide increases the 
activity of hydrolases in rats. J Nutr Biochem 15: 206-209.

TAKO E, FERKET PR & UNI Z. 2005. Changes in chicken 
intestinal zinc exporter mRNA expression and small 
intestinal functionality following intra-amniotic zinc-
methionine administration. J Nutr Biochem 16: 339-346.

TEIMOURI H, ZARGHI H & GOLIAN A. 2018. Evaluation of 
Hull-Less Barley with or without Enzyme Cocktail in 
the Finisher Diets of Broiler Chickens. J Agr Sci Tech 20: 
469-483.

TIEMOURI H, ZARGHI H & GOLIAN A. 2019. Effect of enzyme 
supplementation on AMEn, dry matter and crude protein 
digestibility of hull-less barley in broiler chickens [in  
Persian]. Iranian  J  Anim  Sci  Res 10: 513-523.

ZAKARIA HAI, JALAL M, AL-TITI HHI & SOUAD AI. 2017. Effect of 
Sources and Levels of Dietary Zinc on the Performance, 
Carcass Traits and Blood Parameters of Broilers. Braz J 
Poultry Sci 9: 519-526.

ZARGHI H, GOLIAN A, KERMANSHAHI H, RAJI AR & HERAVI 
MOUSSAVI A. 2010. The effect of triticale and enzyme in 
finisher diet on performance, gut morphology and blood 
chemistry of broiler chickens. J Anim Vet Adv 9: 2305-2314.

ZARGHI H, NIKBAKHTZADE M & GOLIAN A. 2020. Effect of 
dietary digestible lysine level on growth performance, 
blood metabolites and meat quality of broilers 23–38 
days of age. J Anim Physiol Anim Nutr 104: 156-165.

ZHANG B, SHAO Y, LIU D, YIN P, GUO Y & YUAN J. 2012. Zinc 
prevents Salmonella enterica serovar Typhimurium-
induced loss of intestinal mucosal barrier function in 
broiler chickens. Avian Pathol 41: 361-367.

How to cite
ZARGHI H,  GOLIAN A, HASSANABADI A & KHALIGH F. 2022. Effect of 
Supplemental Zinc on Performance, Nutrient Digestibility, Jejunum 
Architecture, and Immune Response in Broiler chickens Fed Wheat-
Soy Diets. An Acad Bras Cienc 94: e20200266. DOI 10.1590/0001-
3765202220200266.

Manuscript received on February 25, 2020;
accepted for publication on May 22, 2020

HEYDAR ZARGHI
https://orcid.org/0000-0002-2739-2580

ABOLGHASEM GOLIAN
https://orcid.org/0000-0001-9419-1175

AHMAD HASSANABADI
https://orcid.org/0000-0002-8601-7983

FARHAD KHALIGH
https://orcid.org/0000-0001-8978-1912

Department of Animal Science, Faculty of Agriculture, 
Ferdowsi University of Mashhad, Mashhad, Iran

Correspondence to: Dr. Heydar Zarghi
E-mail: h.zarghi@um.ac.ir

Author contributions
Heydar Zarghi and Farhad Khaligh designed and carried out 
the experimental trail. Farhad Khaligh performed lab analysis. 
Heydar Zarghi performed the statistics, tabulated the data 
and wrote the draft paper. Abolghasem Golian and Ahmad 
Hassanabadi revised and reviewed the manuscript. The authors 
declare no conflicts of interest.

mailto:h.zarghi@um.ac.ir
https://orcid.org/0000-0001-8978-1912

