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Preface

As global consumer demand for poultry meat and eggs continues to rise, it is necessary to

improve diet precision and utilisation among birds to keep the costs of poultry products low and

reduce the industry’s environmental impact. One possible approach is to feed cheaper, more readily

available, and less environmentally harmful feed ingredients. However, these alternative ingredients

are often rich in anti-nutritional factors, negatively impacting bird health and productivity. This

Special Issue explores the potential of various alternative ingredients for poultry diets and identifies

approaches to overcoming barriers to their adoption. The digestibility of common feed ingredients,

such as corn and wheat, can also be enhanced, reducing the wastage of valuable nutrients. This

can be achieved by applying feed additives, such as enzymes, and improving the accuracy of feed

formulations. This Special Issue features 27 articles to provide insight into the inter-relations between

nutrition, metabolism, gut microflora, poultry performance, production, and product quality. The

impact of diet on several different parameters has been examined, including bird performance in

terms of bird growth, chick health, and meat and egg quality, as well as immunity, gut morphology

and gene expression, bone characteristics, blood and neuron health, and microbiota composition, thus

presenting a holistic and dynamic overview of current research in this field.

Natalie Morgan and Youssef A. Attia

Editors
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Article

Influence of Dietary Phytase Inclusion Rates on Yolk Inositol
Concentration, Hatchability, Chick Quality, and Early Growth
Performance
Carlos Alexandre Granghelli 1,* , Carrie Louise Walk 2, Gilson Alexandre Gomes 3 ,
Tiago Tedeschi dos Santos 3 , Paulo Henrique Pelissari 4, Brunna Garcia de Souza Leite 1, Fabricia Arruda Roque 1,
Mário Henrique Scapin Lopes 1 , Lúcio Francelino Araujo 1,4 and Cristiane Soares da Silva Araujo 1,4

1 Department of Animal Science, University of Sao Paulo, Pirassununga 13635-900, SP, Brazil
2 DSM Nutritional Products, Heanor DE75 7SG, UK
3 AB Vista, Marlborough SN8 4AN, UK
4 Department of Animal Nutrition and Production, University of Sao Paulo, Pirassununga 13635-900, SP, Brazil
* Correspondence: carlosgranghelli@usp.br; Tel.: +55-19-99709859

Simple Summary: Appropriate broiler nutrition is essential to guarantee good body development
and a uniform growth rate. However, broiler breeder nutrition is also key for progeny success
because the development of embryos and chicks depends directly on the nutrients in the yolk. The
physiological status of embryos is influenced by the nutritional status of the breeder hens, which is
reported to have a significant impact on progeny quality, development, and hatchability. Although
phytase levels in broiler production are already consensual, there are no studies reporting the effects
of phytase supplementation for broiler breeders on their progeny. The aim of this study was to
evaluate how different levels of phytase supplementation, including superdosing, influence the
performance and growth of progeny. In addition, the extra phosphoric effects of using high phytase
supplementation to overcome the anti-nutritional effects of phytate were studied.

Abstract: The aim of this study was to determine the influence of dietary phytase in breeder hens
on yolk nutrients, hatchability, chick quality, and growth rate of their progeny, and their subsequent
performance to 42 d post-hatch when fed diets with the same phytase concentrations. Breeder hens
(n = 216) were divided into 3 groups receiving nutrient-adequate diets with reduced calcium (Ca)
and phosphorus (P) (by 0.16% and 0.15%, respectively), supplemented with either 500, 1500, or
4500 FTU/kg phytase from 27 to 50 weeks of age. Eggs were collected at 38 weeks of age and incu-
bated. On the day of hatch, the chick quality and hatchability were determined, and 18 chicks/group
were euthanized for yolk sac collection and the determination of inositol and glycerol concentrations.
The remaining chicks were divided into three groups, receiving different diets with reduced Ca and
P (by 0.16% and 0.15%, respectively), supplemented with 0, 500, or 1500 FTU/kg phytase to 42 d
post-hatch. Increasing the phytase concentration in the breeder hen diet linearly (p < 0.05) increased
the number of early embryo deaths and decreased the number of late deaths and pips. The inositol
concentration in the yolk sac at day of hatch increased (quadratic; p < 0.05) as the phytase dose
increased in the breeder hen diet. The breeder hen diet (p < 0.05) influenced the body weight (BW),
feed intake (FI), and feed conversion ratio (FCR) up to 21 days of age. The supplementation of breeder
hen diets with 1500 FTU/kg phytase increased the concentration of sodium (Na), magnesium (Mg),
potassium (K), manganese (Mn), and zinc (Zn) in the yolk sac. The inclusion of phytase doses up to
4500 FTU/kg appeared to influence embryo mortality, chick feed intake, and BW gain to 21 days and
the FCR throughout the entire production phase.

Keywords: broiler breeder; glycerol; mineral; superdosing; yolk sac
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1. Introduction

Breeder hen nutrition has been reported to have an influence on progeny quality,
hatchability, and early growth rates [1–3]. Thus, the development of embryos and chicks
depends directly on the nutrients in the yolk, and their physiological status is influenced
by the nutritional status of the breeder hens [4]. In this context, an improvement in the
digestibility of feed ingredients could improve the capacity for the transfer of nutrients
from the hen’s diet to the egg. The use of exogenous enzymes in poultry feed has beneficial
effects by increasing the bioavailability of nutrients and digestibility as well as helping to
eliminate several anti-nutritional factors [5,6].

The poultry industry has used phytase supplementation for decades as a nutritional
strategy to make available additional nutrients, including phytate phosphorus, which has
secondary advantages of reducing environmental pollution [7–9] and decreasing the cost
of feed formulation. However, the extra phosphoric effects are progressively evident and
desired [10,11]. These extra phosphoric effects have been associated with increased nutrient
availability through the degradation of phytate to inositol [12].

Inositol plays an important role in many physiological processes, including lipid trans-
port and the function of coenzyme Q10. Coenzyme Q10 is an important antioxidant that
aids mitochondrial functions, and thus improves not only energy metabolism, but also the
nutrient transfer to the embryo through the egg yolk [13]. Studies have already shown that
the use of high doses of dietary phytase increases free inositol concentrations in the gizzard,
and improves weight gain and feed conversion in broilers [14]. In addition, previous
research has shown that myo-inositol administered orally improves the performance of
broiler chicks [15,16].

Furthermore, previous studies evaluating increasing doses of phytase in diets for
laying hens [17] and catfish [18] have reported a significant increase in the mineral con-
centration in the liver, plasma, and, ultimately, egg yolk. The authors of these studies
hypothesized that the mineral availability was increased due to an almost complete de-
struction of phytate. The improved performance associated with phytase supplementation
for both broilers and laying hens is clear [6,19–22]. However, further studies are necessary
to demonstrate how the supplementation of phytase in the diet of broiler breeders can
influence chick performance and quality. Therefore, the aim of this study was to deter-
mine the influence of different dietary phytase inclusion rates for breeders on yolk inositol
concentration, hatchability, chick quality, and early growth performance in progeny.

2. Materials and Methods

The study was conducted at the Poultry Science Laboratory of the School of Veterinary
Medicine and Animal Science at the University of Sao Paulo, Pirassununga, SP, Brazil.
The animal experiment was approved, and the experimental procedure followed the
Institutional Animal Care and Use Committee Guidelines of the University of Sao Paulo
(CEUA n. 9196040614).

2.1. Broiler Breeder Trial

The birds were housed in a shed with a negative ventilation system to allow the control
of temperature and humidity. The facility consisted of pens with a capacity for 4 birds each
(density of 2250 cm2 per bird), containing a trough feeder, nipple drinker, nesting box, and
wood shavings as bedding.

A total of 216 AP95 Aviagen broiler breeder hens were randomly distributed between
3 treatment groups consisting of 18 replicates of 4 birds each. The birds were reared in a
commercial environment up to 20 weeks of age, then transferred to the experimental facility.
The management, photostimulation, and feeding practices during the rearing, breeding,
and production phases followed the recommendations in the genetics manual [23]. From 20
to 26 weeks of age, all breeder hens received a common diet during the adaptation period
in the new environment. After this period, the hens were reallocated to ensure similar
average weights of birds in each pen. According to the lineage manual [23], the hens were

2
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expected to reach 5% production at 25 weeks and reach peak laying by 31 weeks. The
experimental diets were offered at the beginning of week 27 until the end of the experiment,
at 50 weeks of age. In addition, the hens were weighed at the beginning and at the end
of the study. Mash feed was served once a day and each replicate received the same feed
allocation, adjusted monthly in line with the egg production of each experimental unit,
following the genetic performance manual (Table 1) [23]. During the production phase, the
birds experienced 16 h of light/day.

Table 1. Feed intake of breeder hens from 27 to 50 weeks of laying.

Feed Intake/Pen (g)

Week
27–30

Week
31–34

Week
35–38

Week
39–42

Week
43–46

Week
47–50

Week
27–50

676.0 676.0 670.0 662.0 654.0 646.0 664.0

The experimental treatments consisted of a basal diet based on corn and soybean
meal supplemented with graded levels of phytase (500, 1500, and 4500 FTU/kg), with
corresponding reductions in calcium and available phosphorus (by 0.16% and 0.15%,
respectively). The diets were formulated to provide similar nutrient profiles that met the
recommendations proposed in the manual of nutritional specifications [24], regardless of
the enzyme treatment. The basal diet, containing the same macronutrient and micronutrient
formulations (Table 2), varied only in the concentration of phytase.

Table 2. Ingredients and calculated composition in an experimental diet for broiler breeders fed
superdoses of phytase.

Ingredients (%) Basal Diet

Corn 63.70
Soybean meal 22.92

Wheat middlings 3.12
Soybean oil 1.44

Dicalcium phosphate 1.06
Vitamin premix 1 0.10
Mineral premix 2 0.10

Salt 0.41
DL-Methionine (99%) 0.11
L-Lysine HCL (78.4%) 0.06

Limestone 6.98
Total 100.00

Calculated Composition
Metabolizable energy (kcal/kg) 2.82

Crude protein (%) 16.50
Calcium 3 (%) 3.04

Available phosphorus 3 (%) 0.30
Digestible lysine (%) 0.77

Digestible methionine + cysteine (%) 0.59
Digestible methionine (%) 0.58
Digestible threonine (%) 0.54

Digestible valine (%) 0.67
Linoleic acid (%) 2.20

1 Vitamin premix provided per kg of diet: vitamin A, 9000 UI; vitamin D3, 2600 UI; vitamin E, 14 UI; vitamin
K3, 1.6 UI; vitamin B1, 2.2 mg; vitamin B2, 6 mg; vitamin B6, 3 mg; vitamin B12, 10 mcg; nicotinic acid, 0.03 g;
pantothenic acid, 0.005 g; folic acid, 0.6 mg; biotin, 0.1 mg. 2 Mineral premix provided per kg of diet: Zn (ZnO),
0.126 g; Cu (CuSO4), 0.0126 g; I (Ca(IO3)2), 2.52 mg; Fe (FeSO4), 0.105 g; Mn (MnSO4), 0.126 g. 3 Matrix estimated
by phytase: 0.16% Ca and 0.15% available P. The mean value analyzed was 3.18% and 0.50% for Ca and total
P, respectively.
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The phytase used was an enhanced E. coli phytase (Quantum Blue), provided by
AB Vista Feed Ingredients (Marlborough, UK), with an expected activity of 5000 FTU/g.
The experimental diets were analyzed for phytase enzyme activity, calcium, and total
phosphorus. Phytase enzyme activity was analyzed via a colorimetric enzymatic method,
as previously described [25]. The calcium and total phosphorus determination followed
the official guidelines [26].

A total of 40 roosters, also AP95 Aviagen and the same age as the hens, were used
for artificial insemination and were kept in the same environment as the broiler breeders.
However, they received a common diet without phytase because the male effect was not
being considered in this study. At 37 weeks of age, semen was manually collected from the
roosters. A small amount of feather trimming was performed around the cloacal area to
facilitate visualization and avoid contact with excreta or debris. A week later, at 38 weeks
of age and when the hens were in the mid-production cycle, semen was collected from the
roosters by abdominal massage. The semen was pooled from 3 roosters, and the broiler
breeder hens were immediately inseminated with fresh semen using a dose of 0.5 mL per
hen. The eggs were collected from day 3 until day 10 after insemination and temporarily
placed in a holding room at 18 ◦C. Subsequently, the eggs were grouped by treatment and
incubated using standard procedures. Any soiled, cracked, and/or deformed eggs were
not incubated. Eggs that failed to hatch were broken to determine the fertility (the number
of fertile eggs divided by the number of incubated eggs multiplied by 100), and embryonic
mortality was then classified as early (1 to 7 d), intermediate (8 to 14 d), and late (15 to 21 d).
Additionally, the egg hatchability (the number of chicks hatched divided by the number of
fertile eggs multiplied by 100) was evaluated.

2.2. Progeny Trial

The chicks were housed in an experimental pen facility in a masonry shed with
open sides bound by screens and equipped with fans and foggers for temperature control.
The temperature and humidity of the experimental house were assessed throughout the
trial. On the day of hatching, 18 chicks/treatment were euthanized for yolk sac collection.
The yolk sacs were freeze-dried and analyzed for the inositol and glycerol content using
the methods described by [27] for the blood samples, adjusting the parameters and the
molecular weight of the two analyzed components. The concentration of the minerals
calcium (Ca), phosphorus (P), sodium (Na), magnesium (Mg), potassium (K), copper (Cu),
iron (Fe), manganese (Mn), and zinc (Zn) was determined by optical emission spectrometry
with inductively coupled plasma [26].

The remaining chicks were divided by sex and allotted into a 50:50 ratio. For each
treatment, the chicks were allocated with 100 × 120 cm surface floor pens equipped
with nipple drinkers and a tubular feeder, with rice husk as bedding. Feed and water
were provided ad libitum for the duration of the study. Heating was provided using an
infrared heating lamp when necessary. The light program was set as specified by the
recommendations of the genetics manual [28] as follows: 23 h light and 1 h darkness until
the chicks were 3 days old and then 18 h light and 6 h darkness until slaughtering age.

A total of 648 mixed chicks were equally divided into the experimental treatments to
create a 3 × 3 factorial (breeder hen diet × progeny diet) (Table 3). Each treatment was
replicated 6 times (12 birds each, including 6 of each sex). The animals were fed from
hatching to day 42. The progeny diets consisted of a corn and soybean meal-based diet
supplemented with graded levels of phytase containing 0, 500, or 1500 FTU/kg (Quantum
Blue, AB Vista, Marlborough, UK).

The diets were formulated to provide a similar nutrient profile that met the recom-
mendations proposed in the nutrition specifications manual [29] regardless of the enzyme
treatment. Ca and available P were reduced by 0.16% and 0.15%, respectively. The diets
were fed in a two-phase feeding program: starter (1 to 21 d) and grower/finisher (22 to 42 d)
(Table 4). In the groups where the effect of the maternal diet on the progeny was evaluated,
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the birds received a common basal progeny diet (without the inclusion of phytase) to verify
these effects.

Table 3. Progeny experiment design: completely randomized 3 × 3 factorial design.

Treatment Breeder Diets Progeny Diets

1 Basal diet + 500 FTU/kg Basal progeny diet (BP)
2 Basal diet + 500 FTU/kg BP + 500 FTU/kg
3 Basal diet + 500 FTU/kg BP + 1500 FTU/kg
4 Basal diet + 1500 FTU/kg BP
5 Basal diet + 1500 FTU/kg BP + 500 FTU/kg
6 Basal diet + 1500 FTU/kg BP + 1500 FTU/kg
7 Basal diet + 4500 FTU/kg BP
8 Basal diet + 4500 FTU/kg BP + 500 FTU/kg
9 Basal diet + 4500 FTU/kg BP + 1500 FTU/kg

Table 4. Progeny trial: composition of the basal progeny diets.

Ingredients (%) Initial Grower/Final

Corn 61.20 64.73
Soybean meal 34.53 29.53

Dicalcium phosphate 1.00 1.64
Soybean oil 1.20 2.19
Limestone 0.94 0.79

Salt 0.42 0.42
L-Lysine HCl (78.4%) 0.20 0.25
DL-Methionine (99%) 0.08 0.24

Vitamin premix 1 0.05 0.05
Mineral premix 2 0.10 0.10

Threonine 0.09 0.06
Total 100.00 100.00

Composition Calculated
Metabolizable energy (kcal/kg) 2983 3100

Crude protein (%) 21.27 19.41
Calcium 3 (%) 0.74 0.82

Available phosphorus 3 (%) 0.30 0.41
Digestible methionine + cysteine (%) 0.87 0.77

Digestible lysine (%) 1.21 1.07
Digestible methionine (%) 0.47 0.77
Digestible threonine (%) 0.79 0.70

1 Vitamin premix provided per kg of diet: vitamin A, 6000 UI; vitamin D3, 2000 UI; vitamin E, 10 UI; vitamin K3,
1.6 UI; vitamin B1, 1.4 mg; vitamin B2, 4 mg; vitamin B6, 2 mg; vitamin B12, 10 mcg; niacin, 0.03 g; pantothenic
acid, 0.011 g; folic acid, 0.6 mg. 2 Mineral premix provided per kg of diet: Zn (ZnO), 0.126 g; Cu (CuSO4), 0.0126 g;
I (Ca(IO3)2), 2.52 mg; Fe (FeSO4), 0.105 g; Mn (MnSO4), 0.126 g. 3 Matrix estimated by phytase: 0.16% Ca and
0.15% available P. The mean value analyzed was 0.77% Ca and 0.53% total P (initial diet), and 0.78% Ca and 0.63%
total P (grower/final diet).

Birds and feed were weighed at 1, 7, 21 and 42 d of age to determine BW, FI and FCR
(calculated from FI divided by BW gain) on a pen basis.. The incidence of mortality was
recorded daily.

2.3. Statistical Analysis

The data were analyzed using the fit model platform in JMP Pro v. 14.0 [30]. Each
replicate was considered to be an experimental unit in both the parent and progeny ex-
periments. The experimental model included the breeder hen diet for the chick quality,
with a statistical analysis performed on the data for fertility (%); hatchability (%); early,
mid, and late deaths (%); pips (%); and inositol and glycerol concentrations in the yolk
content (µmol/g). The hatchability data were transformed using Box–Cox transformations
and the untransformed means were presented. The experimental model also included the
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breeder hen diet, progeny diet, and interactions for the progeny performance parameters,
including the body weight (g/bird), feed intake (g/bird), and feed conversion rate (g/g).
All model factors were considered to be nominal variables. When the model effects were
significant at p < 0.05, the means were separated using linear and quadratic orthogonal
contrast statements.

3. Results

There was no effect of diet (p > 0.10) on hen weight at week 27 or 50. The weight on
day 0 (189 days old; 27 weeks) was 2.6 kg and 4.1 kg at week 50. Phytase activity in the
breeder diets was 336, 1160, and 4610 FTU/kg for 500, 1500, or 4500 FTU/kg, respectively.
The average phytase activities in the progeny diets were < 50, 360, and 1510 FTU/kg (initial)
and < 50, 670, and 1310 FTU/kg (grower/finisher) for 0, 500, and 1500 FTU/kg, respectively.
Hen mortality was 0%, and egg production and total eggs/hen/week were as expected
according to the breed guidelines from 27 to 50 weeks [23].

There was no significant effect of the breeder diet on the percentage of fertile eggs or
hatchability (Table 5). The percentage of early embryo death linearly (p < 0.05) increased as
the phytase dose increased in the breeder diet whereas the percentage of late deaths and
pips linearly (p < 0.05) decreased (Table 5).

Table 5. Influence of phytase supplementation in 38-week-old breeder diets on progeny quality and
yolk sac nutrient concentration on day of hatching.

Breeder Diet (FTU/kg) Contrasts 1

Variable 500 1500 4500 SEM 3 p L Q

Fertility (%) 97.0 95.9 96.5 1.3 0.92 - -
Hatchability (%) 81.5 88.0 84.6 3.1 0.40 - -
Early death 2 (%) 3.44 6.01 10.8 1.7 0.02 4 0.006 4 0.61

Intermediate death 2 (%) 0.00 1.12 0.64 0.5 0.23 - -
Late death 2 (%) 6.37 1.62 1.46 1.4 0.03 4 0.02 4 0.19

Pip (%) 7.46 2.32 1.91 1.9 0.08 0.04 4 0.31
Inositol (µmol/g) 1.36 1.22 1.52 0.07 0.02 4 0.13 0.02 4

Glycerol (µmol/g) 1.58 1.48 1.50 8.17 0.66 - -
1 L: linear contrast statement; Q: quadratic contrast statement. 2 Early death: incubation days 1–7; intermediate
death: incubation days 8–14; late death: incubation days 15–21. 3 Standard error of the mean. 4 Results with
significant (p < 0.05) values.

The inositol content in the yolk sac was greater in the progeny from hens fed 4500 FTU/kg
and the progeny from hens fed 500 FTU/kg, resulting in a quadratic (p < 0.05) influence of
breeder diet on yolk sac inositol concentration (Table 5). There was no effect of breeder diet
on the glycerol content of the yolk sac on the day of hatching.

The breeder hen diet influenced the progeny performance to a greater extent than the
chick diet post-hatching. For example, the initial BW and the BW at day 7 post-hatching
linearly increased (p < 0.05) as the phytase dose increased from 500 to 4500 FTU/kg in the
breeder hen diet (Table 6). No significant effect of the breeder diet on the BW of broiler
chicks at day 21 or 42 post-hatching was observed (Table 6). Conversely, the progeny
diet supplementation with phytase had no significant effect on the BW throughout the
production phase. The breeder diet affected the feed intake from 7 to 21 days post-hatch
(p < 0.05), with a linear increase as the phytase dose increased from 500 to 4500 FTU/kg
(Table 6).

There was no significant effect on the FI during the phytase supplementation of the
progeny diet from 1 to 42 days of age. The breeder diet continued to influence the FCR
up to 21 days post-hatching (Table 6). There was a quadratic effect at 7 and 21 days of age
(p < 0.02 and p < 0.01, respectively), and the FCR increased with the use of 4500 FTU/kg
(Table 6). In addition, there was a significant quadratic effect of phytase supplementation
on the progeny diet at 21 d, with an increase in the FCR when at a dose of 500 FTU/kg.
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Table 6. Influence of phytase dose in diets of 38-week-old breeder hens and the subsequent effect of
phytase dose in the diets of the progeny from hatching to day 42.

Phytase (FTU/kg) BW
(g/bird)

FI
(g/bird)

FCR
(g/g)

1 d 7 d 21 d 42 d 7 d 21 d 42 d 7 d 21 d 42 d

Breeder Diet
500 47.7 168 901 2858 126 1138 4713 1.05 1.33 1.70

1500 47.9 173 926 2872 131 1154 4753 1.04 1.31 1.68
4500 48.6 181 929 2862 146 1200 4830 1.08 1.37 1.71

SEM 1 0.29 2.07 12.3 39.3 1.96 16.9 48.3 0.01 0.01 0.01
Progeny Diet

0 47.9 175 908 2848 133 1140 4693 1.04 1.32 1.68
500 48.3 172 910 2893 134 1169 4781 1.07 1.37 1.70

1500 48.0 175 938 2852 135 1182 4821 1.06 1.33 1.72
SEM 1 0.29 2.08 12.2 39.3 1.96 16.9 48.4 0.01 0.01 0.01

Probability
Breeder diet 0.08 <0.01 2 0.22 0.97 <0.01 2 0.03 2 0.24 0.02 2 <0.01 2 0.09

Linear 0.03 2 <0.01 2 - - <0.01 2 0.01 2 - 0.02 2 0.06 0.21
Quadratic 0.53 0.70 - - 0.03 2 0.47 - 0.06 <0.01 2 0.07

Progeny diet 0.70 0.39 0.17 0.66 0.70 0.22 0.18 0.31 0.03 2 0.07
Linear - - - - - - - - 0.66 0.02 2

Quadratic - - - - - - - - 0.012 0.79
Interaction 0.39 0.60 0.68 0.62 0.84 0.91 0.51 0.39 0.80 0.85

1 Standard error of the mean. 2 Results with significant (p < 0.05) values.

There was no interaction between the breeder diet and the progeny diet and the BW,
FI, or FCR.

The supplementation of phytase in the breeder diet influenced the concentration of
macrominerals in the yolk sac. There was a quadratic effect on the concentrations of Mg
and K (p < 0.01) with an increase in the concentration of these minerals up to the dose
of 1500 FTU/kg phytase (Table 7). There was a linear increase in the Na concentration
(p < 0.05) with increasing doses of phytase in the maternal diet (Table 7). There was no
significant effect on the Ca and P mineral concentrations (Table 7). Phytase supplementation
in the maternal diet also influenced the concentrations of microminerals in the yolk sac.
There was a significant and quadratic effect on the Mn concentration (p < 0.05), increasing
up to the dose of 1500 FTU/kg.

Table 7. Mineral concentration of yolks sac collected from one day-old chicks of broiler breeders fed
superdoses of phytase from 27 to 50 weeks of age.

Phytase (FTU/kg) Ca
(%)

Na
(%)

Mg
(%)

K
(%)

P
(%)

Cu
(ppm)

Fe
(ppm)

Mn
(ppm)

Zn
(ppm)

500 0.975 0.116 0.036 0.101 0.534 7.39 51.7 3.28 38.4
1500 1.040 0.129 0.046 0.139 0.539 11.70 46.9 4.45 44.5
4500 1.105 0.136 0.036 0.118 0.507 18.83 46.4 2.98 48.9

SEM 1 0.078 0.006 0.002 0.006 0.015 5.24 3.1 0.37 3.2
Probability

Breeder diet 0.49 0.05 <0.01 <0.01 0.28 0.29 0.40 0.02 0.06
Linear - 0.01 0.83 0.05 - - - 0.58 0.02

Quadratic - 0.66 <0.01 <0.01 - - - <0.01 0.82
1 Standard error of the mean.

4. Discussion

There are numerous causes of embryo mortality, such as insufficient time of egg storage,
incorrect incubation temperatures, inadequate humidity or ventilation, mechanical impact
during transport, contamination, or nutritional deficiencies. Early embryonic mortality on
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average was 6.75%; this was slightly lower than that observed by [31], but greater than the
guidelines at 3.5% [23]. In our study, there was a significant reduction in late embryonic
mortality as well as pips in the egg shell with an increasing phytase supplementation in
breeder diets. This may have been due to the increase in inositol, which can be used by
the chick as a nutrient to complete the hatching process. The increased early embryonic
mortality in the diets with increased doses of phytase in the breeder diet was not expected.
Nonetheless, the increase in early deaths combined with the decrease in late deaths could
indicate an increase in carbohydrate metabolism during the embryonic growth cycle of
the chick, which could result in toxic byproducts such as CO2 or lactic acid very early in
the embryonic stage before the establishment of adequate respiratory surfaces, as stated
by [31].

The progeny performance was influenced by the breeder hen diet to a greater extent
than the diet the chicks were fed post-hatching for the BW, FI, and FCR, with the post-
hatching diet only significant for the FCR during the final 21 days of rearing (Table 6).
Differing from the results found in the present study, a study evaluating two levels of
phytic phosphorus (0.22% and 0.44%) and three concentrations of phytase (0, 500, and
1000 FTU/kg of feed) in broiler diets showed that phytase improved the weight gain of
broilers [32], although there was no difference between the two levels of phytic phosphorus
studied. In agreement with the results in the current experiment, a study using two diets
supplemented with phytase (750 FTU/kg and 1500 FTU/kg of feed) showed no effect on
the body weight gain of broilers [33].

The increase in the FI as the phytase dosages in the breeder diet increased may
have been due to the intrinsic relationship between the initial BW and FI. Birds with a
greater body development will have a better development of internal organs, especially
the intestine. The growth rate is known to be partially mediated by the development of
different organs [34]—namely, the duodenum—the weight of which increases as the BW
gain increases [35]. The effects of the hen diet did not persist beyond 21 days of age. This
difference may have been more noticeable in the initial feeding phase because broilers have
a greater food voracity in the finishing stage. Corroborating the results of our study, no
differences in the FI were observed when broilers diets were supplemented with phytase at
750 FTU/kg or 1500 FTU/kg [33].

The performance results obtained in this experiment contradicted the hypothesis that
the performance of birds may continue to improve with increasing the phytase supple-
mentation of diets above the standards recommended by the industry. The absence of
effects on the BW and FI and the increase in the FCR at 42 d after the supplementation
with higher doses of phytase in the broiler diet may have been due to an insufficient
reduction in the levels of calcium and, more particularly, available phosphorus in the diet.
The performance of chickens and the supplementation of phytase in the diet depends on
the levels of non-phytic phosphorus [36]. According to these authors, a supplementation
of 600 FTU/kg in broiler diets resulted in an increase in weight gain, FI, and tibia ash
percentage and a reduction in mortality. The authors showed that phytase was able to
reduce the requirements for non-phytic phosphorus by 8.5% for weight gain, 3.5% for FI,
and 6.5% for the tibia ash percentage. The phytase effect was more evident in diets with low,
rather than with high, concentrations of non-phytic phosphorus. However, another study
showed that broilers consuming diets containing 12,500 FTU/kg of feed had a 6% greater
weight gain and a 9.4% lower FCR when compared with broilers that consumed a positive
control diet [37]. Therefore, improvements in broiler performance have been observed with
higher phytase doses than those added to the progeny diet in the current study.

In contrast, improvements in the BW (hatch day and 7 d), FI (7 and 21 d), and FCR
(7 and 21 d) were observed in the progeny with a maternal supplementation of phytase,
suggesting that it might be better to focus phytase supplementation on the breeder hen
rather than broiler chickens, or that there may be benefits to re-evaluating the ratio between
the supplementation of both diets. Therefore, further studies are needed to better under-
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stand the relationship between phytase supplementation for breeders and the effects on
the progeny.

The improvements in the availability of Na, Mg, and K could be explained by the
greater absorption of minerals due to the reduction in the concentration of phytates in the
diets, as observed by others in other species [17,18,38]. In the present study, this was more
evident in the diets containing 1500 and 4500 FTU/kg phytase. Ca and P concentrations
varied in a manner different from the other macrominerals. This could be explained by the
increasing demand for Ca and P in embryonic development during the early growth of
the chick.

The result observed for Zn may have been the effect of the reduction in phytate in
the diet due to the destruction of the molecule by greater phytase concentrations; hence,
the availability of microminerals increased, as was also observed to a lesser extent in the
Mn concentrations. The supplementation of diets with higher levels of phytase in the
breeder diet did not influence the concentrations of the minerals Cu and Fe. Differences
in the concentrations of the minerals Na, K, Mn, and Zn in the yolk sac indicated that
phytate not only interfered with the absorption of Ca and P, but also had a much broader
effect on the nutrition of broiler breeders. The authors, therefore, suggest that a higher
mineral concentration in the yolk sac may have a direct effect on hatchability and initial
chick development.

There have been few studies investigating the effects of breeder hen dietary phytase
on progeny, and there remains a degree of uncertainty as to the dose that will best support
broiler development. Arguelles-Ramos et al. [39] aimed to analyze the effects of phytase
inclusion on broiler breeders, although this study did not focus on superdosing or progeny
performance and development. Berry et al. [40] studied the supplementation of 300 FTU/kg
phytase for breeder hens, analyzing the effect of phytase on the bone mineral content and
density as well as the breeder performance, but without considering the progeny. Therefore,
this is the first known report analyzing superdoses of phytase in broiler breeder hens, and
following the effect on the hatchability, performance, and growth of progeny.

5. Conclusions

In summary, breeder hen nutrition influences progeny hatchability and early growth
rates. Increasing phytase doses up to 4500 FTU/kg significantly increases the inositol
concentration of the yolk sac, which may be used by the embryo as an energy source during
hatching. This may decrease the number of late deaths during incubation and pips as
well as increasing the chick body weight on the day of hatching. However, an increase
in early embryo deaths was seen as the phytase doses increased. The supplementation of
superdoses of phytase for breeder diets also resulted in an improvement in the BW, FI, and
FCR up to 21 days post-hatching in chicks in addition to increasing the availability of Na,
K, Mn, and Zn in the yolk sac on the day of hatching.
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Simple Summary: Gum Arabic (GA) is considered a natural prebiotic because it contains soluble
and indigestible fibers that can stimulate the growth and activity of commensal bacteria through
fermentation. Administration of GA in broiler diets may promote early growth as well as the
development and health of the intestine and immune functions. However, studies on the mechanism
of GA on broiler chickens to improve growth performance and intestinal health are scarce. This
study aimed to evaluate the growth performance, internal organs, immune-related gene expression,
microbiota, and histological changes of broiler chickens fed with increasing levels of GA. We suggest
that GA (0.25 to 0.75%) positively affects the performance, microbiota, immune response, morphology,
and gut health of post-hatched chickens.

Abstract: Gum Arabic (GA) belongs to the Fabaceae family and contains indigestible soluble fibers
(80–85%) that could be fermented by commensal bacteria to enhance performance, immune response,
and intestinal integrity. This study aimed to investigate the effects of GA on performance, serum
biochemical indicators, microbiota, immune-related gene expression, and histological changes in
chickens. Six GA levels (0.0, 0.12, 0.25, 0.5, 0.75, 1.0%) were allocated using a total of 432 1-day-old
male chickens (12 replicates with 6 chickens each). Growth performance was evaluated on days 10
and 24 of age. Blood parameters, organ pH levels, and intestinal health were determined on day
10 of age. Results showed that GA at 0.12% increased weight gain and 0.12 to 1.0% decreased feed
intake but was best in feed conversion ratio and production efficiency except for 1.0% on day 1–10 of
age. There was an increase in the thymus weight at GA level 0.25 to 0.75%. GA decreased the pH
value of the proventriculus (at 0.50 and 1.0%) as well as the duodenum and cecum (at 0.12 and 1.0%).
Chickens fed GA between 0.25 to 1.0% had higher protein and HDL, but lower cholesterol, LDL, and
creatinine. Globulin was increased at 0.50% GA, while glucose and triglycerides were decreased (at
0.25 and 0.75% GA, respectively). The immune-related gene expression was reduced, except for 0.25%
GA, which increased IL-10. Furthermore, chickens fed GA (0.25 to 0.75%) had higher Lactobacillus
spp. and lower Salmonella spp. and Escherichia coli. When chickens received GA, the villus length
and length to crypt ratio were higher, which also improved the integrity of intestinal epithelial cells
and early duodenal development. We conclude that using GA (0.25 to 0.75%) as a natural prebiotic
positively affects the performance, microbiota, immune response, morphology, and gut health of
post-hatched chickens. More studies are needed to determine the potential mechanism of GA on
broiler chickens.

Keywords: broiler chickens; Acacia Senegal; performance, gene expression; microbiota; morphology
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1. Introduction

The inclusion of antibiotic growth promoters (AGP) in poultry feed has long been
practiced worldwide due to their capacity to enhance intestinal health, prevent pathogenic
bacteria and promote growth [1]. However, the use of AGP has declined substantially due
to bacterial resistance, an imbalance in microflora, and increased consumer demand for
poultry products free of antibiotics [2]. Schokker et al. [3] reported that AGP application
in the first days post-hatching affects microbial colonization negatively in broilers. In
response, the European Union banned the use of AGP in poultry feed [4]. All of these
concerns prompted researchers to look for the safest and most natural diet supplements,
such as prebiotics, medicinal plants, and herbal products [5,6]. On the other hand, dietary
supplements could be a useful strategy for promoting early growth and gastrointestinal
development in broiler chickens [7].

Gum Arabic or GA (Acacia Senegal) is a natural supplement obtained from the exudate
of tubers or tears of Acacia species [8]. The U.S. Food and Drug Administration has
recognized GA as one of the safest dietary fibers for humans [9]. GA is considered to be
a natural prebiotic as a result of containing indigestible fibers such as polysaccharides,
neutral sugars (rhamnose, arabinose, and galactose), and glucuronic acid that selectively
stimulate the growth and activity of beneficial bacteria by fermentation of the caecum
besides containing organic matter, amino acids, and minerals [10]. Previous research
has shown that GA at levels up to 6% as a broiler feed ingredient effectively acts as a
prebiotic in improving growth performance and gut health [11]. Dietary supplementation
with GA (0.1 to 2%) improved biochemical serum indicators in rabbits [12] and rats [13].
Sharma et al. [14] reported that GA at 0.25 to 2% has antimicrobial activity. However,
increasing beneficial bacteria and eliminating pathogens by GA leads to a healthy gut,
which may appear in the growth performance of broiler chickens [15]. A study by Teng
and Kim [16] indicated that GA as a natural prebiotic lead to improved gut health by
promoting lactobacilli in young chickens. Moreover, using GA in the chicken diet after
hatching (1 to 10 days old) successfully enhances the gastrointestinal tract’s early growth
and development. [17].

To our knowledge, published reports on the efficacy of GA supplements in broiler
chickens are scarce, and their effects on the microbiota, development, and health of the
chicken intestine have not been elucidated. The present study hypothesized that dietary
supplementation with GA as a natural prebiotic could have beneficial effects on gut health
by activating beneficial bacteria and promoting early gastrointestinal tract development,
which could be reflected in improved growth performance of broiler chickens. Therefore,
this study aimed to investigate the effects of GA on growth performance, weight of in-
ternal organs, pH levels of gut segments, immune-related gene expression by real-time
quantitative PCR, counting microbiota colonies of cecal, and duodenal morphology of
broiler chickens.

2. Materials and Methods

The King Saud University’s Scientific Research Ethics Committee (SREC) gave its
approval to the current study and the use of all chickens (Ethics reference number: KSU-
SE-20-39).

2.1. Chemical Composition Analysis

Gum Arabic or GA (Acacia Senegal) was purchased as natural product from local
company (Abnaa Sayed Elobied Agro Export, Khartoum State, Sudan). It was ground
into a fine powder at the College of Food and Agriculture Sciences, King Saud University,
Saudi Arabia. Nutrient composition analysis of GA powder and feed samples (starter and
grower) was carried out according to the methods of AOAC International [18]. Amino acid
content was analyzed using high-performance liquid chromatography (HPLC) according
to the method described previously [19]. All minerals were determined by an atomic
absorption spectrometer system (PerkinElmer, instruments, AAnalyst, Shelton, USA).
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Sugar derivatives of GA were analyzed by the procedures described by Gashua et al. [20]
and Elsayed et al. [21] using gas chromatography-mass spectrometry (GC-MS; Agilent
Technologies, Palo Alto, CA, USA). Bioactive compounds were expressed as a percentage
of extracted GA.

2.2. Housing Chickens and Experimental Design

A total of 432 one-day-old male broiler chickens (Ross 308) purchased from a hatchery
near Riyadh City were used in this study. The chickens were randomly divided into
6 GA groups (basal diet was supplemented with 0.0, 0.12, 0.25, 0.5, 0.75, 1.0% GA) with
12 replicates (6 chickens per replicate). The basal diet was formulated in the mash form
at two stages: starter (1–10 days) and grower (11–24 days), according to the nutrient
requirements of the Ross 308 Management Guide recommendations (Aviagen, 2019, New
York, NY, USA). The feed ingredients and nutrient composition of the basal diets are listed
in Table 1. Feed and water were provided ad libitum to the chickens until the end of the
study period. All chickens were reared in environmentally controlled battery cages where
the temperature and humidity were 35 ◦C and 65% on the first day and then gradually
decreased (2 ◦C per 3 days) until they reached 24 ◦C and 50% after 24 days, according to
standard management practices. The lighting program was continuous for 24 h during
the first week after which 23 h of light and 1 h of darkness were maintained throughout
the study. All chickens were vaccinated against NDV, IBV, and IBDV (Fort Dodge Animal
Health-USA).

Table 1. Feed ingredients and nutrient content of the basal diets (%).

Ingredients
Basal Diet

Starter (1–10 Day) Grower (11–24 Day)

Corn 52.66 57.38
Soybean meal 48% 39.10 33.98

Corn oil 3.72 4.41
Dicalcium phosphate 1.82 1.63

Limestone 1.00 0.92
Salt 0.42 0.32

DL-Methionine 0.35 0.32
L-Lysin HCL 0.20 0.19
L-Threonine 0.13 0.11

Premix Blank a 0.50 0.50
Choline CL 60% 0.09 0.09

Sodium bicarbonate 0.01 0.15
Total 100 100

Calculated nutrient, %
Metabolizable energy, kcal/kg 3000 3100

Crude protein 23.29 21.15
Crude fiber 2.83 2.72

Calcium 0.96 0.87
Non-phytate P 0.48 0.44

Digestible lysine 1.28 1.15
Digestible methionine and cysteine 0.95 0.87

Digestible threonine 0.86 0.77
Digestible arginine 1.43 1.28

a Containing by kg of diets: Vit. A = 2,400,000 IU; Vit. D = 1,000,000 IU; Vit. E = 16,000 IU; Vit. K = 800 mg;
Vit. B1 = 600 mg; Vit. B2 = 1600 mg; Vit. B6 = 1000 mg; Vit. B12 = 6 mg; Biotin = 40 mg; Folic Acid = 400 mg;
Niacin; 8000 mg; Pantothenic Acid = 3000 mg; Cobalt = 80 mg; Copper = 2000 mg; Iodine = 400 mg; Iron = 1200 mg;
Manganese = 18,000 mg; Selenium = 60 mg; Zinc = 14,000 mg.

2.3. Performance Measurements

At one day of age, chickens were weighed individually to obtain an equal initial body
weight per replicate in each level (group). Chickens and feed were weighed at the end of
the nutritional stages after 10 days (starters) and after 24 days (growers) to calculate body
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weight gain, total feed intake, and feed conversion ratio [22]. In addition, the European
index for production efficiency was evaluated as (the sum of live weight (%) multiplied by
the live weight (kg), then divided by age in days multiplied by feed conversion ratio (g/g))
× 100 according to Goiri et al. [23].

2.4. Relative Weight of Some Internal Organs

At 10 days of age, the internal organs, such as proventriculus, gizzard, thymus, bursa,
spleen, liver, heart, pancreas, kidney, and small intestine, were removed from 12 chickens of
each treatment group selected for slaughter and weighted separately. The relative weights
of the different organs were calculated as a percentage based on live weight [24].

2.5. Determine the pH Values of Various Gastrointestinal Tract Segments

The pH values of the segments of the gastrointestinal tract (proventriculus, gizzard,
duodenum, jejunum, ileum, and cecum) were determined directly in the lumen without
touching the walls during the slaughter period of the chicken in duplicate using a method
previously described by Zanu et al. [25]. The pH was measured using a microprocessor-
controlled digital pH meter (model pH 211; Hanna Instruments, Woonsocket, RI, USA).

2.6. Serum Biochemical Analysis

Blood samples from 12 chickens per treatment group were collected in tubes without
EDTA at 10 days of age. Serum was separated by centrifugation at 3000× g for 15 min
for biochemical analysis. Total protein, albumin, glucose, total cholesterol, high-density
lipoprotein (HDL), triglycerides, and creatinine were determined spectrophotometrically
(Randox, London, U.K.) using reagent kits (Randox, London, UK) according to the man-
ufacturer’s instructions. Serum globulin concentration was determined by subtracting
albumin concentration from total protein [26]. To determine low-density lipoprotein (LDL),
the following formula was used: LDL = triglycerides – HDL − (triglycerides/5), according
to Panda et al. [27].

2.7. Immune Response

Total mRNA was extracted from 10 samples (proximal upper jejunum) per treatment
group according to the protocol of the ZymoQuick mRNA kit (Quick-RNA Miniprep,
CA, USA). The quantity and quality of mRNA extracted were measured by a Nanodrop
spectrophotometer (Thermo Scientific, 2000 Nanodrop, Waltham, MA, USA). Synthesis of
complementary DNA (cDNA) was performed using the cDNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific, Foster, CA, USA). Gene expression of cDNA
was determined using a Real-time quantitative PCR system (7300 Real-Time PCR system,
Applied Biosystems) with primer sequence of target genes: IL-4 (F: GCCACCATGAGAAG-
GACACT and R: ACTCTGGTTGGCTTCCTTCA), IL-6 (F: CTGCTCCTCGTGATGGCTAC
and R: CCGAGGATGTACTTAATGTGCTG) and IL-10 (F: GACGTAATGCCGAAGGCAGA
and R: TGCTCTTGTTTTCACAGGGC) according to the Basic Local Alignment Search Tool.
Each reaction was performed in duplicate for each target gene with added SYBR Green
PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, Foster, CA, USA) and
calculated for fold change in gene expression using the 2−∆∆Ct method [28].

2.8. Cecal Microbiota

Cecal digesta samples were collected from 10 chickens per treatment group in a sterile
1.5-mL Eppendorf tube and stored (−20 ◦C) until analysis to count microbiota colonies
according to the method of Azzam et al. [6]. Approximately one gram of the cecal content
was serially diluted in 9 mL of buffered peptone water (1:10) until the desired dilution was
achieved. The colonies were clear and easy to count (50 to 300 colonies). From each dilution,
0.1 mL was cultured on selective media for the bacterial species studied. Selective agar
media were used for the enumeration of bacterial target groups such as Lactobacillus spp. on
de Man, Rogosa, and Sharpe agar (MRS, Himedia, Mumbai, India), Clostridium perfringens
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on Brain Heart Infusion (BHI, Oxoid, Milan, Italy) agar, and anaerobic bacteria by plate
counting agar (incubated at 37 ◦C with 5% CO2 for 24 h), while total aerobic bacteria by
plate counting agar (Himedia, Mumbai, India), Salmonella spp. and Escherichia coli by eosin
methylene blue agar (EMB, Hardy Diagnostics, Santa Maria, CA, USA) to distinguish the
two microbes (incubated at 37 ◦C for 24 h) according to the method of Qaid et al. [29].
Colonies were counted using a colony counter, and results were expressed as log10 colony
forming units per gram.

2.9. Duodenum Histomorphometry and Histopathological

Histomorphometric of the duodenum were prepared according to the method de-
scribed by Daneshmand et al. [30]. A sample approximately 2 cm long was taken from the
medial part of the duodenum (sample/chicken) to obtain 12 samples for each treatment
group. After cutting, the samples were rinsed with sterile normal saline (0.9% NaCl) with-
out stressing the tissue wall and placed in neutral buffered formalin (10%) for 72 h to fix the
samples. All samples were washed with distilled water to remove excess fixative and then
dehydrated in ascending gradations of ethyl alcohol (70–95%) for 60 min each and finally
in two changes of absolute ethyl alcohol (100%) for 60 min each and then in two changes of
xylene I and II for 60 min each. The fabrics were then impregnated with melted paraffin
wax at 60 ◦C for 60 min each and embedded in paraffin wax. All previous processing
steps were performed automatically using a sample processor (Tissue-Tek VIP 5 Jr, Sakura,
Japan). Samples of 5 µm were cut with the Rotary Microtome (Leica Biosystems, RM 2255,
Wetzlar, Germany), mounted on slides, and stained with hematoxylin and eosin (Leica,
CV5030, Wetzlar, Germany).

Morphometric analysis of villi length and depth of crypts was measured [31] using
at least five villi from the sample at 100× using a light microscope (Nikon, Corp., Tokyo,
Japan) in conjunction with camera software for image analysis (AmScope digital camera-
attached Ceti England microscope, Irvine, CA, USA). The percentage of villus length/crypt
depth is calculated [6]. In addition, the histopathological examination in the duodenal of
broiler chickens was evaluated using a light microscope according to the method described
by Diler et al. [22].

2.10. Statistical Analysis

For statistical analysis, the cage mean (6 chickens/cage) was used as the experimental
unit for the parameters of growth performance, whereas one chicken per cage was used
as the experimental unit for internal organs, pH, serum biochemical profile, cecal micro-
biota, and histometrics, based on a completely randomized block design. All data were
statistically analyzed using one-way ANOVA in SAS software 2008 (Cary, NC, USA) [32].
The Dunnett test (p < 0.05) was used to compare GA levels with the basal diet (0.0% GA;
control group). It was also examined whether the responses to increasing amounts of GA
were linear or quadratic by applying regression analysis. All values were expressed as
mean ± standard error of the means (SEM). Pearson A correlation between cecal pH and
the microbiota was calculated [33].

3. Results

The nutrient content analysis of the basal diet and GA powder (Acacia Senegal) are
shown in Table 2. GA was rich in gross energy, organic matter, starch, and ash while less in
fat. Vital amino acids such as threonine and valine were the most abundant residues. Miner-
als such as calcium, phosphorus, potassium, magnesium, and iron were the most abundant
in GA. In addition, GA extract consists of complex polysaccharides, oligosaccharides,
glycoproteins, arabinogalactans, and monosaccharides (Table 3).
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Table 2. Chemical composition analysis of basal diet and gum Arabic (GA) on a dry matter basis 1.

Nutrient Analysis, %
Basal Diet

GA
Starter Grower

Gross energy Kcal/kg 3740 3850 4157
Dry matter 92.49 93.23 90.68

Organic matter 86.36 87.27 85.50
Crude Protein 22.21 20.78 2.30

Starch 37.21 37.79 9.32
Crude Fat 7.17 8.70 0.10

Ash 6.13 5.96 5.18
Insoluble fiber - - 2.93
Soluble fiber - - 80.22

Calcium 1.06 1.15 1.10
Total phosphate 0.79 0.77 0.60

Magnesium 0.21 0.2 0.46
Potassium 1.27 1.21 0.98

Sodium 0.2 0.23 0.02
Iron, ppm 182 205 750

Copper, ppm 21 18 10
Zinc, ppm 97 109 2

Lysine 1.34 1.20 0.06
Methionine 0.68 0.63 -
Threonine 0.92 0.83 0.14

Valine 1.13 1.03 0.13
1 The chemical composition analysis was performed in duplicate.

Table 3. Analyses of sugar derivatives compounds in gum Arabic (GA) by GC-MS as a percentage
of extracted.

RT
(min) Compound Name % by Area Mol Weight

20.08 Methyl. alpha. -Arabinofuranoside, 3TMS derivative 10.0 380.1
20.63 D-(-)-Ribofuranose, tetrakis(trimethylsilyl) ether (isomer 2) 12.8 394.2
20.99 D-Ribose, 4TMS derivative 6.4 438.2
21.78 Arabinofuranose, 1,2,3,5-tetrakis-O-(trimethylsilyl)- 9.8 438.2
23.08 Propanoic acid, 2-[4-(1-buten-3-yl) phenyl]-, methyl ester 8.6 218.1
24.49 D-(+)-Talofuranose, pentakis(trimethylsilyl) ether (isomer 2) 6.8 540.2
24.64 D-Arabinopyranose, 4TMS derivative (isomer 2) 38.2 438.2
25.91 Lactose, 8TMS derivative 7.2 918.4

The effects of GA on the general growth performance of male broiler chickens from 1
to 24 days of age are shown in Table 4. According to Dunnett’s test, the results show that
adding GA at 0.12% of the basal diet had the highest weight gain during the starter phase
(p = 0.004) compared with the basal diet (0.0% of GA). The feed intake and feed conversion
ratio were reduced by 0.12, 0.25, 0.75, and 1.0% of GA (p = 0.001) except for 1.0% GA which
did not affect feed conversion ratio compared with the basal diet. Additionally, there was
an observed quadratic response (p = 0.007) of GA on weight gain and linear response on
feed intake, feed conversion ratio, and production efficiency index upon increasing GA
levels (p = 0.004, p = 0.001, p = 0.007, respectively). For the grower phase (11 to 24 days of
age), the 0.12 and 0.25% GA groups consumed less feed, gained more weight and had a
reduced feed conversion ratio compared with the control group. Feed intake and weight
gain of the chickens responded in a quadratic fashion to increasing GA levels. In contrast,
the feed conversion ratio responded linearly with increasing GA levels (p = 0.001). The
production efficiency index was increased for the groups that received 0.12 up to 0.50%
of GA compared to the control group during the starter and grower phases. During the
overall period (1 to 24 days of age), both 0.12 and 0.25% of GA resulted in lower feed intake
and feed conversion ratio and higher production efficiency index (for 0.12% inclusion only)
compared with chickens fed a basal diet (p < 0.05). On the contrary, weight gain was
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not influenced nor showed any linear or quadratic response to GA levels at 1 to 24 days
(p > 0.05).

Table 4. Effect of gum Arabic (GA) on general growth performance of male broiler chickens from 1 to
24 days of age.

Parameters
GA Levels, %

SEM 1
p-Value 2

0.00 0.12 0.25 0.50 0.75 1.00 GA L Q

Body weight gain, g

1–10 d 215 b 231 a 222 b 227 b 220 b 212 b 3.80 0.004 0.122 0.007
11–24 d 889 b 951 a 946 a 945 b 925 b 911 b 15.3 0.040 0.007 0.002
1–24 d 1166 1192 1160 1182 1168 1163.3 18.1 0.866 0.767 0.664

Total feed intake, g
1–10 d 260 a 245 b 245 b 256 a 249 b 247 b 2.95 0.001 0.004 0.333

11–24 d 1263 a 1176 b 1196 b 1222 a 1233 a 1222 a 14.8 0.003 0.004 0.034
1–24 d 1524 a 1421 b 1442 b 1478 a 1484 a 1469 a 16.2 0.001 0.001 0.033

Feed conversion ratio, g/g
1–10 d 1.22 a 1.06 b 1.11 b 1.13 b 1.14 b 1.17 a 0.02 0.001 0.001 0.850

11–24 d 1.42 a 1.23 b 1.26 b 1.30 b 1.34 b 1.35 b 0.02 0.001 0.001 0.773
1–24 d 1.31 a 1.19 b 1.24 b 1.25 a 1.27 a 1.26 a 0.01 0.006 0.004 0.678

European Production Efficiency Index
1–10 d 214 b 260 a 240 a 241 a 233 b 220 b 5.63 0.001 0.007 0.818

11–24 d 341 b 416 a 403 a 396 a 376 b 367 b 10.3 0.001 0.001 0.106
1–24 d 387 b 433 a 404 b 409 b 398 b 398 b 10.0 0.047 0.067 0.911

a,b Means that do not share a common superscripted letter within a row for each parameter differ significantly
from those of the basal diet (0.0%), as determined by the Dunnett test (p < 0.05). 1 SEM = Standard error of means
for diet effect. 2 GA = gum Arabic response; L = linear response; Q = quadratic response.

The effects of GA on the internal organ relative weight and pH values of the gastroin-
testinal tract segments are shown in Table 5. The relative weights of all internal organs
were not influenced nor showed any linear or quadratic responses by GA levels (p > 0.05)
except for the relative weight of the thymus, which was increased for the chickens that
received GA at 0.25 to 0.75% compared to the control. Thymus weight also increased (p
= 0.002) gradually in a quadratic way to reach a maximum response at 0.75% GA, then
dropped thereafter. The pH values of gizzard, jejunum, and ileum segments were not
influenced (p > 0.05) nor did they show any linear or quadratic responses when GA levels
were increased in the diets. On the contrary, pH was lowered when chickens received GA
at 0.50 and 1.0% in the proventriculus, 1.0% in the duodenum, and 0.12 and 1.0% in the
cecum compared to the control group. Additionally, there was an observed linear response
to GA levels of in the duodenum and cecum (p = 0.006, p = 0.005; respectively).

The effects of GA on the measurement of blood parameters in male broiler chickens are
shown in Table 6, including 0.25% or more of GA increased total serum protein and HDL
concentrations (p = 0.001, p = 0.002; respectively) but lowered total cholesterol and LDL
(p = 0.001) compared to the basal diet. The 0.50% GA group was associated with a higher
serum globulin concentration compared to the control. The groups 0.25% and 0.75% GA
were found to have lower glucose and triglyceride concentrations, respectively (p < 0.05).
Serum creatinine concentrations decreased (p = 0.001) when chickens received 0.12 or more
GA compared to the control. Additionally, there was a quadratic response in total protein,
globulin, glucose, total cholesterol, LDL, triglycerides, and creatinine concentrations with
increasing GA levels. Positive linear relationships in HDL and albumin concentrations
were observed due to GA supplementation.
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Table 5. Effect of gum Arabic (GA) powder on the relative weight of internal organs and pH values
of gastrointestinal tract segments in male broiler chickens on d 10 of age.

Parameters
GA Levels, %

SEM 2
p-Value 3

0.00 0.12 0.25 0.50 0.75 1.00 GA L Q

Internal organs 1

Proventriculus 0.87 0.84 0.82 1.04 0.89 0.90 0.05 0.105 0.634 0.696
Gizzard 2.99 2.74 3.06 3.13 2.97 2.82 0.10 0.176 0.678 0.374
Thymus 0.29 b 0.39 b 0.46 a 0.52 a 0.56 a 0.43 b 0.03 0.002 0.001 0.002

Bursa 0.19 0.19 0.18 0.21 0.18 0.20 0.01 0.857 0.738 0.565
Spleen 0.08 0.09 0.09 0.08 0.09 0.07 0.004 0.284 0.392 0.051
Liver 3.23 3.09 3.08 3.42 3.48 3.31 0.09 0.057 0.664 0.734
Heart 0.66 0.69 0.64 0.67 0.71 0.70 0.02 0.587 0.403 0.621

Pancreas 0.52 0.52 0.46 0.48 0.54 0.46 0.02 0.225 0.322 0.710
Kidney 0.72 0.69 0.75 0.80 0.84 0.76 0.05 0.558 0.458 0.662

SmallIntestine 9.6 9.2 8.2 9.2 8.7 8.9 0.33 0.130 0.040 0.040
PH values of gastrointestinal tract segments

Proventriculus 4.2 a 4.5 a 4.2 a 3.3 b 4.0 a 3.7 b 0.17 0.013 0.230 0.880
Gizzard 2.8 3.1 2.6 2.7 2.9 3.1 0.12 0.061 0.440 0.210

Duodenum 6.5 a 6.3 b 6.6 a 6.3 a 6.3 a 6.2 b 0.05 0.002 0.006 0.590
Jejunum 6.2 6.2 6.3 6.0 6.1 6.2 0.13 0.801 0.610 0.960

Ileum 6.2 6.0 6.4 5.9 6.0 6.4 0.13 0.145 0.680 0.330
Cecum 6.6 a 6.1 b 6.3 a 6.2 a 6.3 a 6.0 b 0.10 0.007 0.005 0.403

a,b Means that do not share a common superscripted letter within a row for each parameter differ significantly
from those of the basal diet (0.0%), as determined by the Dunnett test (p < 0.05). 1 (g/100 g of live BW).
2 SEM = Standard error of means for diet effect. 3 GA = gum Arabic response; L = linear response;
Q = quadratic response.

Table 6. Effect of gum Arabic (GA) on serum biochemical profile of male broiler chickens on d 10
of age.

Parameters
GA Levels, %

SEM 1
p-Value 2

0.00 0.12 0.25 0.50 0.75 1.00 GA L Q

Total protein, g/dl 3.14 b 3.36 b 3.51 a 3.96 a 3.60 a 3.65 a 0.07 0.001 0.001 0.001
Albumin, g/dl 1.74 1.78 1.94 1.96 2.00 2.12 0.11 0.100 0.038 0.902
Globulin, g/dl 1.39 b 1.57 b 1.56 b 1.99 a 1.60 b 1.53 b 0.10 0.011 0.020 0.015

Albumin/Globulin 1.33 1.15 1.35 1.07 1.40 1.41 0.14 0.626 0.727 0.342
Glucose, mg/dl 253 a 239 a 222 b 239 a 232 a 241 a 6.20 0.050 0.011 0.011

Cholesterol, mg/dl 151 a 158 a 119 b 122 b 99 b 130 b 3.11 0.001 0.001 0.001
HDL, mg/dl 45.3 b 50.0 b 63.7 a 67.6 a 66.9 a 72.7 a 4.14 0.002 0.002 0.234
LDL, mg/dl 73.6 a 77.1 a 24.4 b 25.5 b 7.9 b 24.0 b 3.48 0.001 0.001 0.007
Triglycerides,

mg/dl 160 a 155 a 152 a 144 a 118 b 164 a 5.12 0.001 0.026 0.024

Creatinine, mg/dl 0.47 a 0.37 b 0.31 b 0.36 b 0.30 b 0.35 b 0.02 0.001 0.001 0.001
a,b Means that do not share a common superscripted letter within a row for each parameter differ significantly
from those of the basal diet (0.0%), as determined by the Dunnett test (p < 0.05). 1 SEM = Standard error of means
for diet effect. 2 GA = gum Arabic response; L = linear response; Q = quadratic response.

The effects of GA on immune-related gene expression of male broiler chickens are
shown in Figure 1. The 0.12 and 1.0% groups had a lower fold change in IL-4 expression than
the control group (p = 0.020) and an observed negative linear response with levels of GA
(p = 0.002). The fold change in the expression of IL-6 was reduced when chickens received
GA compared to their counterparts in the control group (p = 0.001), with a quadratic
response observed (p = 0.008). Furthermore, the expression of IL-10 was reduced in
chickens that received 0.12, 0.50, and 1.0% GA and increased in chickens that received
0.25% GA compared to the control (p = 0.001) but did not show any linear or quadratic
responses to GA levels (p > 0.05).
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Figure 1. Effect of gum Arabic (GA) on immune-related gene expression of male broiler chickens on
day 10 of age. IL-4 = Interleukin 4 (p-value: GA = 0.020; L = 0.002; Q = 0.662). IL-6 = Interleukin 6
(p-value: GA = 0.001; L = 0.001; Q = 0.008). IL-10 = Interleukin 10 (p-value: GA = 0.001; L = 0.051;
Q = 0.321).

Aerobic and anaerobic bacteria and Clostridium perfringens were not influenced by
GA supplementation (p > 0.05), as shown in Table 7. The inclusion of 0.25 or more of
GA resulted in a higher Lactobacillus spp. count and lower Salmonella spp. compared to
the control (p = 0.001, p = 0.009, respectively). Only the 1.0% GA group had a higher
Escherichia coli (p = 0.010), and the 0.25% GA had a higher Lactobacillus to Escherichia coli
ratio (p < 0.030) than the control. In addition, there was an observed linear response of GA
levels on Salmonella spp. count and a quadratic response on Lactobacillus and Lactobacillus to
Escherichia coli ratio upon increasing GA levels (p < 0.05). The results of correlations between
the cecal microbiota and pH values are shown in Table 8. A strong negative correlation was
observed between Lactobacillus count and cecal pH values (p = 0.010). The other bacterial
populations (Clostridium perfringens, Escherichia coli and Salmonella Typhimurium) showed no
correlations (p > 0.05) with the pH values of the cecum.

Table 7. Effect of gum Arabic (GA) on cecal microbiota of male broiler chickens on d 10 of age.

Parameters 1
GA Levels, %

SEM 2
p-Value 3

0.00 0.12 0.25 0.50 0.75 1.00 GA L Q

Aerobic 11.4 11.4 11.4 11.5 11.5 11.6 0.25 0.970 0.770 0.790
Escherichia coli 7.9 b 8.2 b 7.7 b 8.4 b 8.5 b 8.6 a 0.20 0.010 0.060 0.440

Salmonella Typh. 8.9 a 9.0 a 7.9 b 8.0 b 7.9 b 8.0 b 0.27 0.009 0.020 0.110
Anaerobic 10.9 11.1 11.7 12.0 11.9 11.9 0.37 0.180 0.040 0.220

Clostridium perfringens 11.1 11.3 10.9 11.5 11.5 11.6 0.32 0.620 0.410 0.760
Lactobacillus spp. 9.9 c 10.5 b 11.0 a 11.1 a 11.3 a 11.1 a 0.19 0.001 0.001 0.001

Lactobacillus/Escherichia coli 1.3 b 1.3 b 1.5 a 1.3 b 1.3 b 1.3 b 0.03 0.030 0.050 0.010

a,b Means that do not share a common superscripted letter within a row for each parameter differ significantly
from those of the basal diet (0.0%), as determined by the Dunnett test (p < 0.05). 1 colonies were counted using a
colony counter and the results were expressed as log10 colony forming units per gram. 2 SEM = Standard error of
means for diet effect. 3 GA = gum Arabic response; L = linear response; Q = quadratic response.
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Table 8. Pearson correlation between cecal pH and bacterial populations.

Cecal pH Values

Cecal Microbiota
Correlation Coefficient

rxy p-Value

Lactobacillus spp. −0.420 0.010
Clostridium perfringens −0.318 0.058

Escherichia coli −0.302 0.073
Salmonella Typhimurium 0.125 0.467

The effects of GA on the duodenal histometric measurements of male broiler chickens
are shown in Table 9. Chickens that received 0.12 to 1.0% GA had higher villus length
and villus length to crypt depth ratio compared to the basal diet (p = 0.001, p = 0.001,
respectively). Only the 0.25% group had a higher crypt depth than the control group
(p = 0.001). Additionally, there was an observed quadratic response of GA levels to villus
length, crypt depth, and villus length to crypt depth ratio upon increasing GA levels
(p < 0.05).

Table 9. Effect of gum Arabic (GA) on duodenal histomorphometric of male broiler chickens on d 10
of age.

Parameters
GA Levels, %

SEM 1
p-Value 2

0.00 0.12 0.25 0.50 0.75 1.00 GA L Q

Villus length, µm 833 b 1077 a 904 a 975 a 1054 a 1025 a 16.9 0.001 0.001 0.047
Crypt depth, µm 148 b 159 b 162 a 154 b 157 b 137 b 3.80 0.001 0.161 0.001

Length to crypt depth 8.8 b 13.2 a 14.0 a 10.2 a 12.7 a 12.2 a 0.30 0.001 0.001 0.001
a,b Means that do not share a common superscripted letter within a row for each parameter differ significantly
from those of the basal diet (0.0%), as determined by the Dunnett test (p < 0.05). 1 SEM = Standard error of means
for diet effect. 2 GA = gum Arabic response; L = linear response; Q = quadratic response.

The effects of GA on the duodenal histopathological examination of broiler chickens
are shown in Figure 2A–F. In chickens fed the basic diet (A), proliferative enterocytes
are seen raised besides the goblet cells, which also include hyperplastic association and
activated crypts with mild thickening of some villi. In addition, a mucinous exudate mixed
with desquamated epithelial sheets was noticed in the intestinal lumen within samples.
For the chickens that received 0.12% GA (B), the villi structure was improved compared
with the control chickens, which characterized by many criteria including thickening of
villi was seen and desquamated epithelial sheets inside the intestinal lumen also seen in
some samples. The intestinal crypts showed hyperplastic due to increase regenerative. At
0.25% GA (C), most of the villi retained their morphological structure, except still a little
mucus seen in the lumen without desquamated sheets. The intestinal villi were shorter
and lined by only one layer of enterocytes than the control chickens. Regeneration villi
due to more active deeper intestinal crypts were noticed with a fusion of some villi. The
duodenum villi structures showed length and thickness in chicken groups receiving 0.50,
0.75, and 1.0% GA (D–F) were consistent with morphological appearance. All duodenal
crypts exhibited numerous mitotic activations (marked regenerative index) compared with
the basal diet. Local and slight changes in some villi maintained their height and width,
but they still atrophied with little separation of villous sheets into the lumen in chickens
fed GA at level of 0.50% (D).
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Figure 2. Representative photomicrographs of histopathological examination of broiler chicken’s
duodenum samples on d 10 of age stained with hematoxylin and eosin (100×). (A): duodenum of
chickens (0.00% GA) showing proliferative and some denuded villus enterocytes with abundant
goblet cells (arrow), desquamated epithelial sheets inside the lumen (star). (B): 0.12% GA, villus
structure was nearly high with abundant goblet cells, still found desquamated epithelial sheets in the
lumen (star), and proliferative enterocytes (arrow) with crypts appeared to have high compensatory
regenerative activity (arrowhead). (C): 0.25% GA showing the enterocytes and all villus coats were
nearly better than 0.0 and 0.12% GA (arrow) with still faint mucus and desquamate in the lumen (star).
Clear regeneration events from deeper intestinal crypts (arrowhead) was observed. (D–F): levels 0.50,
0.75, and 1.0% GA, respectively, morphological appearance, including villus coats and enterocytes
layers were improved than chickens of other GA levels (arrow) and all crypts have regenerative
activity (arrowhead).
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4. Discussion

Previous studies have confirmed that GA (Acacia Senegal) is rich in soluble fiber
(galactose, rhamnose, and arabinose), essential amino acids, and minerals [12,34]. Usually,
GA especially Acacia Senegal is used as a traditional medicine to treat many diseases such
as intestinal infections, diabetes, inflammation, and antibacterial agents in humans [35].
The mechanism of action of GA was studied by Kishimoto et al. [36]; Calame et al. [37];
Adil et al. [38]; and Gultermirian et al. [39] in pigs, humans, laying hens, and broilers. They
indicated that GA is not degraded in the gastrointestinal tract and thus fermented by the
microbiota, which may be reflected in the improved performance and healthy gut of broilers.
Our study’s results show adding GA to a basal diet improved overall growth performance,
with maximum optimization achieved in chickens fed 0.12% GA during the starter phase.
The results agree with those of Tabidi and Ekram [40], who found that chickens receiving
GA powder at 0.6% exhibited a higher growth rate and a lower feed conversion ratio.
However, cumulative feed intake was lower in the groups fed GA at 0.12 and 0.25%. In
contrast, Al-Fadil et al. [41] reported that adding GA at levels up to 6.0% did not affect total
feed intake, suggesting that GA acts as a prebiotic when incorporated into the diet and
improves the growth performance of broiler chickens. The relative weight of the internal
organs of chickens that received GA after 10 days were not affected, except for the thymus
gland. This is in contrast to a study by Sato et al. [42], who found that the relative weights
of the spleen and bursa were higher in chickens fed GA for 10 days. The pH values were
lower in chickens fed GA levels (0.50 and 1.0%) in the proventriculus (0.12 and 1.0%) in
the duodenum and cecum compared to the control, which could be due to the physical
and chemical properties of GA (relative viscosity = 14.98, pH = 4.69, solubility = 25.66%),
resulting in higher acidity in these segments, in addition to its dependence on the amount
and buffering capacity of the available feed, which affects the pH range [34].

The biochemical changes in serum are metabolic indicators of health and nutritional
status [43]. Total protein (0.25 to 1.0% of GA) and globulin (0.50% of GA) were increased
in concentrations compared to the control, which indicates that GA can improve body
protein anabolism in chickens. These results agree with Amber et al. [44], who reported
that GA at 0.2 to 2.0% of a rabbit’s diet increased serum protein and globulin. The glucose
concentration in serum was decreased by GA at a level of 0.25%. This decrease may
be attributed to the inhibition of glucose uptake by sodium-glucose transporter 1 in the
intestine [45]. The results obtained in this study indicated an improvement in serum lipid
profile by GA. Cholesterol and LDL were decreased while HDL was increased at 0.25
to 1.0% GA levels and triglycerides at 0.75% GA compared to the control. In agreement
with these findings, Musa et al. [46] reported that GA reduced cholesterol and LDL while
increasing HDL levels. This could be due to bile acid absorption disruption in the intestinal
(impairing bile acid circulation), resulting in lower serum cholesterol. Another possibility
may be that the viscosity increases in duodenum contents with GA levels, which reduces
intestinal lipid absorption [47]. The creatinine was decreased with GA levels (0.12 to 1.0%),
possibly due to reduced intestinal fluid absorption and enhanced renal functions. Ali
et al. [48] indicated that GA was associated with decreased creatinine in healthy mice.

IL-4 and IL-6 function as pre-inflammatory cytokines, while IL-10 is an anti-inflammatory
cytokine. This study indicated that GA leads to down-regulation of pro and anti-inflammatory
cytokine expressions in chickens through the lowest fold changes in IL-4 expression (at 0.12
and 1.0% GA) and IL-6 expression (at 0.12 to 1.0% GA) and the highest fold change in IL-10
expression (0.25% GA). These results indicate that GA can act as antigens through recognition by
immune cell receptors, which beneficially modulate host immunity. Kamal et al. [49] reported
that GA increased IL10 and decreased IL-4 and IL-6 in humans. Stabilizing the gut microbiota
by increasing beneficial bacteria and eliminating pathogens can promote gut health and
modulate host immunity, which may be reflected in broiler chicken growth performance [16].
The microbiota of the cecum is more abundant than the gastrointestinal tract segments and
plays a role in the fermentation of indigestible fibers [50]. Teng and Kim [16] indicated that GA
improves gut health by promoting lactobacilli spp. in young chickens. In our study, chickens
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that received GA levels (0.25 to 1.0%) had higher Lactobacillus spp. and lower Salmonella spp.
content. Therefore, the pH values of the cecum of chickens were lower than the control. These
results agree with the study’s findings that prebiotics increase lactic acid through fermentation
and growth of bacterial populations, especially lactobacilli, in the cecum, thereby lowering pH
values. Lactic acid is a major byproduct of Lactobacillus bacteria [51]. Our results confirmed
this, which showed a strong negative correlation between Lactobacillus count and cecal pH.
Pelicano et al. [52] found that the low pH of the lumen inhibited acid-sensitive pathogenic
bacteria, such as Salmonella Typhimurium, Clostridium perfringens, and Escherichia coli.

The most commonly used standards to assess nutrient absorption and gut health are
villus length, crypt depth, and villus length to crypt ratio [53]. Moreover, broiler chickens
have a strong relationship with increased villus height, gut health, and absorption effi-
ciency [54]. High crypt height may indicate increased proliferative activity to compensate
for villus height loss [55]. The ratio of villus height to crypt height is a useful measurement
for estimating the absorptive capacity of the small intestine, which correlates with increased
epithelial cell turnover, and longer villi are associated with activated cell mitosis [56]. In
the current study, villus length and villus length to crypt depth ratio were higher in the
duodenum, while the crypt depth of villi decreased when chickens were fed GA powder
(0.12 to 1.0%) compared to the control group. In agreement with Macari and Maiorka [57], it
was shown that the use of fermented prebiotics by bacteria in the cecum increases the height
of the duodenal villi of chickens aged 1 to 7 days after hatching. Moreover, the increase
in absorbent surface area of villi in the duodenum occurs more rapidly with the age of
chickens up to 7 days. The use of GA in chicken diets (1 to 10 days old) is an effective strat-
egy to improve the early growth and development of the gastrointestinal tract. Moreover,
the early development of duodenal morphological and functional characteristics of broiler
chickens in the initial stage leads to an improvement in early growth performance [17]. GA
could be altering the gut microbiota and improving the integrity of intestinal epithelial
cells, leading to better absorption of nutrients and hence better growth performance.

5. Conclusions

We concluded that using GA (0.25 to 0.75%) as a natural prebiotic in the diet of
post-hatching chickens could be an effective strategy to improve the early growth and
development of the gastrointestinal tract by altering the gut microbiota, modulating the
immune response, and improving the intestinal epithelial.
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Simple Summary: The demand for poultry products is increasing at the same time as the prices of
raw materials and other ingredients used in feed manufacturing, leading to the implementation of
strategies to improve nutrient utilization in broiler diets and reduce feeding costs. One strategy used
in broiler production is the dietary supplementation of phytase, an enzyme that assists in phytate
degradation. Phytate is the primary storage form of phosphorus (P) in seeds and it accounts for
two-thirds of the P in vegetable feedstuffs. Dietary phytase supplementation has become a common
practice because the activity of endogenous phytase in broilers does not allow for the adequate
utilization of phytate-bound P. Consequently, the effects of phytase have been widely studied and the
beneficial effects on broiler growth performance and reduced P excretion into the environment have
been previously described. In the present study, broilers were fed a diet with a combination of two
phytase forms (coated and uncoated) to assess the effects on broiler performance, tibia characteristics,
and residual fecal phytate P. The results indicated no distinct advantage of combining phytase forms,
but this information may be useful for the direction of future research.

Abstract: The present study evaluated the individual and combined effects of coated and uncoated
phytase on broiler performance, tibia characteristics, and residual phytate phosphorus (P) in manure.
Two repeated studies were conducted using 240-day-old Cobb 500 by-product male broilers per
trial. For each trial, birds were assigned to four treatments with four replicate battery cages per
treatment (60 birds/trt) and grown for 21 days. Treatments included: (1) negative control (NC),
(2) NC + 1000 phytase units (FTU) coated phytase (C), (3) NC + 1000 FTU uncoated phytase (U),
and (4) NC + 500 FTU coated + 500 FTU uncoated phytase (CU). Data were analyzed with a one-
way ANOVA and means were separated using Tukey’s HSD. In the pooled data for both trials, all
treatments with dietary phytase had a higher body weight (BW) and feed consumption (FC) than the
NC on day 21 (p < 0.05). Similarly, a six-point reduction was observed for day 1 to 21 feed conversion
(FCR) for U and CU (p < 0.05). All treatments with phytase inclusion differed from the NC in every
evaluated parameter for bone mineralization (p < 0.05) and had significantly lower fecal phytate P
concentrations compared to the NC (p < 0.05). Overall, bird performance was essentially unaffected
by phytase form, indicating that combining phytase forms does not appear to offer any advantage to
the evaluated parameters from day 1 to 21.

Keywords: phytase; broilers; growth performance; bone mineralization; phytate phosphorus

1. Introduction

The increasing demand for poultry meat and higher feed prices have led to the imple-
mentation of nutritional strategies that optimize nutrient utilization and reduce feeding costs.

28



Animals 2022, 12, 1952

Among these strategies is the dietary inclusion of phytase, which reduces the nutrient variabil-
ity of feedstuffs and counteracts the antinutritional effects of phytate [1]. Phytase inclusion
has become a common practice in broiler feeding as a means of increasing the hydrolysis of
phytate, improving phytate phosphorus (P) utilization, and reducing P excretion [2].

Phytate (myo-inositol (1,2,3,4,5,6) hexakisphosphate; IP6) is the salt form of phytic
acid (PA) and the primary storage form, typically contributing 50 to 80% of total P, in
plant seeds [3]. Chemically, it consists of a myo-inositol ring associated with up to six
phosphate anions [4]. Since broiler diets are mainly manufactured with feedstuffs of plant
origin, the antinutritive effects of phytate in broiler production have been extensively
reviewed [5,6]. Approximately two-thirds of P in vegetable feedstuffs is poorly digested by
poultry because it is bound to PA; birds do not produce sufficient amounts of endogenous
phytase to effectively hydrolyze PA [7]. Additionally, since phytate is negatively charged
under many pH conditions, it can form complexes with positively charged molecules, which
may reduce the bioavailability of minerals, amino acids, and protein [8–10]. There are
reports that phytate also reduces endogenous enzyme activity in broilers [11]. Ultimately,
phytate can negatively affect bird performance and increase the amount of P excreted into
the environment.

Phytases (myo-inositol (1,2,3,4,5,6) hexakisphosphate phosphohydrolases) represent a
subgroup of phosphatases that are capable of initiating phytate dephosphorylation, thus
releasing phosphate groups from PA [7,9]. These enzymes are often sourced from bacteria
and fungi and can be classified as 3-phytases or 6-phytases depending on the carbon
site of hydrolysis in the phytate molecule [12]. Phosphate group removal starts with a
fully phosphorylated PA, followed by penta-, tetra-, tri-, di- and mono-esters of inositol in
descending order of preference [5,13,14]. In addition, the release of inorganic P depends
on several factors, including, but not limited to, dietary phytate concentration, source of
phytate, species and age of animals, mineral concentrations in the diet, phytase sources,
and phytase dosing [15].

Inorganic P sources are expensive and represent the third most expensive component
of poultry diets after energy and amino acids [7]. Furthermore, P excretion into the environ-
ment is a hazard to water quality because P is a predisposing factor for the eutrophication
of freshwater bodies [16]. Therefore, the use of phytase is beneficial economically and for
sustainable production. Previous studies have determined that the inclusion of phytase
improves broiler performance by increasing feed consumption (FC) and body weight (BW)
and decreasing feed conversion ratio (FCR) [17–22]. Similarly, phytase supplementation
has proven beneficial to bone mineralization from improved P digestibility [23,24].

Commercially available phytases may differ in several characteristics, including form
and origin. Some phytases are encapsulated by lipid or carbohydrate coating to minimize
oxidation at high temperatures, particularly during pelleting conditions [25]. Thermosta-
bility is an important characteristic of phytases, as animal diets are frequently pelleted
at temperatures up to 90 ◦C [26], but evaluating this attribute is not within the scope of
this study. Previous studies have assessed the activity of coated and uncoated phytases
on broiler performance and tibia mineralization. Ayres et al. [12] evaluated the activity
of a coated phytase and an uncoated phytase developed to be intrinsically heat-stable on
21-day broiler performance and tibia mineralization. They concluded that the uncoated and
intrinsically heat-stable phytase was more efficacious than coated phytase. However, there
is limited information regarding the effect of combining different phytase forms (coated
and uncoated) in the same diet. Therefore, the objective of this study was to determine the
effects associated with combining coated and uncoated phytase sources on broiler perfor-
mance, tibia characteristics, and residual phytate P in broiler manure from 1 to 21 days of
age (starter phase).
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2. Materials and Methods
2.1. Diet Preparation

Two repeated trials were conducted to fully elucidate the effect of phytase form
and inclusion on broiler performance, tibia characteristics, and residual fecal phytate P.
Coated (OptiPhos®; Huvepharma Inc., Peachtree City, GA, USA) and uncoated (OptiPhos®

Plus; Huvepharma Inc., Peachtree City, GA, USA) phytase was incorporated into a basal
broiler starter diet (mash form) as either a single inclusion or a combination to create four
experimental diets (Table 1). Both products are 6-phytase derived from E. coli. The basal
diet was manufactured as a negative control (NC) with reduced calcium (Ca) and available
P (aP) levels; however, all remaining nutrients represented a typical broiler starter diet. The
NC diet was formulated with 0.20% less Ca and aP compared to industry standards [27]
and National Research Council (NRC) requirements [28]. Three additional treatments were
manufactured using the NC with different combinations and forms of phytase products.
Two treatments contained either a single inclusion of a coated (1000 FTU/kg complete
feed; FTU = phytase units) or uncoated (1000 FTU/kg complete feed) phytase, whereas one
treatment contained a combination of coated (500 FTU/kg complete feed) and uncoated
(500 FTU/kg complete feed) phytase. The addition of 1000 FTU of phytase activity per kg
of complete feed was expected to increase Ca and P availability by 0.20%.

Table 1. Ingredient and analyzed nutrient compositions of the negative control (NC) diet (as-fed basis).

Ingredient, % of Diet (Unless Otherwise Noted) NC

Corn 51.60
Soybean meal, 46% crude protein 37.94

Corn oil 3.31
Distillers dried grains with solubles 4.00

Dicalcium phosphate 0.55
Ground limestone 1.45

Salt (NaCl) 0.38
DL-Methionine 0.33

L-Lysine 0.18
Trace mineral premix A 0.10

Vitamin premix B 0.10
Choline chloride 0.07

Phytase, g supplement/kg diet 0.00 C

Calculated Nutrients, % (Unless Otherwise Noted)

AMEn, kcal/kg 3000
Crude protein 23.17

Calcium 0.80
Available phosphorus 0.20
Digestible methionine 0.64

Digestible methionine + cysteine 0.93
Digestible lysine 1.23

Digestible threonine 0.73
Digestible valine 0.96

Digestible tryptophan 0.25
A Trace Mineral premix source and amount provided per kg of diet: Mn (manganese sulfate), 120 mg; Zn (zinc
sulfate), 100 mg; Fe (iron sulfate monohydrate), 30 mg; Cu (tri-basic copper chloride), 8 mg; I (ethylenediamine
dihydriodide), 1.4 mg; and Se (sodium selenite), 0.3 mg. B Vitamin premix source and amount provided per kg of
diet: Vitamin A (Vitamin A acetate), 18,739 IU; Vitamin D (cholecalciferol), 6614 IU; Vitamin E (DL-alpha toco-
pherol acetate), 66 IU; menadione (menadione sodium bisulfate complex), 4 mg; Vitamin B12 (cyanocobalamin),
0.03 mg; folacin (folic acid), 2.6 mg; D-pantothenic acid (calcium pantothenate), 31 mg; riboflavin (riboflavin),
22 mg; niacin (niacinamide), 88 mg; thiamine (thiamine mononitrate), 5.5 mg; D-biotin (biotin), 0.18 mg; and
pyridoxine (pyridoxine hydrochloride), 7.7 mg. C Using the NC, 3 treatments were supplemented with either
OptiPhos® (0.126 g/kg; Huvepharma Inc., Peachtree City, GA, USA), OptiPhos® Plus (0.090 g/kg; Huvepharma
Inc., Peachtree City, GA, USA), or a combination of both phytase products (0.108 g/kg) to achieve 1000 FTU of
phytase activity per kg of diet.
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Dietary treatments were prepared at the Auburn University Animal Nutrition Center
as described in Downs et al. [29]. The phytase supplement was premixed with ground
corn prior to its addition to the whole feed batch. After mixing, coated, uncoated, or
the combination of both phytase products were added to the basal diet and mixed for
5 min to prepare each treatment with dietary phytase inclusion. The starter feed used
in each treatment met or exceeded Cobb 500 nutrient recommendations [27] and NRC
requirements [28], except for Ca and aP.

2.2. Phytase Analysis

Feed samples were collected during feed manufacture and analyzed for phytase
activity levels by an external laboratory. The analyzed phytase activity for each treatment
is shown in Table 2.

Table 2. Analysis of phytase activity in the negative control (NC) and phytase-supplemented diets.

Item NC NC + Coated A NC + Uncoated B NC + Combined C

Expected value, FTU/kg 0 1000 1000 1000
Analyzed value, FTU/kg D <13 1180 1090 1150

A OptiPhos® (Huvepharma Inc., Peachtree City, GA, USA) added to provide 1000 FTU/kg of phytase activity
per kg of diet. B OptiPhos® Plus (Huvepharma Inc., Peachtree City, GA, USA) added to provide 1000 FTU/kg of
phytase activity per kg of diet. C OptiPhos® and OptiPhos® Plus combined to provide 1000 FTU/kg of phytase
activity per kg of diet. D Phytase was analyzed by an external laboratory (Huvepharma; BIOVET laboratory for
feed analysis, Peshtera, Bulgaria).

2.3. Bird Management and Data Collection

Animal handling procedures were approved by the Middle Tennessee State Univer-
sity Institutional Animal Care and Use Committee (IACUC) under proposal 21–2001 and
conformed to accepted animal welfare standards [30,31]. Both trials were conducted using
240-day-old Cobb 500 by-product males obtained from a local hatchery. Chicks were ran-
domly allocated to 16 battery cages (15 birds per cage; 527 cm2/bird) and each cage was ran-
domly assigned to a treatment (4 treatments; 4 replicate cages/treatment; 60 birds/treatment).
Birds were brooded at 35 ◦C with the temperature reduced by 3 ◦C every 7 days. The
temperature of the room housing battery cages was maintained at 27 ◦C and continuous
light was provided (24 L:0 D; 25 lux), with feed and water offered ad libitum. Bird spacing
for feeders (9.6 cm/bird) and drinkers (4.8 cm/bird) met or exceeded the recommendations
for broilers grown to 21 days of age [30,31].

All birds and feed were weighed at days 1, 14, and 21 to determine average BW and
FC. Feed conversion was calculated using FC and BW gain data and adjusted for mortality.
Mortality weights were included in the FCR calculation to determine mortality-adjusted values.

On day 21, left tibias were collected to assess shear strength and ash content. For
this procedure, 5 birds per cage were randomly selected and euthanized according to
AVMA guidelines [32]. Tibias were evaluated for shear strength using a TA.XT plus texture
analyzer (Stable Microsystems, Surrey, UK) according to the official method (ANSI/ASAE
method s459) [33]. A test speed of 5 mm/sec and a trigger force of 5 g were used. Applied
fracture force was recorded in newtons (N) and determined as the peak force at the initial
fracture. Peak 1 was considered the force to crack the bone and peak 2 was considered the
force to break the bone. After breaking tibias and analyzing for shear strength, each bone
was exposed to sequential extractions using 200-proof ethanol and anhydrous ether and
ashed in a muffle furnace, as described by Hall et al. [34].

Excreta samples were collected on day 21 to assess phytate P level. An aliquot of
fresh excreta was collected from the refuge tray of each battery cage, screened to remove
non-fecal material, and frozen (−4 ◦C) for further analysis. Excreta samples were analyzed
at the University of Georgia Feed and Environmental Water Laboratory (Agricultural and
Environmental Services Laboratories, Athens, GA, USA) for phytate P level determination
using a standard extraction-colorimetric procedure.
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2.4. Statistical Analysis

Data were analyzed as a completely randomized block design, with a battery cage
representing an experimental unit and trials treated as replicates. Data presented were
pooled from both trials. Mortality data were arcsine-transformed. Data were analyzed
using the general linear model (GLM) procedure of the SAS statistical package [35]. Least
square means were compared using post hoc Tukey’s HSD procedure, and all data were
analyzed for normality using the Shapiro–Wilk test. Statistical significance was established
at p ≤ 0.05. Statistical tendency was considered as 0.05 < p < 0.10.

3. Results

Phytase activity was determined in the four dietary treatments (Table 2). Diets without
phytase inclusion had less than 13 FTU/kg. The treatments with phytase supplementation
had an expected value of 1000 FTU/kg and the analyzed value had a slight variation
between treatments. Phytase recoveries were 118, 109, and 115% for NC + Coated (C),
NC + Uncoated (U), and NC + Combined (CU), respectively.

Performance results (Table 3) and other evaluated parameters were pooled from trials
1 and 2. For day 14 BW, CU was the only treatment not different from NC (p > 0.05). All
phytase-treated birds had higher day 21 BW than NC (p < 0.05) regardless of the phytase
form used. Feed consumption was the only parameter that did not differ across treatments
from day 1 to 14 (p > 0.05), but from day 1 to 21, all three treatments containing phytase
presented a higher FC than the NC (p < 0.05). In accordance with the results for BW, the data
for FCR suggest that the use of phytase reduced FCR between 4 and 6 points. From day 1
to 14, C and CU both reduced FCR by 5 points compared to the NC (p < 0.05). Similarly,
a 6-point reduction was observed for day 1 to 21 FCR for U and CU (p < 0.05). However,
days 1 to 14 FCR of U did not differ from the NC and the same was observed for the C
treatment from 1 to 21 days of age (p > 0.05). In addition, the pooled data indicate that
treatments did not have an effect on bird mortality (p > 0.05).

Table 3. Influence of negative control (NC), coated phytase supplementation (NC + 1000 FTU A coated
phytase), uncoated phytase supplementation (NC + 1000 FTU uncoated phytase), and combined
phytase supplementation (NC + 500 FTU coated + 500 FTU uncoated) on broiler live performance
from 1 to 21 days of age (pooled data from trial 1 and 2).

Item NC NC + Coated B NC + Uncoated C NC + Combined D Pr > F E Pooled SEM E

Body weight, g/bird
Day 1 43.1 43.4 43.3 43.0 0.614 0.25
Day 14 451 b 487 a 488 a 480 ab 0.019 17.4
Day 21 909 b 993 a 995 a 1002 a <0.001 27.2

Feed consumption, g/bird
Day 1 to 14 524 548 548 543 0.225 18.0
Day 1 to 21 1151 b 1231 a 1206 a 1216 a 0.002 28.1

Mortality adjusted FCR, g:g
Day 1 to 14 1.29 a 1.24 b 1.25 ab 1.24 b 0.016 0.029
Day 1 to 21 1.34 a 1.30 ab 1.28 b 1.28 b 0.009 0.033

Mortality, %
Day 1 to 14 0.00 2.50 4.17 1.67 0.212 3.88
Day 1 to 21 0.83 2.50 5.00 2.50 0.400 4.82

A Phytase unit. OptiPhos® (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of phytase
activity per kg of diet. B OptiPhos® Plus (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of
phytase activity per kg of diet. C OptiPhos® and D OptiPhos® Plus combined to provide 1000 FTU/kg of phytase
activity per kg of diet. E P-value of F statistic; SEM = standard error of the mean. a,b Means in the same row with
different superscript letters are significantly different (p < 0.05).

Tibias were assessed for bone weight, shear strength, and tibia ash percentage (Table 4).
The obtained results indicate that all treatments with phytase inclusion differed from the
NC in every bone parameter evaluated (p < 0.05). Tibia ash increased around 5% in diets
with phytase inclusion and bone weight increase was 8, 10, and 12% for C, U, and CU,
respectively (p < 0.05).
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Table 4. Influence of negative control (NC), coated phytase supplementation (NC + 1000 FTU A coated
phytase), uncoated phytase supplementation (NC + 1000 FTU uncoated phytase), and combined
phytase supplementation (NC + 500 FTU coated + 500 FTU uncoated) on day 21 broiler tibia shear
strength and tibia ash (pooled data from trials 1 and 2).

Item NC NC + Coated B NC + Uncoated C NC + Combined D Pr > F Pooled SEM

Bone Wt., g 5.0 b 5.4 a 5.5 a 5.6 a <0.001 0.10
Shear strength, peak 1 E, N 246 b 365 a 365 a 343 a <0.001 11.1
Shear strength, peak 2 F, N 261 b 410 a 398 a 384 a <0.001 11.5
Tibia ash, % 47.16 b 52.38 a 52.12 a 52.59 a 0.003 0.310

A Phytase unit. B OptiPhos® (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of phytase
activity per kg of diet. C OptiPhos® Plus (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of
phytase activity per kg of diet. D OptiPhos® and OptiPhos® Plus combined to provide 1000 FTU/kg of phytase
activity per kg of diet. E Force required to crack the bone. F Force required to break the bone. a,b Means in the
same row with different superscript letters are significantly different (p < 0.05).

For fecal phytate P, significant differences were observed across treatments in the
pooled data for both trials (Table 5). All treatments with dietary phytase inclusion had
significantly lower fecal phytate P concentration compared to the NC (p < 0.05). The
reduction in phytate P concentrations in feces were 74, 79, and 77% for C, U, and CU,
respectively. In addition, no differences in fecal phytate P concentrations were observed
between the phytase-containing treatments (p > 0.05).

Table 5. Influence of negative control (NC), coated phytase supplementation (NC + 1000 FTU A coated
phytase), uncoated phytase supplementation (NC + 1000 FTU uncoated phytase), and combined
phytase supplementation (NC + 500 FTU coated + 500 FTU uncoated) on phytate phosphorus
concentrations in feces from 21-day old broilers (pooled data from trials 1 and 2).

Item NC NC + Coated B NC + Uncoated C NC + Combined D Pr > F Pooled SEM

Fecal phytate P, mg/kg 2.423 a 630 b 510 b 552 b < 0.001 94.9

A Phytase unit. B OptiPhos® (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of phytase activity
per kg of diet. C OptiPhos® Plus (Huvepharma Inc., Peachtree City, GA, USA) provided 1000 FTU/kg of phytase
activity per kg of diet. D OptiPhos® and OptiPhos® Plus combined to provide 1000 FTU/kg of phytase activity per
kg of diet. a,b Means in the same row with different superscript letters are significantly different (p < 0.05).

4. Discussion

Birds poorly utilize phytate-bound P due to their limited endogenous phytase produc-
tion. Previous studies have reported that the inclusion of exogenous phytase can reduce the
negative effects of phytate on nutrient utilization, resulting in phytase products being com-
monly utilized in poultry diets. As mentioned previously, coated and uncoated phytases
have been evaluated to determine their effects on broiler performance, bone mineralization,
and phytate hydrolysis. However, there is limited information on the effects of combining
phytase forms. In this regard, it is important to mention that bird age can influence the
utilization of nutrients and the efficacy of phytase in broiler chickens [36,37]. Broilers are
able to utilize P more efficiently and phytase is more efficacious during the starter phase,
with a higher sensitivity during the end of the second week of the growing period [37].
This period of rapid growth and development serves as a foundation for the deposition
of meat in the subsequent phases [38], hence the importance of reporting results from the
starter phase.

The BW results of this study were similar to the data obtained by Leyva-Jimenez et al. [39].
The authors reported that broilers fed diets supplemented with regular (250 FTU/kg) and
superdose (1500 FTU/kg) levels of Optiphos 2000 (Huvepharma Inc. Peachtree, GA,
USA) had a significantly higher day-22 BW in comparison to birds fed no phytase. Ayres
et al. [12] used the same two products evaluated in the present study with increasing
inclusion levels. In two of their experiments, they observed higher day-21 BW for birds
fed diets with 1000 FTU of an uncoated phytase, compared to birds fed diets with the
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same inclusion of a coated phytase and a negative control with no phytase inclusion.
Several studies have obtained similar results of increased body weight and feed intake with
phytase supplementation at low and high inclusion levels [40,41]. This may be caused by
the activity of phytase in the gastrointestinal tract, which contributes to the breakdown
of IP6 and lesser phytate esters, therefore increasing the availability of phytate-bound
nutrients [41,42]. Additionally, these data indicate that apart from improving nutrient
utilization, phytase also stimulates a feed intake response and, consequently, improves BW.
It has been suggested that the effects of phytase in stimulating digestible nutrient intake
may be associated with its impact on phytate degradation since phytate reduces feed intake
in broilers [43,44].

The results for FCR that were obtained in this study suggest that phytase inclusion
in diets with reduced Ca and aP is able to prevent the P deficiency effects on growth per-
formance parameters, thus allowing birds to match the performance of birds fed nutrient-
adequate diets [41]. Dersjant-Li et al. [45] obtained similar results when using a dose of
1000 FTU/kg of a coated phytase in diets with different reduced Ca levels. The authors
reported a lower day 11 to 21 FCR in broilers fed phytase-supplemented diets, compared to
an NC with no phytase inclusion and no Ca reduction. Similarly, Broch et al. [46] evaluated
increasing levels of phytase inclusion (1000, 2000, and 3000 FTU/kg) in broiler diets defi-
cient in aP and Ca and observed a linear response for all growth performance parameters
from 1 to 21 days of age. In the present study, combining two different phytase forms
did not appear to offer any distinct performance advantages. The benefits of combining
different phytase forms could have been observed if they were released at different rates
throughout the gastrointestinal tract of broilers. Exogenous phytase is, for the most part,
active in the proximal segments of the gastrointestinal tract (crop, proventriculus, and
gizzard) of poultry [47]. If combining phytase forms could extend phytase activity to the
upper part of the small intestine, it would reduce the binding of phytate to dietary protein
and the formation of calcium phytate complexes, thus reducing its antinutritional effects
and endogenous amino acid losses [3,10]. Nevertheless, the results obtained in this study
do not indicate any clear benefits of combining a coated and uncoated phytase product in
the growth performance of broilers.

According to Cardoso Junior et al. [48], bone mineralization reflects adequate bone
quality, which is associated with beneficial effects on broiler performance and is important
to support muscular development. Furthermore, bone mineralization data is commonly
used to estimate and validate inorganic P release by phytase and is an efficient parameter
to quantify phytate P released in corn and soybean meal-based diets [3,49]. It is worth
noting that Ca and P are closely related in bone mineralization results because they are both
stored together in bone and Ca is stored almost entirely as hydroxyapatite crystals of Ca
phosphate in bone [50]. In this study, the three treatments with phytase supplementation
had improved results for all bone parameters in comparison to the NC. Similarly, Chung
et al. [51] reported improvements in bone mineral content and bone mineral density in
broilers fed diets with two inclusion levels (500 and 1000 FTU/kg) of a coated phytase
compared to broilers fed low-P diets. In addition, Walk et al. [20] and several other
authors have observed that tibia ash and other bone parameters improve with phytase
addition [36,39,52]. This indicates a positive effect of phytase in bone mineralization, which
is associated with an increase in the amount of aP [41]. Moreover, these results suggest that
phytase supplementation is beneficial for bone mineralization and is in accordance with
the data obtained for growth performance measurements. However, no clear effects were
observed for the combination of different phytase forms.

The results for phytate P concentrations in feces from 21-day-old broilers demonstrate
the beneficial effect of phytase on phytate degradation. The feces from broilers fed phytase-
supplemented diets had reduced fecal phytate P concentrations compared to the NC and no
differences were observed between treatments combining phytase forms. Martins et al. [53]
observed a reduction in residual fecal phytate P of broilers fed phytase-supplemented diets
(750 FTU/kg) compared to broilers fed diets with no phytase addition. Kriseldi et al. [54]
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reported similar results when evaluating two doses of phytase (400 and 1200 FTU/kg) on
phytate concentration in the ileal digesta of 28-day-old birds. The authors reported that
both concentrations of phytase effectively increased phytate degradation and this led to
increased inositol liberation. It is essential to achieve the maximum degradation of phytate
to obtain the extra-phosphoric effects of phytase and observe improvements in the growth
performance of broilers [55]. In addition, the degradation of IP3, IP4, and lower esters is
critical, as the anti-nutritive effects of these lower IP esters may still be present to chelate
nutrients [56]. Therefore, more research is required to assess the effect of combining differ-
ent phytase forms in the degradation of IP esters and the liberation of inositol. Furthermore,
reductions in the P excretion of broilers can reduce the environmental pollution burden,
since P from poultry manure can pollute soil and is a significant eutrophication agent [57].

5. Conclusions

The results obtained in this study are consistent with previous research on phytase and its
effects on broiler performance, tibia characteristics, and residual fecal phytate P. Improvements
in BW, FC, and FCR were observed when using 1000 FTU/kg of dietary phytase, regardless
of its form. Phytase addition also improved tibia characteristics and reduced residual phytate
P in broiler feces. However, the combination of phytase forms does not appear to offer any
distinct advantage to bird performance or bone mineralization from day 1 to 21. Although the
phytase research area has been widely studied, a paucity of research exists that evaluates the
effects of combining two different phytase forms (coated and uncoated) in the same broiler
diet. Therefore, further research is needed to better understand if combining different phytase
forms represents potential benefits for broiler growth.
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Simple Summary: Tribulus Terrestris (TT) is extremely rich in substances with potential biological
activity and is therefore considered to be a promising ingredient in industrial medicinal preparations
based on its saponin fraction. On the other hand, studies regarding broiler chickens are limited.
However, the aim of this study was to verify the safe amount of TT powder that can be used as a
medicinal plant in the diet of broiler chickens by determining the growth performance and histological
changes and functional tests of some target organs. In conclusion, 0.75 g/kg TT is the best dosage for
the health of broiler chickens. There is a need for low dose studies to identify the mechanism of the
pharmacological effect of TT on broilers.

Abstract: The current experiment aimed to investigate the effects of TT powder on performance
parameters and functional tests, as well as on morphological and histological changes in the liver,
kidney and ileum in broiler chickens. Commercial broilers (total = 168 females) were used, equally
divided into three dietary treatments (C = 0.0, T1 = 0.75, and T2 = 1.5 g/kg diet). The growth
performance (1–35 days of age), absolute and relative weight, liver and kidney functional tests,
intestinal morphology (14 and 35 days of age), and histomorphology of the ileum (35 days of age)
were evaluated. At 35 days of age, histopathological changes in the ileum, liver, and kidney were
also examined. The results showed that the growth performance and absolute and relative weights of
the liver and kidney had no negative effects when dietary supplementation with TT powder was
given at 0.75 g/kg diet (T1), whereas a decrease was observed at T2 (p < 0.05). Liver and kidney
functional tests showed no significant effects in all feed treatments (14 days), while T1 showed lower
(p < 0.05) ALT and AST levels (35 days). T1 exhibited higher weights, lengths, and weight-to-length
ratios of the small intestine, and relative lengths of the duodenum (p < 0.05). Histomorphometric
measurements of the ileum were higher (p < 0.05) in chickens fed the 0.75 g TT/kg diet, and except
for in the goblet cell count and epithelial thickness, there were no differences between treatments
(p > 0.05). In T1, hepatocytes were more normal but hepatic sinusoids were dilated, whereas in T2,
lymphocytes had infiltrated around the central vein and lining endothelial cells had been lost. The
kidney was improved in T1 and T2 compared with the control group. Ileal villi were shorter in T2,
and some villi fused with enterocyte necrosis and inflammatory cells accumulated in the lumen. We
concluded that TT powder (0.75 g/kg feed) has a safe effect and is healthy for broilers.

Keywords: Gallus domesticus; Tribulus Terrestris; histology; liver; kidney; intestine

1. Introduction

Medicinal herbal and aromatic plants have been a gaining interest in recent years as
feed additives in poultry. Medicinal herbs can alter the active compounds in final products
depending on the part used (e.g., seed, leaf, root, or bark) and the processing technique (e.g.,
extraction with non-aqueous solvents) [1,2]. Several studies in recent years have shown
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that the use of medicinal herbs as feed additives can improve the health, performance, and
nutrient digestibility of broiler chickens [3–5].

Tribulus Terrestris (TT) belongs to the Zygophyllaceae family [6]. It is widely distributed
in many areas (tropical and temperate regions of the world), especially in northeastern
Yemen and southern Saudi Arabia, and it competes with most crops in the early stage
of development [7]. TT is a medicinal plant accepted and recognized by humans as a
traditional remedy for many diseases in the form of the whole plant or especially the
fruits [4]. Rathod et al. [8]; Daniyal et al. [9] reported that the phytotherapeutic potential
of TT is present in the leaves, roots, seeds, and fruits. TT is extremely rich in substances
with potential biological activity such as steroid glycosides (saponins), protodioscin, gly-
cosides, alkaloids and flavonoids [10]. Additionally, Khalid et al. [1] showed that the
pharmacologically active components of TT belong to flavonoids and phenols. However,
it is considered as an ingredient in the industrial production of medicinal preparations
based on its saponin fraction [11]. Therefore, TT and its extracts are used as medicinal
plants to enhance performance and digestibility, to remove kidney stones, as a diuretic,
to treat urinary tract infections, hypercholesterolemia, and diabetes, and to improve liver
health [12–15]. In addition, the fruit of TT powder is widely and effectively used as a feed
additive to improve the reproductive and health potential of roosters [16], mice [17], and
humans [18]. Vincent et al. [19] reported that saponins extracted from TT had a beneficial
effect on the control of poultry diseases. Feeding 1 TT powder/kg feed [20] or 0.06 and
0.12 g TT extracts/kg [21] had no significant effect on the growth performance of broiler
chickens. In contrast, a 0.8 g TT powder/kg diet can improve the growth performance of
broilers [22]. In another study, TT fruit powder was safe for the growth performance of
mice up to a dose of 1 g/kg [2]. Sharma et al [23] found that the use of TT extract reduced
functional renal disorders and cellular damage in rats. Liver function tests were increased
as a result of cellular damage and degenerative changes with the increased permeability of
the plasma membrane in the liver of broilers that received an overdose of TT [24]. Other
studies reported that TT fruit powder can be used to treat liver regeneration and digestive
problems and diarrhea in humans [25,26].

Although studies have shown some effects of TT, there is still much debate about
possible mechanisms of action and therapeutic applications, as well as a significant lack
of research data on this medicinal plant. To our knowledge, there is a limited number
of studies in which the effects of adding TT powder as a whole plant to the diet on the
performance and health status of broiler chickens has been examined. All previous findings
are existing hypotheses from which this study was created. Therefore, the aim of the current
study was to evaluate the use of TT powder on the performance, histological changes, and
functional markers of the liver, kidney, and small intestine in broilers.

2. Materials and Methods

The use of birds, sampling and analyses were performed in accordance with the
recommendations of the Scientific Research Ethics Committee of King Saud University,
Riyadh, Saudi Arabia (approval number: KSU-SE-21-47).

2.1. Preparation of Tribulus Terrestris (TT) Powder

The TT was collected as a whole plant (flowers, seeds, leaves, and stems) in the valleys
of the Republic of Yemen. The plants were classified in the herbarium of the College
of Science-King Saud University (NO. 24519). Then, the plants were dried at a normal
temperature (27 ◦C) until they reached a constant weight and were then ground into
powder at the Research Department of Animal Production-Food and Agriculture Sciences
at King Saud University.

2.2. Chemical Composition Profiles of Tribulus Terrestris (TT) Powder

The analysis of TT powder was performed in duplicate to determine the content of
nutrients (dry matter, crude protein, ash, and total fiber) according to the methods of
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AOAC [27]. The fatty acids composition of TT powder was performed using the method
of extraction with a mixture of chloroform and methanol, and then the total fat (g/100 g
of TT) was calculated [28]. Fatty acid profiles were analyzed using a gas chromatograph
mass spectrometer (GC-MS) [29]. Fatty acids were calculated based on the peak areas of
the chromatogram and expressed as the percentage of fatty acid methyl esters. For the
analysis of phenolic compounds, ethanol and methanol TT powder extracts were prepared
according to the method of Al-Fatimi et al. [30]. Phenolic compounds were analyzed using
high performance liquid chromatography (HPLC). Resorcinol, dinitrobenzene, chlorogenic
acid, caffeic acid, vanillin, acetylsalicylic acid, salicylic acid, and quercetin were used as
external standards. The amounts were expressed as ng/µL of extracted TT.

2.3. Birds and Experimental Design

One-day-old commercial Ross chickens (168 females in total) were used for this exper-
iment. Birds were weighed individually and randomly divided equally into 3 treatments
with 8 replicates per treatment (7 chicks per replicate) in an environmentally controlled
battery with automatic electric heating. The initial temperature of 35 ◦C at one day of age
was gradually reduced to 22 ◦C at 21 days of age and then maintained at this temperature
and 55% humidity for the remainder of the 35-day period. Dietary treatments were sup-
plemented with TT at three doses (C = 0.0, T1 = 0.75, and T2 = 1.5 g/kg feed). The basal
diet for the chickens during the starter and finisher periods was formulated according to
the recommendations from the commercial practice (Saudi Arabia) (see Table 1). Feed and
water were offered ad libitum to the chickens during the experimental period. All chickens
were vaccinated against NDV, IBV, and IBDV according to the manufacturer’s instructions
(Fort Dodge Animal Health, Overland Park, KS, USA).

Table 1. Feed ingredients and calculated content of the basal diet.

Ingredients
Basal Diet (%)

Starter (Days 1–14) Finisher (Days 15–35)

Corn 54.89 60.13
Soybean meal 38.77 31.92

Palm oil 1.96 4.21
Dicalcium phosphate 1.74 1.38

Limestone 1.19 1.05
Salt 0.40 0.40

Min. Vit. Premix, 0.5% a 0.50 0.50
DL-Methionine 0.31 0.25
L-Lysine-HCL 0.13 0.08
L-Threonine 0.07 0.02

Choline CL-70% 0.05 0.05
Total 100 100

Calculated composition
Metabolizable energy, Kcal/kg 3000 3200

Crude protein 23.0 20.0
Crude fiber 2.21 2.10
Available P 0.48 0.41

Lysine 1.28 1.06
Methionine 0.64 0.55

Methionine + cysteine 0.95 0.83
Threonine 0.86 0.71

Tryptophan 0.27 0.23
Arginine 1.50 1.29

Valine 1.13 0.99
a Containing by kg of diets: 2,400,000 IU of vitamin A; 1,000,000 IU of vitamin D; 16,000 IU of vitamin E; 800 mg
of vitamin K; 600 mg of vitamin B1; 1600 mg of vitamin B2; 1000 mg of vitamin B6; 6 mg of vitamin B12; 8000 mg
of niacin; 400 mg of folic acid; 3000 mg of pantothenic acid; 40 mg of biotin; 80 mg of cobalt; 2000 mg of copper;
400 mg of iodine; 1200 mg of iron; 18,000 mg of manganese; 60 mg of selenium and 14,000 mg of zinc.
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2.4. Live Performance Measurements

All chicks were weighed individually to determine their body weight at days 1 and
35 and to calculate body weight gain per treatment. Feed intake was recorded during the
experimental periods to calculate the feed conversion ratio.

2.5. Measurement of Enzyme Activity

At 14 and 35 days of age, blood samples were collected from 16 birds in each dietary
treatment in tubes without EDTA to measure liver function tests (alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)) and kidney function tests (uric acid
and creatinine). Serum was separated via centrifugation at 3000× g for 20 min and then
frozen at −80 ◦C until analysis. These functional tests were analyzed spectrophotometri-
cally (RANDOX, London, UK) using reagent kits (Randox, London, UK) according to the
manufacturer’s instructions.

2.6. Morphology, Histological Changes

At 14 and 35 days of age, the entire small intestine, liver, and kidney were randomly
collected from 8 birds per treatment, weighed and calculated as a percentage based on live
weight. The measurement of small intestine length was recorded and the relative length of
intestinal segments was calculated based on the total small intestine length. The length (L)
and weight (W) of the small intestine were used to calculate the W/L ratio [31].

The mid-portions of the ileum (1.5 cm) between the Meckel’s diverticulum and the
cecal junction and the liver and kidneys (0.75 cm) of each bird were taken without stressing
the tissue wall. Tissue samples were washed in phosphate-buffered saline (pH = 7.4) and
fixed in 10% phosphate-buffered formalin for 72 h, then dehydrated in graded ethyl alcohol
(50% to 100%) and paraffin-embedded into the action sections (Tissue-Tek, Sakura, Tokyo,
Japan). Approximately 4 µm was cut using the Microtome System (Leica, RM 2245, Wetzlar,
Germany). Sections were deparaffinized, hydrated and stained in hematoxylin and eosin
(H&E) with Alcian blue stain to count the goblet cells (Leica, CV5030, Germany) using a
protocol based on the modified method of Winsor and Sluys [32].

Tissue sections were examined under a light microscope (Nikon, Eclipse i80, Tokyo,
Japan), and the required images were taken at various magnifications using a Nikon
digital camera (OXM 1200C, Nikon, Tokyo, Japan). Measurements of villus length, width,
depth, goblet cells, epithelial thickness, mucosa, submucosa, and lamina propria were
based on at least ten intact villi from one section (bird) with a total of 80 measurements
per treatment. The following equation based on villus length and width was used to
calculate villus surface area (surface area = 2π × (width/2) × length) according to Al-
Baadani et al. [33]. In addition, the ratio of villus length to crypt height was calculated [31].
Goblet cell density per 100 µm of villus area was determined according to the method of
Qaid et al. [34]. Histopathological changes in the ileum, liver, and kidney in the different
treatments were examined microscopically (100 to 400×) according to the method described
by Belote et al. [35].

2.7. Statistical Analysis

The data obtained from the measurements of performance, enzymes, and morphology
in the different treatments were statistically analyzed using the GLM procedures of SAS
software [36] via one-way analysis ANOVA for a completely randomized design. Means
were analyzed using Duncan’s multiple range test and treatments, with statistical signif-
icance being based on p < 0.05. All mean values for each parameter within the different
treatments were reported as ± standard error of the means (SEM).

3. Results

The nutritional values and fatty acids composition of TT are presented in Table 2. The
phytochemical compositions of TT included dry matter (92.84%), crude protein (15.52%),
ash (17.19%), crude fiber (35.55%), and total fat (2.80%). As a result of the fatty acid profile,
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the saturated fatty acids and unsaturated fatty acid amounts of TT oil extract were found to
be 19.38% and 80.62%, respectively. According to the measurement results, a total of nine
various fatty acids for each saturated and unsaturated were determined in TT oil extract,
including palmitic acid (C16:0; 11.44%), oleic acid (C18:1; 13.76%), and linoleic acid (C18:2;
64.32%).

Table 2. Nutritional values and fatty acids composition of Tribulus Terrestris (TT).

Item %

Chemical composition 1

Dry matter 92.84
Crude protein 15.52

Ash 17.19
Crude fiber 35.55

Total fat 2.80
Fatty acids of total fat 2

C6:0 0.15
C8:0 0.34
C12:0 0.08
C14:0 0.21
C16:0 11.44
C17:0 0.17
C18:0 6.86
C22:0 0.03
C20:0 0.10

Saturated fatty acids 19.38
C16:1 0.11
C18:1 13.76
C18:2 64.32

C18:3 (gamma) 0.54
C18:3 (α-linoliec) 1.42

C20:2 0.09
C20:3 0.03
C20:4 0.16
C22:5 0.19

Unsaturated fatty acids 80.62
1 The chemical composition analysis was performed in duplicate on a dry matter basis; 2 The fatty acids composi-
tion was analyzed via GC-MS in duplicate.

The results of HPLC analysis (Table 3) showed that the phenolic content of TT is
resorcinol, 1,2-Dinitrobenzene, chlorogenic acid, caffeic acid, vanillin, acetyl-salicylic acid,
and salicylic acid, and the flavonoid content is quercetin. The major compound was
acetylsalicylic acid at the rate of 160.99 or 524.86 ng/µL either in the ethanol or methanol
extract, respectively.

Table 3. Phenolic and flavonoid compounds of Tribulus Terrestris (TT). The phenolic compounds were
analyzed via HPLC in duplicate.

Compounds
Ethanol Extract Methanol Extract

Area
(mAU*s) Ret Time (min) Amount

(ng/µL)
Area

(mAU*s) Ret Time (min) Amount
(ng/µL)

Resorcinol 117.7 7.33 10.24 341.40 7.36 29.58
1,2-Dinitrobenzene 492.3 9.34 31.16 98.90 8.99 6.30
Chlorogenic acid 388.4 12.02 23.23 126.90 11.77 7.45

Caffeic acid 539.6 14.13 12.10 1008.50 14.19 22.37
Vanillin acid 1065.4 16.30 19.65 1773.10 16.37 32.53

Acetyl salicylic acid 278.3 22.17 160.99 915.80 22.27 524.86
Salicylic acid 470.5 24.95 32.70 487.30 24.77 36.17

Quercetin 92.6 34.80 33.37 235.74 34.89 91.98
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The results of the effect of TT on growth performance during the experimental period
(1 to 35 days) are presented in Table 4. The present study showed that the intake of the
highest level of TT at 1.5 g/kg diet (T2) resulted in lower (p ≤ 0.05) body weight gain and
total feed intake compared to the basal diet (control), while the intake of TT at 0.75 g/kg
diet (T1) had no negative effect. The feed conversion ratio was not affected by any of the
treatments (p > 0.05).

Table 4. Effect of Tribulus Terrestris (TT) supplementation on growth performance in broiler chickens
from 1 to 35 days of age.

Variables
Treatments 1

SEM 2 p-Value
Control T1 T2

Bodyweight gain, g 1714.02 a 1716.76 a 1630.41 b 14.12 0.0003
Total feed intake, g 2435.97 a 2350.63 a,b 2323.31 b 32.58 0.050

Feed conversion ratio, g/g 1.42 1.36 1.42 0.018 0.072
a,b Means values within a row for each variable with clarification of the significant difference in the form of
superscripts (p < 0.05). 1 Treatments: control, birds fed basal diet; T1, basal diet with 0.75 g Tribulus Terrestris/kg
diet; T2, basal diet with 1.5 g Tribulus Terrestris/kg diet. 2 SEM = standard error of means for treatment effect.

The body weight and absolute and relative weights of the liver and kidney in broiler
chickens fed TT powder are shown in Table 5. The body weight during slaughter data
obtained showed that the chickens fed 0.75 g TT/kg diet (T1) displayed no effects (p > 0.05)
compared to the control, while the chickens fed 1.5 g/kg had weights lower than those in
the other treatments at 14 days of age (p < 0.05). At 35 days of age, the live body displayed
no effects in all treatments (p > 0.05). The absolute and relative weights of the liver and
kidney displayed no effects (p > 0.05) between all treatments during the starter and finisher
phase (14 and 35 days).

Table 5. Effect of Tribulus Terrestris (TT) supplementation on absolute and relative weight of liver and
kidney in broiler chickens.

Variables
Treatments 1

SEM 2 p-Value
Control T1 T2

At14 days of age
Body weight (g) 438.75a 429.88 a 369.38 b 15.47 0.009

Liver (g) 12.74 10.81 9.86 0.89 0.090
Liver (%) 2.94 2.50 2.67 0.21 0.363

Kidney (g) 2.26 2.90 2.60 0.25 0.238
Kidney (%) 0.528 0.672 0.710 0.06 0.149

At 35 days of age
Body weight (g) 1672.63 1728.00 1693.75 21.66 0.238

Liver (g) 35.68 38.33 35.72 1.25 0.250
Liver (%) 2.13 2.21 2.11 0.09 0.672

Kidney (g) 2.32 2.40 1.99 0.19 0.319
Kidney (%) 0.14 0.13 0.11 0.01 0.391

a,b Means values within a row for each variable with clarification of the significant difference in the form of
superscripts (p < 0.05). 1 Treatments: control, birds fed basal diet; T1, basal diet with 0.75 g Tribulus Terrestris/kg
diet; T2, basal diet with 1.5 g Tribulus Terrestris/kg diet. 2 SEM = standard error of means for treatment effect.

The effects of TT supplementation on liver and kidney function tests in broiler chickens
are shown in Table 6. The measured liver function tests (ALT; alanine aminotransferase
and AST; aspartate aminotransferase) and kidney function tests (uric acid and creatinine)
showed no significant effect (p > 0.05) between the dietary treatments and the control group
at 14 days of age. At 35 days of age, the chickens receiving the 0.75 g TT/kg diet (T1) had
lower values (p < 0.05) on ALT and AST compared to those in the other dietary treatments.
In contrast, there were no effects on uric acid and creatinine for all treatments (p > 0.05).
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Table 6. Effect of Tribulus Terrestris (TT) supplementation on function tests of liver and kidney in
broiler chickens.

Variables
Treatments 1

SEM 2 p-Value
Control T1 T2

At 14 days of age
AST U/L 171.5 172.5 173.8 3.13 0.874
ALT U/L 14.6 13.2 12.3 2.09 0.732

Uric acid mg/dl 2.12 2.43 2.46 0.18 0.362
Creatinine mg/dl 0.444 0.452 0.363 0.04 0.387
At 35 days of age

AST U/L 245.2 a 208.7 c 227.9 b 3.39 <0.0001
ALT U/L 17.5 a 9.3 c 11.1 b 2.29 0.050

Uric acid mg/dl 1.82 1.63 1.48 0.22 0.584
Creatinine mg/dl 0.365 0.414 0.359 0.04 0.647

a–c Means values within a row for each variable with clarification of the significant difference in the form of
superscripts (p < 0.05). 1 Treatments: control, birds fed basal diet; T1, basal diet with 0.75 g Tribulus Terrestris/kg
diet; T2, basal diet with 1.5 g Tribulus Terrestris/kg diet. 2 SEM = standard error of means for treatment effect.

The results of histopathological changes in the livers of broiler chickens are shown
in Figure 1, stained with (H&E) 100× to 400×. The livers of chickens fed a basal diet
(control) showed the normal distribution of hepatocytes and dilation of the central vein.
However, the examination of many chicken tissues revealed focal inflammatory infiltration
by lymphocytes between the hepatocytes and around the central vein. The livers of chickens
fed the 0.75 g TT powder/kg diet (T1) showed more normal hepatocytes compared with the
control group, but dilation of the hepatic sinusoids located between the hepatic cords and
narrowing of the central vein. In addition, the livers of T2 chickens (1.5 g TT powder/kg
diet) showed normal hepatocytes but swollen hepatocytes in some areas, with lymphocyte
infiltration around the central vein and the loss of lining endothelial cells.

Histopathological changes in the kidneys of broiler chickens are shown in Figure 2,
stained with (H&E) 100× to 400×. Many renal tissues showed interstitial hemorrhage
and congestion in renal blood vessels with the degeneration of the epithelial lining of
renal tubules with the accumulation of inflammatory cells in chickens fed the basal diet
(control). However, all histopathological changes in the control group improved in the
tissues of the chickens when they received the 0.75 and 1.5 g TT powder/kg diet (T1 and
T2, respectively).

The intestinal morphology, such as the weight and length of the small intestine, the
ratio between the weight and length of the intestine, and the relative length of the small
intestinal fragments in broilers fed diets enriched with TT powder, are shown in Table 7. At
14 days of age, the data revealed that the chickens fed a 0.75 g TT/kg diet (T1) had higher
weights and lengths of small intestine (p < 0.05) than the control group. In addition, T1
and the control group had higher intestinal weight to intestinal length ratios and relative
lengths of the duodenum (p < 0.05) compared to the chickens fed the 1.5 g/kg diet (T2). In
contrast, the relative length of the ileum was lower (p < 0.05) in T1 and the control group.
The small intestine weight and intestine weight to length ratio (W/L) were higher (p < 0.05)
in chickens fed the 0.75 g TT/kg diet (T1) than in the control group, but there was no
significant difference from T2 at 35 days of age.

Table 8 shows that the histomorphometric measurements of the ileum in broiler
chickens were affected by the treatments (p < 0.001), while the number of goblet cells and
epithelial thickness showed no differences between the treatments compared to the control
(p > 0.05). The length and width of ileal villi and villus surface area were higher (p < 0.05) in
chickens fed the 0.75 g TT/kg diet (T1) than T2 but were not significantly different between
the T1 and control groups. In addition, the results showed that the ratio of villus length to
crypt depth and the thickness of mucosa and lamina propria were higher (p < 0.05) in T1
chickens than in the other diets (T2 and control). In contrast, the crypt depth was lower in
T1 compared to the other feed treatments, and the number of goblet cells per 100 µm villus
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area was also lower (p < 0.05) but not significantly different from the chickens fed the basal
diet (control).
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Figure 1. Histological changes in the liver of broiler chickens stained with (H&E) 100× to 400×.
Control, birds fed basal diet; T1, basal diet containing 0.75 g Tribulus Terrestris/kg feed; T2, basal
diet containing 1.5 g Tribulus Terrestris/kg feed. CV = central vein; S = sinusoids; KC = Kupffer cells;
HA = hepatic artery; BD = bile duct. Chicken liver (control): shows normal morphology of hep-
atocytes with focal inflammatory infiltration by leukocytes (lymphocytes) (star) and dilatation of
the CV. Chicken liver (T1): hepatocytes are more normal but sinusoidal spaces are dilated (S) and
CV is narrower than control group. The chicken liver (T2): hepatocytes normal, but swollen hepa-
tocytes in some areas with lymphocyte infiltration around the central vein (star) and loss of lining
endothelial cells.

The histopathological changes in the ileum in broiler chickens are shown in Figure 3.
In the chickens fed the basic diet (control), the height and width of the villi were within
the normal range, except for some cases where proliferative enterocytes with metaplasia
of goblet cells were seen with disturbances in the villous spaces and the lumen contained
sheets of epithelial cells, mucus, and denuded tips (Figure 3; control—100× and 300×).
In birds fed a basal diet containing 0.75 g TT/kg feed (T1), normal heights and widths of
the intestinal villi and a free lumen without any exudate, as well as a normal appearance
of the submucosal and muscular sheaths were observed (Figure 3; T1—100× and 300×).
In chicken intestines at T2 (1.5 g TT/kg feed), villi were shorter, and some villi fused
due to the proliferation of enterocytes. Some villi showed the necrosis of enterocytes
with numerous inflammatory cells. The lumen contained layers of epithelial cells that are
mucinous (Figure 3; T2—100× and 300×).
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Figure 2. Histological changes in the kidney of broiler chickens stained with (H&E) 100× to 400×.
Control, birds receiving basal diet; T1, basal diet containing 0.75 g Tribulus Terrestris/kg feed; T2,
basal diet containing 1.5 g Tribulus Terrestris/kg feed. The kidney of the chickens (control) showed
interstitial hemorrhage and congestion in the renal blood vessels (striped arrow) with degeneration of
the epithelial lining of the renal tubules (star) with accumulation of inflammatory cells (arrowhead).
In contrast, all histopathological changes improved in chickens fed diets T1 to T2 (0.75 or 1.5 g TT
powder per kg diet).

Table 7. Effect of Tribulus Terrestris (TT) supplementation on the intestinal morphology in broiler
chickens.

Variables
Treatments 1

SEM 2 p-Value
Control T1 T2

At14 days of age
Small intestine weight (g) 19.33 b 23.61 a 18.09 b 1.08 0.004
Small intestine length (cm) 118.75 b 131.56 a 130.04 a 2.26 0.001
Small intestine length (%)

Duodenum 17.93 a 16.66 a,b 16.13 b 0.50 0.050
Jejunum 44.00 44.19 41.90 0.93 0.183

Ileum 38.06 b 39.14 b 41.96 a 0.92 0.019
W/L ratio 3 (g/cm) 0.163 a 0.177 a 0.138 b 0.007 0.007

At 35 days of age
Small intestine weight (g) 55.91 b 63.31 a 60.26 a,b 1.79 0.027
Small intestine length (cm) 177.38 176.21 180.53 3.53 0.676
Small intestine length (%)

Duodenum 16.25 16.91 15.97 0.42 0.303
Jejunum 42.38 42.28 43.32 0.43 0.197

Ileum 41.37 40.80 40.69 0.53 0.638
W/L ratio 3 (g/cm) 0.313 b 0.360 a 0.333 a,b 0.009 0.009

a,b Means values within a row for each variable with clarification of the significant difference in the form of
superscripts (p < 0.05). 1 Treatments: control, birds fed basal diet; T1, basal diet with 0.75 g Tribulus Terrestris/kg
diet; T2, basal diet with 1.5 g Tribulus Terrestris/kg diet. 2 SEM = standard error of means for treatment effect.
3 W/L ratio: intestine weight to length ratio.
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Table 8. Effect of Tribulus Terrestris (TT) supplementation on histomorphometric measurements of
ileum in broiler chickens.

Variables
Treatments 1

SEM 2 p-Value
Control T1 T2

Length (µm) 419.17 a 403.55 a 307.47 b 15.92 <0.0001
Width (µm) 49.76 a,b 52.43 a 44.87 b 1.89 0.007

Villus surface area (mm2) 0.065 a 0.066 a 0.042 b 0.002 <0.0001
Crypt-depth (µm) 26.96 a 19.99 b 26.12 a 0.91 <0.0001

Villus length/crypt depth 15.67 b 21.01 a 11.85 c 0.93 <0.0001
Goblet cells (NO.) 87.58 86.25 80.35 3.35 0.182

Goblet cells/100 µm Villi
area 10.55 b 10.73 b 13.87 a 0.87 0.004

Epithelial thickness (µm) 5.76 5.34 6.55 0.44 0.084
Mucosa (µm) 28.84 b 33.61 a 23.90 c 0.76 <0.0001

Sub-mucosa (µm) 13.48 a,b 15.25 a 12.25 b 0.67 0.003
Lamina propria thickness

(µm) 19.33 b 23.52 a 14.78 c 1.26 <.0001

a–c Means values within a row for each variable with clarification of the significant difference in the form of
superscripts (p < 0.05). 1 Treatments: control, birds fed basal diet; T1, basal diet with 0.75 g Tribulus Terrestris/kg
diet; T2, basal diet with 1.5 g Tribulus Terrestris/kg diet. 2 SEM = standard error of means for treatment effect.
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epithelial cells (star). The chicken ileum (T1): normal height and width of the intestinal villi and the 
lumen free of any exudate and greater improvement than observed in the other treatment groups. 
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Figure 3. Histological changes in the ileum of broiler chickens stained with (H&E) 100× to 300×.
Control, birds fed basal diet; T1, basal diet containing 0.75 g Tribulus Terrestris/kg feed; T2, basal
diet containing 1.5 g Tribulus Terrestris/kg feed. Chicken ileum (control): showing normal height
and width of intestinal villi with proliferative enterocytes (arrows). The lumen contains layers of
epithelial cells (star). The chicken ileum (T1): normal height and width of the intestinal villi and the
lumen free of any exudate and greater improvement than observed in the other treatment groups.
Chicken ileum (T2): short villi with fusion of some villi (double arrow). Some villi show necrosis of
enterocytes (arrowhead) and contain sheets of epithelial cells and mucus in the lumen (star) as well
as proliferative enterocytes (arrows).

47



Animals 2022, 12, 1930

4. Discussion

TT is a pharmaceutical herb that has long been used by people as a traditional medicine
to treat many diseases, including urinary tract infections, to remove kidney urolithiasis,
hypercholesterolemia, and liver health, and as a diuretic medication. These traditional
uses would be due to the substances it contains with potential biological activity, including
steroidal glycosides (saponins), protodeacon, glycosides, alkaloids, flavonoids, and tannins,
as shown by previous studies [8,10,14,37]. The results of the current study show that the
chemical composition of TT powder as a whole plant was rich in dry matter, crude protein,
ash, and especially crude fiber (35.55%). Moreover, HPLC analysis showed that the major
compound of TT was acetylsalicylic acid, in both ethanol and methanol extracts. The results
of HPLC analysis of the chemical compounds in the extracts of TT in the current study
agree with [1,2], who found that TT contains many pharmacologically active components
belonging to flavonoids and phenols. However, the chemical composition of the extract
varies depending on the extraction method and plant parts [38,39]. Several studies suggest
that TT has preventive and therapeutic effects on many diseases, possibly due to the
components it contains, such as phenolics and flavonoids [40,41]. Despite the diversity of
saturated and unsaturated fatty acids in TT extract, but surprisingly, the majority of oils
from TT seem to be composed of unsaturated fatty acids. Therefore, analysis revealed that
palmitic acid (11.44%), oleic acid (13.76%), and linoleic acid (64.32%) were the major fatty
acid components in TT extracts. These results are in agreement with those of Çömlekçioğlu
and Çırak [42], who reported that the major fatty acids in TT plant are palmitic acid, oleic
acid, and linoleic acid. These main fatty acids extracted from TT have many health benefits,
anti-inflammatory properties, and promote metabolism [43,44]. Linoleic acid is an omega-6
polyunsaturated fatty acid and one of the essential fatty acids that should be consumed in
the diet [45].

The results obtained show that the addition of TT powder (0.75 g/kg) to a basal
diet did not affect overall growth (weight gain, feed intake and the feed conversion ratio)
compared to chickens fed a basal diet from 1 to 35 days of age, while performance decreased
when they received a high amount of TT powder (1.5 g/kg). Our results are in agreement
with those of Ammar et al. [2], who showed that TT was safe for the growth performance
of mice up to a dose of 1 g/kg. Another study by Şahin [22] reported that TT powder
(0.80 g/kg feed) can be used to improve the growth performance of broiler chickens. In
addition, the aqueous extract or powder of TT (5 and 10 mg/kg body weight) had positive
effects on the growth performance of laying hens [11]. In contrast, dietary supplementation
with TT powder (1 g/kg) or TT extracts (0.06 and 0.12 g/kg) did not affect the growth
performance of broilers [3,21]. These results indicate that the over dosage of TT powder
has a negative effect on growth performance in broiler chickens. This may be due to side
effects of the high level of TT supplementation powder on the intestine, especially the
ileum surface and measurements. Hayirli et al. [46] reported that TT powder at a dosage of
0.2 or 0.4 mg/kg had no positive effect on feed intake in broilers. The lower feed intake in
T2 (1.5 g TT powder/kg diet) could be due to the high content of dietary fiber and phenolic
compounds in TT or other factors.

There were no effects on the absolute and relative weights of liver and kidney in
broilers fed diets supplemented with TT powder (T1 and T2). Our results agree with the
findings of Martino-Andrade et al. [47], who reported that the absolute and relative weights
of liver and kidney were not different in all treated male rats compared to the control.
On the other hand, Şahin and Duru [48] reported that dietary supplementation with TT
extract (0.36 g/kg) decreased the weight of liver in broiler chickens. In liver function
tests (ALT and AST) and kidney function tests (uric acid and creatinine), TT showed no
effect at 14 days of age compared with the control group. The current results show that
there was no difference in the function tests of the liver and kidney. At 35 days of age,
chickens receiving T1 had lower levels of ALT and AST, while uric acid and creatinine
showed no effect in all treatments. These results may be attributed to the concept that the
diet supplemented with TT powder is not sufficient to induce changes in hepatocytes and
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cause renal dysfunction. Meanwhile, we found that examining histological changes in
liver and kidney tissue of chickens that received TT powder (0.75 g/kg) showed normal
morphological results, so it could be that TT powder at 0.75 g/kg has beneficial health
effects in broiler chickens. The above results are consonant with those of Yazdi et al. [49],
who reported that TT reduced histological damage and improved kidney function in rats.
Furthermore, acetylsalicylic acid has no effect on human kidney function [50]. The results
of this study are not in agreement with those of Anand et al. [19], who concluded that
chickens fed a TT overdose had higher levels of ALT and AST, which were attributed to
cellular damage, degenerative changes in the liver, and the increased permeability of the
plasma membrane. In addition, acetylsalicylic acid contained in TT may play a beneficial
role by reducing liver inflammation and oxidative stress [46]. However, lower levels of ALT
and AST in chickens that received TT, especially in T1 (0.75 TT/kg feed may be attributed
to a more normal liver histological structure compared with the control group. These
were detected in the histological changes in the liver, although it seems that the changes
in liver cells and structure did not affect the health of the birds so much, and the kidneys
also showed improvement when the chickens received TT powder. Miranda et al. [51]
concluded that the inclusion of TT (0.25, 0.50, and 0.75 g/kg diet) had safe effects on the
liver and kidneys since no histopathological changes were observed in rats.

According to our results on intestinal morphology, such as the weight and length of
the small intestine and the ratio of weight to length of the intestine, the absorption area
was higher when the diet was supplemented with TT, especially at T1 (0.75 g/kg). More-
over, histomorphometric measurements of the ileum in broiler chickens were improved
when they received TT powder, whereas ileal villus length and width, surface area, villus
length to crypt height ratio, mucosa, and lamina propria thickness were lower in chickens
receiving 1.5 g TT/kg feed (T2). Crypt height is an indicator of the multiplication and
absorption capacity of the intestine [52]. Previous reports have shown that as villus height
increases, both the digestive and absorptive functions of the intestine increase, resulting in
an increased absorptive surface area, the increased expression of brush border enzymes,
nutrient transport systems, and body weight [53]. However, many substances can affect
the development of the inner villi, making enzymatic activity and enterocyte structure
two essential features of the physiology of the intestinal mucosa [54]. The intake of the
1.5 g TT/kg diet resulted in a decrease in the length, width, and surface area of villi, which
may be due to the suppression of beneficial bacteria in the intestine, thus reflected in
the decreased growth performance. Mucus production is related to the density of goblet
cells and is an important component of the intestinal barrier [55]. However, the results
obtained showed no differences in goblet cell density between all treatments. Changes in
the histopathology of the ileum of broiler chickens fed the basal diet and 1.5 g TT/kg diet
(T2) were observed; shorter villi were observed with the fusion of some villi, which could be
due to proliferation of enterocytes with enterocyte necrosis, and the lumen contains sheets
of epithelial cells that are slimy. The use of TT decreased the crypt depth and increased the
ratio between villus height and crypt depth in the ileum of the broiler. The higher this ratio,
the greater the ability to digest and absorb nutrients [56]. These results related to changes
in gut histology, which may have led to decreased growth performance in chickens fed the
basal diet containing 1.5 g TT/kg feed (T2). Supplementing the diet with a high dose of
medicinal plants may have negative effects on some beneficial microbial populations [57].
In addition, birds fed a 1.5 g TT/kg diet may suffer from the negative effects on the intesti-
nal epithelium, resulting in mucosal damage. Therefore, the most common standards for
assessing abdominal mucosal injury and health in poultry are villus length, crypt depth,
and villus/crypt ratio [58,59]. The villus crypt is considered a villus factory, and deeper
crypts indicate rapid tissue turnover, allowing villi to be renewed as needed in response to
normal shedding [60]. A reduction in villus height and deeper crypts may result in poor
nutrient uptake, increased secretion into the internal tract, and decreased performance [61].
In contrast, Awad et al. [62] reported that an increase in villus length and the villus-to-crypt
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ratio correlated with increased epithelial cell turnover, and longer villi were associated
with activated cell mitosis.

5. Conclusions

The current results conclude that the use of TT powder as a whole plant contains
nutritional compositions and saturated fatty acids as well as pharmacologically active
components. Therefore, the addition of TT in a 0.75 g/kg diet had no negative effects on
growth performance and liver and kidney morphology and improved intestinal morphol-
ogy and ileum histomorphometry. Furthermore, adding TT powder (0.75 g/kg) to the
diet improved the histological changes in the liver, kidneys, and ileum. The dosage of
0.75 g/kg diet used in the current study is likely to be safe and beneficial for the health of
broiler chickens. However, further studies are needed to discover the proper dosages and
mechanism of pharmacological effect of TT powder as a whole plant on the physiological
and health characteristics of broiler chickens.
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20. Duru, M.; Şahin, A. Effects of dietary puncture vine (Tribulus Terrestris) powder in different carriers on growth performance,
carcass characteristics and blood parameters of broiler chicks. Kafkas Univ. Vet. Fak. Derg. 2012, 18, 359–365. [CrossRef]
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Simple Summary: It is important to take care of a properly balanced amino acid composition in the
diet in order to inhibit or delay the occurrence of processes and changes related to the destruction of
nervous tissue. Therefore, an attempt was made in this manuscript to evaluate the effect of different
ratios of the key amino acids arginine and methionine, relative to lysine, in relation to two turkey
feeding standards. The amino acid guidelines formulated by British United Turkeys (BUT) suggest
higher levels of lysine (Lys) in turkey diets than those recommended by the National Research
Council (NRC). In order to assess the impact of such supplementation, we analyzed the level of
indicators informing the presence or degree of advancement of neurodegenerative processes in the
nervous tissue (the level of acetylcholinesterase and amyloid-β; the concentration of AChE complexes
with amyloid-β and Tau protein, called glycosylated acetylcholinesterase (GAChE), indicative of the
destruction of neurons). The level of low-density lipoprotein receptor-related protein 1, or LRP-1,
which facilitates the breakdown of toxic amyloid-β, was also assessed. In addition, the effect of
different doses of these amino acids on neurodegenerative changes in DNA, especially the degree of
methylation of histone proteins resulting from covalent modifications was compared between lysine
and arginine residues.

Abstract: We postulated that the use of optimal levels and proportions of Arg and Met relative to a
low or high concentration of Lys in diets for meat turkeys would reduce the occurrence of metabolic
disturbances in the nervous tissue that can lead to neurodegenerative changes. The aim of the study
was to determine the effect of various proportions of Lys, Arg, and Met in diets for turkeys, with
a low content of Lys in accordance with NRC (Experiment 1) recommendations, and in diets with
high Lys levels that are close to the recommendations of breeding companies (Experiment 2) on
selected indicators of potential neurodegenerative effects in the brain and liver of turkeys. The
Experiment 1 and Experiment 2 was conducted using 864 day-old turkey chicks randomly assigned
to six groups, in eight replicates (6 groups × 18 birds × 8 replicates). A full description of the
methodology can be found in previously published papers using the same experimental design.
Indicators informing about the presence or advancement of neurodegenerative processes in the
nervous tissue were determined in the brain and liver (level of: AChE, amyloid-β, GAChE, Tau
protein, LRP1, and the degree of DNA methylation). It was established that in the case of both a
low (National Research Council, NRC) and a high (British United Turkeys, BUT) level of Lys in the
diet of turkeys, the Arg level can be reduced to 90% of the Lys level and Met to 30% of the Lys level,
because this does not cause neurodegenerative changes in turkeys. Unfavorable neurodegenerative
changes may appear if the Arg level is increased from 100 to 110% of the Lys level recommended by
the NRC. However, due to the lack of such a relationship when Arg is increased from 100 to 110% of
the Lys level recommended by BUT, at this stage of research no definitive conclusions can be drawn
regarding the risk of neurodegenerative changes caused by increasing Arg in the diet of turkeys.
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1. Introduction

A diet with an appropriate amino acid profile plays a key role in exploiting the genetic
potential of fast-growing turkeys [1]. The main amino acids limiting the biological value of
dietary protein in poultry are methionine (Met) and arginine (Arg) [2,3]. Lysine (Lys), on
the other hand, may determine the digestibility and absorption of Arg in the intestines [4].
Requirements for the intake of amino acids in the diet of turkeys formulated by NRC, as
seen in [5,6], differ substantially in the proportions of individual amino acids. According
to the NRC [5], the Arg level in the diet of turkeys should be 90–100% of the Lys content,
whereas BUT [6] recommends a higher Arg level (102–105% Lys). The Met level established
by the NRC [5] is 30–38% of the content of Lys, while BUT [6] recommends a level of 36–41%.
Supplementation of the diet with selected amino acids can have highly varied effects on the
functioning of the brain, liver, and nervous tissue, and the biosynthesis of amino acids in
the brain and liver is strictly regulated by the concentration of amino acids in the plasma [7].
According to Morales et al. [8], optimal levels of amino acids can play a significant role in
maintaining the integrity and functioning of brain cells and hepatocytes, take part in the
synthesis of neurotransmitters, and—owing to their ability to regenerate and reorganize
neurons—play an active role in the treatment of neurological diseases. Excessive amounts
of these compounds, on the other hand, can have toxic effects on nervous tissue, disturb its
metabolism, and lead to neurodegenerative changes [7,9,10].

According to Toue et al. [11] and Koladiya et al. [12], one of the amino acids essential
to the normal functioning of nervous tissue is methionine. Methionine and cysteine, which
is derived from it, are key amino acids with an important role in the cellular metabolism of
neurons. Some other authors report that excessive methionine intake in the diet may induce
neurodegenerative changes in the brain and accelerate the ageing process, which may be
caused by methionine sulfoxide, an intermediate product of the methionine cycle [7,13–16].
On the other hand, according to Toue et al. [11], a deficiency of methionine can cause
dementia. In addition, excessive amounts of cysteine, derived from methionine, can
also have neurotoxic effects. The most neurotoxic form of cysteine, S-nitroso cysteine, is
responsible for inhibition of mitochondrial respiration, caused by metabolic disturbances
and inhibition of ATP synthesis in the neurons. This compound is produced in a reaction
between methionine and reactive oxygen species, mainly nitric oxide (NO) [17]. Another
amino acid with an important role in determining the biological value of fodder protein
is arginine (Arg). There is no urea cycle in birds, and as a result, Arg is not synthesized
endogenously, therefore, it must be added to their diet [18].

According to Rajagopal et al. [19], Arg stimulates nerve signal transmission between
neurons, activates the growth and differentiation of new nerve cells, and delays neuron
apoptosis. According to Balnave and Brake [4], both the deficiency and surplus of Arg can
adversely affect the concentrations of other amino acids in the blood plasma and muscles,
which impedes not only nerve cell metabolism but also the growth and development of
birds. This is because Arg is a precursor of NO, ornithine, glutamate, creatine, proline,
glutamine, and dimethylarginine, and therefore plays an important role in the metabolism
of birds [20].

Lysine is another amino acid that is essential for the growing turkeys, and a Lys
deficiency or defects associated with catabolism of this amino acid can result in neu-
rodegenerative and other physiological changes [21]. Nutritional studies conducted by
Jankowski et al. [2,3] and Ognik et al. [22] have shown that a diet with low Lys content,
recommended by the NRC [5], with an Arg level of 100% relative to Lys and a Met level of
45% of the Lys level, can stimulate immune and antioxidant defenses, as well as eliminate
oxidative changes and neutralize biologically important compounds. Another study by
the same authors showed that in growing turkeys, which were fed a diet with a high Lys
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content (according to the recommendations of BUT [6], Arg and Met can reach levels of 90
and 45% of the Lys content with no negative effect on metabolic parameters or the growth
of the birds [23]). In addition, the inclusion of Met at a level of 45% of Lys levels increases
the antioxidant potential of turkeys and reduces the risk of oxidative changes in important
biomolecules, especially lipids and proteins, as well as DNA.

Diets for turkeys with a high Arg content (110% Lys) were found to be unfavorable,
due to the risk of lipid oxidation, protein nitration, and adverse changes in the concentra-
tions of hormones regulating metabolism, especially of sugars [22]. Due to the potential
neurotoxic effects of a diet with excessive Met, which must be correctly correlated with
Arg, relative to Lys [5,6], in order to choose the optimal levels of these amino acids, it seems
important to determine indicators of the appearance of neurodegenerative changes in the
brain resulting from the use of these amino acids. For this purpose, it may be useful to
analyze the level of acetylcholinesterase (AChE), a key enzyme for conduction of nerve
impulses and protection of neurons, as well as the levels of neurotoxic amyloid-β and
the concentration of AChE complexes with amyloid-β and Tau protein, called glycosy-
lated acetylcholinesterase (GAChE), which are responsible for neuronal apoptosis. Both
a deficiency of acetylcholinesterase and the formation of complexes of this enzyme with
amyloid-β (glycosylated acetylcholinesterase, GAChE) are conducive to mitochondrial
dysfunction and the generation of large amounts of reactive oxygen species, which initiate
neuronal apoptosis [24–27]. Moreover, it may be useful to determine the level of low-
density lipoprotein receptor-related protein 1 (LRP1), which facilitates the degradation of
toxic amyloid-β [28]. Evaluation of the degree of methylation of histone proteins, resulting
from the covalent modifications of lysine and arginine residues, may also be helpful in
recognizing the intensification of neurodegenerative changes [29].

A further suggestion to explore the question of the effect of different levels and
proportions of lysine, arginine, and methionine in diets for meat turkeys was the findings
of other researchers, who evaluated the rearing efficiency, as well as biochemical and
immune parameters of the blood, intestinal morphology, dressing percentage, and meat
quality [30–32]. According to Ghamari Monavvar et al. [33], additional supplementation
with arginine improves growth performance and the quality traits of poultry (especially
meat tenderness and meat fat content). What is more, Arg supplementation improves the
intestinal morphology (especially the ratio of villus height to crypt depth), enzyme activity,
and the composition of the intestinal microbiota. It also stimulates the immune system,
a significant portion of which is located in the intestines, and increases levels of insulin
and thyroid hormones, thus activating metabolism. A new aspect of the study is focused
on the problem of choosing optimum levels and proportions of Arg and Met relative to a
low or high concentration of Lys in diets for meat turkeys, in the context of minimizing the
occurrence of metabolic disorders in nervous tissue. Efforts to improve rearing efficiency in
turkeys by modifying their diet may adversely affect health parameters, disturb the general
metabolism, increase the risk of oxidative stress, and importantly, affect nervous tissue
as well.

We found no reports in the world literature of research conducted in poultry in the
context of neurodegenerative changes. Because Arg, Met, and Lys are essential amino acids
for poultry and determine the biological value of fodder protein, it seems useful to observe
such changes, especially when we attempt to improve the growth performance of turkeys
by changing the proportions of these amino acids. We took an interest in potential neurode-
generative changes after an in-depth analysis of the results obtained by the co-authors of
this study in their research on growth performance and the indicators of sugar metabolism,
peptide nitration, lipid oxidation, and systemic antioxidant defenses [2,3,22,23].

Due to the fact that the nervous tissue plays a superior role in the functioning of the
system, any interference leading to the improvement of its condition is justified, provided
that the portion of amino acids used does not constitute a toxic dose, and we tried to
avoid this problem by assessing the impact of individual proportions within the acceptable
standards for poultry. We considered that, due to the fact that two different nutritional
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standards for poultry (NRC, BUT) that are commonly used in poultry farming give slightly
different values for the nutritional recommendations of Arg, Met, and Lys, and that these
amino acids limit the biological value of the dietary protein in poultry and may affect the
metabolism of nervous tissue in a different way, it is important to balance them carefully
and in our opinion there is a need for a thorough verification of this problem.

We postulated that the use of optimal levels and proportions of Arg and Met relative
to a low or high concentration of Lys in diets for meat turkeys would reduce the occurrence
of metabolic disturbances in the nervous tissue that can lead to neurodegenerative changes.
The aim of the study was to determine the effect of various proportions of Lys, Arg,
and Met in diets for turkeys with a low content of Lys, in accordance with NRC [5]
recommendations, and in diets with high Lys levels, close to the recommendations of
breeding companies [6], on selected indicators of potential neurodegenerative effects in the
brain and liver of turkeys.

2. Materials and Methods
2.1. Experiment 1

The experiment was conducted using 864 day-old turkey chicks randomly assigned
to 6 groups, in 8 replicates (6 groups × 18 birds × 8 replicates). A full description of the
methodology can be found in previously published papers using the same experimental
design [2,3,23,30]. During each of 4 feeding periods (4 weeks each), the birds received
ad libitum isocaloric diets containing 1.60, 1.50, 1.30, and 1.00% Lys, in accordance with
recommendations for turkeys specified in Nutrient Requirements of Poultry [5]. The factors
differentiating the experimental groups were the level of Arg, which was 90, 100, and 110%
of the level of Lys in the diet, and for Met it was 30 or 45% of the level of Lys in the diet. For
each of the 4 feeding periods, basal diets were prepared without the addition of Lys, Met, or
Arg (Table 1). The content of amino acids in the basal diets was determined (Table 2), and
then they were mixed with the appropriate amounts of Lys, Met, and Arg. The total content
of amino acids in all experimental diets was determined analytically (Table 2). Starter
diets (days 1–28) and grower and finisher diets (days 29–112), with no feed additives, were
provided as crumbles and pellets (3 mm pellets at 65 ◦C for 45 s), respectively.

Table 1. Ingredient composition and nutrient content of basal diets (g/kg, as-fed basis) fed to turkeys
at 1–4, 5–8, 9–12, and 13–16 weeks of age, Experiment 1 1.

Item
Feeding Period, Weeks

1–4 5–8 9–12 13–16

Ingredients
Wheat 463.9 486.7 537.4 656.3
Maize 100.0 100.0 100.0 100.0

Soybean meal 250.5 232.7 187.3 79.1
Rapeseed meal 30.0 50.0 71.8 70.0
Potato protein 55.2 30.1 - -

Soybean oil 2.0 23.2 35.3 32.2
Maize gluten meal 55.0 35.0 35.0 35.0

Sodium bicarbonate 2.0 2.0 2.0 2.0
Sodium chloride 1.5 1.6 1.6 1.4

Limestone 22.0 18.6 16.4 13.8
Monocalcium phosphate 14.6 12.9 9.0 5.0

L-Threonine - 0.7 0.7 1.7
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Table 1. Cont.

Item
Feeding Period, Weeks

1–4 5–8 9–12 13–16

Choline chloride 1.0 1.0 1.0 1.0
Vitamin-mineral premix 2 2.5 2.5 2.5 2.5

Titanium oxide - 3.0 - -

Calculated nutrient content
Metabolizable energy, kcal/kg 2820 2900 3000 3100

Crude protein 26.5 23.5 20.5 17.0
Arginine total 3 14.4 13.5 11.7 8.9

Lysine total 3 12.8 11.2 8.9 6.4
Methionine total 3 4.5 3.9 3.4 2.9

Methionine + Cysteine total 9.2 8.2 8.0 7.5
Threonine total 10.2 9.5 7.4 6.5

Calcium 12.5 11.0 9.5 7.5
Available phosphorus 6.5 5.5 4.7 3.8

1 Source: This table was published in Poultry Science [2]. 2 Provided per kg diet (feeding periods: weeks 0–4,
5–8, 9–12 and 13–16): mg: retinol 3.78, 3.38, 2.88 and 2.52; cholecalciferol 0.13, 0.12, 0.10 and 0.09; α-tocopheryl
acetate 100, 90, 80 and 70; vit. K3 5.8, 5.6, 4.8 and 4.2; thiamine 5.4, 4.7, 4.0 and 3.5; riboflavin 8.4, 7.5, 6.4 and 5.6;
pyridoxine 6.4, 5.6, 4.8 and 4.2; cobalamin 0.032, 0.028, 0.024 and 0.021′ biotin 0.32, 0.28, 0.24 and 0.21; pantothenic
acid 28, 24, 20 and 18; nicotinic acid 84, 75, 64 and 56; folic acid 3.2, 2.8, 2.4 and 2.1; Fe 64, 60, 56, 48 and 42; Mn
120, 112, 96 and 84; Zn 110, 103, 88 and 77; Cu 23, 19, 16 and 14; I 3.2, 2.8, 2.4 and 2.1; Se 0.30, 0.28, 0.24 and
0.21, respectively. 3 Actual levels of supplementary Lys, Arg, and Met in experimental diets were obtained by
adding supplementary L-Lys HCl, L-Arg HCl and DL-Met to the basal feed. L-Lys HCl was added to the basal
diet to obtain 1.60, 1.50, 1.30, and 1.00 g of Lys per 100 g of feed in four successive feeding periods, according
to the nutrient requirements of turkeys [5]. L-Arg HCl was added to the basal diet to obtain 90, 100, and 110%
Arg relative to the content of dietary Lys. DL-Met was added to obtain 30 and 45% Met relative to the content of
dietary Lys. Lys—lysine, Arg—arginine, Met—methionine.

Table 2. Amino acid content (g/kg) of basal diets of turkeys, Experiment 1 1.

Item
Feeding Period, Weeks

1–4 5–8 9–12 13–16

Crude protein 270.8 246.3 209.3 177.0
Alanine 13.27 11.04 9.87 9.16
Arginine 14.81 13.70 11.93 9.16

Aspartic acid 25.40 21.22 17.88 11.66
Cysteine 4.62 4.09 3.77 3.34

Glutamic acid 53.73 46.06 41.84 37.12
Glycine 11.42 9.72 8.69 6.69

Histidine 6.49 5.67 5.18 4.44
Isoleucine 11.93 9.83 8.68 6.23
Leucine 24.24 19.76 17.33 13.25
Lysine 12.96 11.89 9.62 6.22

Mathionine 4.56 3.94 3.36 2.47
Methionine + Cysteine 9.18 8.03 7.13 5.81

Phenyloalanine 14.56 11.91 10.35 7.81
Proline 18.15 15.89 14.92 14.60
Serine 13.66 11.47 10.13 7.72

Threonine 10.61 9.09 7.68 6.76
Tyrosine 8.70 8.19 7.51 5.41

Valine 13.50 11.34 9.84 7.34
1 Source: This table was published in Poultry Science [2].

2.2. Experiment 2

The experiment was conducted using 864 day-old turkey chicks, which were ran-
domly assigned to 6 groups, in 8 replicates (6 groups × 18 birds × 8 replicates). A full
description of the methodology can be found in previously published papers using the
same experimental design [3,24]. During each of 4 feeding periods (4 weeks each), the birds
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received ad libitum isocaloric diets containing 1.83, 1.67, 1.48, and 1.20% Lys, in accordance
with recommendations for turkeys by Hybrid Turkeys [6]. The factors differentiating the
experimental groups were the level of Arg, which was 90, 100, and 110% of the level of
Lys in the diet, and for Met it was 30 or 45% of the level of Lys in the diet. For each of
the 4 feeding periods, basal diets were prepared without the addition of Lys, Met, or Arg
(Table 3). The content of amino acids in the basal diets was determined (Table 4), and then
they were mixed with the appropriate amounts of Lys, Met, and Arg. The total content
of amino acids in all experimental diets was determined analytically (Table 4). Starter
diets (days 1–28) and grower and finisher diets (days 29–112), with no feed additives, were
provided as crumbles and pellets (3 mm pellets at 65 ◦C for 45 s), respectively.

Table 3. Ingredient composition and nutrient content of basal diets (g/kg, as-fed basis) fed to turkeys
at 1–4, 5–8, 9–12, and 13–16 weeks of age, Experiment 2 1.

Item
Feeding Period, Weeks

1–4 5–8 9–12 13–16

Ingredients
Wheat 439.8 471.2 519.9 617.1
Maize 100.0 100.0 100.0 100.0

Soybean meal, 48% CP 287.7 265.4 238.5 152.4
Rapeseed meal 30.0 30.0 30.0 30.0
Potato protein 50.0 29.6 - -

Soybean oil 9.5 28.5 47.8 42.2
Maize gluten meal 35.0 30.0 30.0 30.0

Sodium bicarbonate 2.0 2.0 2.0 2.0
Sodium chloride 1.5 1.6 1.6 1.2

Limestone 20.7 18.7 16.4 14.5
Monocalcium phosphate 19.4 15.5 9.6 6.5

L-Threonine 0.9 1.0 0.7 0.6
Choline chloride 1.0 1.0 1.0 1.0

Vitamin-mineral premix 2 2.5 2.5 2.5 2.5
Titanium oxide - 3.0 - -

Calculated nutrient content
Metabolizable energy, kcal/kg 2820 2950 3000 3150

Crude protein 27.0 24.5 21.5 18.5
Arginine total 3 1.58 1.44 1.27 1.04

Lysine total 3 1.36 1.19 0.97 0.76
Methionine total 3 0.44 0.39 0.34 0.30

Methionine + Cysteine total 0.91 0.83 0.74 0.67
Threonine total 1.02 1.01 0.83 0.70

Calcium 1.30 1.15 0.95 0.80
Available phosphorus 0.70 0.60 0.47 0.40

1 Source: This table was published in Poultry Science [3]. 2 Provided per kg diet (feeding periods: weeks 0–4,
5–8, 9–12 and 13–16): mg: retinol 3.78, 3.38, 2.88, and 2.52; cholecalciferol 0.13, 0.12, 0.10, and 0.09; α-tocopherol
acetate 100, 90, 80, and 70; vit. K3 5.8, 5.6, 4.8, and 4.2; thiamine 5.4, 4.7, 4.0, and 3.5; riboflavin 8.4, 7.5, 6.4, and
5.6; pyridoxine 6.4, 5.6, 4.8, and 4.2; cobalamin 0.032, 0.028, 0.024, and 0.021; biotin 0.32, 0.28, 0.24, and 0.21;
pantothenic acid 28, 24, 20, and 18; nicotinic acid 84, 75, 64, and 56; folic acid 3.2, 2.8, 2.4, and 2.1; Fe 64, 60, 56,
48, and 42; Mn 120, 112, 96, and 84; Zn 110, 103, 88, and 77; Cu 23, 19, 16, and 14; I 3.2, 2.8, 2.4, and 2.1; Se 0.30,
0.28, 0.24, and 0.21, respectively. 3 Actual levels of supplementary Lys, Arg, and Met in experimental diets were
obtained by adding supplementary L-Lys HCl, L-Arg HCl, and DL-Met to the basal feed. L-Lys HCl was added
to the basal diet to obtain 1.60, 1.50, 1.30, and 1.00 g of Lys per 100 g of feed in four successive feeding periods,
according to the nutrient requirements of turkeys [6]. L-Arg HCl was added to the basal diet to obtain 90, 100,
and 110% Arg relative to the content of dietary Lys. DL-Met was added to obtain 30 and 45% Met relative to the
content of dietary Lys. Lys—lysine, Arg—arginine, Met—methionine.

58



Animals 2022, 12, 1535

Table 4. Amino acid content (g/kg) of basal diets of turkeys, Experiment 2 1.

Item
Feeding Period, Weeks

1–4 5–8 9–12 13–16

CP 265.7 248.0 221.0 195.50
Alanine 11.9 12.3 10.0 8.0
Arginine 15.6 14.2 13.7 11.1

Aspartic acid 24.1 23.4 17.7 14.4
Cysteine 4.2 3.9 2.9 2.6

Glutamic acid 45.0 51.0 43.8 43.0
Glycine 10.2 11.3 9.0 8.3

Histidine 6.5 6.7 5.4 5.2
Isoleucine 10.5 10.6 8.6 7.7
Leucine 20.4 21.4 17.9 15.7
Lysine 13.7 12.1 10.2 8.1

Methionine 4.2 3.9 2.9 2.6
Methionine + Cysteine 8.4 7.9 6.5 5.9

Phenylalanine 11.6 12.9 10.9 9.0
Proline 13.8 19.0 14.4 15.7
Serine 11.7 13.0 9.8 8.3

Threonine 10.6 11.1 8.4 7.3
Tyrosine 9.6 10.1 7.5 6.6

Valine 11.7 12.1 10.5 9.0
1 Source: This table was published in Poultry Science [3].

2.3. Laboratory Analyses

At the end of the experiment the birds were weighed after an 8 h feed deprivation,
and one bird from each replicate representing the group average BW was selected and
euthanized after electrical stunning. Birds were then hung on a processing line and bled out
for 3 min by a unilateral neck cut, severing the right carotid artery and jugular vein. The
non-edible viscera, including the intestines, proventriculus, gall bladder, spleen, esophagus,
and full crop, were manually excised after scalding at 61 ◦C for 60 s and defeathering in a
rotary drum picker for 25 s. After removing the head, the brain and liver were collected for
further analysis.

2.4. Determination of Indicators of Potential Neurodegenerative Effects and Epigenetic
DNA Damage

The activity of acetylcholinesterase (AChE) was determined in homogenates of the
brain tissue (Experiments 1 and 2) and liver tissue (Experiment 2) of turkeys using the
Chicken Acetylcholinesterase ELISA Kit (Bioassay Technology Laboratory, Inc., Shanghai,
China), and the amyloid-β level was determined using the Chicken Total β amyloid Protein
(βAP) ELISA Kit (Blue Gene Biotech, Shanghai, China). The levels of glycosylated acetyl-
cholinesterase (GAChE) in the brain (Experiments 1 and 2) and liver (Experiment 2) of the
turkeys were determined using the Chicken Glycosylated Acetylcholinesterase ELISA kit
(Blue Gene Biotech, Shanghai, China). Low-density lipoprotein receptor-related protein 1
(LRP1) in the homogenates of brain tissue (Experiments 1 and 2) and liver tissue (Experi-
ment 2) were determined using the Chicken Low Density Lipoprotein Receptor Related
Protein 1 ELISA kit (Blue Gene Biotech, Shanghai, China). The level of phosphorylated
Tau protein was determined using the Chicken Phosphorylated tau 231 (p Tau231) ELISA
kit (Blue Gene Biotech, Shanghai, China). The levels of epigenetic changes in the brain
(Experiments 1 and 2) and liver (Experiment 2) were determined by analyzing global DNA
methylation (methylome), using diagnostic kits from Sigma Aldrich.

2.5. Statistical Analysis

This experiment was performed in a completely randomized 3 × 2 factorial design,
and the data (presented as the mean ± standard error of the mean) were subjected to a
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2-way ANOVA to examine the effect of 3 levels of Arg (90, 100, and 110%) and 2 levels
of Met (30 and 45%). The Shapiro–Wilk and Levene tests were applied to test the model
assumptions of normality and homogeneity of variance. When a significant interaction
effect was noted (F test), treatment means were separated using the post-hoc Tukey’s test.
The significance level was set at p < 0.05, and statistical calculations were performed using
the GLM procedures of the STATISTICA software system ver. 12.0 (Stat Soft Inc., Tulsa, OK,
USA, 2014).

3. Results
3.1. Effect of Different Levels of Arg and Met Relative to Lys, According to the NRC

Differences in Arg content relative to Lys [5] caused no significant changes in the
GAChE level in the brain of turkeys (Table 5). The use of a higher proportion of Arg (110%
of the Lys level) in the diet caused an increase in the levels of AChE (p = 0.019), amyloid-β
(p = 0.032), and Tau protein (p = 0.002) and a decrease in the level of LRP 1 (p = 0.035) in
the brain of the turkeys. Decreasing Arg content to 90% of the Lys level caused a decrease
in AChE (p = 0.019) in the brain. Increasing the Met content from 30 to 45% of the Lys
level (NRC, 1994) [5] had no effect on the level of AChE, GAChE, amyloid-β, LRP 1, or Tau
protein in the brain (Table 5). In the case of Tau protein, an Arg ×Met interaction (p = 0.05)
was noted: when the intermediate Arg level (100% of the Lys level) was applied, increasing
the Met content from 30 to 45% of the Lys level caused an increase in the content of Tau
protein, which was not noted in the cases of the lowest and highest Arg levels used (90 and
110% of the Lys level) (Table 5).

Table 5. Indicators of neurodegenerative changes in the brain of turkeys, Experiment 1.

Treatment 1 AChEng/mL GAChEng/mL Amyloid-β
pg/mL LRP 1 pg/mL Taung/mL % Methylation

Arg90Met30 23.21 0.323 128.89 210.85 34.56 ab 61.37

Arg90Met45 20.91 0.337 145.82 254.25 34.93 ab 69.41

Arg100Met30 26.52 0.253 137.29 212.86 31.67 b 65.45

Arg100Met45 26.72 0.29 140.38 265.25 35.92 a 67.22

Arg110Met30 31.54 0.261 174.86 214.66 31.65 b 66.44

Arg110Met45 26.51 0.266 190.02 219.29 33.39 ab 69.24

SEM 0.015 0.004 0.145 0.526 0.047 0.022

Arg level, %

90 22.06 c 0.330 137.36 b 232.55 a 34.75 b 65.39

100 26.62 b 0.272 138.84 b 239.01 a 33.79 b 66.34

110 30.21 a 0.296 158.56 a 205.14 b 48.08 a 67.84

Met level, %

30 27.85 0.27 161.03 218.33 32.75 64.42

45 26.18 0.286 154.04 227.93 33.55 68.62
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Table 5. Cont.

Treatment 1 AChEng/mL GAChEng/mL Amyloid-β
pg/mL LRP 1 pg/mL Taung/mL % Methylation

p-value

Arg 0.019 0.129 0.032 0.035 0.002 0.147

Met 0.062 0.235 0.075 0.127 0.225 0.221

Arg ×Met 0.057 0.092 0.235 0.357 0.051 0.187
abc values in same column with no common superscript denote a significant difference (p ≤ 0.05). Abbreviations:
Arg, arginine; Lys, lysine; Met, methionine; SEM, standard error of mean; AChE, acetylcholinesterase; GAChE,
glycosylated acetylcholinesterase; LRP 1, low-density lipoprotein receptor-related protein 1; Tau, Tau protein.
1 Treatment: Arg90Met30 received 90% Arg and 30% Met relative to the content of dietary Lys; Arg90Met45 received
90% Arg and 45% Met relative to the content of dietary Lys; Arg100Met30 received 100% Arg and 30% Met relative
to the content of dietary Lys; Arg100Met45 received 100% Arg and 45% Met relative to the content of dietary Lys;
Arg110Met30 received 110% Arg and 30% Met relative to the content of dietary Lys; Arg110Met45 received 110%
Arg level and 45% Met level relative to the content of dietary Lys.

3.2. Effect of Different Levels of Arg and Met Relative to Lys, According to the BUT

Turkeys that were fed diets with the highest Arg content (110%) relative to Lys [6]
had the lowest AChE and GAChE levels (p < 0.001, both) and the lowest percentage of
DNA methylation (p < 0.001) in the brain (Table 6). In comparison to the turkeys receiving
diets with the intermediate (100% of the Lys level) and highest (110% of the Lys level)
content of Arg, the diet with its lowest content (90% of the Lys level) resulted in an increase
in LRP 1 (p = 0.047) in the brain. Increasing the Met content from 30 to 45% of the Lys
level [6] had no effect on the level of AChE, GAChE, amyloid-β, LRP 1, or Tau protein
or on the percentage of DNA methylation in the brain of turkeys (Table 6). In the case
of amyloid-β there was also an Arg ×Met interaction (p = 0.042), as the amyloid-β level
in the brain decreased when the Met content was increased from 30 to 45% of the Lys
level while maintaining the 1:1 Arg to Lys ratio, which was not observed in the case of the
reduced Arg content (90% Lys) or increased Arg content (110% Lys). The two-way ANOVA
showed an Arg ×Met interaction for Tau protein in the brain (p = 0.035); in the case of
the lowest Arg level (90% of the Lys level), increasing the Met content from 30 to 45% of
the Lys level reduced the level of Tau protein, which was not observed in the case of the
intermediate and highest Arg content (100 and 110% of the Lys level, respectively) (Table 6).
Differences in Arg content relative to Lys [6] caused no statistically significant changes in
the LRP1 or Tau protein levels in the liver of turkeys (Table 7). In comparison with the
intermediate Arg content (100% of the Lys level) in the diet, reducing Arg to 90% of the
Lys level caused an increase in AChE content (p = 0.022) in the liver. The two-way ANOVA
showed Arg ×Met interactions for GAChE and amyloid-β in the liver (p = 0.008, p = 0.008,
p = 0.025; respectively). The interaction for GAChE resulted from the fact that, in the case
of the highest Arg content (110% of the Lys level), increasing the Met content from 30 to
45% of the Lys level caused an increase in GAChE in the liver, which was not observed
in the case of the intermediate and the lowest levels of Arg (100 and 90% of the Lys level,
respectively). In the case of amyloid-β, the interaction resulted from the fact that when the
lowest Arg level was applied (110% of the Lys level), increasing the Met content from 30 to
45% of the Lys level caused a decrease in the level of amyloid-β in the liver, which was not
observed in the case of the intermediate and lowest levels of Arg (100 and 90% of the Lys
level, respectively) (Table 7).
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Table 6. Indicators of neurodegenerative changes in the brain of turkeys, Experiment 2.

Treatment 1 AChEng/mL GAChEng/mL Amyloid-β
pg/mL LRP 1 pg/mL Taung/mL % Methylation

Arg90Met30 32.83 0.279 164.92 a 250.62 104.11 a 75.54 ab

Arg90Met45 27.70 0.316 176.95 a 229.86 37.19 b 69.36 b

Arg100Met30 27.82 0.262 168.38 a 196.14 33.42 b 65.16 b

Arg100Met45 28.80 0.329 140.72 b 186.03 32.38 b 86.88 ab

Arg110Met30 30.96 0.335 133.53 b 177.65 35.59 b 105.61 a

Arg110Met45 34.98 0.253 158.46 ab 170.46 38.42 b 99.33 a

SEM 0.022 0.012 0.245 0.078 0.069 0.124

Arg level, %

90 30.27 a 0.298 a 170.94 a 240.24 a 70.65 a 72.45 a

100 28.31 a 0.296 a 154.55 b 190.09 b 32.90 b 76.02 a

110 17.08 c 0.156 c 151.12 b 201.96 b 36.25 b 17.08 b

Met level, %

30 30.87 0.293 153.13 195.39 46.87 86.94

45 30.57 0.295 156.58 200.88 46.85 84.12

p-value

Arg ≤0.001 ≤0.001 0.032 0.047 0.033 ≤0.001

Met 0.235 0.182 0.075 0.069 0.082 0.066

Arg ×Met 0.125 0.236 0.042 0.075 0.035 0.079
abc values in same column with no common superscript denote a significant difference (p ≤ 0.05). Abbreviations:
Arg, arginine; Lys, lysine; Met, methionine; SEM, standard error of mean; AChE, acetylcholinesterase; GAChE,
glycosylated acetylcholinesterase; LRP 1, low-density lipoprotein receptor-related protein 1; Tau, Tau protein.
1 Treatment: Arg90Met30 received 90% Arg and 30% Met relative to the content of dietary Lys; Arg90Met45 received
90% Arg and 45% Met relative to the content of dietary Lys; Arg100Met30 received 100% Arg and 30% Met relative
to the content of dietary Lys; Arg100Met45 received 100% Arg and 45% Met relative to the content of dietary Lys;
Arg110Met30 received 110% Arg and 30% Met relative to the content of dietary Lys; Arg110Met45 received 110%
Arg level and 45% Met level relative to the content of dietary Lys.

Table 7. Indicators of neurodegenerative changes in the liver of turkeys, Experiment 2.

Treatment 1 AChEng/mL GAChEng/mL Amyloid-β
pg/mL LRP 1 pg/mL Taung/mL % Methylation

Arg90Met30 20.61 0.183 b 219.54 a 185.51 35.29 75.85

Arg90Met45 17.82 0.134 b 195.24 a 209.19 37.41 69.77

Arg100Met30 15.76 0.103 c 75.22 c 181.07 36.98 65.71

Arg100Met45 14.99 0.090 c 79.79 c 219.39 37.36 81.01

Arg110Met30 14.75 0.075 c 185.59 c 203.4 33.71 75.78

Arg110Met45 18.12 0.406 a 168.71 b 219.54 35.69 79.47

SEM 0.03 0.008 0.145 0.167 0.047 0.095
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Table 7. Cont.

Treatment 1 AChEng/mL GAChEng/mL Amyloid-β
pg/mL LRP 1 pg/mL Taung/mL % Methylation

Arg level, %

90 19.22 a 0.159 a 207.39 a 197.35 36.35 72.81

100 15.38 b 0.097 b 77.51 c 200.23 37.17 73.36

110 17.08 a 0.156 a 151.12 b 201.96 36.25 77.63

Met level, %

30 16.64 0.156 151.89 199.30 35.54 72.45

45 16.96 0.164 153.71 202.49 35.99 76.75

p-value

Arg 0.022 0.018 ≤0.001 0.682 0.799 0.574

Met 0.326 0.095 0.228 0.072 0.083 0.087

Arg ×Met 0.093 0.008 0.025 0.374 0.189 0.121
abc values in same column with no common superscript denote a significant difference (p ≤ 0.05). Abbreviations:
Arg, arginine; Lys, lysine; Met, methionine; SEM, standard error of mean; AChE, acetylcholinesterase; GAChE,
glycosylated acetylcholinesterase; LRP 1, low-density lipoprotein receptor-related protein 1; Tau, Tau protein.
1 Treatment: Arg90Met30 received 90% Arg and 30% Met relative to the content of dietary Lys; Arg90Met45 received
90% Arg and 45% Met relative to the content of dietary Lys; Arg100Met30 received 100% Arg and 30% Met relative
to the content of dietary Lys; Arg100Met45 received 100% Arg and 45% Met relative to the content of dietary Lys;
Arg110Met30 received 110% Arg and 30% Met relative to the content of dietary Lys; Arg110Met45 received 110%
Arg level and 45% Met level relative to the content of dietary Lys.

4. Discussion

Due to the lack of similar studies in the world literature in animal models or data
on human patients, it is difficult to compare our results on neurodegenerative changes in
turkeys fed diets with different proportions of arginine and methionine relative to lysine.
It is also difficult to explain the more specific mechanism of physiological reactions and
changes in the biochemical parameters, due to the diametrically different effects in the two
experiments, depending on the level of Arg.

In Experiment 1, where the Lys content of turkey diets was based on NRC [5] guide-
lines, an increase in Arg and Met inclusion rates to Arg 100% and Met 45% of Lys content,
respectively, improved BWG [2]. In the 16th week of rearing, the body weight of the turkeys
was very similar between the groups, but the lowest value was recorded for the turkeys
from the Arg 90%, Met 30% (10.2 kg) treatment, and the highest for the Arg 90% and Met
45% and also Arg 100% and Met 45% (10.7 kg) treatments. In Experiment 2, differences in
Arg and Met inclusion rates in diets, relative to Lys content (which was close to BUT [6]
recommendations, i.e., high) did not affect the final BW of turkeys. In the 16th week of
rearing, the body weight of the turkeys was very similar between the groups, however, the
final body weight was slightly higher than in Experiment 1. The lowest value was recorded
for the turkeys from the Arg 100%, Met 45% (11.38 kg) treatment, and the highest was
recorded for the Arg 110%, Met 45% (11.49 kg) treatment [3].

Among the pathological changes taking place in neurodegenerative diseases, in both
humans and laboratory animals, the first symptoms are the excessive deposition of amyloid-
β in the brain and neurofibrillary degeneration in the form of hyperphosphorylated Tau
protein. According to Całyniuk et al. [24] Arg promotes growth performance in turkeys
because it acts as a substrate for creatine biosynthesis. On the other hand, methionine is also
directly implicated in creatine synthesis, because it donates a methyl group to glycocyamine
(it is a biological precursor for creatine synthesis in birds) which is synthesized from Arg and
Gly [34]. What is more, the neuroprotective effect of creatine is related to the intensification
of the processes of neurogenesis, supporting the biosynthesis of serotonin and dopamine,
and inhibiting the aggregation of amyloid and Tau protein [35].
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According to Li et al. [36], amyloid-β fibers can also accumulate in the liver. Amyloid-
β additionally circulates in the plasma, the cerebrospinal fluid, and the brain interstitial
fluid [37,38], and amyloid deposits can also accumulate near the blood vessels, impairing
the functioning of the blood–brain barrier. Complexes of amyloid-β and highly phospho-
rylated Tau protein with acetylcholinesterase are toxic as well. These complexes are an
inactive, glycosylated form of AChE called glycosylated acetylcholinesterase (GAChE).
Another pathological symptom of neurodegenerative diseases is a decreasing level of the
protein LRP1 or of AChE itself [39–43]. In our study, the highest proportion of Arg (110%)
relative to the Lys level recommended by the NRC [5] caused a beneficial increase in the
AChE level in combination with a very unfavorable increase in the levels of amyloid-β
and Tau protein, as well as an unfavorable decrease in LRP1. The use of the intermediate
level of Arg (100% of the Lys level) in combination with increased Met from 30 to 45% also
caused an unfavorable increase in the level of Tau protein [44,45].

The decrease in the AChE level following the use of 90% Arg relative to Lys [5] may
suggest the initiation of neurodegenerative changes. According to many researchers, a
decrease in the level of this enzyme is an early symptom of neurodegenerative disease,
which leads to the accumulation of large amounts of acetylcholine in the synaptic spaces
and stimulates hyperphosphorylation of Tau protein, which is toxic [46]. A 110% share of
Arg relative to Lys [5] cannot be considered to be more beneficial than a 90% share in terms
of neurodegenerative changes, despite the increase in the AChE level in the brain tissue.
The increase in the AChE level is accompanied by an increase in the level of toxic amyloid-β
and Tau protein clusters and a decrease in the level of LRP1 (lipoprotein receptor 1), which
is responsible for the removal of amyloid-β from the brain to the blood vessels by active
transport [47].

Pathological amyloid-β, produced by fragmentation of its precursor APP (amyloid
precursor protein), which is a component of the cell membrane of neurons, is present in
tissues in the form of insoluble clusters, and is toxic for nerve cells, called amyloid-β [37,38].
The marked increase in the deposition of amyloid-β in the brain tissue of turkeys receiving
a level of Arg that was increased to 110% of the Lys level recommended by NRC [5]
is an unfavorable phenomenon. It is likely that excessive Arg stimulates production of
amyloid-β, which disturbs calcium balance, damages the mitochondria, and contributes
to the release of free radicals that degenerate DNA and cellular proteins. Toxic amyloid-β
can cause an increase in the level of Ca2+ in the cell, stimulating calmodulin-dependent
protein kinase II (CaMKII). Activation of CaMKII in turn stimulates the highly unfavorable
phenomenon of hyperphosphorylation of Tau protein. These processes together can lead to
oxidative stress, to which nervous tissue is particularly sensitive. This is because neurons
use up large amounts of oxygen and have the highest mitochondrial activity of all cells of the
body. An increasing amount of research indicates a relationship between oxidative stress of
the nervous system and neurodegenerative diseases [48]. In the present study, an excessive
amyloid-β deposition in the brain was observed following the use of 110% Arg (relative to
the Lys level, recommended by NRC [5], which was not influenced by the Met level. In the
liver, the amyloid-β level was lower following the use of 100% Arg and 45% Met (relative
to the Lys level, recommended by BUT [6]). The liver plays an important role in removing
excess amyloid-β from the blood, which can exacerbate neurodegenerative changes in this
organ. In the hepatocytes, amyloid-β is degraded in a reaction with LRP-1, but bile from
the liver may prevent this and allow the compound to be excreted unchanged [49,50]. In
the nervous tissue of the liver, similarly as in the brain, pathological deposits of proteins
(amyloid-β and Tau protein) may accumulate and cause damage to neurons. The presence
of significant interactions between Arg and Met supplementation levels in turkey diets
with the least Lys (90% of the Lys level, Met 45%) and high Lys (110% of the Lys level,
Met 45%) could be attributed to the fact that Tau protein and amyloid-β levels were
affected by both Arg and Met content, but in some cases, Arg and Met exerted a different
influence on the same parameter, as demonstrated by the results of the one-way ANOVA.
According to Ghamari Monavvar et al. [33], arginine, as a precursor of polyamines and
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nitric oxide, stimulates protein synthesis and the proliferation and migration of intestinal
cells, thereby improving intestinal morphometry. Nitric oxide also stimulates glucose
uptake from the digesta, systemic immunity, and hormone secretion. Liu et al. [47] showed
that in arginine deficiency, the enzyme nitric oxide synthase (EC 1.14.13.39) (physiologically
responsible for nitric oxide production) can generate the production of free radicals with
neurodegenerative effects. Notably, nitric oxide is derived from arginine; nitric oxide
synthase itself is dependent on Ca2+/calmodulin, and its coenzyme is NADPH+ H+. The
efficiency of this enzyme depends on an appropriate concentration of Ca2+ ions in the
neuron, and excessive calcium inhibits the activity of nitric oxide synthase. Interestingly,
research by Keith et al. [48] shows that amyloid-β can increase nitric oxide production
by this enzyme and at the same time stimulate synthesis of the protein component of the
enzyme. Zeng et al. [49] report that the neurotoxicity of amyloid-β worsens the dysfunction
of the blood–brain barrier, increasing oxidative stress and inflammation of the nervous
system, which can lead to the impairment of blood vessel function [49]. According to the
vascular theory of amyloid plaque formation, impairment of the blood–brain barrier may
allow blood proteins to penetrate the brain, including components of hemoglobin. Blood
proteins generated from metabolic transformations and hemoglobin proteins in the brain
tissue can both stimulate production of amyloid β [50].

According to Butterfield et al. [51], neurodegenerative changes induced by the presence
of amyloid-β and free radicals involve oxidative damage to key enzymes taking part in
glycolysis, the tricarboxylic acid cycle, and the biosynthesis of ATP. This type of damage to
processes associated with biological oxidation in neurons adversely affects the metabolism
of glucose, a key energy source for the brain, and then results in a characteristic decrease
in cerebral glucose metabolism [50]. On the other hand, glucogenic amino acids such as
arginine and methionine can be converted into one of the intermediate compounds of the
Krebs cycle, which during successive reactions can be utilized for glucose synthesis. In
addition, metabolism of arginine and methionine, similar to lysine metabolism, generates
large amounts of ATP in the cell. Moreover, each molecule of the glucogenic amino acid
donates one molecule of NADPH+ H+, which is used for the synthesis of fatty acids or
cholesterol. A high concentration of cholesterol stimulates the production of amyloid-β
from APP by activating β-secretase, which is much more efficient in a cholesterol-rich
environment. It may be that a 110% proportion of Arg relative to Lys [5] is conducive to
these conditions, resulting in an increased production of amyloid-β and a decrease in the
level of LRP1. No such relationship was observed in the case of 110% Arg relative to the
Lys level recommended by BUT [6]. As reported by Chen et al. [35] the neuroprotective
action of Arg consists in inhibiting inflammatory processes, preventing oxidative stress,
and improving cerebral circulation thanks to nitric oxide, for which Arg is a substrate.
Chen et al. [35] argue that the neuroprotective effects of Arg can be enhanced by stimulating
the metabolism of this amino acid by adding Met to a poultry diet. According to this author,
the neuroprotection is possible thanks to the regulation of the transcription factor HIF-
1α/LDHA, which is formed from arginine. The molecular mechanism of arginine-mediated
neuroprotection is by suppression of the HIF-1α/LDHA signaling pathway during hypoxia,
resulting in an inhibition of the inflammatory response. Inhibition of the inflammatory
neuron response by attenuating HIF-1α/LDHA signaling exerts neuroprotective effects and
reduces the occurrence of degenerative changes. Such reactions also regulate glycolysis;
by improving this process in neurons, the inflammatory reaction is inhibited. In turn,
arginine deficiencies inhibit glycolysis and redirects the cell’s metabolism, which stimulates
the formation of toxic protein deposits, i.e., amyloid and the Tau protein deposits [52].
According to Kremer et al. [53] arginine may influence the synergistic effect between the
urea cycle and glycolysis. Arginine is hydrolyzed by the enzyme arginase, leading to
the production of urea and ornithine. According to Całyniuk et al. [24] urea production
increases with a rise in the Arg content of bird diets, but excess Arg has no significant effect
on Lys metabolism, whereas excess Lys strongly antagonizes the metabolism of Arg.
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Neurodegenerative changes in liver cells are also associated with disturbances of
mitochondrial function. On the one hand, toxic substances for neurons are produced, and
on the other hand, processes that are associated with energy acquisition for neurons are
disturbed [54]. In our study, a beneficial reduction in amyloid-β in the brain tissue of
turkeys was obtained in Experiment 2 by increasing the Met level from 30 to 45% of the Lys
level while maintaining the 1:1 ratio for Lys and Arg [6]. It is likely that this is the optimum
dose for protecting brain and liver tissue, because it does not initiate neurodegenerative
changes. Among Arg levels proposed in BUT [6] guidelines for turkey diets, 90 or 110%
of the Lys level in combination with 30 or 45% Met, can be considered optimal in terms
of neuroprotective effects. A study by Tapia-Rojas et al. [7] in mice demonstrated that a
diet with too much Met can increase levels of amyloid-β and phosphorylated Tau protein,
which are indicative of neurodegenerative changes. According to Zhang et al. [55], an
increase in amyloid-β levels may be due to intensification of the methionine cycle reaction,
which causes an increase in the activity of γ-secretase and APP cleavage, resulting in an
increase in amyloid-β protein in the brain tissue [54].

Unfortunately, as the highest GAChE level was noted in the liver of turkeys from the
treatment using 100% Arg and 45% Met (relative to the Lys level recommended by BUT [6],
it seems likely that large amounts of amyloid-β were involved in the formation of these
toxic complexes, which consist of amyloid-β, Tau protein, and inactive AChE. According
to Reitz and Mayeux [56] and Kamal at al. [57], the deposition of amyloid-β in the central
nervous system takes place in the neuronal axonal membranes, disturbing homeostasis in
nerve cells and leading to abnormal APP metabolism and the overproduction of amyloid-
β peptides [58]. Metabolic disturbances in liver hepatocytes and neurons also cause the
glycosylation of acetylcholinesterase, i.e., complexes of acetylcholinesterase with amyloid-β
and Tau protein. These toxic complexes, called glycosylated acetylcholinesterase (GAChE),
stimulate apoptosis of both hepatocytes and neurons. In the case of a change in the level of
Arg relative to the Lys level recommended by BUT [6], the variant with a 110% share of
Arg relative to Lys seems to be much more favorable, because it reduces the concentration
of GAChE and methylation changes in the brain tissue. The 90% share of Arg relative to
Lys [6] caused a very promising increase in the LRP1 level in the brain tissue. Another
cause of metabolic disturbances in the neurons is the formation of complexes of AChE and
Tau protein, known as GAChE. According to Lesné et al. [59], GAChE causes an activation
of glutamate receptor NMDA, inducing the mass influx of Ca2+ and a non-physiological
elevation of the intracellular concentration of this ion in the nerve cell. This leads to a
reduction in the rate of oxidative phosphorylation and the ATP level in the neuron [25–27]
disturbing the metabolism of this cell. The most neurotoxic effects of GAChE include
the activation of the glutaminergic NMDA receptor (N-methyl-D-aspartate receptor), the
opening of calcium channels, activation of calcium/calmodulin-dependent kinase II, and
the activation of caspases [25–27]. Activation of glutamate NMDA receptor induces a mass
influx of Ca2+ and a non-physiological elevation of the intracellular concentration of this
ion in the cell, which leads to a decrease in the rate of oxidative phosphorylation and the
ATP level. Disruption of cellular respiration is conducive to the opening of mitochondrial
mega channels, which can lead to the release of cytochrome C from the intermembrane
space and activation of caspase 3. The disruption of cellular homeostasis leads to apoptotic
cell death [25–27]. Another result of the neurodegenerative effects of both amyloid-β itself
and GAChE is the generation of reactive oxygen species, especially in the presence of Cu2+

and Zn2+ ions. This results in oxidative stress and a decrease in ATP production in the
neurons, which in combination with disturbances of Ca2+ metabolism induces a number of
pathological changes leading to the death of neurons [60].

In both Experiments 1 and 2, the varied levels of Met relative to Lys had no negative
effect on indicators of neurodegeneration in the brain. Therefore, a Met level amounting
to 30 or 45% of the lysine level can be considered to be beneficial, causing no neurode-
generative changes. In the present study, the level of Tau protein in the brain of turkeys
decreased when the Met level in the diet was increased to 45% of the Lys level and Arg
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content was reduced to 90% of the Lys level (recommended by BUT) [6]. According to
Lesné et al. [59], Met reduces the activity of Tau kinase, thereby promoting the dissocia-
tion of Tau protein from microtubules, which results in the formation of neurofibrillary
tangles, manifesting the onset of neurodegenerative changes. Kinase and phosphatase
are responsible for the phosphorylation of Tau protein, and an imbalance between these
enzymes leads to the hyperphosphorylation of Tau protein. Tau protein may also undergo
other post-translation modifications, including acetylation, which magnifies its role in the
development of neurodegenerative changes [61]. The results of our study indicate that
increasing the proportion of Arg to 110% of the Lys level proposed by BUT [6] causes an
unfavorable decrease in the AChE level, but this is accompanied by a highly favorable
decrease in the concentration of GAChE molecules and the percentage of DNA methylation
in the brain tissue. Reducing Arg to 90% of BUT [6] guidelines caused a highly favorable
increase in the LRP1 level in the brain tissue.

According to Sharma [62], the declining level of AChE in neurodegenerative diseases
leads to the accumulation of large amounts of acetylcholine and to overstimulation of the
cholinergic system. In our study, the higher AChE level in the liver of turkeys receiving
an increased addition of Arg to 110% relative to Lys (in comparison to BUT guidelines) [6]
should be considered to be highly favorable. In contrast, the consequences of using Arg
in the amount of 90% of the Lys level (NRC) [5] were clearly unfavorable, as the level
of Tau protein in the brain increased. According to Méndez et al., Elufioye et al., and
Ikonomovic et al. [63–65], a decrease in AChE activity results in mitochondrial dysfunction
and inflammation in brain cells. In addition, reduced AChE activity inhibits certain com-
plexes of the respiratory chain, leading to an increased production of toxic free radicals,
especially hydroxyl radical and superoxide ions, inducing neuroinflammatory changes [66].
According to Day and Greenfield [25–27], a peptide can detach from the C-terminal of the
AChE molecule and attach to a glycosylated fragment of the amyloid-β precursor or Tau
protein [34], forming a molecule of glycosylated acetylcholinesterase (GAChE). A decrease
in the level of AChE, the main enzyme of cholinergic synapses in the brain and neuromuscu-
lar connections, may therefore be an early symptom of neuropathological changes [67–69].
According to Méndez et al. [63], the most severe changes of this type are observed in the
cerebral cortex and hippocampus and are accompanied by a significant increase in the
cholesterol level in these tissues [68]. The high level of Lys and Met used in Experiment 1
(110 and 45% in relation to Lys), in relation to the nutritional recommendations of the
NRC, according to Ognik et al. [22], can stimulate the synthesis of cholesterol, while a
high level of Arg in the diet may partially counteract such reactions. Due to the fact that
high cholesterol according to the NRC [5] clearly stimulates the production of amyloid-β,
only its supplementation in accordance with the BUT [6] requirements can be considered
neuroprotective. An additional premise supporting this fact may be the ability of Arg to
stimulate the urea cycle. The product of this process, i.e., urea, has the ability to change
the conformational structure of amyloid-β, which causes the unfolding of the structure
of this molecule [70]. Xiang et al. [70] suggest that the level of this neurotransmitter may
be decreased by acetylcholine-binding amyloid-β. In Experiment 2, increasing the Met
level to 45% and the Arg level to 110% of the Lys level recommended by BUT [6] had
highly diverse effects. It caused an unfavorable increase in the GAChE level accompanied
by a very promising decrease in the level of amyloid-β itself in the liver tissue of the
turkeys. Unfortunately, because GAChE is a complex of amyloid-β and Tau protein with
molecules of the enzyme AChE, this result should probably be considered unfavorable, as
this type of complex causes the blockage of active AChE, a valuable enzyme for normal
neuron function.

To verify the hypotheses put forward in this paper, further research should include
other useful indicators of neurodegenerative changes, especially levels of APP, crucial en-
zymes (calcium/calmodulin-dependent protein kinase type II (CAMK2), calcium/calmodulin-
dependent protein kinase type IV (CAMK4) and glucose 6 phosphate dehydrogenase),
calcium, vitamins, especially B6 and B12, thyroid hormones, and biomarkers of inflamma-
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tion and oxidative stress (cytokines and isoprostanes). Microscopic examination may prove
useful as well (observation of plaques formed of Tau protein and clusters of amyloid β).

5. Conclusions

It was established that in the case of both a low (NRC) [5] and a high (BUT) [6] level of
Lys in the diet of turkeys, the Arg level can be reduced to 90% of the Lys level and Met to
30% of the Lys level, because this does not cause neurodegenerative changes in turkeys.
Unfavorable neurodegenerative changes may appear if the Arg level is increased from 100
to 110% of the Lys level recommended by the NRC [5].

Among the tested proportions of Lys and Arg in the diet of meat chickens, the safest
variant is the higher level of lysine recommended by BUT [6] and an increase in the Arg
level to 110% of that Lys level. In our opinion, these proportions of amino acids in the diet,
among those tested, are the most effective at limiting neurodegenerative changes.
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Simple Summary: The primary goal of global poultry production is to optimize the amount of
chicken produced per square meter of floor area. Consequently, stocking density (SD) and curcumin
supplementation on broiler performance were investigated. Our results revealed that supplemental
curcumin improved birds’ growth, behaviours, and immunity by lowering oxidative stress, enhancing
humoral immune response, and modulating the suppression of growth-related gene expressions in
broilers raised in high stocking density circumstances.

Abstract: Curcumin’s antioxidant properties reduce free radicals and may improve broiler growth.
Therefore, the influence of stocking density (SD) and administration of curcumin in the diet on
broiler performance was explored to clarify the impact of HSD and curcumin on the performance of
growth, behavioural patterns, haematological, oxidant/antioxidant parameters, immunity markers,
and the growth-related genes expression in broiler chickens. A total of 200 broiler chickens (Cobb
500, 2-weeks old) were allotted into 4 groups; SD (moderate and high) and curcumin (100 and
200 mg/kg diet)-supplemented HSD, respectively. Behavioural observations were performed. After
a 28-day experimental period, tissue and blood samples were collected for analysis. Expressions
of mRNA for insulin-like growth factor-1 (IGF-1), growth hormone receptor (GHR), myostatin
(MSTN), and leptin in liver tissues were examined. HSD birds exhibited lower growth performance
measurements, haematological parameters, circulating 3,5,3-triiodothyronine and thyroxine levels,
antioxidant activities (GSH-Px, catalase, superoxide dismutase), immunoglobulins (A, G, M), and
hepatic GHR and IGF-1 expression values. However, HSD birds even had an increment of serum
corticosterone, malondialdehyde, pro-inflammatory cytokine (TNF-a, IL-2, IL-6) levels, hepatic leptin
and MSTN expression. Moreover, HSD decreased drinking, feeding, crouching, body care, and
increased standing and walking behaviour. The addition of curcumin, particularly at a 200 mg/kg
diet, alleviated the effect of HSD through amending growth-related gene expression in the chickens.
In conclusion, curcumin can enhance birds’ growth performance, behavioural patterns, and immunity
by reducing oxidative stress and up-regulating the growth-related gene expressions of broilers under
stressful conditions due to a high stocking density.
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1. Introduction

The main target of worldwide poultry production is to maximize the bulk of chicken
made in each floor space square meter. To gain an appropriate advantage, overloading-
related manufacturing damages have been reduced [1]. In the majority of the modern
livestock industry, animals’ physiological status is being compromised under several
stressful circumstances, such as high rearing density, high ambient temperature, low sani-
tation, disease challenges, and improper management, thereby threatening health status,
productive performance, and the well-being of the animals [2,3]. In addition, stressful
circumstances could produce an imbalance between oxygen demand and supply [4]; thus,
hypoxia subsequently happens, which enhances the production of free radicals and, as
a result, interrupts the normal body functions because of the increased activities of cir-
culating enzymes [5]. Consequently, scientific studies have made numerous efforts to
improve the physiological procedures regarding the stress reactions in animals exposed to
several stressors.

Stocking density (SD) is considered one of the central alarms in the poultry production
industry due to the health consequences and its financial viability. SD is the body’s mass
(kg) or the reared quantity of birds in each area (m2). High stocking density (HSD) is
assumed to decline poultry production due to the high temperature of the environment and
decreased flow of air between the bird [6]. An HSD is financially profitable for producers.
Recently, HSD has been frequently practised, improving the economic outcomes by gaining
other broilers’ meat for each fixed rearing area [2].

The influence of stocking density (20 to 40 kg/m2) on broiler production and perfor-
mance has been studied. However, the majority of these investigations were not always
definitive and yielded mixed results. Reduced stocking density has improved broiler
performance in some trials [7]. Broiler welfare minimum requirements were announced
by the European Commission in 2007, with a maximum stocking density of 30 kg/m2

(0.073 m2/bird) of broiler chickens across the EU. Furthermore, the National Chicken
Council has established a voluntary welfare audit programme for broiler producers. This
programme recommends a density range of 31.8 kg/m2 for light broilers to 41.6 kg/m2 for
roosters based on final body weight [8]. Broiler output is heavily influenced by stocking
density. Increasing space allowances in the production systems can have a significant
negative economic impact on the sector. High-density flocks of birds exhibit physiological
adaptations indicative of stress at the transcriptional and telomere levels of the genes they
carry [9]. Extension of clutch size experimentally inflicted on the lesser blackback gull [10]
has shown that reproductive females deposit more female eggs under dietary stress. This is
assumed to be a reproductive adaption. Male gull chicks, more prominent but not heavier
at hatching, have fewer reserves and a lower survival rate [11]. In addition, the performance
of broiler chickens has been shown to be impacted by the increase in stocking density from
28 to 40 kg BW/m2, depending on the system, deep litter or free-range, which could put
their welfare at risk [8]. In addition to affecting broiler chickens’ ability to absorb nutrients,
the high density also impacts their productivity, the production of stress hormones [4], and
their ability to fight off disease [12].

On the other hand, HSD could enhance stress to birds, which is the primary cause of
suffering in poultry. This stress induces pathological lesions and deteriorates the broilers’
immune status. On the other hand, broilers need to be delivered ideal environmental
circumstances that prompt their genetic perspective.

Li et al. [13] recorded that bodyweight reduces with high stocking density. Nonetheless,
HSD has been documented to decline the broiler productivity by decreasing meat quality
and growth development and deteriorating the physiological health condition of broilers
through the escalating status of oxidative stress [5,14]. There are numerous expensive
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approaches available to decrease the harmful effects of HSD as outdoor access, but dietary
management, through antioxidants supplementation, is a more accessible methodology
that is supported by some experimental works [5,14,15].

Numerous experiments on broilers supplemented with phytogenic mixtures of thyme,
turmeric, coriander, and others have shown substantial progress in immune indicators,
growth performance, and the carcass features in mallard ducks (Anas platyrhynchos) [16,17].
Phytogenic mixtures are given individually or in groups as dietary supplements in poultry
rations [18]. Among numerous flavours, turmeric (Curcuma longa L.), recognized as the
golden spice, has exceptional awareness due to its various useful pharmacological prop-
erties supporting the well-being and health of poultry and animals [19]. As a member
of the Zingiberaceae family, turmeric (Curcuma longa) is one of the spices with a member
element known as curcumin [20]. Curcumin [1,7-bis (4-hydroxy 3- methoxyphenyl)- 1,6-
heptadiene-3,5-dione; diferulylmethane] retains its economic value because of its weird
bulb [21]. Curcumin is frequently utilized as a food condiment and a tint due to its de-
fence in contradiction with oxidative stress. It can remove free radicals, guarding tissues
and organs, contrary to peroxidation lipids [22]. Furthermore, various experimental and
clinical studies have verified that, pharmacologically, curcumin is a harmless substance
with antioxidant, anti-inflammatory, and antimicrobial activities [23–27]. It also possesses
immune-modulatory and hepatoprotective properties [28].

Nonetheless, the information associated with curcumin usage under HSD circum-
stances on the physiological responses of broiler birds is scarce. Therefore, the existing
work was executed to clarify the impact of HSD and food administration of curcumin on
the performance of growth, behavioural patterns, haematological, oxidant/antioxidant pa-
rameters, immunity markers, and the growth-related genes expression in broiler chickens.

2. Materials and Methods
2.1. Experimental Animals
2.1.1. Animal Care

The current experiment was approved and, complying to the rules for maintaining ani-
mals and poultry supplied by the National Research Council, was permitted (2021/013/28)
by the Resident Commission of Ethics for the Use and Care of Lab Animals at Alexandria
University, Egypt. Every phase of the current study plan was performed with insignificant
distress or pain for the broilers. The research work of our study was performed at the
Department of Animal Husbandry and Animal Wealth Development, Faculty of Veterinary
Medicine, Alexandria University. The birds were allocated to ground litter cages with
completely controlled temperature and humidity.

2.1.2. Birds and Housing Conditions

The current study was conducted on Cobb 500 chicks (n = 200 chicks) from a broilers
farm and assigned by weight (to minimize the difference in average body weight) into
4 experimental groups. The ground was cemented and shielded in a fresh straw litter with
a depth of 5 cm. The drinking space and food holders were placed so the broilers in every
pen acquired approximately identical feeding and drinking area regardless of the stocking
density. Broilers were nourished ad libitum consuming a commercial ration. Chicks were
fed on starter crumbles, as shown in Table 1 [29], until reaching two weeks of age, and
then, for one week, they were provided grower pellets. They were then provided with
finisher pellets until the end of the experiment. The temperature of the pens was sustained
at 32 ◦C through the first seven days, and then slowly reduced by 3 ◦C for each week, until
it reached 24 ◦C by the time the study finished. Controlled artificial light was sustained for
23 h per day during the whole study duration.
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Table 1. Composition of experimental starter, grower, and finisher diets (g/kg diet) and the calculated
chemical analysis of the basal diet.

Ingredients
Diet

Starter Grower Finisher

Yellow corn 542 558.8 606
Soybean meal (44%) 319 281 253.3

Corn gluten meal (60%) 71 81 48.1
Vegetable oil 29.8 41 54.4
Limestone 1 15 15 15

Monocalcium phosphate 2 14 14 14
Common salt 3 3 3

Mineral Premix 3 1.5 1.5 1.5
Vitamin Premix 3 1.5 1.5 1.5

Methionine 4 1 1 1
Lysine 5 1 1 1

Anti-coccidial 6 0.2 0.2 0.2
Antimould 7 1 1 1

Calculated analysis

Crude protein (CP, %) 23.1 22.18 19.39
Metabolizable energy (ME,

Kcal/kg diet) 8 3053 3160.7 3252.6

Calorie/protein ratio 9 132.16 142.5 167.7
1 Limestone contains 36% calcium. 2 Monocalcium phosphate contains 22% phosphorus and 16% calcium.
3 Mineral and Vitamin premix was produced by Heropharm and composed (per 3 kg) of vitamin A 12,000,000 IU,
vitamin D3 2,500,000 IU, vitamin E 15,000 IU, vitamin K3 1000 mg, vitamin B1 1000 mg, vitamin B2 3000 mg,
vitamin B6 1500 mg, vitamin B12 13.3 mg, niacin 30,000mg, biotin 50 mg, folic acid 600 mg, pantothenic acid
10,000 mg, Mn: 60,000 mg, Zn: 50,000 mg, Fe: 30,000 mg, Cu: 4000 mg, I: 300 mg, Se: 100 mg and Co:100 mg.
4 DL-Methionine (Produced by Evonic Co. Birmingham, AL, Germany and contain 99% methionine), 5 Lysine
(lysine hydrochloride contains 98 % Lysine). 6 Kill Cox® (produced by Arabian Company for Pharmaceutical
Industries, 7 Antimould produced by EL-TOBA CO. For Premixes & Feed El-Sadat city Egypt). 8 ME calculated
according to NRC (1994), 9 Calorie/protein ratio = ME Kcal/CP%.

MSD (10 birds/m2) and HSD (20 birds/m2) was accomplished by keeping a different
number of broilers for each floor pen [5] with the exact size of the floor (2.0 × 2.4 m2).
Before beginning the study, all birds were reared with similar environmental circumstances
and were fed similar starter rations for 14 days (Table 1). Space unavailable by permanent
substances (i.e., one bell drinker and two feeders) was not involved when the floor space
was measured.

At 2 weeks of age, all birds were weighed and divided into 4 groups, including
5 replicates per each group (10 birds/ replicate) for every group of an exact number of birds,
as follows: Group 1 (MSD, negative control) (n = 50); without curcumin supplementation;
Group 2 (HSD, positive control) (n = 50); without curcumin supplementation; Group 3
(HSD + curcumin 100 mg kg−1 diet) (n = 50) [25]; bought from Sigma–Aldrich, St. Louis,
MO, USA), curcumin mixed into pellets; Group 4 (HSD + curcumin 200 mg kg−1 diet)
(n = 50) [28].

2.2. Growth Performance

Throughout the study progression, broilers were individually weighed weekly (g) to
assess the weight gain in body weight, feed conversion ratio (FCR), and to record the intake
of food. FCR was measured by dividing the total intake of food (g) by the total gaining of
weight (g) of the birds [30] from the beginning of the experiment (14 days old) until the
finish of the study (day 42 of age).

2.3. Behavioral Observations

The behavioural observation was conducted via continuous visual screening of the
flock. The behaviour of all birds was recorded during predetermined time intervals.
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Experienced behavioural observations were started at two weeks old until the finish of the
experiment (6 weeks of age). Observations were undertaken during the daytime (6:00 a.m.–
6.00 p.m.) with 12 h of observation divided into 4 h per day through 3 consecutive days.
Every day was allocated into two stages, the morning (6:00 a.m.–12:00 p.m.) and the
afternoon (12:00 p.m.–6:00 p.m.). The observation was completed for 2 h for every stage of
the day, i.e., 2 h during the morning and 2 h during the afternoon with alternation. During
day one, the observations were performed from 6:00–8:00 a.m. and 12:00–2:00 p.m.; on
day two, it was from 8:00–10:00 a.m. and 2:00–4:00 p.m., and the same for day three [31].
Each observation hour was divided into 5-min intermission scanning of broilers, which
was followed with a new 5-min scan of behaviour until the observation time was finished.
Behavioural configurations perceived were drinking, feeding, walking, crouching, standing,
and behaviour of body care (ruffling, shaking, and preening). The documented behaviours
are presented in Table 2. Results were presented as % of broilers doing the categorized
behaviour/whole number of broilers scanned [31].

Table 2. Ethogram of the recorded behaviours.

Behaviour Description

Feeding Pecking at feed-on-feed troughs.
Drinking Obtaining water from the cup.

Standing idle The abdomen is not touching the litter, and the bird is
motionless with no other behaviour.

Crouching The bird remains sitting and lying on the litter, looking
around or with closed eyes, no other behaviour.

Walking Take at least two successive steps.
Preening The bird cleans and aligns its feathers using the beak.
Ruffling The action of ruffle or shackling all body feathers.
Shaking The action of body trembling.

2.4. Blood Sampling

On day 42 of age, 6 birds of each replicate were arbitrarily chosen and slaughtered.
Two blood samples were taken from the brachial vein, and one was into a heparinized tube
for haematological measurements. At the same time, the other sample was collected into
plain tubes and centrifuged at 1968× g for 15 min. Collected serum samples were retained
at −20 ◦C till examination.

2.5. Hematological and Immunological Parameters Measurements

At 1 to 2 h after the collection, the samples of blood were examined for Hb (haemoglobin)
level, PCV (packed cell volume), RBCs (red blood cells), and WBCs (white blood cells) count.
In addition, a differential leukocytic count was completed. Erythrocyte sedimentation rate
(ESR) and RBC settlement rate at uncoagulated blood during an hour inside the Wintrobe
tube were then performed [32]. Heterophil/lymphocyte (H/L) ratio was determined by
dividing the number of heterophils by lymphocytes. Immunoglobulins in the serum (IgG,
IgA, and IgM), pro-inflammatory cytokines (IL-2, IL-6), and tumour necrosis factor-A (TNF-
α) were estimated via kits obtained from Elabscience Biotechnology Co., Ltd. (Houston,
TX, USA) using a reader for enzyme-linked immunosorbent assay (ELISA).

2.6. Biochemical and Hormonal Analysis

Using the specific commercial assay kits (Bio-diagnostic Co., Cairo, Egypt), total
serum protein, albumin, total cholesterol, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were determined using Robert R. GmbH Photometer (5010 VST,
Berlin, Germany) [33]. Analysis of thyroid hormones [thyroxine (T4) and triiodothyronine
(T3)] and corticosterone concentration according to the photometric recognition principle
was accomplished using thyroid hormones and corticosterone ELISA kit (through IBL
international GmbH, 22335 Hamburg, Germany).
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2.7. Serum Malondialdehyde Level and Anti-Oxidative Enzymes Activity

Serum malondialdehyde (MDA) value and superoxide dismutase (SOD) activity were
determined using kits supplied from Ransod Diagnostics (London, UK). Meanwhile, glu-
tathione peroxidase (GPx) and catalase (CAT) enzymatic activities were determined via pro-
vided test kits (Bio-Diagnostic Co., Cairo, Egypt) following the manufacturer’s instruction.

2.8. Gene Expression Analysis

The liver samples (approximately one cm3) (n = 10) were gathered, then positioned
in liquid nitrogen, and kept at −80 ◦C until investigation. According to the manu-
facturer’s procedures, total RNA was isolated with TRI reagent (easyRED™, iNtRON
Biotechnology, Seongnam-Si, Korea). Its quality was confirmed by gel electrophore-
sis with 2% agarose. RNA was measured via Nanodrop (UV–VIS Spectrophotometer
Q5000, Qua-Well, San Jose, CA, USA). RNA was conversely transcribed to the first-strand
cDNA by the SensiFAST™ cDNA synthesis kit (Bioline, London, UK) and kept at −20 ◦C
until the examination. Sequences of gene-specific primers (Table 3) were utilized to
strengthen the designated genes. Primer sequences were definite via UCSC In Silico PCR
(https://genome.ucsc.edu/cgibin/hgPcr, accessed on 10 March 2021) and NCBI primer
blast. Real-time was accomplished by consuming the Stratagene MX300P Realtime PCR
machine (Agilent Technologies, Santa Clara, CA, USA), with SensiFast™ SYBR Lo-Rox kit
(Bioline, London, UK) according to manufacturer’s recommendations. The intensification
technique includes denaturing at 95 ◦C for 15 min, then by 40 sequences at 95 ◦C for 15 s
and an annealing temperature (specific for every primer, Table 2) for 1 min [15]. Dissocia-
tion curves were inspected to approve that only one peak was recognized for each exact
melting temperature, therefore presenting that PCR products were propagated specifically.
Samples were examined in replicas. Target gene Ct levels were primarily standardized in
contradiction of the Ct levels of the house-keeping gene (β actin), then utilized to estimate
the gene expression levels (fold change) [34].

2.9. Statistical Analysis

Data collected were subjected to ANOVA by applying the General Linear Model
Procedure of SAS software (SAS Institute Inc., Cary, NC, USA) [35]. Shapiro-Wilk and
Levene tests confirmed normal distribution and homogeneity of variance [36]. Tukey’s
multiple comparison test is based on p < 0.05. The following formula was exhausted for the
examination of variance:

Table 3. Gene-specific primers sequence used in the experiment.

Gene Accession No. Primer References Amplicon
Size (bp)

Annealing
Temp (◦C)

Growth hormone
receptor (GHR) NM_001001293 R: AGAAGTCAGTGTTTGTCAGGG

F: AACACAGATACCCAACAGCC [37] 93 60

Insulin-like growth
factor-1 (IGF-1) NM_001004384 R: CTTGTGGATGGCATGATCT

F: CACCTAAATCTGCACGCT [34] 91 60

Leptin KT970642.1
R: CCAGGACGC-

CATCCAGGCTCTCTGGC
F: TCCGCCAAGCAGAGGGGT

[38] 261 58

Myostatin (MSTN) NM_001001461 F: TACCCGCTGACAGTGGATTTC
R: GCCTCTGGGATTTGCTTGG [37] 173 58

β-actin NM_205518 F: ACCTGAGCGCAAGTACTCTGTCT
R: CATCGTACTCCTGCTTGCTGAT [34] 160 60

Statistical model
Xij = µ + Ti + eij,

where, Xij is the value of ith observation (variables as weight of the body or behaviour or
biochemical measurements) of ith treatment, µ is the overall mean, Ti is the effect of the
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treatment (treatment: four different treatments with two stocking density)), and eij is the
random error.

3. Results
3.1. Productive Performance

In Table 4, the HSD group revealed a marked decrease (p < 0.0001) in body weight,
weight gain, and the intake of food, and an increase in feed conversion ratio (FCR) than
the MSD control group. Meanwhile, curcumin with HSD shows a significant increase in
body weight, weight gain, and food intake, with a substantial decrease in FCR. However,
the higher dose of curcumin (200 mg) displays a significant increase in all productive
parameters compared to a lower dose of curcumin (100 mg) as the best bodyweight, weight
gain, intake of food, and FCR were observed in the MSD control birds and in the group
supplemented with 200 mg of curcumin.

Table 4. Effect of curcumin on productive performance of broilers reared under high stocking density.

Initial Body
Weight (g)

Final Body
Weight (g)

Body Weight
Gain (g) Feed Intake (g) Feed Conversion

Ratio (FCR)

MSD control 412.15 ± 15.23 2101.28 ± 165.23 a 1689.13 ± 161.32 a 2785.26 ± 62.52 a 1.65 ± 0.03 b

HSD control 419.96 ± 18.52 1558.23 ± 150.23 c 1118.27 ± 149.25 c 2099.35 ± 38.11 d 1.88 ± 0.05 a

HSD + curcumin 100 429.88 ± 20.14 1723.77 ± 193.42 b 1293.89 ± 185.96 b 2302.67 ± 26.33 c 1.77 ± 0.06 ab

HSD + curcumin 200 428.23 ± 23.18 1989.87 ± 201.78 ab 1561.64 ± 198.23 ab 2623.25 ± 27.27 b 1.68 ± 0.04 b

P-Tukey 0.41 <0.0001 <0.0001 <0.0001 <0.0001

The data shown are the mean and standard deviation using ANOVA. a–d Means bearing different superscript
letters within the same row are significantly different (p < 0.05). MSD = low stocking density, HSD = high
stocking density.

3.2. Behavioural Observation

In Figure 1, HSD markedly (p < 0.0001) reduced the ingestive behaviour of birds. It is
considered an allelomimetic behaviour, as two or more birds showed similar behaviour
simultaneously with some degree of mutual stimulation and coordination. Therefore,
the results revealed a pronounced influence of stocking density on feeding and drinking
of engaged broilers. Moreover, crouching and body care behaviour (preening, ruffling,
shaking) significantly decreased in birds reared in HSD. In contrast, birds stocked in high
density show a significant increase in walking and standing behaviour.

Supplementation of curcumin powder at (200 mg) shows a significant enhancement in
the proportion of birds that exhibit standard behaviour patterns than the low dose (100 mg).
It was observed that there was a marked enhancement in ingestive behaviour, crouching,
and body care behaviour, while there was a substantial decrease in walking and standing
behaviour. In comparison, curcumin supplementation shows a considerable enhancement
in exhibiting standard patterns of birds’ behaviour.

3.3. Haematological Parameters

In Table 5, Hb, PCV, and RBCs count were significantly (p < 0.05) decreased in the HSD
reared birds relative to their levels in the MSD birds. However, the H/L ratio and ESR were
enhanced markedly in the HSD group comparable to the MSD one. However, a marked
(p < 0.0001) improvement was documented in curcumin (100 or 200 mg/kg diet)-treated
HSD chicks Hb, PCV, and RBCs count, and a marked decrease in ESR and H/L ratio relative
to HSD-reared broilers. The better values were recorded in a dose-dependent effect. In
contrast, the WBCs count revealed a non-significant difference between the groups.
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Figure 1. Effect of curcumin on the proportion (%) of birds performing different behavioural patterns
(A). Feeding, Drinking, Standing, Walking, Preening, Ruffling and Shaking. (B). Crouching reared
under high stocking density. The data shown are the mean and standard deviation. a–d Means bearing
different superscript letters within the same row are significantly different (p < 0.05). MSD = low
stocking density, HSD = high stocking density.

Table 5. Effect of curcumin on haematological parameters of broilers reared under high stocking density.

PCV (%) Hb (g/dL) RBCs (1012/L) WBCs (109/L) ESR (mm/h) H/L Ratio (%)

MSD control 24.42 ± 0.27 a 12.23 ± 0.04 a 2.49 ± 0.01 a 24.1 ± 0.26 3.15 ± 0.02 c 0.263 ± 0.008 c

HSD control 17.35 ± 0.31 d 8.35 ± 0.08 c 1.92 ± 0.01 b 24.5 ± 0.38 5.52 ± 0.05 a 0.452 ± 0.007 a

HSD + curcumin 100 20.61 ± 0.24 c 10.87 ± 0.06 b 2.11 ± 0.02 ab 23.6 ± 0.32 4.17 ± 0.01 b 0.329 ± 0.006 b

HSD + curcumin 200 22.61 ± 0.22 ab 11.87 ± 0.06 a 2.31 ± 0.03 a 24.2 ± 0.26 3.97 ± 0.01 c 0.289 ± 0.006 c

P-Tukey <0.0001 <0.0001 <0.0001 0.51 <0.0001 <0.0001

The data shown are the mean and standard deviation. a–d Means bearing different superscript letters within
the same row are significantly different (p < 0.05). MSD = low stocking density, HSD = high stocking den-
sity, PCV = packed cell volume, Hb = haemoglobin, RBCs = red blood cells, WBCs = white blood cells,
ESR = erythrocyte sedimentation rate, H/L = heterophil/lymphocyte.

3.4. Immunological Parameters

Treatment of the HSD broilers with curcumin (100 or 200 mg/kg diet) led to marked
(p < 0.05) improvement in IgG and IgA concentrations compared to the HSD group. On
the other hand, the HSD broilers showed a significant (p < 0.05) reduction in IgA, IgM,
and IgG compared to the MSD reared broilers. Moreover, IL-2, IL-6, and TNF-a revealed
a marked enhancement (p > 0.05) with HSD birds relative to MSD ones. Simultaneously,
treatment with curcumin reduced the pro-inflammatory cytokines values to nearly average
physiological importance of the MSD group (Table 6).

3.5. Biochemical and Hormonal Analysis

The data presented in Table 7 revealed that total serum protein and albumin levels
were not varied between the groups. Relative to MSD birds, total cholesterol, ALT, and
AST values were markedly enhanced with HSD broilers; however, these parameters were
dramatically (p < 0.05) decreased with curcumin-treated HSD birds. Relative to 100 mg
curcumin kg−1 diet HSD treated broilers, the 200 mg curcumin kg−1 diet treated birds
markedly (p < 0.05) enhanced the alternations of these measurements.
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Table 6. Effect of curcumin on immune measurements in the serum of broilers reared under high
stocking density.

IgA (g/L) IgG (g/L) IgM (g/L) IL-2 (pg/mL) IL-6 (pg/mL) TNF-a
(pg/mL)

MSD control 0.062 ± 0.002 a 0.089 ± 0.003 a 0.092 ± 0.005 a 110.14 ± 5.41 d 15.62 ± 0.87 d 69.92 ± 3.54 c

HSD control 0.015 ± 0.003 b 0.034 ± 0.008 c 0.048 ± 0.009 d 166.67 ± 8.11 a 28.58 ± 2.74 a 98.02 ± 7.22 a

HSD + curcumin 100 0.048 ± 0.002 ab 0.055 ± 0.006 bc 0.066 ± 0.007 c 141.67 ± 6.33 b 22.54 ± 1.66 b 77.37 ± 5.81 b

HSD + curcumin 200 0.061 ± 0.003 a 0.065 ± 0.006 b 0.079 ± 0.007 b 122.14 ± 7.27 c 18.54 ± 0.96 c 71.16 ± 4.54 c

P-Tukey <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

The data shown are the mean and standard deviation. a–d Means bearing different superscript letters within
the same row are significantly different (p < 0.05). MSD = low stocking density, HSD = high stocking density,
Ig = immunoglobulin, IL = interleukin, TNF = tumour necrosis factor.

Table 7. Effect of curcumin on biochemical parameters in the serum of broilers reared under high
stocking density.

Total Protein
(mg/dL) Albumin (mg/dL)

Total
Cholesterol

(mg/dL)
AST (U/L) ALT (U/L)

MSD control 3.85 ± 0.25 2.205 ± 0.038 120.0 ± 4.8 d 212.3 ± 16.3 d 24.75 ± 5.04 b

HSD control 3.42 ± 0.31 2.045 ± 0.027 159.8 ± 9.04 a 302.8 ± 19.3 a 32.08 ± 4.22 a

HSD + curcumin 100 3.65 ± 0.21 2.155 ± 0.029 139.8 ± 12.14 b 242.3 ± 12.9 b 29.57 ± 3.73 ab

HSD + curcumin 200 3.81 ± 0.18 2.179 ± 0.038 126.8 ± 8.23 c 226.7 ± 14.7 c 25.75 ± 3.04 b

P-Tukey 0.27 0.12 <0.0001 <0.0001 <0.0001

The data shown are the mean and standard deviation. a–d Means bearing different superscript letters within
the same row are significantly different (p < 0.05). MSD = low stocking density, HSD = high stocking density,
AST = aspartate aminotransferase, ALT = alanine aminotransferase.

As revealed in Table 8, relative to the MSD-raised broilers, the HSD chickens expressed
significantly (p < 0.05) enhanced corticosterone contents and decreased T3 and T4 levels.
Curcumin treatment significantly reduced corticosterone and enhanced T3 and T4 serum
levels close to the HSD birds. The 200 mg curcumin/kg diet-treated HSD broilers nearly
reached their respective MSD values.

Table 8. Effect of curcumin on hormonal concentrations and oxidant/antioxidant parameters in the
serum of broilers reared under high stocking density.

Hormonal Concentrations Oxidant/Antioxidant Parameters

T3 (ng/mL) T4 (ng/mL) Corticosterone
(ng/mL)

MDA
(µmol/L) SOD (U/mL) GPx (U/L) CAT (U/L)

MSD control 3.57 ± 0.13 a 55.99 ± 3.84 a 2.95 ± 0.081 d 1.45 ± 0.027 c 2.93 ± 0.031 a 109.57 ± 8.64 a 69.57 ± 4.73 a

HSD control 2.03 ± 0.08 c 29.74 ± 1.77 d 5.74 ± 0.027 a 3.02 ± 0.031 a 1.77 ± 0.017 c 62.22 ± 4.18 d 32.08 ± 2.22 c

HSD + curcumin 100 2.76 ± 0.11 b 41.21 ± 2.03 c 4.06 ± 0.065 b 2.14 ± 0.021 b 2.23 ± 0.029 b 83.41 ± 5.04 c 55.57 ± 3.34 b

HSD + curcumin 200 3.17 ± 0.09 a 49.65 ± 2.22 ab 3.26 ± 0.082 c 1.74 ± 0.021 c 2.72 ± 0.031 a 95.49 ± 4.19 b 63.75 ± 3.84 ab

P-Tukey <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

The data shown are the mean and standard deviation. a–d Means bearing different superscript letters within
the same row are significantly different (p < 0.05). MSD = low stocking density, HSD = high stocking density,
T3 = triiodothyronine, T4 = thyroxine, MDA = malondialdehyde, SOD = superoxide dismutase, GPx = glutathione
peroxidase, CAT= catalase.

3.6. Serum Oxidant/Antioxidant Measurements

In addition, Table 8 showed that curcumin supplementation with the HSD groups
markedly (p < 0.05) improved SOD, GPx, and CAT activities in birds relative to the HSD
broilers. However, MDA was decreased significantly (p < 0.05) with curcumin-treated
groups close to the HSD broilers. Also, better values were recorded with the 200 mg
curcumin/kg diet-treated HSD birds. However, the HSD birds revealed a marked (p < 0.05)
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reduction in SOD, GPx, and CAT activities and a marked increase in MDA relative to
MSD-reared birds.

3.7. Gene Expression of Growth Regulatory Factors

Growth regulatory genes, IGF-1, and GHR mRNA expressions were downregulated
with the HSD broilers (p < 0.05) relative to the MSD birds (Figure 2). In contrast, curcumin
treatment (100 or 200 mg kg−1 diet) with the HSD up-regulated the mRNA expression
of GHR and IGF-1 genes (p < 0.001); in addition, gene expression of GHR and IGF-1 up-
regulation revealed a dose-dependent impact. HSD significantly increased the expression
of MSTN and leptin genes relative to the MSD control group. However, curcumin HSD
treated groups markedly decreased leptin and MSTN (p < 0.001) close to HSD birds; on the
contrary, the better values of growth regulatory genes were obtained by 200 mg curcumin
kg−1 diet treated HSD group.
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Figure 2. The relative mRNA expression of growth-related regulatory factors of broilers-reared under
high stocking density. MSD = low stocking density, HSD = high stocking density, GHR = growth
hormone receptor, IGF-1 = insulin-like growth factor 1, MSTN = myostatin. a–d Columns Means
bearing different superscript letters are significantly different (p < 0.05).
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4. Discussion

The existing experiment studied the haematological, immunological, behavioural,
and growth performance combined with HSD for broilers given a control ration and two
curcumin supplemented diets: 100 and 200 mg/kg. The growth performance with HSD
broilers was markedly reduced, and FCR was enhanced relative to MSD birds. In contrast,
the curcumin-treated HSD birds were more similar to the MSD group parameters. Similarly,
HSD significantly decreased growth performance and compromised intestinal morphology,
and metabolized energy results were recorded [5]. Yadav et al. [39] revealed no variation
in the growth performance throughout the starter stage of age (0–21 d) with curcumin
supplementation at given concentrations.

Nevertheless, broilers served curcumin-supplemented diets for 42 days had a marked
enhancement in the body’s weight and food conversion efficiency through a finisher phase
(22–42 d). The increased gastric digestion liquor, intestinal villi length, caecal width, and
bile production may have improved the digestion of fats. All these benefits are recorded by
feeding curcumin for a longer time, enhancing the absorption of nutrients in the advanced
stage [22]. Besides, the upregulation of pancreatic lipase and increased trypsin, amylase,
and chymotrypsin improved intestinal maltase and sucrose activities [21], reflecting mainly
in a higher feed intake and digestion FCR in the curcumin-supplemented birds. Moreover,
the negative impacts of these findings with the HSD group may be attributed to the higher
levels of serum corticosterone revealed in the current study, which indicate an enhanced
stressful condition in the broilers. Those findings were comparable to previous data, in
which they reported that the density of stockings had increased reduced growth, FCR, and
carcass characteristics; induced oxidative stress and immunodeficiency [13]. For example,
increasing corticosterone (catabolic hormone) levels markedly decreases the intake of food
and body weight gain in chickens [30]. Meanwhile, curcumin supplementation significantly
reduces the corticosterone hormone level, which may enhance the productive performance
parameters in birds. Stress can impair immunity and egg production in layers by increasing
the level of the stress hormone corticosterone [40].

Behavioural observation revealed that HSD leads to a reduced space allowance, re-
duced drinking and feeding space, enhanced fighting between the broilers, and significantly
reduced ingestive behaviour (feeding and drinking) and crouching behaviour. Moreover,
increasing stocking density adversely affects body care behaviour (preening, ruffling,
shaking) as birds are under stress when exhibiting body care behaviour [30]. In contrast,
increasing stocking density led to a significant increase in standing and walking behaviour.
These findings show that as stocking density enhanced, the broilers stand more due to the
absence of floor area for lying or crouching. Therefore, HSD limits the floor area acces-
sible for broilers to exhibit normal behaviour, putting the birds under stress conditions.
Generally, all features of welfare were harmfully impacted at HSD. These findings agree
with [31,41–43]; they reported that higher stocking densities resulted in a rise in mortality
during the rearing phase, an increase in the leg and contact dermatitis and carcass bruising,
as well as a decrease in resting, locomotion, and ground pecking patterns. Stocking density
harmed several aspects of welfare. Moreover, HSD induces tissue lipid peroxidation in
birds, which increases MDA, reduces serum SOD, GPx, and CAT activity [9,11], and in-
creases the ratio of H/L, the level of corticosterone hormone, and stress indicators in the
blood [14]. All these physiological changes are reflected in the birds, as they cannot exhibit
their standard behavioural patterns, and it also adversely affects the welfare of the birds.

In comparison, curcumin supplementation of the HSD group shows a significant
increase in the welfare of birds as it caused a marked increase in ingestive behaviour and
body care behaviour. In contrast, it caused a reduction in walking and standing behaviour,
as the curcumin has a significant impact on the inhibition of oxidative stress in exposed
chickens via increasing antioxidants enzyme activity and reducing the H/L ratio [44] and
corticosterone hormonal level. Therefore, HSD increases stress and disruption to the HPA
axis, which induces oxidative stress [45].
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The variations in the haematological measurements were recorded in research studies
on poultry to evaluate the physiological condition of the birds under stressful condi-
tions [23]. Our results approve with earlier results of Goo et al. [46], who recorded a
reduction in Hb, PCV, and RBCs count in the blood of chickens under the effect of HSD;
which might be due to the deterioration of the overall health condition accompanied by
the reduced feed intake and growth rate. In addition, with environmental or physiologi-
cal stress (due to HSD), the temperature might rise, which may negatively impact birds’
oxidative condition and the process of erythropoiesis [5]. In the current study, the HSD
did not alter the count of WBCs, which agrees with the previous findings [47]. Curcumin
treatment improved all the haematological parameters, with concurrent improvement in
the antioxidant defence system of broiler under HSD. As a result, the erythropoiesis process
is usually resumed [21].

In the current study, a significant impact of SD on other inflammatory markers such as
H/L ratio and ESR was recorded. Comparable findings were reported in the ratio of H/L
and ESR amongst various SD [14], which might indicate a stressful condition inside the
broilers and might be the outcome of a mixture of environmental factors and genotypes.
The stressors have rapidly decreased or may be due to the anti-inflammatory impact of cur-
cumin [33]. Conversely, the ratio of H/L and ESR was reduced under curcumin treatment.

The immune system is highly impactful to the animal’s health status. The immune
system primarily comprises cell-mediated immunity and humoral immunity. The current
study’s marked reduction in serum globulin titers (IgG, IgA, and IgM), suggesting that
chickens raised at HSD might be immunocompromised. Likewise, Li et al. [13] recorded
that HSD inhibited humoral immunity and enhanced the rate of mortality. Furthermore, the
IgG, IgA, and IgM level significantly improved with curcumin supplementation with HSD.
Those findings propose that SD might disturb the humoral immune response, particularly
curcumin, preventing HSD-mediated Ig synthesis deficiency. In the existing work, HSD
enhanced the value of pro-inflammatory cytokine IL-6, IL-2, and TNF-a, which stimulated
an inflammatory reaction and therefore was not accepted by the birds.

In an earlier experiment, which enhanced the administration of dietary curcumin,
a decrease was reported in IL-6 value in broiler’s blood under the stressful condition of
high environmental temperature [22]. The pro-inflammatory cytokines increase with any
inflammatory response, encouraging acute-phase protein production, i.e., C-reactive pro-
tein, which helps restore homeostasis [48]. In addition, variations occurred in quantities of
distinct serum proteins, i.e., an enhancement in fibrinogen and globulins with a reduction in
albumins, leading to faster ESR and increased H/L ratio. Subsequently, the administration
of curcumin to the diet of broilers under HSD reduced IL-2, IL-6, and TNF-a, so the H/L
ratio and ESR value decreased additionally, indicating the potential anti-inflammatory
properties of curcumin against HSD [23].

It is believed that during normal physiological circumstances, equilibrium between
pro-oxidant production and antioxidant defences is essential in living animals. Dispro-
portioning the compensation raises reactive oxygen species (ROS) and persuades lipid
peroxidation. An enhanced value of ROS will further increase the oxidation state and harm
the component inside the cell [49]. Consequently, the body is prepared to succeed in the
oxidation stress by manufacturing antioxidant enzymes to restore the physiological sys-
tems. As GPx, SOD, and CAT, these enzymes play a prominent role in antioxidant defence
systems [21]. Our findings relate with findings of Li, Zhang et al. [15] and Selvam, et al. [14],
who revealed that HSD caused the initiation of the oxidative stress status in birds under
the impact of insufficient floor space, reduced air-flow, and the over-crowding of the birds,
as was evident by the higher MDA and lower activates of GPx, SOD, and CAT in the
bird’s serum. A lipid peroxidation key end product, MDA, is continuously measured
as an oxidative stress biomarker [49]. In the present experiment, the MDA level in the
HSD bird’s serum was markedly increased compared to that in MSD birds. This outcome
might be owed to over-gathering enhancing the competition between the birds and leading
to stress, thus causing elevated lipid peroxidation. Likewise, Li et al. [13] revealed that
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over-crowding increased oxidative damage and higher MDA production. So, it might
be proposed that higher oxidative stress might result from reduced antioxidant enzyme
activities with an HSD.

Curcumin can inhibit oxidative stress by improving the activities of antioxidants
enzymes containing GPx, CAT, and SOD [43], which was also recorded in the current study
in a dose-dependent manner. Consequently, a decrease in lipid peroxidation becomes more
vital for keeping the regular production of the animal. Parallel to our results, Salah et al. [21]
stated that the administration of curcumin in the ration decreased the TBA (thiobarbituric
acid) indicator and enhanced the activities of antioxidant enzymes in chickens relative to
those fed a standard ration. The presence of phenolic groups in curcumin construction has
an essential role in inhibiting oxidative stress. Those groups can eliminate the superoxide
ion, hydroxyl free radicals, and nitric oxides [22]. Akbarian et al. [50] recorded the HSD
impact on enhanced activities of AST/ALT in broilers. Higher activities of AST/ALT
might indicate a progressive injury to the liver cells, followed by enhanced free radicals,
leading to liver lipid peroxidation and injury to various organs [5]. On the contrary, dietary
supplementation of the HSD group with curcumin decreased activities of ALT and AST in
birds, which indicates that the ability of curcumin to scavenge and neutralize free radicals
can shield the liver cells in front of any free radical attack [23]. Consequently, reduced
activities of liver enzymes in the current experiment might indicate enhanced functions of
the liver succeeding curcumin antioxidant impacts, in order to inhibit any damage to the
liver cells by free radicals.

A non-significant variation in blood concentrations of total protein and albumin was
revealed in our study; on the contrary, there was a marked enhancement in the whole
cholesterol level with HSD. The effect of HSD on higher serum cholesterol in the existing
experiment agreed with Wang et al. [51]. They recorded that plasma cholesterol levels
enhance with higher stress conditions in broilers. We detected that administration of
curcumin to diet markedly reduced the total cholesterol in the blood of broilers relative
to those fed a regular diet. Other findings on the impact of curcumin on total cholesterol
were recorded by others and a reduction in total cholesterol and LDL in Sprague-Dawley
rats [52]. HSD negatively impacted blood lipids, which could be consistent with higher
corticosterone release in blood circulation. It is a fact that elevated corticosterone levels
in the blood stimulate lipolysis and gluconeogenesis [53], clarifying the increased total
cholesterol concentrations.

High corticosterone (catabolic hormone) values can impact the growth of bone and
markedly decrease the intake of food and body weight gain in poultry [30]. Serum corticos-
terone concentrations were increased with HSD birds in the present work. Those findings
were comparable to Li et al. [13], who revealed that corticosterone values at 42 D were
elevated with HSD (15, 20, 25 per m2), which might indicate the enhanced stressful condi-
tion of broilers. Several types of research have recorded that stressful situations decreased
the serum levels of T4 and T3. The thyroid hormones impact nearly every physiological
procedure in the organism and are considered essential to improving broilers’ growth [53].
Nevertheless, data on the impact of SD on thyroid hormones in HSD reared birds is limited.
On the contrary, curcumin supplementation to the HSD-raised broilers seems to retain the
hormonal profile of the birds to nearly their average physiological values, indicating an
ameliorative effect of curcumin against the harmful impacts of HSD [16].

Muscular growth is controlled by various elements, including GHR, IGF-1, MSTN, and
leptin. IGF-1 contributes to the growth mechanism, and numerous researchers confirmed
that IGF-1 controls the growth of skeletal muscle, which is produced under the GH and
GHR control [45]. IGF-1 stimulates skeletal muscle hypertrophy and inhibits muscles
atrophy [54]. Leptin plays a critical role in regulating the growth of muscles, and it is
produced by adipocytes to signal the brain to decrease the intake of food and improve
the expenditure of energy. Hence, it harms growth [55]. MSTN is considered a crucial
element for the growth and improvement of muscle, and it also performs as an adverse
regulator of muscular development. Before birth, MSTN negatively impacts muscular
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enlargement, and MSTN inhibits muscle hypertrophy in broilers [55]. In existing work,
expression values of mRNA of IGF-1 and GHR in the liver samples were markedly reduced
compared to the other groups. However, the expression of mRNA values of MSTN and
leptin at HSD was enhanced markedly. Those findings propose that HSD could impact
muscular differentiation and hypertrophy by controlling the GHR, IGF-I, leptin, and MSTN
gene expression. On the contrary, curcumin supplementation in the diet of HSD reared
broilers up-regulated the growth-enhancing genes expression (GHR and IGF-1) while it
down-regulated the expression of the growth-inhibitory genes (leptin and MSTN), which
might indicate a growth-promoting effect of curcumin [55].

5. Conclusions

The supplementation of dietary curcumin had a positive impact on the growth perfor-
mance. The welfare of the HSD stressed birds, through modulation of the growth-related
genes GHR and IGF-1 expression, in addition to the mitigative effect on the inflammatory
cytokines (TNF-a, IL-2, IL-6) with increased antioxidant activity and the immunity status
was accompanied by improvement of the behavioural performance of the HSD stressed
birds Therefore, our study exposed the importance of curcumin supplementation in the
poultry diet to relieve the stressful conditions and increase the birds’ growth performance
and immune status.
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Simple Summary: Chicken meat is a popular food item all over the wrld. Improving the nutrition
of broilers is important for producing high-quality broiler meat. The inclusion of natural effective
ingredients, such as ginger, in the diet of broilers did not adversely affect the palatability of the diet,
nor did it cause anemia in the broilers. Rather, ginger enhanced the oxidative status and growth rate
of broiler chickens.

Abstract: The effect of dietary ginger powder on the production performance, digestibility, hema-
tological parameters, antioxidant status, dietary oxidation stability, and plasma cholesterol content
of broiler chickens was investigated. Ginger powder was included in the diet at 0, 5, 10, or 15 g/kg.
Total antioxidant capacity and malondialdehyde in sera samples, superoxide dismutase activity, glu-
tathione peroxidase, catalase, and malondialdehyde in liver samples, and the peroxide value and acid
value of the stored diets were evaluated. The results showed that ginger inclusion significantly im-
proved antioxidation indices in broiler sera and liver. Total body weight gain in ginger-supplemented
birds was higher than that of control birds (p < 0.048). Supplementing the broiler chickens with ginger
powder reduced total feed consumption (p < 0.031). White blood cell counts and the percentage of
heterophils in the blood were increased in birds that received ginger supplementation (p < 0.001).
The inclusion of ginger in the diet improved dry matter digestibility, crude protein utilization, crude
fiber utilization, and ether extract utilization. In addition, blood cholesterol, triglyceride, and very
low-density lipoprotein levels were decreased (p < 0.001), and high-density lipoprotein and levels
were increased, following the inclusion of ginger in the diet (p < 0.001).

Keywords: antioxidant; broilers; ginger; hematological parameters

1. Introduction

There is interest in elevating the production performance of broiler chickens using
effective nutritional additives in the feed rations, especially after the COVID-19 crisis.
Medicinal plants are used as natural feed additives in poultry diets to enhance the per-
formance, anti-oxidative status, and immune response of chickens [1–8]. One of these
additives is ginger powder. Ginger is the rhizome of the plant Zingiber officinale. It be-
longs to the family Zingibeaceae, which includes aromatic herbs with fleshy, tuberous or
non-tuberous rhizomes, that often have tuber-bearing roots [9]. It has long served as a
popular culinary and traditional medicinal herb. Ginger contains several effective com-
pounds, such as gingerol and gingerdione that exert strong antioxidant activity. In addition,
it has antibacterial properties and is immunomodulatory in laboratory animals [10–13].
Plant-derived additives used in animal feed to improve production performance are known
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as phytogenic feed additives, and ginger is one such additive [14]. Ginger powder has
lipid-reducing effects and can also be used as a growth promoter. When included in chicken
feed, it has properties similar to those of antibiotics. These natural feed additives lower
enteric pathogen microbial loads and improve nutrient digestion and absorption, which
improve poultry production and broiler performance [15].

Antioxidants can impact the health status of poultry [16]. The inclusion of ginger in
the diet at 5–6 g/kg is thought to increase total protein and lower cholesterol concentration.
Studies have also found that ginger in chicken feed enhances immunity against Newcastle
disease and bacterial bursal infections [17]. Because of its antioxidant properties, and
ability to enhance immune function and inflammatory responses, ginger can improve
both chicken production performance and the immune system [18]. Furthermore, Sahoo,
Mishra [19] reported that feed rations supplemented with ginger, either alone or with 1%
turmeric, significantly enhanced the antioxidative status and gut health of broiler chickens.
An, Liu [18] investigated the effect of ginger supplementation on antioxidative indices in
broiler chickens. The results of their study revealed that neither the activity of glutathione
peroxidase nor total antioxidant capacity were affected by ginger extract supplementation,
but plasma dismutase activity and malondialdehyde (MDA) content were significantly
decreased. In addition, the antioxidant stability of the feed ration was increased.

The effects of ginger have also been investigated in laying hens. For example, Wen,
Gu [20] reported increased superoxide dimutase (TSOD) activity, and decreased yolk MDA
and cholesterol content in hens supplemented with ginger, compared to control hens. These
findings were consistent with those of Zhao, Yang [21], who found that layers fed a diet
rich in ginger powder had a reduced concentration of MDA and increased TSOD activity
in the yolk. In addition, Yang, Ding [22] observed increased blood antioxidant enzymes
and improved egg quality in ginger root-fed laying hens.

In addition to its effect as an antioxidant, several research studies have reported
that poultry diets supplemented with ginger powder have positive effects on broiler
performance. As a natural feed additive, ginger may have great benefit and value in poultry
nutrition—especially for broilers—due to its antibacterial, anti-inflammatory, antioxidant,
antiseptic, antiparasitic, and immunomodulatory properties [23]. Ginger is a natural plant
that can be used as a phytobiotic to improve the performance of broilers. This improved
performance may be attributed to two types of digestive enzymes found in ginger—protease
and lipase—which are part of the plant’s natural protective mechanisms [24]. Diets enriched
with ginger may have the potential to improve production performance and modulate the
biological properties of the blood in broiler chickens.

Sa’aci, Alabi [25] studied the effect of aqueous ginger extract (AGE) on growth, nutrient
digestibility, and the economy of Marshal broiler chicks. The AGE supplementation of the
diet had no effect on dry matter, crude protein, ether extract, or nitrogen-free extract, but
crude fiber digestibility was significantly affected.

Shewita and Taha [17] reported that ethanolic extract of ginger significantly lowered
serum total cholesterol and triglyceride levels and increased high-density lipoprotein (HDL)
cholesterol levels, preventing tissue damage due to lipid peroxidation. It also showed
lipid-lowering activity. In their study on broiler chicks, the authors fed the chicks diets
supplemented with 2, 4, and 6 g/kg ginger powder and observed that serum very low-
density lipoprotein (VLDL) and triglyceride levels were reduced significantly in all ginger-
supplemented groups. Another study used ginger (5, 10, and 15 g/kg ginger powder) and
thymol (200 and 400 mg/kg) as feed supplements in the diet of broiler chicks, which led to
significantly decreased levels of serum total cholesterol and triacylglycerol [26].

The aim of this study was to investigate the effects of ginger on the antioxidant
status, production performance, and hematological parameters of broiler chickens fed a
ginger-enriched diet, as well as the oxidation stability of ginger-supplemented feed. The
hypothesis was that ginger powder would improve the aforementioned parameters but
would have dose-dependent effects. Although previous studies have investigated the effect
of ginger on productive performance parameters in broiler chickens, relatively limited data
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exist in the literature on the direct effects of ginger on the antioxidative status of blood and
liver tissues in these birds and the effect on the oxidative stability of the stored diets at
different ginger levels.

2. Materials and Methods
2.1. Chickens, Experimental Design, and Diet

This research study was approved by the department committee of the Environment
and Life Sciences Research Center in Kuwait Institute for Scientific Research under
project No. FA157K (2017). These procedures and protocols followed the official animal
welfare guidelines and regulations encoded with reference No. PMO/PV/RP/032/2017.
This protocol recommends humane treatment of experimental animals with no pain,
stress, or harm. The vitality rate was 100% and no abnormal signs were observed during
the experiment.

Fresh ginger (Zingiber officinale) roots were purchased from a reliable local supermarket,
originated from India. The roots were washed, sliced, freeze-dried, and milled into a
powder that was used in the broiler feed rations. This study used 1-day-old, male, Cobb
500 broiler chicks that were vaccinated against infectious bronchitis and Newcastle disease.
Water and feed were provided ad libitum. Four experimental diets/treatments were used,
with 0, 5, 10, or 15 g/kg ginger in the diet. For each treatment, 340 birds were randomly
housed in a battery cage with five levels. Each level contained 17 birds, for a total of 85 birds
in the battery. This density provided a space of 0.05 m2/bird. Each level was considered as
a replicate (total of 5 replicates). The broiler chicks were fed a corn/soy-based diet that met
Cobb 500 guidelines [27]. The chicks received a starter diet from hatching until 7 days of
age, a grower diet from 8 to 21 days of age, and a finisher diet from 22 to 35 days of age.
All diets were prepared as needed. Diet formulation, as well as chemical analyses of the
control diet and ginger supplement are shown in Table 1. The control birds received no
ginger. The ambient temperature for the broilers was kept at 30 ◦C for 14 days, and then
gradually reduced to 21 ◦C by 21 days. A proximate analysis of the ginger was performed
for crude protein, ash, dry matter, and crude fiber.

Table 1. Formulation and chemical analyses of the basal broiler diets.

Ingredient%
Starter Grower Finisher

0–7 Day 8–21 Day 22–35 Day

Corn 55.6 57.6 61.2
Soyabean Meal 39.4 35.6 32.25
Soya oil 1.35 3.2 3.35
Limestone 1.45 1.45 1.3
DiCalcium Phosphate 1.4 1.4 1.2
Salt 0.21 0.21 0.2
L-Lysine 0.12 0.12 0.1
DL-Methionine 0.27 0.27 0.26
Vitamin-Mineral Premix * 0.2 0.2 0.2

Total% 100 100 100

Nutrient Composition
Chemical Analysis

Crude Protein (CP) (%) 22 20 18
Metabolizable Energy (kcal/kg) 2975 3025 3150
Fat (g/kg) 3.86 5.75 6
Calculated analysis

Calcium (g\kg) 0.9 0.84 0.76
Phosphorus (g\kg) 0.45 0.42 0.38
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Table 1. Cont.

Ingredient%
Starter Grower Finisher

0–7 Day 8–21 Day 22–35 Day

Sodium (g\kg) 0.19 0.19 0.19
Lysine (g\kg CP) 1.22 1.12 0.97
Methionine (g\kg CP) 0.46 0.45 0.4
Choline (mg\kg) 1420 1329 1260
Proximate analysis of the ginger used
Crude protein 6.0
Ash 3.0
Crude fiber 3.0
Dry matter 91.2

* Supplied per kg of premix: trans-retinol (A), 12,500,000 IU; cholecalciferol (D3), 500,000 IU; α-tocopherol acetate
(E), 75,000 mg; thiamine (B1), 4500 mg; riboflavin (B2), 8000 mg; pyridoxine (B6), 5000 mg; vitamin B12, 22,000 mg;
pantothenic acid, 20,000 mg; folic acid, 2000 mg; biotin, 200,000 µg; Fe, 100,000 mg; Co, 250 mg; Mn, 100 mg; Cu,
10,000 mg; Zn, 80,000 mg; I, 1000 mg; Se, 300 mg; Mo, 0.5 mg; Ca, 7.7%; P, 0.01%; Na, 0.18%.

2.2. Sample Collection

At 5 weeks of age, blood samples were collected from the branchial vein of birds in
vacutainer tubes (K2EDTA). Blood samples were collected from five chickens from each
treatment, and 8–10 mL of blood was collected in each tube. Meat tissue and liver samples
were also collected from five chickens per treatment. Analysis was completed in triplicates.

2.3. Production Performance Parameters

Body weight and feed consumption were recorded; broiler chicks were weighed at
hatch, at one week of age, and at the end of every two weeks afterward until 35 days [28].
The temperature and relative humidity were recorded daily and adjusted to minimize
stress surroundings in the poultry house. Mortality was recorded daily.

2.4. Apparent Digestibility Coefficient

The apparent digestibility coefficient was evaluated, using a biological assay, as af-
fected by the different levels of ginger powder in the experimental diets. Dry matter
digestibility (DMD), crude protein utilization (CPU), crude fiber utilization (CFU), and
ether extract utilization (EEU) were determined according to Horwitz [29]. The apparent
digestibility coefficient was estimated and expressed as a percentage [30,31].

The experimental birds were individually raised in cages and fed ad libitum on diets
with ginger solution for four days as the adjusting period. During this period, the excreta
was discarded. Water was available ad libitum throughout the experimental period. After
the adjusting period, birds were fasted for 24 h to empty all remaining contents in the
alimentary canal. In one group, birds were continuously starved for 24 h to obtain data on
endogenous nitrogen excretion. Birds in the other group were force-fed with the ginger
solution at a dose rate of 60 g/day/bird for three consecutive days. The excreta was
collected using clean, rigid trays placed under the clean wire cages in which the birds were
housed. Droppings retained on the wire screen floor of the cage were also collected. The
contamination of excreta with feathers, fed, scale, and vomit was avoided. The excreta of
the first group was collected after the starving period for determination of endogenous
nitrogen content. Excreta of the other group was individually collected every 6 h during
the three subsequent days and for approximately 24 h after the birds were fed for three
subsequent days. The excreta samples were individually weighed and sprayed with 2%
boric acid solution to fix the nitrogen in the samples and stored in the freezer at 20 ◦C until
analyses. Excreta was then dried in the freeze drier for 2 days, weighed, homogenized,
and ground for the estimation of nutrients. Crude protein was detected using Macrok-
jeldahl method that involves the transformation of nitrogen into ammonium sulphate by
acid digestion using boiling sulphuric acid. The ammonia was trapped by boric acid and
was titrated using standard hydrochloric acid solution. The percentage of nitrogen was
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calculated from the percentage of crude protein. The crude fiber was determined using the
Weende method and the Fiber Tec system. A moisture-free and fat-free sample was first
digested with a weak acid solution, and then with the weak base solution. The digested
residue was then collected in a filter crucible, dried and ignited. The loss of weight on
ignition was the crude fiber. For crude fat determination, an organic solvent was used
to extract the crude fat from a known weight of the sample. The dissolved fat was then
recovered by the evaporation and condensation of the solvent. The fat extracted was a
representative of the crude fat of the sample. The digestibility coefficients of the nutrients
were calculated as follows:

Digestibility (%) = (NF − NE + NENC) × 100

where NF = nutrient in feed, NE = Nutrient in Excreta, and NENC = Nutrient in Excreta of
negative control.

2.5. Antioxidant Status

Antioxidant status was investigated by measuring the antioxidant indices in the sera
and livers of broiler chickens supplemented with different concentrations of ginger powder.
The TSOD activity in the liver was measured using a Ransod kit from Randox Laboratories,
UK, as described by Habibi, Sadeghi [32]. Liver glutathione peroxidase (Gpx) was indicated
based on the protocol used by Paglia, Valentine [33]. Catalase (CAT) enzyme activity in
the liver was determined using the method described by Aebi [34]. Sera MDA and total
antioxidant capacity (TAC) were measured as described by Habibi, Sadeghi [32].

2.6. Oxidation Stability of the Feed Rations

Lipid peroxidation of the dietary feed rations, including the different concentrations
of ginger powder, was determined by measuring the peroxide value (PV) and the acid
value (AV) of the feed for a period of 50 days, starting from day 10. Measurements were
recorded every 10 days thereafter, until day 50. The PV and the AV were measured using
the methods described in AOCS [35] and Rao, Xiang [36], respectively.

2.7. Hematological Measurements

The samples were analyzed using a Cell-Dyn 3500 Hematology system (Abbott Lab-
oratories, Abbott Park, IL, USA) to measure total and differential WBC and blood qual-
ity parameters, including red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT),
mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpus-
cular hemoglobin concentration (MCHC), red cell distribution width (RDW), and platelet
count (PLT).

2.8. Plasma Cholesterol Content

Blood cholesterol, triglyceride, and high- and low-density lipoprotein contents were
measured calorimetrically using a commercial kit from Bioassay Technology Laboratory,
China. Serum was first collected by centrifugation at 2000–3000 rpm for 20 min. All
reagents and standard solutions were used at room temperature. In total, 50 µL of standard
solution were added to a standard well, and 40 µL of sample were added to the sample
wells. Then, the corresponding LDL and HDL antibodies were added to the sample wells.
Streptavidin-HRP was added to both the sample and standard wells. The plate was then
incubated for 60 min at 37 ◦C, and 50 µL of substrate solutions A and B were added to all
wells. After incubation for 10 min at 30 ◦C in the dark, 50 µL of stop solution were added
to each well. The optical density (OD) of each well was then determined.

2.9. Statistical Analysis

Four experimental diets/treatments were used. For each treatment, 340 birds were
randomly housed in four multi-floor batteries, each of which had five levels. Each level
contained 17 birds, for 85 birds in the battery. Each level was considered as a repli-
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cate (5 replicates per treatment). Overall differences among the dietary treatments were
evaluated using one-way ANOVAs via the general linear model procedure in Minitab.
Differences among treatments were considered statistically different at p ≤ 0.05. Data were
arcsine transformed before analysis to improve normality. Where significant differences oc-
curred, pairwise Tukey post-hoc comparisons were made to identify significant differences
between groups.

3. Results
3.1. Growth Performance

All broilers appeared to be healthy, and no significant mortality occurred during the
experiment. Table 2 shows the effects of different levels of ginger powder on body weight,
feed consumption, feed efficiency, and weekly body weight gain of broiler chickens. The
results showed that addition of ginger powder at all levels improved the body weight of
the broiler chickens at 5 weeks of age (p < 0.001). Feed consumption of broilers fed 0, 5, 10,
or 15 g/kg of ginger powder is shown in Table 2. The results showed that supplementing
broiler chickens with ginger powder significantly reduced feed consumption (p < 0.031).
Results in Table 2 showed that there was no significant effect of ginger powder on the feed
efficiency of broilers. Results in Table 2 showed that the total body weight gain of birds
supplemented with ginger was significantly higher than that of control birds (p < 0.048).

Table 2. The effects of different levels of ginger powder on body weight, feed consumption, feed
efficiency, and weekly body weight gain of broiler chickens.

Treatment (Ginger g/kg)

Age 0 5 10 15 SEM p-Value

Bodyweight (g)
1 day 43 42 42 43 0.000 −
1 week 99 108 107 97 11.21 <0.213
2 week 280 287.5 287.9 283 8.98 <0.342
3 week 640 a 715.5 b 679.9 b 665 b 4.13 <0.001
4 week 1090 a 1205.5 b 1110.9 b 1120 b 15.53 <0.001
5 week 1680 a 1792.5 b 1690.9 b 1730 b 9.85 <0.001
Feed
Consumption (g)
1 week 72.7 67.4 66.2 67.8 1.64 <0.060
2 week 210 215 230 211 2.56 <0.341
3 week 620.9 a 614.2 b 590.5 b 580.8 b 12.21 <0.001
4 week 950 953 920 934 15.31 <0.215
5 week 1410.5 a 1281.5 b 1280.6 b 1354.1 b 36.72 <0.050
Feed Efficiency
1 week 1.9 2.3 2.1 2.4 0.14 <0.118
2 week 1.09 1.12 1.12 1.15 0.98 <0.213
3 week 1.4 1.5 1.3 1.4 0.05 <0.409
4 week 1.11 1.13 1.13 1.2 0.18 <0.134
5 week 1.2 1.2 1.1 1.2 0.13 <0.079
Weekly Body
Weight Gain (g)
1 week 56 a 66 b 65 b 54.0 a 2.65 <0.025
2 week 181 179.5 180.9 186 6.84 <0.642
3 week 360 a 428 b 392 b 382.0 b 11.75 <0.001
4 week 450 490 431 455 23.12 <0.216
5 week 590 587 580 610 18.88 <0.06
Total Body Weight
Gain (g) 1637 1750.5 1649 1687 9.45 <0.048

Total Feed
Consumption (g) 3264 3131 3087 3148 12.10 <0.031

Means within rows with different letters are statistically different at p ≤ 0.05, SEM = standard error of the mean,
calculated by one-way analysis of variance (ANOVA) and the general linear model procedure of Minitab.
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3.2. Apparent Digestibility Coefficient

The effects of different levels of ginger powder on nutrient digestibility are shown in
Table 3. The results showed that there were significant (p ≤ 0.05) differences among the
dietary treatment groups for DMD, CPU, CFU, and EEU.

Table 3. The effects of different levels of ginger powder on nutrient utilization coefficients in broilers.

Treatment (Ginger g/kg)

Control 5 10 15 SEM p-Value

DMD 58.6 a 73.9 b 71.1 b 77.9 c 2.00 <0.001
CPU 60.5 a 74.3 b 76.1 b 73.9 b 5.00 <0.001
CFU 64.8 a 73.9 b 74.2 b 73.5 c 3.80 <0.001
EEU 58.2 a 65.6 b 65.8 b 64.9 b 4.62 <0.050

All treatment groups received a soybean basal diet, means within rows with different letters are statistically
different at p ≤ 0.05, n = 5 Dry matter digestibility (DMD), crude protein utilization (CPU), crude fiber utilization
(CFU), and ether extract utilization (EEU).

3.3. Antioxidative Indices

Table 4 shows the effect of ginger on serum and liver antioxidant indices in broiler
chickens. The results in Table 4 show that broiler chickens fed diets rich in ginger powder
had increased serum TAC (p < 0.021). However, MDA concentrations were decreased with
ginger supplementation (p < 0.038). For the liver parameters, the results of Table 4 show
that broiler chickens fed a diet supplemented with 5 g/kg ginger did not have changes in
liver TSOD. However, broilers fed a diet supplemented with 10 or 15 g/kg of ginger had
increased liver TSOD compared to the control group and the 5 g/kg ginger-supplemented
group (p < 0.049). Consumption of feed rations supplemented with ginger did not affect the
liver GPX level (p < 0.949). The concentration of CAT was increased by ginger supplementa-
tion, compared to the control group (p < 0.050). In contrast, broiler chickens that consumed
different concentrations of ginger had decreased liver MDA (p < 0.020) compared to the
control group.

Table 4. Antioxidant parameters in serum and livers of broiler chickens fed various concentrations of
ginger powder.

Treatment (Ginger g/kg)

Parameter 0 5 10 15 SEM p-Value

Serum
TAC (mmol/L) 0.6 a 0.9 b 1.1 b 0.9 b 0.03 <0.021
MDA (nmol/mL) 4.1 a 2.9 2.8 b 3.0 b 0.05 <0.038
Liver
TSOD (U/mg pro.) 4.0 a 3.9 a 4.5 b 4.9 b 0.95 <0.049
Gpx (U/mg pro.) 0.6 0.5 0.7 0.6 0.01 <0.949
CAT (k/mg pro.) 0.2 a 0.6 b 0.7 b 0.7 b 0.11 <0.050
MDA (nmol/mg pro.) 6.1 a 5.0 b 4.2 b 4.0 b 0.20 <0.020

Means within rows with different letters are statistically different at p ≤ 0.05, n = 5. SEM = standard error of the
mean, calculated by one-way analysis of variance (ANOVA) and the general linear model procedure of Minitab.
TAC = antioxidant capacity; TSOD = total superoxide dismutase; Gpx = glutathione peroxidase; CAT = catalase;
MDA = malondialdehyde.

3.4. Antioxidative Capacity of Feed Rations

Table 5 shows the PV of lipids extracted from stored ginger-supplemented dietary feed
rations over 50 days of oxidation. From Table 5, it is evident that there was an interaction
between PV value and the storage duration of ginger-supplemented feed rations. The
control diet remained stable over the 50 days of storage. However, the diet supplemented
with ginger at a concentration of 5 g/kg showed stability in PV value until 40 days but
approached the control value by day 50. The PV value of the diet supplemented with
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ginger at a concentration of 10 g/kg of diet increased until day 30 but decreased to the
initial value by day 40. In addition, the PV value of the feed ration supplemented with
ginger at a concentration of 15 g/kg increased until day 30, started to decrease at day 40,
and reached the control level at day 50 (Table 5).

Table 5. Peroxide value (PV) of lipid extracted from stored ginger-supplemented dietary feed rations
over 50 days of oxidation.

Peroxide Value (mEq/kg)

Treatment (Ginger g/kg)

Time (Days) 0 5 10 15 SEM p-Value

10 16.11 a 20.02 b 22.09 b 17.01 a 2.02 <0.001
20 20.00 a 28.01 b 30.41 b 22.51 a 2.99 <0.001
30 19.52.a 30.89 b 40.74 c 40.19 d 2.84 <0.001
40 18.63.a 25.22 b 30.32 b 30.55 c 2.01 <0.001
50 19.51 a 21.03 a 25.42 b 22.84 a 3.15 <0.001

Means within rows with different letters are statistically different at p ≤ 0.05, n = 5. SEM = standard error of the
mean, calculated by one-way analysis of variance (ANOVA) and the general linear model procedure of Minitab.

Table 6 shows the AV of lipids extracted from stored, ginger-supplemented dietary
feed rations over 50 days of oxidation. The results of Table 6 also indicate an interaction
between AV and storage time. The AV value increased with increasing storage duration.
At all days of storage, the AV value of the control group was significantly higher than that
of the groups supplemented with ginger at different concentrations.

Table 6. Acid value (AV) of lipid extracted from stored ginger-supplemented dietary feed rations
over the time of oxidation.

Acid Value (mg KOH/g)

Treatment (Ginger g/kg)

Time (Days) 0 5 10 15 SEM p-Value

10 10.22 a 6.02 b 7.01 b 7.99 b 4.01 <0.001
20 18.04 a 10.65 b 11.21 b 10.45 b 3.59 <0.001
30 24.05 a 18.54 b 20.01 b 15.22 c 2.32 <0.001
40 30.14 a 22.01 b 19.87 b 19.54 b 3.91 <0.001
50 12.44 a 14.01 b 13.98 b 12.45 b 4.00 <0.001

Means within rows with different letters are statistically different at p ≤ 0.05, n = 5. SEM = standard error of the
mean, calculated by one-way analysis of variance (ANOVA) and the general linear model procedure of Minitab.

3.5. Hematological Measurements

The effects of ginger powder on the blood composition of broiler chickens are shown
in Table 7. The results in Table 7 show that providing broiler chickens with feed rations
supplemented with ginger at 5, 10, or 15 g/kg of diet enhanced WBCs of broilers, compared
to the control (p < 0.001). In addition, the percentages of heterophils in birds from groups
fed ginger powder at 10 or 15 g/kg of diet were significantly higher than that of the
control group, and lower than that of the group supplemented with ginger powder at a
concentration of 15 g/kg. The results in Table 6 show that ginger supplementation had no
effect on any other blood parameter.
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Table 7. Hematological and biochemical parameters of broilers fed ginger powder.

Treatment (Ginger g/kg)

Parameter 0 5 10 15 SEM p-Value

WBC (K/uL) 47.9 a 79.6 b 75.3 b 74.2 b 4.42 <0.001
Heterophils (%) 13.1 a 24.6 b 29.3 b 32.6 c 1.26 <0.001
Lymphocytes (%) 72.3 73.9 68.2 65.4 4.06 <0.474
Monocytes (%) 9.2 7.6 11.03 5.84 1.82 <0.256
Eosinophils (%) 0.03 0.02 0.04 0.01 0.01 <0.318
Basophils (%) 2.9 2.4 4.15 2.5 0.76 <0.384
RBC (M/uL) 2.9 2.2 2.41 2.00 0.27 <0.469
HGB (g/dL) 13.2 13.3 12.26 12.7 0.51 <0.266
HCT% 34.7 34.7 31.28 34.6 1.09 <0.104
MCV (fL) 127.8 130.4 129.8 128.0 1.87 <0.702
MCH (pg) 49.9 51.7 50.9 50.2 0.64 <0.238
MCHC (g/dL) 39.0 39.6 39.3 39.2 0.64 <0.918
RDW% 12.1 12.3 12.1 12.4 0.45 <0.975
Thrombocyte
PLT (K/uL) 1.79 3.7 2.1 0.8 1.05 <0.306

Means within rows with different letters are statistically different at p ≤ 0.05, n = 5. SEM = standard er-
ror of the mean, calculated by one-way analysis of variance (ANOVA) and the general linear model proce-
dure of Minitab. WBC = white blood cells; RBC = red blood cells; HGB = hemoglobin; HCT = hematocrit;
MCV = ean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin
concentration; RDW = red cell distribution width; PLT = platelet count.

3.6. Plasma Cholesterol Content

The effects of different levels of ginger powder on blood cholesterol, triglyceride,
HDL, and VLDL levels are shown in Table 8. A significant decrease in total cholesterol
(TC) was observed in treatment groups supplemented with 5–15 g/kg ginger powder. A
similar trend was also observed in total glycerides (TG). The HDL levels were found to be
increased (p ≤ 0.05) in treatment groups fed 5–15 g/kg ginger powder, compared to the
control group. However, LDL levels in the supplemented birds were decreased (p ≤ 0.05).

Table 8. The effects of different levels of ginger powder on blood cholesterol, triglyceride, high- and
low-density lipoprotein content in broiler chickens.

Treatment (Ginger g/kg)

Control 5 10 15 SEM p-Value

TC, mg/dL 160 a 145 b 140 b 121 c 8.00 <0.001
TG, mg/dL 40.0 a 28.5 b 25.2 b 22.8 b 5.5 <0.001

HDL, mg/dL 69.8 a 83.0 b 90.9 b 92.9 b 7.9 <0.001
LDL, mg/dL 60.7 a 29.9 b 27.8 b 30.1 b 5.6 <0.001

All treatment groups received a soybean basal diet. Means within rows with different letters are statistically
different at p ≤ 0.05, n = 5, total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL).

4. Discussion

The current study was conducted to investigate the effects of increased concentrations
of dietary ginger powder on the antioxidation status, production performance, and hema-
tological parameters of broiler chickens. In this study, both the control and the treatment
diets were consumed equally by chickens, indicating that the inclusion of ginger in the
diet did not adversely affect the palatability of the diet. The significant increase in the
total body weight gain observed in this study is in agreement with some previous studies
that investigated the same variable [23,37]. However, other studies have reported that the
inclusion of ginger in the diet of broiler chickens did not improve weight gain [38–40].
Zhang, Yang [24] investigated the effect of dried ginger root on the growth performance
of broilers and found that supplementation with ginger powder led to better production
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performance. The positive effect of phytobiotics on the production performance of broilers
was also investigated by Hashemi and Davoodi [41]. Moorthy, Ravi [42] reported that dried
ginger powder increased the body weight of broilers when it was included in the diet at
a level of 2%. In addition, Tekeli, Zengin [43] reported that supplementing broiler feed
rations with 120, 240, and 360 ppm of ginger significantly enhanced the broiler body weight
gain. Similar enhancement results in the body weight gain were reported by Onu [23],
Kausar, Rizvi [44], Javandel, Navidshad [39], Herawati [37], and Ademola, Farinu [38];
however, no significant effect of ginger was observed in the average broiler daily weight
gain in broilers when using 5 g of ginger/kg of diet [24] or 1 g of ginger/kg of diet [45]. In
contrast, a reduction in the starter broiler growth rate was reported by Al-Homidan [46]
when ginger was supplemented at a level of 60 g/kg of diet. The authors explained this
reduction as a result of the toxic action of ginger. Interestingly, Zhang, Yang [24] reported a
better carcass yield (p < 0.014) of the ginger-supplemented broilers, compared to the control
group and attributed this effect to the antioxidant effect of ginger that stimulates protein
and fat metabolic pathways. Conversely, Moorthy, Ravi [42] and Onu [23] suggested that
supplementing broiler feed rations with ginger does not affect carcass quality.

Results of the current study showed that supplementing the broiler chickens with
ginger powder reduced total feed consumption (p < 0.031). This result is in line with
that of Herawati [37] who reported that broilers fed a 2% ginger-supplemented diet had
significantly lower feed consumption than the control group. These results are in contrast
with the findings of Onu [23], who reported no significant differences in the feed consump-
tion of birds provided with different ginger treatments versus the control. In addition,
Ademola, Farinu [47] observed significantly higher feed consumption in broilers fed a
ginger-supplemented diet compared to the control group.

The results of the analysis of feed efficiency showed that there were no significant
differences across the treatments. This finding agrees with some studies that have investi-
gated the same variable [25,39,48]. However, Onimisi, Dafwang [49], Moorthy, Ravi [42],
Onu [23], and Onimisi, Dafwang [49] reported significantly lower feed efficiency in ginger-
supplemented groups compared to the control group. These authors suggested that this
outcome may be due to improved gut micro-flora, which inhibited microbial fermentation
and improved feed efficiency. Conversely, Ademola, Farinu [38] reported a significant, 5%
increase in feed efficiency in birds supplemented with ginger compared to control birds.

There was a significant effect of ginger powder supplementation on nutrient digestibil-
ity in the chickens. This result could be attributed to stimulation of digestive enzymes by
bioactive compounds of ginger, and thus improvement of overall digestion. The active
compound gingerol contributes to the secretion of digestive enzymes, which aids in the
digestive process and helps provide nutrients. The active compounds in herbs stimulate
the pancreas to produce digestive enzymes in larger amounts, which leads to increased
nutrient digestibility and absorption to support growth [48].

Biochemical studies of the blood of ginger-fed broiler chicken have previously been
undertaken by several authors. Interestingly, there is a debate regarding the effect of
ginger on lipid profile and blood parameters among different studies. This could be
attributed to differences in strain, age, ginger level, genetics, and experiment circumstances.
For example, Rehman, Durrani [50] fed broiler chickens on 10 mL of therapeutic plants
(garlic, mberberine, and aloe vera)/L of drinking water alongside ginger. The authors
reported that serum glucose, alanine aminotransferase, aspartate aminotransferase, and
alkaline phosphatase levels were significantly reduced and the serum protein increase was
significantly enhanced in supplemented broilers. Results of the same study revealed a
significant reduction in the total cholesterol, triglyceride, LDL, and VLDL and significant
enhancement of the HDL level in the supplemented broilers. Similarly, Zhang, Yang [24]
reported that ginger inclusion increased the broiler total protein concentration and reduced
cholesterol concentration at 21 and 42 days of broilers. On the other hand, Kausar, Rizvi [44]
reported no effect of ginger inclusion at dosages of 2 or 4 mL/L of drinking water on serum
albumin, globulin, or total protein. Al-Homidan [46] revealed a reduction in the total
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protein and globulin in the plasma of broilers after supplementing ginger at 60 g/kg,
which could have been due to the toxic effect of ginger at that dose. However, Ademola,
Farinu [47] reported that ginger supplementation at concentrations of 5, 10, or 15 g/kg did
not affect total protein or albumin in the serum of broilers.

The current effects of different levels of ginger powder on blood cholesterol, triglyc-
erides, HDL, and LDL showed significant results. Our findings are in line with those of
Shewita and Taha [17], who showed that lipid profile parameters such as total cholesterol,
total triglycerides, HDL, LDL, and VLDL were found to be significantly modulated in the
ginger-supplemented groups. These findings could be due to the anti-hypercholesterolemia
and hypolipidemic activity of ginger. Dietary ginger acts on total serum cholesterol by
inhibition of hydroxylmethyl-glutaryl-coenzyme-A reductase (HMG-CoA), or by increas-
ing the excretion of bile acid and fecal cholesterol. However, Hayajneh [15] observed no
significant differences in total protein, albumin, total cholesterol, or triglyceride levels after
dietary treatment, but plasma cholesterol was found to be higher in broilers fed a diet
supplemented with ginger powder. Ginger-supplemented diets administered over short
terms and at low doses have been implicated in lower plasma cholesterol levels. Similarly,
Barazesh, Boujar Pour [51] studied the effect of 0%, 0.5%, 1%, and 1.5% ginger powder on
the blood parameters of broiler chickens. They found significant effects of ginger on blood
parameters, and cholesterol and triglyceride levels. Zomrawi, Abdel Atti [52] studied the
effects of 0%, 0.5%, 1%, and 1.5% ginger root powder on the blood and serum constituents
of broiler chickens. They observed significant differences in serum triglyceride and choles-
terol levels. In addition, inclusion of ginger root powder in the diet at levels of 0.5% and
1% lowered the cholesterol level.

Notably, inclusion of ginger in the diet did not cause anemia in the broilers, as evi-
denced by the lack of a significant effect on RBC counts and hemoglobin concentration.
White blood cells and their sophisticated interactions are essential for developing and
stimulating immune responses [53]. Tan and Vanitha [54] concluded that essential oil
constituents from the rhizomes of Z. officinale exert immune-stimulating effects by enhanc-
ing the phagocytic activity of heterophils. Furthermore, Vattem, Lester [55] found that
dietary supplementation of Zingiberaceae spices significantly increased the number and
viability of coelomcytes, in addition to promoting differentiation into neutrophil-like cells,
thus increasing phagocytic activity. Ginger consumed at a level of 100 mg/kg of diet was
found to be effective for stimulating innate immunity by increasing the phagocytic capacity
of heterophils, and for humoral immunity by increasing the production of antibodies;
consequently improving the immunological profile of broiler chickens [56]. Additionally,
Azhir, Zakeri [57] found that adding ginger rhizome powder at a concentration of 10 g/kg
improved the humoral immunity of broilers at 35 days of age. Nidaullah, Durrani [58]
observed that an aqueous extract of ginger rhizome mixed with water acted as an immune
stimulant against Newcastle disease and coccidiosis. Ademola, Farinu [38] observed that
ginger provided to chickens at a concentration of 1.0% caused a significant decrease in
the total number of WBCs. The authors also found that ginger failed to affect the RBCs of
broiler chickens. According to Nasiroleslami and Torki [59], the differential count of WBCs
was similarly not affected by the dietary inclusion of ginger essential oil. In the current
study, the inclusion of ginger in the diet of broiler chickens did not affect the hematological
parameters of the birds, except for the total WBC and percentage of heterophils. The
total WBC count increased significantly with an increased level of ginger in the diet. This
indicates an enhanced immune response of cells involved in the innate and/or specific
immune system.

Oxidative stress in broilers is associated with a high concentration of MDA and fatty
acid peroxidation, due to increased free radicals [60]. Ginger has been shown to enhance
antioxidative status. The results of the current study are in agreement with those reported
in the literature. For example, Safiullah, Chand [61] reported that the inclusion of ginger
powder and ginger essential oil in the feed rations of broiler chickens decreased MDA
in liver and sera samples compared to birds fed a control diet. Wen, Gu [20] reported
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that the addition of ginger extract significantly increased the total antioxidant potential,
decreased MDA content, and increased glutathione peroxidase activity in the serum and
breast muscles. Interestingly, Mountzouris, Paraskeuas [62] showed that inclusion of a
phytogenic premix including ginger and other natural herbs elevated the expression of
cytoprotective genes against oxidation. In particular, the cytoprotective genes opposing
oxidation were upregulated generally in the duodenum and ceca, and secondarily in the
jejunum [62].

5. Conclusions

Ginger inclusion in the broiler diet can be safely used to enhance the production
performance, immune response, and antioxidative status of broiler chickens.
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Simple Summary: Non-starch polysaccharides (NSP) constitute a major part of the dietary fibre
component in plant-based feed ingredients, accounting for approximately 10% of the nutrients in a
poultry diet. However, NSP are generally not considered during formulation of commercial broiler
diets. The functions of dietary NSP in poultry diets, including both the soluble and insoluble fraction,
has been extensively researched and discussed. The soluble fraction is of particular interest to
poultry nutritionists and producers, as it increases digesta viscosity, affecting nutrient digestion and
absorption and thus litter quality. Soluble NSP (sNSP) also provides fuel for beneficial microbiota
species. The extent of impact of dietary sNSP level on broiler performance and nutrient utilisation
is poorly understood. Consequently, in this study, broilers were fed commercial-type diets with
varying sNSP levels, and the effects of the sNSP level on ileal and total tract nutrient digestibility
and productive performance were evaluated. The results revealed that even a small variation in
dietary sNSP content induces an impact in broilers, particularly in young birds. Thus, sNSP level and
composition should be considered during formulation of commercial poultry diets.

Abstract: This study evaluated the effect of dietary soluble non-starch polysaccharides (sNSP) on
performance and nutrient utilisation in broilers from d 0 to 35. Cobb 500 broilers (n = 480, 80 birds
per treatment) were fed either wheat- or corn-soybean meal-based diets formulated to contain either
a high, medium, or low sNSP content, in a 2 × 3 factorial arrangement, fed as Starter (d 0–14) and
Grower (d 14–35). Birds fed the low sNSP level presented greater BWG at d 0–14 and lower feed
intake at d 14–35 compared to birds fed the medium sNSP level (p < 0.005). At d 14, birds fed the high
sNSP level presented greater ileal and total tract starch digestibility and total tract sNSP degradability
and insoluble NSP degradability, compared to feeding the low sNSP level. At d 35, total tract DM and
metabolisability of gross energy was greater in birds fed the medium sNSP level compared to those
fed the high or low sNSP level (p < 0.005). Generally, bird performance and nutrient utilisation was
greater in birds fed the corn-based diets compared to the wheat-based diets. These results illustrate
that dietary sNSP level and composition influences bird performance and nutrient digestibility.

Keywords: broiler; non-starch polysaccharide degradation; growth performance; nutrient digestibility

1. Introduction

The successful and sustainable development of broiler production, particularly during
an era with reduced reliance on in-feed antibiotics and escalated ingredient prices, relies on
minimising feed costs and managing bird gastrointestinal health. The majority of a poultry
ration is derived from plant-based ingredients, which contain approximately 10–30% non-
starch polysaccharides (NSP) [1]. Dietary NSP directly and indirectly affects nutritive value
of the diet, as well as digestive function and metabolic processes [2], through its impact
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on development and morphology of the gastrointestinal tract [3,4] and on microbiota
population and composition [5,6]. Consequently, there is increasing interest in the positive
effects of feeding dietary NSP to poultry, including supplementing diets directly with
sources of fibre [7,8]. However, crude, acid detergent, and neutral detergent fibre values
are currently used as the indicator of dietary fibre availability for the bird, despite it
being well-established that these values do not fully describe the actual fibre level or their
physico-chemical properties in feedstuffs [1,9]. Total dietary fibre is defined as the sum
of NSP and lignin [1,10]. This suggests that NSP values should be applied to poultry diet
formulations in order to achieve the most from the fibre available in feed ingredients, and
from NSP-degrading enzyme application.

The influence of dietary NSP in the gastrointestinal tract is dependent on its quantity
and physio-chemical composition and structure [11,12]. Of particular interest is its solu-
bility in water, with soluble and insoluble NSP presenting very different properties [13].
Commercial broiler diets contain around 10–12% total NSP, of which 1–2.5% is water
soluble [14]. Soluble NSP (sNSP) with high molecular weight has a high water-holding
capacity, resulting in increased viscosity and thus heightened water consumption, increased
excreta moisture, and poorer litter quality, alongside increased endogenous secretions and
thus nutritional losses [14–17]. In contrast, sNSP can also provide a source of fermentable
substrates for beneficial intestinal bacteria through selective fermentation [18], resulting in
production of short chain fatty acids, which provide a source of energy, and reduced ability
for pathogenic bacteria to proliferate [19].

Generally, fibre content and composition is considered to be an issue only in diets
containing viscous grains with high sNSP level, such as wheat and barley, which contain
approximately 10–12% and 17–20% NSP, respectively (DM basis) [11]. Approximately 19%
and 29% of the total NSP is water soluble in wheat and barley, respectively [20]. However,
positive effects of supplementing NSP-degrading enzymes are also observed when feeding
grains with low sNSP level, namely corn which has a total NSP content of approximately
8% (DM basis), less than 2% of which is soluble [21–25]. This suggests that the sNSP content
should be accounted for when feeding both viscous and non-viscous grains, as even low
levels of NSP can induce a negative impact on bird nutrient utilisation and performance.
This was illustrated by Morgan et al. [15], who observed significant differences in feed
conversion ratio and ileal digesta and excreta dry matter content when feeding diets with
sNSP content ranging from 5.29–14.63 g/kg.

NSP-degrading enzymes are commonly applied to poultry diets, primarily as a tool to
eliminate viscosity effects, but the sNSP substrates are not currently accounted for, which
may partially explain the inconsistent results when applying these enzymes. This suggests
that there is potential to manipulate dietary sNSP level to enhance gut health, and that it
is beneficial to account for sNSP concentration and composition in feed ingredients when
formulating diets. This was shown by Musigwa et al. [26], who reported an interaction
between dietary sNSP to total NSP ratio and multi-carbohydrase supplementation on
energy utilisation in broilers. This reaffirms the need to accurately quantify and account
for NSP level and composition in diets fed to poultry. Currently, there is a deficit of
data available about the levels of NSP to formulate to, and data that is available has
been derived from studies of feeding diets specifically enriched with sources of NSP [27].
The NSP used in these diets is usually in purified form, which provides insight into the
effects and mechanisms of NSP, but lacks industry relevance. Consequently, there is a
lack of understanding about how sNSP level influences broiler performance in common
commercial-type diets.

In this study, birds were fed commercial-type diets formulated to have similar crude
fibre, energy, and protein contents but varying sNSP levels (low, medium, and high).
The aim of this design was to both determine how much influence sNSP has on bird
performance and nutrient utilisation and assess how reliable sNSP values are compared to
crude fibre values during feed formulation. Wheat- and corn-based diets were used due to
their differing NSP compositions, and to represent diets from different regions. The diets

103



Animals 2022, 12, 547

with ‘medium’ sNSP level represented the average sNSP level for commercial-type wheat-
and corn- based diets in Australia, and the relative increase or decrease in sNSP level
provided the ‘high’ and ‘low’ treatments, respectively. The hypothesis of this study was
that sNSP level would have a direct impact on bird performance and nutrient utilisation,
with a low level of sNSP having a detrimental impact, primarily due to lack of fuel for
beneficial microbiota species. It was also hypothesised that outputs from this study would
prove that crude fibre values are meaningless during feed formulation, and that NSP levels
need to be considered.

2. Materials and Methods
2.1. Birds and Housing

Cobb 500-day-old mixed sex broilers (n = 480) were obtained from a local commercial
hatchery at day of hatch. Upon arrival, birds were weighed and randomly distributed into
48 floor pens (120 cm length × 77 cm width), with ten birds per pen, bedded on clean wood
shavings. The room was thermostatically controlled to produce an initial temperature of
32 ◦C, gradually reduced to 22 ◦C by d 21, and maintained until d 35. The lighting regimen
used was 23 h of light at approximately 40 lux on d 1, with darkness increasing 1 h a day
until 6 h of darkness was reached, and then 18 h of light per day at 10 lux was maintained
for the remainder of the study. Feed and water were provided ab libitum. Starter diet
was fed as crumble from d 0–7 and as pellets from d 8–14, and grower diet was fed as
pellets from d 15–35. All experimental procedures were approved by the University of New
England Animal Ethics Committee, Australia (Approval number: AEC18-058).

2.2. Diets and Experimental Design

All diets were formulated to meet or exceed the nutritional requirements for Cobb
500 broilers [28]. Prior to feed formulation, ingredients were ground through a 0.5 mm
screen and the energy, protein, amino acid, mineral content, and crude fibre was analysed
by near-infrared spectroscopy (NIRS, Evonik AminoProx, Essen, Germany). Soluble and
insoluble NSP content was also analysed in the feed ingredients (Table 1) by measuring the
constituent sugar components as alditol acetates using gas-liquid chromatography (Model
CP3800, Varian Inc., Palo Alto, CA, USA), following the procedure of Englyst et al. [29]
with some modifications as described by Theander et al. [30] and Morgan et al. [31]. Briefly,
the sample was fat extracted using hexane and then free oligosaccharides were extracted
by heating the sample at 80 ◦C with 80% ethanol. The starch in the resulting residue was
gelatinised using acetate buffer (pH 5) and α-amylase and amyloglucosidase was added,
at 95 ◦C and 55 ◦C, respectively, to remove the starch. The prepared sample was then
incubated and centrifuged at 2000× g for 10 min and the resulting supernatant and residue
were used for the analysis of soluble and insoluble NSP, respectively. For the soluble
NSP analysis, the sugars released by the enzymes were removed using ethanol at 4 ◦C,
the residue was dried and then 2 M trifluoroacetic acid added and heated at 125 ◦C. For
the insoluble NSP analysis, the glucose released from starch digestion was removed with
water and acetone, and the resulting supernatant was removed and the residue was dried.
Following this, 12 M H2SO4 was added and the sample was heated to 35 ◦C, and then water
was added and the sample was heated to 100 ◦C, cooled and then centrifuged at 3000× g
for 15 min to sediment the insoluble materials. For the free sugar analysis, the extracted
sample was dried, hydrolysed with 1 M H2SO4 at 100 ◦C, and centrifuged to sediment the
insoluble material. Ammonium (28%) was added to an aliquot of the resulting supernatant
from the insoluble NSP and free oligosaccharide samples. For all the resulting samples,
an internal standard was added (allose, 4 mg/mL) and the sample was evaporated to
dryness, and then re-dissolved in water with slight alkalinity. Freshly prepared NaBH4
was then added, the sample was incubated, and any excess NaBH4 was decomposed with
glacial acetic acid. 1-methylimidazole and acetic anhydride were added followed by water,
and then dichloromethane was added, the sample was centrifuged, and the bottom layer
was collected and dried. Finally, ethyl acetate and water were added, the sample was
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centrifuged, and the supernatant was analysed by gas chromatography (Model CP3800,
Varian Inc., Palo Alto, CA, USA).

Table 1. Content of dry matter (g/100 g, as is basis) and non-starch polysaccharides of the plant-based
ingredients used in the study diets (g/kg, as is basis).

Ingredients DM 1 sNSP 2 iNSP 3 tNSP 4

Wheat 90.53 14.23 83.08 97.31
Corn 88.97 2.86 64.56 67.42

Barley 90.96 42.36 137.4 179.7
Sorghum 88.45 1.65 53.54 55.2

Soybean meal 90.05 11.22 132.2 143.4
Canola meal 92.16 15.35 146.8 162.1
Wheat bran 91.21 23.16 385.1 408.2

Oat bran 92.40 52.24 65.02 117.3
Soy protein concentrate 93.05 14.69 157.4 172.1

1 Dry matter; 2 Soluble non-starch polysaccharides; 3 Insoluble non-starch polysaccharides; 4 Total non-starch
polysaccharides.

A 2 × 3 factorial arrangement of treatments was applied. The factors were: (1) grain
type, wheat, or corn; and (2) sNSP level, high (8.47 and 11.69 g/kg for starter, and 8.74 and
12.75 g/kg for grower, in corn and wheat diets, respectively), medium (6.22 and 9.95 g/kg
for starter and 8.01 and 11.45 g/kg for grower, in corn and wheat diets, respectively) or
low (5.78 and 9.31 g/kg for starter and 6.32 and 9.95 g/kg for grower, in corn and wheat
diets, respectively). This resulted in 6 dietary treatments, 8 replicate pens per treatment.
The sNSP levels differed between the wheat- and corn-based diets due to the differing NSP
compositions between these two primary grains, but need to ensure both diets met the
nutrient requirements of the birds. Thus, the three sNSP levels represent the relative change
in sNSP content within each diet, as opposed to the absolute sNSP level. The ingredient
composition of the diets is presented in Tables 2 and 3. Tables 4 and 5 present the analysed
nutrient composition of the diets. Titanium dioxide (TiO2) was added at a rate of 0.5% as
an inert marker for nutrient digestibility assessment.

2.3. Performance Data Collection

The body weight and feed intake of the birds were recorded on an individual pen
basis on arrival and on bird age d 14 and d 35, for determination of individual feed intake
(FI), body weight gain (BWG), and feed conversion ratio (FCR), corrected for mortality, at d
0–14, d 14–35 and d 0–35. The number of male birds per pen was determined, and used to
calculate the percentage male birds per pen.

2.4. Sample Collection
2.4.1. Excreta Collection

On d 14 and d 35, excreta samples were collected from each pen by placing the
birds onto a clean metal tray and collecting the fresh excreta as soon as possible post-
defecation. Samples were then homogenised, weighed, frozen at −20 ◦C, and then freeze-
dried to constant weight. The freeze-dried samples were then ground and homogenized.
Approximately 1.5 g of ground samples was weighed into a crucible, oven-dried at 105 ◦C
to constant weight, and reweighed to determine the dry matter content.

105



Animals 2022, 12, 547

Table 2. Composition of starter diets (g/100 g, as fed basis).

Ingredient
Corn-Based Diet Wheat-Based Diet

High sNSP Medium sNSP Low sNSP High sNSP Medium sNSP Low sNSP

Corn 51.25 52.00 51.40 - - -
Wheat - - - 52.14 50.02 50.00
Sorghum - 2.34 8.00 0.10 5.00 8.00
Barley 8.00 5.57 - 8.00 5.13 -
Wheat bran 0.13 2.24 2.73 1.54 2.03 2.96
Oat bran 3.47 - - - - -
Soybean meal 19.26 21.03 23.89 19.46 20.15 27.66
Soy protein concentrate 6.00 6.00 6.00 6.00 6.00 3.14
Canola meal solvent 5.00 4.00 1.39 5.00 4.00 0.01
Canola oil 2.39 2.35 2.09 3.47 3.31 3.63
Limestone 1.08 1.12 1.14 1.23 1.20 1.30
Dicalcium phosphate
18P/21Ca 1.69 1.63 1.67 1.36 1.45 1.50

Salt 0.32 0.32 0.33 0.30 0.30 0.37
TiO2 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin Premix 1 0.050 0.050 0.050 0.050 0.050 0.050
Mineral Premix 2 0.075 0.075 0.075 0.075 0.075 0.075
Choline 0.12 0.12 0.12 0.10 0.10 0.10
L-Lysine HCl 0.24 0.23 0.30 0.22 0.22 0.21
DL-Methionine 0.30 0.31 0.32 0.31 0.32 0.35
L-Threonine 0.10 0.10 0.09 0.13 0.13 0.13

Calculated Values (as-is)

Crude fibre, % 3.30 3.30 3.20 3.50 3.50 3.48
AMEn, kcal/kg 3008 3008 3008 3008 3008 3008
d Arg, % 1.280 1.279 1.305 1.315 1.307 1.316
d Lys, % 1.180 1.180 1.180 1.180 1.180 1.180
d Met, % 0.597 0.604 0.614 0.581 0.589 0.608
d Met + Cys, % 0.880 0.880 0.880 0.880 0.880 0.880
d Ileu, % 0.785 0.771 0.770 0.709 0.758 0.719
d Threo, % 0.690 0.690 0.690 0.690 0.690 0.690
d Val, % 0.906 0.893 0.890 0.800 0.846 0.800
Fat, % 5.38 5.32 4.83 5.87 5.67 5.58
Calcium, % 0.90 0.90 0.90 0.90 0.90 0.93
Available P, % 0.45 0.45 0.45 0.45 0.46 0.46

1 Vitamin premix per kg diet: vitamin A, 12 MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic
acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 mg; riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg;
pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg; 2 Trace mineral concentrate supplied per kg diet: Cu
(sulfate), 16 mg; Fe (sulfate), 40 mg; I (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and oxide), 120 mg; Zn
(sulfate and oxide), 100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.

2.4.2. Ileal Digesta Collection

Four (d 14) and two (d 35) birds per pen were randomly selected, respectively, for
ileum digesta sample collection. Birds were weighed individually before being euthanised
by cervical dislocation. Ileum digesta samples were then pooled per pen, homogenised,
frozen at −20 ◦C, and then freeze dried for further chemical analyses.

2.4.3. Measurements and Chemical Analyses

The diet and freeze-dried excreta and ileum samples were ground through a 0.5 mm
screen. Total dry matter content was determined in the diets and freeze-dried excreta and
ileum samples by weighing approximately 1.5 g of sample into a crucible and drying it to
constant weight in a 105 ◦C oven. Gross energy was determined in the diets, excreta, and
ileum samples using an adiabatic bomb calorimeter (Model 6400, Parr Instruments, Moline,
IL, USA), using benzoic acid as a calibration standard. Nitrogen content of these samples
was determined using a combustion analyser (Leco model FP-2000N analyser, Leco Corp.,
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St. Joseph, MI, USA) using EDTA as a calibration standard, and the value was multiplied
by 6.25 to calculate the protein content. Total starch was measured using the Megazyme
total starch assay (Megazyme International Ireland Ltd., Wicklow, Ireland). The calcium
content of the diets was measured using the microwave digestion technique (Milestone
UltraWAVE, Milestone Srl, Sorisole (BG), Italy) and the total phosphorus concentration was
determined using an inductively coupled plasma optical emission spectrometer (ICP-OES,
Agilent, Melbourne, Australia). The NSP content and composition of the diets, excreta,
and ileum samples was analysed by gas-liquid chromatography, as described above, and
titanium dioxide (TiO2) content was quantified using UV-spectroscopy, according to the
method described by Short et al. [32].

Table 3. Composition of the grower diets (g/100 g, as fed basis).

Ingredient
Corn-Based Diet Wheat-Based Diet

High sNSP Medium sNSP Low sNSP High sNSP Medium sNSP Low sNSP

Corn 49.72 54.62 58.28 - - -
Wheat - - - 59.65 57.08 55.01
Sorghum - - - - 4.00 7.83
Barley 8.00 4.03 - 8.00 3.34 -
Wheat bran 1.93 2.82 3.60 - - -
Oat bran 2.00 1.03 - - -
Soybean meal 18.76 18.25 19.82 14.11 16.68 22.68
Soy Protein Concentrate 6.00 6.00 5.17 6.00 6.00 0.53
Canola meal solvent 6.00 6.00 6.00 4.79 5.51 6.00
Canola oil 3.80 3.41 3.28 3.51 3.61 4.03
Limestone 1.04 1.05 1.06 1.17 1.15 1.15
Dicalcium phosphate
18P/21Ca 1.47 1.46 1.44 1.25 1.25 1.27

Salt 0.32 0.32 0.33 0.30 0.30 0.30
TiO2 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin Premix 1 0.050 0.050 0.050 0.050 0.050 0.050
Mineral Premix 2 0.075 0.075 0.075 0.075 0.075 0.075
L-lysine HCl 0.08 0.11 0.11 0.21 0.13 0.199
DL-Methionine 0.22 0.23 0.23 0.26 0.24 0.27
L-Threonine 0.03 0.04 0.04 0.11 0.08 0.11

Calculated Values (as-is)

Crude fibre, % 3.60 3.60 3.60 3.00 3.00 3.00
AMEn, kcal/kg 3086 3086 3086 3086 3086 3086
d Arg, % 1.263 1.232 1.224 1.172 1.245 1.171
d Lys, % 1.050 1.050 1.050 1.050 1.050 1.050
d Met, % 0.518 0.523 0.525 0.512 0.504 0.517
d Met + Cys, % 0.800 0.800 0.800 0.800 0.800 0.800
d Ileu, % 0.785 0.771 0.770 0.709 0.758 0.719
d Threo, % 0.690 0.690 0.690 0.690 0.690 0.690
d Val, % 0.906 0.893 0.890 0.800 0.846 0.800
Fat, % 6.90 6.59 6.51 5.91 6.11 6.64
Calcium, % 0.84 0.84 0.84 0.84 0.84 0.84
Available P, % 0.42 0.42 0.42 0.42 0.42 0.42

1 Vitamin premix per kg diet: vitamin A, 12 MIU; vitamin D, 5 MIU; vitamin E, 75 mg; vitamin K, 3 mg; nicotinic
acid, 55 mg; pantothenic acid, 13 mg; folic acid, 2 mg; riboflavin, 8 mg; cyanocobalamin, 0.016 mg; biotin, 0.25 mg;
pyridoxine, 5 mg; thiamine, 3 mg; antioxidant, 50 mg; 2 Trace mineral concentrate supplied per kg diet: Cu
(sulfate), 16 mg; Fe (sulfate), 40 mg; I (iodide), 1.25 mg; Se (selenate), 0.3 mg; Mn (sulfate and oxide), 120 mg; Zn
(sulfate and oxide), 100 mg; cereal-based carrier, 128 mg; mineral oil, 3.75 mg.

107



Animals 2022, 12, 547

Table 4. Analysed nutrient composition of starter diets (as-fed basis).

Item
Corn-Based Diet Wheat-Based Diet

High sNSP Medium sNSP Low sNSP High sNSP Medium sNSP Low sNSP

DM, % 88.67 87.19 87.74 88.57 88.43 88.28
Gross energy, kcal/kg 16.77 16.45 16.50 16.82 16.75 16.68
Crude fibre, % 2.45 2.40 2.40 2.51 2.50 2.57
Crude protein, % 20.93 21.36 21.91 23.18 23.40 23.46
Starch, % 38.06 37.73 37.45 36.45 35.03 35.24
Calcium, % 1.04 0.99 0.96 1.00 1.01 1.03
Total phosphorus, % 0.72 0.72 0.66 0.75 0.74 0.75
Total NSP, g/kg 75.31 76.25 76.43 84.73 85.69 83.83
Soluble NSP, g/kg 8.47 6.22 5.78 11.69 9.95 9.32

Rhamnose 0.04 0.05 0.04 0.05 0.03 0.04
Fucose 0.07 0.06 0.07 0.06 0.06 0.06
Ribose 0.39 0.39 0.39 0.37 0.41 0.42
Arabinose 1.62 1.40 1.40 2.91 2.75 2.58
Xylose 0.72 0.66 0.73 2.82 2.65 2.73
Mannose 1.34 1.40 1.38 1.84 1.34 1.52
Galactose 1.87 1.77 1.74 2.28 2.19 2.18
Glucose 3.44 1.22 0.73 2.79 1.74 0.95

Insoluble NSP, g/kg 66.84 70.03 70.65 73.03 75.75 74.51
Rhamnose 0.59 0.60 0.62 0.57 0.57 0.61
Fucose 0.92 0.97 1.03 0.97 0.93 1.04
Ribose 0.27 0.24 0.26 0.27 0.25 0.24
Arabinose 16.99 17.90 18.37 20.56 20.46 20.82
Xylose 14.85 15.42 15.47 18.90 20.49 19.11
Mannose 2.05 2.06 2.05 1.64 2.08 1.87
Galactose 15.36 16.73 17.14 13.75 14.37 15.49
Glucose 23.97 24.65 24.34 25.38 25.95 24.52

sNSP:iNSP 0.13 0.09 0.08 0.16 0.13 0.13
Free oligosaccharides,
g/kg 34.76 34.04 35.93 36.22 37.50 40.08

2.5. Calculation of Nutrient Digestibility and Flow of NSP Sugar Residues

The following equation was used for calculation of NSP degradability at the total
tract level and for calculation of apparent ileal or total tract digestibility of nutrients and
metabolisability of crude protein and gross energy:

Digestibility (%) = 1 − [1 × (TiO2,% diet/TiO2,% digesta/excreta) × (nutrient% digesta/excreta/nutrient% diet)] × 100,

Nutrient refers to either dry matter, gross energy, crude protein, starch (assuming all
glucose measured were derived from starch), or NSP.

Total tract flow of NSP sugar residues was calculated as g/kg DM intake using
the equation:

NSP sugar residue flow excreta = NSPexcreta × (TiO2diet/TiO2excreta)

2.6. Statistical Analysis

All data were analysed using Minitab (Minitab 19. 2020.1, Minitab Inc., State College,
PA, USA). Data were tested for normality using the Anderson—Darling test, and then
analysed as a 2 × 3 factorial arrangement using General Linear Model (GLM). Percentage
of males was used as a co-variate when analyzing the performance data, after first checking
the model assumption. Tukey’s multiple range test was used to determine the differences
between individual treatment means when interactions were observed. Pen served as the
experimental unit, and there were eight replicate pens per treatment. Significant differences
between mean values were declared at p < 0.05.
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Table 5. Analysed nutrient composition of grower diets (as-fed basis).

Item
Corn-Based Diet Wheat-Based Diet

High sNSP Medium sNSP Low sNSP High sNSP Medium sNSP Low sNSP

DM, % 90.92 87.62 89.72 90.21 89.90 90.58
Gross energy, kcal/kg 17.46 16.88 17.15 16.97 16.84 17.05
Crude fibre, % 2.50 2.63 2.48 2.74 2.82 2.97
Crude protein, % 21.61 20.81 21.04 20.99 20.71 21.14
Starch, % 36.44 36.04 36.32 39.15 39.91 37.03
Calcium, % 1.04 0.99 0.96 1.00 1.01 1.03
Total phosphorus, % 0.72 0.72 0.66 0.75 0.74 0.75
Total NSP, g/kg 80.14 84.10 83.56 87.45 79.62 78.63
Soluble NSP, g/kg 8.74 8.01 6.32 12.75 11.45 9.95

Rhamnose 0.05 0.05 0.05 0.05 0.04 0.03
Fucose 0.06 0.06 0.06 0.05 0.05 0.05
Ribose 0.42 0.41 0.40 0.40 0.39 0.41
Arabinose 1.71 1.65 1.55 3.38 3.09 3.18
Xylose 0.84 0.76 0.69 3.68 3.64 3.30
Mannose 1.61 1.78 1.62 1.63 1.57 1.28
Galactose 1.74 1.80 1.72 2.30 2.26 2.02
Glucose 3.34 2.46 0.99 2.84 1.84 0.94

Insoluble NSP, g/kg 71.40 76.09 77.23 74.69 68.17 68.67
Rhamnose 0.72 0.65 0.63 0.49 0.42 0.49
Fucose 1.01 1.01 1.00 0.81 0.77 0.85
Ribose 0.27 0.29 0.28 0.23 0.19 0.24
Arabinose 18.99 20.82 20.87 20.07 18.69 19.52
Xylose 16.31 18.95 18.20 21.63 19.12 17.94
Mannose 1.92 1.97 2.27 1.94 1.82 1.88
Galactose 15.72 16.08 16.77 11.96 12.11 12.34
Glucose 25.21 25.67 26.68 26.80 23.49 23.88

sNSP:iNSP 0.12 0.11 0.08 0.17 0.17 0.14
Free oligosaccharides,
g/kg 36.81 35.32 34.04 35.35 42.70 36.03

3. Results
3.1. Growth Performance

Growth performance at d 0–14, 14–35 and 0–35 are presented in Table 6. At d 0–14,
birds fed the corn-based diet presented higher body weight gain and feed intake (p = 0.003
and 0.034, respectively), and showed a tendency for improved FCR (p = 0.058), compared
to those fed the wheat-based diets. Furthermore, at this age BWG was greater in birds fed
the low sNSP level compared to those fed the medium sNSP level (p = 0.014). At d 14–35,
birds fed the diets with medium sNSP level presented greater FI compared to those fed the
low sNSP level (p = 0.026), but sNSP level had no impact on BWG or FCR, and grain source
had no impact on any of the performance parameters measured in this period. Over the
whole trial period (d 0–35), birds fed the corn-based diet presented a lower FCR (p = 0.049),
and tendency for greater BWG (p = 0.053), compared to those fed the wheat-based diets.
Dietary sNSP level had no impact on d 0–35 performance. No interactions between grain
type and sNSP level were observed on productive performance in this study.

3.2. Nutrient Utilisation

The impact of the dietary treatments on nutrient utilisation, measured at ileal and total
tract level, at both d 14 and d 35, are presented in Tables 7 and 8, respectively. As illustrated
in Table 7, birds fed the corn-based diet presented higher apparent ileal digestibility of
energy (p = 0.010) and total tract digestibility of DM (p < 0.001), starch (p < 0.001), and
apparent total tract protein (p = 0.001) and energy (p < 0.001) metabolism at d 14 compared
to those fed the wheat-based diet. However, apparent ileal protein digestibility was greater
in birds fed wheat compared to those fed corn (p < 0.001). Apparent ileal starch digestibility
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at d 14 was greater in birds fed the high sNSP level compared to those fed the medium
or low sNSP level (p = 0.010). Similarly, apparent total tract starch digestibility at d 14
was greater in birds fed the high sNSP level compared to those fed the low sNSP level
(p = 0.019).

Table 6. Effect of dietary soluble non-starch polysaccharide (sNSP) level and grain source on body
weight gain (BWG, g/bird), feed intake (FI, g/bird), and feed conversion ratio corrected to mortality
(cFCR) in broilers during d 0–14, 14–35 and 0–35.

Grain sNSP Level
Day 0–14 Day 14–35 Day 0–35

BWG FI cFCR BWG c FI cFCR c BWG c FI cFCR

Corn
High 482 583 1.227 1914 2950 1.547 2399 3533 1.478

Medium 465 584 1.225 1966 3095 1.579 2432 3679 1.517
Low 487 601 1.234 1912 2907 1.515 2396 3508 1.459

Wheat
High 448 569 1.271 1880 2934 1.570 2331 3504 1.510

Medium 446 557 1.248 1910 3063 1.596 2352 3619 1.532
Low 475 587 1.235 1881 2946 1.571 2358 3533 1.502

SEM 10 12 0.016 42 69 0.025 44 73 0.021

Grain
Corn 478 a 589 a 1.229 1931 2984 1.547 2409 3573 1.485 b

Wheat 457 b 571 b 1.251 1890 2981 1.579 2347 3552 1.515 a

sNSP level
High 465 ab 576 1.249 1897 2942 ab 1.558 2365 3518 1.494

Medium 456 b 570 1.237 1938 3079 a 1.587 2392 3649 1.524
Low 481 a 594 1.235 1896 2927 b 1.543 2377 3521 1.481

p-value
Grain 0.003 0.034 0.058 0.180 0.953 0.081 0.053 0.682 0.049

sNSP level 0.014 0.068 0.568 0.431 0.026 0.137 0.783 0.071 0.063
Grain × sNSP level 0.411 0.756 0.325 0.933 0.821 0.644 0.855 0.795 0.755

Male percentage was used as covariate when analysing the d 35 performance data; a,b Means in the same column
with no common superscripts are significantly different (p < 0.05). c Means in the same column were adjusted to
41.9% male birds as a covariate, if the covariate effect was significant.

Table 7. Effect of dietary soluble non-starch polysaccharide (sNSP) level and grain source on ap-
parent ileal and total tract digestibility of dry matter (DM) and starch (%) and apparent total tract
metabolisability of crude protein (CP) and gross energy (%) in broilers at d 14.

Items
Ileum Total Tract

DM CP Energy Starch DM CP Energy Starch

Grain
Corn 66.62 81.34 b 74.16 a 97.71 73.26 a 71.06 a 75.78 a 98.36 a

Wheat 65.43 82.97 a 72.58 b 97.62 70.70 b 66.18 b 73.20 b 97.81 b

sNSP level
High 66.27 81.77 73.33 98.16 a 71.42 68.32 74.23 98.35 a

Medium 65.91 82.44 73.60 97.49 b 71.85 68.61 74.53 98.07 ab

Low 65.89 82.25 73.17 97.34 b 71.72 68.94 74.71 97.83 b

SEM 0.94 0.55 0.83 0.31 0.72 1.84 0.81 0.20
p-value
Grain 0.084 <0.001 0.010 0.700 <0.001 0.001 <0.001 <0.001

sNSP level 0.869 0.391 0.832 0.010 0.782 0.928 0.790 0.019
Grain × sNSP level 0.862 0.444 0.915 0.489 0.956 0.566 0.949 0.395

a,b Means in the same column within main effects or interactive effect with no common superscripts are signifi-
cantly different (p < 0.05).
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Table 8. Effect of dietary soluble non-starch polysaccharide (sNSP) level and grain source on apparent
ileal and total tract digestibility of dry matter (DM) and starch (%) and metabolisability of gross
energy (%) and crude protein (%) in broilers at d 35.

Items
Ileum Total Tract

DM Protein Energy Starch DM Protein Energy Starch

Grain
Corn 66.12 82.30 72.81 a 96.74 a 70.68 a 61.07 75.42 a 97.60 a

Wheat 64.85 82.31 70.81 b 94.50 b 69.51 b 59.58 73.79 b 94.95 b

sNSP level
High 66.08 82.33 71.88 96.44 69.41 b 60.65 74.06 b 96.68

Medium 65.97 82.95 72.56 95.87 71.52 a 61.12 75.73 a 96.56
Low 64.41 81.63 70.99 94.56 69.36 b 59.21 74.03 b 95.59
SEM 1.17 0.61 1.10 1.01 0.73 1.78 0.81 0.80

p-value
Grain 0.132 0.978 0.015 0.003 0.028 0.243 0.007 <0.001

sNSP level 0.194 0.059 0.267 0.100 0.001 0.443 0.031 0.251
Grain × sNSP level 0.953 0.834 0.656 0.294 0.925 0.519 0.748 0.220

a,b Means in the same column within main effects or interactive effect with no common superscripts are signifi-
cantly different (p < 0.05).

Table 8 presents that at d 35, birds fed the corn-based diets presented higher apparent
ileal energy (p = 0.015) and starch (p = 0.003) digestibility and higher apparent total tract
DM (p = 0.028), and starch (p < 0.001) digestibility and gross energy metabolisability
(p = 0.007) compared to those fed the wheat-based diets. Birds fed the medium sNSP level
also presented higher total tract DM (p = 0.001) and energy (p = 0.031) digestibility at d 35
compared to those fed the high or low sNSP levels. No interactions between grain type
and iNSP level were observed for any of the measurements, at both bird ages.

3.3. Utilisation of NSP and Their Constituent Sugars

Table 9 presents the influence of the dietary treatments on the apparent total tract
disappearance of soluble, insoluble, total NSP and free oligosaccharides (FO), as well as
the ratio of soluble to insoluble NSP (sNSP:iNSP) in the excreta, at both d 14 and d 35. At
d 35, an interaction between grain source and sNSP was observed for apparent total tract
sNSP degradability, showing that when the medium sNSP level was fed, sNSP degradation
was greater in birds fed the corn-based diet compared to those fed the wheat-based diet
(p = 0.034). Degradability of sNSP at d 14 (p < 0.001), total NSP at d 14 (p = 0.017), and
digestibility of FO at d 35 (p = 0.001) was higher in birds fed corn compared to those
fed wheat. At d 14, birds fed the diets with high sNSP level presented greater apparent
total tract sNSP degradability (p = 0.030), and lower apparent insoluble NSP degradation
(p = 0.021), compared to those fed the diets with low sNSP level. At both d 14 and d 35, the
excreta sNSP:iNSP ratio was lower in birds fed corn compared to those fed wheat (p < 0.001
for both), and at d 14 this ratio value was higher in birds fed the high sNSP level compared
to the medium or low sNSP level (p = 0.014).

Table 10 presents the apparent total tract flow of the constituent soluble and insoluble
sugars at d 14. Birds fed the wheat-based diets presented greater apparent total tract flow
of insoluble ribose (p < 0.001), arabinose (p = 0.006), xylose (p < 0.001), mannose (p = 0.036)
and glucose (p < 0.001), and soluble arabinose (p < 0.001), xylose (p < 0.001), galactose
(p = 0.016), and glucose (p < 0.001), but lower insoluble galactose flow (p < 0.001) compared
to those fed the corn-based diets. Soluble arabinose and glucose flow was greater in birds
fed the high sNSP level compared to those fed the medium or low sNSP level (p = 0.013
and p < 0.001, respectively). The opposite was true for insoluble galactose and fucose flow,
with greater levels seen in birds fed the low sNSP level compared to those fed the medium
or high sNSP level (p = 0.011 and p = 0 001, respectively). Apparent insoluble mannose and
soluble xylose flow were greater in birds fed the high sNSP level compared to those fed
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the low sNSP level (p = 0.029 and p = 0.026, respectively). No interactions between grain
type and sNSP level were observed for any measurements of total tract flow of NSP sugar
residue at d 14.

Table 9. Effect of dietary soluble non-starch polysaccharide (sNSP) level and grain source on apparent
disappearance of soluble (sNSP), insoluble (iNSP), and total NSP (tNSP) and free oligosaccharides
(FO) (%) and ratio of soluble to insoluble non-starch polysaccharide (sNSP:iNSP) in the excreta in
broilers at d 14 and 35.

Grain
sNSP
Level

Day 14 Day 35

sNSP iNSP tNSP FO sNSP:iNSP sNSP iNSP tNSP FO sNSP:iNSP

Corn
High 35.18 13.13 15.61 98.73 0.09 41.72 ab 14.56 18.07 98.83 0.07

Medium 26.31 18.96 19.56 98.64 0.08 49.14 a 22.30 24.78 99.06 0.07
Low 21.95 20.54 20.65 98.66 0.08 43.09 a 18.26 20.28 99.06 0.06

Wheat
High 13.25 13.10 13.12 98.69 0.16 29.14 ab 19.05 20.66 98.70 0.16

Medium 9.46 16.92 16.05 98.52 0.14 20.92 b 14.64 15.73 98.80 0.15
Low 5.08 16.03 15.17 98.42 0.14 23.29 ab 21.42 21.71 98.32 0.14

SEM 4.42 2.30 2.17 0.13 0.01 6.72 3.61 3.77 0.15 0.01

Grain
Corn 27.81 a 17.54 18.60 a 98.68 0.09 b 44.65 18.37 21.04 98.98 a 0.07 b

Wheat 9.27 b 15.35 14.78 b 98.54 0.15 a 24.56 18.37 19.37 98.61 b 0.15 a

sNSP
level
High 24.22 a 13.11 b 14.36 98.71 0.13 a 35.60 16.80 19.37 98.77 0.12

Medium 17.89 ab 17.94 ab 17.80 98.58 0.11 b 35.03 18.47 20.25 98.93 0.11
Low 13.51 b 18.28 a 17.91 98.54 0.11 b 33.19 19.84 21.00 98.69 0.10

p-value
Grain <0.001 0.184 0.017 0.144 <0.001 0.002 0.999 0.533 0.001 <0.001

sNSP level 0.030 0.021 0.113 0.313 0.014 0.902 0.626 0.883 0.190 0.060
Grain × sNSP level 0.751 0.535 0.725 0.690 0.735 0.034 0.115 0.158 0.070 0.997

a,b Means in the same column within main effects or interactive effect with no common superscripts are signifi-
cantly different (p < 0.05).

Table 10. Effect of dietary soluble NSP (sNSP) level and grain source on apparent total tract flow
(g/kg DM intake) of soluble and insoluble non-starch polysaccharide sugar residues at d 14.

Items
Grain sNSP Level

SEM
p-Values

Corn Wheat High Medium Low Grain sNSP Level Grain ×
sNSP Level

Rhamnose Soluble 0.06 0.07 0.06 0.07 0.07 0.01 0.124 0.287 0.106
Insoluble 0.68 0.59 0.60 0.63 0.68 0.13 0.335 0.795 0.794

Fucose Soluble 0.39 0.42 0.40 0.42 0.40 0.03 0.183 0.778 0.263
Insoluble 1.24 1.20 1.19 b 1.19 b 1.28 a 0.03 0.086 0.001 0.360

Ribose Soluble 0.07 0.08 0.07 0.07 0.08 0.01 0.150 0.824 0.411
Insoluble 0.12 b 0.17 a 0.14 0.15 0.14 0.01 <0.001 0.419 0.356

Arabinose Soluble 1.22 b 2.65 a 2.14 a 1.83 b 1.83 b 0.13 <0.001 0.013 0.294
Insoluble 21.40 b 22.71 a 21.76 21.75 22.65 0.64 0.006 0.190 0.556

Xylose Soluble 0.75 b 3.71 a 2.44 a 2.22 ab 2.04 b 0.17 <0.001 0.026 0.456
Insoluble 21.74 b 25.62 a 24.12 23.66 23.25 0.65 <0.001 0.309 0.987

Mannose Soluble 0.60 0.69 0.64 0.64 0.65 0.07 0.104 0.968 0.995
Insoluble 1.76 b 1.95 a 1.98 a 1.90 ab 1.68 b 0.12 0.036 0.029 0.283

Galactose Soluble 2.26 b 2.54 a 2.44 2.34 2.40 0.16 0.016 0.758 0.674
Insoluble 17.82 a 16.01 b 16.44 b 16.65 b 17.66 a 0.47 <0.001 0.011 0.310

Glucose Soluble 0.84 b 1.62 a 1.71 a 1.09 b 0.89 b 0.13 <0.001 < 0.001 0.257
Insoluble 8.52 b 11.95 a 11.06 10.83 8.81 1.04 <0.001 0.303 0.571

a,b Means in the same row within main effects or interactive effect with no common superscripts are significantly
different (p < 0.05).

Table 11 shows the impact of the dietary treatments on apparent soluble constituent
sugar flow at d 35. An interaction between grain source and sNSP level was observed for
apparent soluble rhamnose total tract flow, showing that feeding the medium sNSP level
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increased the apparent flow of total tract soluble rhamnose in corn-fed birds compared
to feeding the low or high sNSP level (p = 0.040), but in wheat-fed birds. Birds fed the
wheat-based diets presented greater apparent total tract flow of soluble fucose (p = 0.001),
arabinose (p < 0.001), xylose (p < 0.001), and glucose (p < 0.001) compared to those fed the
corn-based diets. Apparent total tract flow of soluble glucose was greater in birds fed the
high sNSP level compared to those fed the low sNSP level (p = 0.012).

Table 11. Effect of dietary soluble NSP (sNSP) level and grain source on apparent total tract flow
(g/kg DM intake) of soluble non-starch polysaccharide sugar residues at d 35.

Grain sNSP
Level Rhamnose Fucose Ribose Arabinose Xylose Mannose Galactose Glucose

High 0.04 b 0.26 0.09 1.29 0.82 0.51 1.40 1.06
Corn Medium 0.10 a 0.21 0.10 1.09 0.68 0.62 1.73 0.69

Low 0.06 b 0.21 0.11 1.04 0.61 0.58 1.49 0.58

High 0.05 b 0.33 0.12 2.78 4.00 0.46 1.71 1.68
Wheat Medium 0.06 ab 0.28 0.11 2.53 3.97 0.52 2.01 1.63

Low 0.05 b 0.29 0.12 2.50 3.41 0.53 1.58 0.96

SEM 0.01 0.03 0.02 0.25 0.38 0.07 0.18 0.22

Grain
Corn 0.07 0.23 b 0.10 1.14 b 0.70 b 0.57 1.54 0.78 b

Wheat 0.06 0.30 a 0.12 2.61 a 3.79 a 0.50 1.77 1.42 a

sNSP
High 0.05 0.30 0.10 2.03 2.41 0.49 1.56 1.37 a

Medium 0.08 0.24 0.11 1.81 2.32 0.57 1.87 1.16 ab

Low 0.06 0.25 0.11 1.77 2.01 0.55 1.54 0.77 b

p-value
Grain 0.060 0.001 0.127 <0.001 <0.001 0.191 0.074 <0.001

sNSP level <0.001 0.066 0.765 0.422 0.433 0.317 0.061 0.012
Grain × sNSP level 0.040 0.961 0.559 0.991 0.730 0.874 0.743 0.374

a,b Means in the same column within a main effect or interactive effect with no common superscripts are
significantly different (p < 0.05).

Table 12 illustrates the impact of the dietary treatments on apparent insoluble con-
stituent sugar flow at d 35. An interaction between grain source and sNSP level was
observed for apparent flow of insoluble xylose, showing that flow of insoluble xylose was
greater in birds fed the high sNSP level compared to the low sNSP level, but only when
the wheat-based diets were fed (p = 0.004). Birds fed the corn-based diet presented higher
apparent total tract flow of rhamnose (p < 0.001), fucose (p < 0.001), arabinose (p = 0.002)
and galactose (p < 0.001), and lower apparent flow of mannose (p = 0.026), compared to
those fed the wheat-based diets. Apparent insoluble glucose, mannose, and ribose flow
was greater in birds fed the diets with medium sNSP level compared to those fed the high
or low sNSP level (p < 0.001 for all). Similarly, apparent insoluble rhamnose flow was
greater in birds fed the medium sNSP level diets compared to those fed the high sNSP level
(p = 0.008). In contrast, apparent insoluble arabinose flow was greater in birds fed the diets
with high sNSP level compared to those fed the medium sNSP level (p = 0.019).
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Table 12. Effect of dietary soluble NSP (sNSP) level and grain source on apparent total tract flow
(g/kg DM intake) of insoluble non-starch polysaccharide sugar residues at d 35.

Grain sNSP
Level Rhamnose Fucose Ribose Arabinose Xylose Mannose Galactose Glucose

High 0.76 1.20 0.13 24.87 25.86 ab 1.07 17.47 4.31
Corn Medium 0.97 1.18 0.18 22.39 23.34 b 1.54 16.25 10.15

Low 0.82 1.28 0.15 25.97 26.20 ab 1.11 17.76 5.12

High 0.59 0.99 0.15 23.39 28.73 a 1.37 13.43 6.99
Wheat Medium 0.66 1.04 0.20 20.92 25.02 ab 1.71 13.58 9.83

Low 0.60 1.05 0.14 21.54 22.38 b 1.27 13.66 5.88

SEM 0.05 0.04 0.012 1.05 1.15 0.129 0.72 1.05

Grain
Corn 0.85 a 1.22 a 0.15 24.13 a 25.14 1.24 b 17.16 a 6.53

Wheat 0.62 b 1.03 b 0.16 21.95 b 25.38 1.45 a 13.56 b 7.57
sNSP
High 0.68 b 1.10 0.14 b 24.13 a 27.30 1.22 b 15.45 5.65 b

Medium 0.81 a 1.11 0.19 a 21.65 b 24.18 1.62 a 14.92 9.99 a

Low 0.71 ab 1.17 0.14 b 23.76 ab 24.29 1.19 b 15.71 5.50 b

p-value
Grain <0.001 <0.001 0.350 0.002 0.768 0.026 <0.001 0.185

sNSP level 0.008 0.118 <0.001 0.019 0.004 <0.001 0.438 <0.001
Grain × sNSP level 0.282 0.388 0.236 0.184 0.004 0.781 0.444 0.293

a,b Means in the same column within a main effect or interactive effect with no common superscripts are
significantly different (p < 0.05).

4. Discussion

It is well-established that dietary NSP regulates digestion and modulates gastroin-
testinal health in poultry, directly influencing bird performance and litter quality [33,34].
Traditionally, only the anti-nutritive effects of sNSP have been considered, but a recent
report has highlighted the positive impact of sNSP on broiler gastrointestinal health and per-
formance, namely through its role as a source of substrates for probiotic bacteria species [35].
In the current study, the extent to which sNSP level and composition influences bird perfor-
mance and nutrient utilisation in common commercial wheat and corn-based diets was
investigated. Although significant responses to sNSP were observed, it must be noted that
formulating the diets to keep crude fibre, protein, and energy levels similar meant that the
three sNSP levels were not extremely different from each other within each grain source.
Thus, further research is warranted using more extreme differences in sNSP to determine
the optimum sNSP level to formulate to, to derive more meaningful performance data.
Removing the constraint of crude fibre values during feed formulation would enable for a
greater range of sNSP levels. The contribution of the other grain sources on performance
also warrants consideration; regression analysis including the grain sources revealed that
barley had a positive impact on growth performance at d 14, without considering the
impact of its sNSP content.

As expected, performance was better in birds fed the corn-based diets, based on d
0–35 cFCR, compared to those fed the wheat-based diets, which is in agreement with a
number of studies [36–38]. This is likely because the sNSP content of the wheat-based
diets was approximately 50% higher than that in the corn-based diets, owing to much
lower levels of sNSP in corn. The corn used in this study contained around 0.3% sNSP,
whilst the wheat contained approximately 1.4% sNSP, which is indeed much lower than
the values reported previously by Back Knudsen [13], who indicated that the sNSP content
ranged from 0.2–1.6% and 1.9–2.9% (DM basis) for corn and wheat, respectively. The
wheat-based diet also contained a higher concentration of high molecular weight sNSP,
such as arabinoxylans [39,40]; the estimated soluble arabinoxylan content of the corn-
and wheat-based diets in the current study were approximately 0.20% and 0.54%, respec-
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tively. The presence of these polymers results in increased viscosity in the gastrointestinal
tract [41], inducing a barrier between enzymes and perspective substrates, and between
nutrients and the gastrointestinal lining. The consequence of this could impair nutrient
utilisation, resulting in increasing undigested nutrient presence in the gastrointestinal tract.
This, in turn, can alter the microbiota profile by providing fuel for pathogenic bacterial
species, which then compete with the host for nutrients [18,42]. This may partly explain
why birds fed the wheat-based diet, which had higher total protein content in the starter
phase, presented lower performance. It is interesting to note that BWG was higher, and FI
was numerically highest, in birds fed the low sNSP level compared to the medium sNSP
level at d 0–14. This could again be related to viscosity, whereby sNSP induces signals
of satiety due to prolonged digesta transit rates and heightened water retention in the
gastrointestinal tract, suggesting birds fed the low sNSP diets in the current study probably
had comparatively lower feeling of satiation and thus could consume more feed. However,
this heightened feed intake was coupled with increased weight gain, suggesting that the
NSP in this diet was at a low enough level to not induce anti-nutritional effects on viscosity.
At d 35, total tract DM and metabolisability of gross energy was greater in birds fed the
medium sNSP level compared to the high or low sNSP level, possibly indicating that the
sNSP adequately stimulated the microbiota environment towards proficient manufacture
of SCFA [41], providing energy. However, this did not translate into improvements in
performance, suggesting that nutrient partitioning between the host and the microbiota
was not improved with this treatment, likely due to an alteration in the intestinal microbial
profile [43]. Additionally, the wheat-based diets with medium sNSP level contained the
highest free oligosaccharide level, which may have fuelled bacteria earlier in the gastroin-
testinal tract. This might have caused undesirable proliferation of bacterial population in
the upper gut, potentially resulting in nutrient competition with the host, as opposed to
the desirable fermentation in caeca which is the main site for bacterial fermentation.

Results from this study suggest that considering the quantity of sNSP alone during
feed formulation does not provide an accurate indication of the impact of dietary NSP on
gastrointestinal status and bird performance, due to the variable ability of the constituent
sugars to modulate microbiota composition, and influence of the sNSP on digesta viscosity.
There are a lack of studies examining NSP content in commercial-type diets, with most
studies investigating effects of fibre addition in purified or semi-purified diets. Thus, further
research is needed into the influence of the composition and physiochemical properties
of dietary fibre, as opposed to the total level, in common diets, with particular focus on
the quantity of fermentable and non-fermentable fractions, and ratio between the soluble
and insoluble components in the sNSP [13]. This was illustrated by Musigwa et al. [26],
who observed that the proportion of total NSP that was soluble, as opposed to total level,
directly influenced the efficacy of a multi-carbohydrase at enhancing energy utilisation in
broilers. For this reason, it is likely that further refinements in the definition of sNSP to
take into account sugar composition, molecular weight, and degree of substitution will
further benefit the predictability of bird performance and response to exogenously added
enzymes.

The lower insoluble NSP digestibility observed at d 14 in birds fed the high sNSP
level, compared to the low sNSP level, may be a consequence of young birds possessing
microbiota that is not yet adapted to digesting complex, insoluble NSP molecules. The
suggestion is that the microbiota will preferentially ferment sNSP over iNSP, and as a
result, overwhelming a naïve microbiota with sNSP can compromise its ability, and indeed
need, to ferment insoluble NSP. However, exposure to these dietary polymers, or ideally
oligosaccharides derived from them, in young birds can prime the microbiota to become
more adept at utilising more complex NSP later in life [44]. This is elucidated by the
significantly greater impact of sNSP level on the flow of soluble constituent sugars at d 14
than at d 35, and conversely, on the flow of the insoluble constituent sugars at d 35 than d
14. Regardless of the initial sNSP:iNSP ratio in diets, the ratio of soluble to insoluble NSP in
the excreta was lowest in diets with the medium and low sNSP levels at d 14, and tended
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to be lower with the low sNSP level at d 35, revealing a more efficient breakdown of sNSP
in birds fed the low sNSP diets. This reconfirms that young birds have a requirement for a
minimum sNSP level in order to optimise early sNSP fermentation, which then influences
the fermentation of total NSP at a later growing stage. This could also partially be explained
by the observed greater sNSP degradability at d 35 in birds fed the corn-based diet with
medium or low sNSP, compared to those fed the wheat-based diet with medium sNSP
level. This inherent requirement for dietary fibre has also been demonstrated previously
by Sadeghi et al. [45], in that broilers actively selected extra fibre sources to boost their
immunity, regardless of impact on performance. Thus, it appears that it is beneficial
to supplement diets containing poor fermentable NSP substrates, such as corn, with a
fermentable NSP substrate, to enhance intestinal fermentation activities. Arabinoxylans
(AX) are the predominant NSP in both wheat and corn, but the structure of AX in corn
is more complex than that in wheat, with a higher degree of substitution and arabinose:
xylose ratio [46], meaning corn AX is less readily fermentable than wheat AX [47]. In
addition, the poor ileal and total tract starch digestibility observed at d 14 in birds fed the
low sNSP diets could be attributed to production of high molecular weight viscous AX,
from insoluble NSP degradation, exceeding their hydrolysis rate in the gastrointestinal
tract in this treatment group. The NSP digestibility values in this study were lower than
those presented by Jamroz et al. [48] and Zhang et al. [49], but higher than those seen by
Meng et al. [50], probably due to differences in diet composition, such as source of fat and
quality of wheat, and bird age.

5. Conclusions

In conclusion, outputs from this study indicated that considering sNSP level in
commercial-type broiler diets provides a more meaningful indication of bird response
to dietary fibre, in terms of performance and nutrient utilisation, compared to using con-
ventional crude fibre values. Outputs from this study also demonstrated a need to supply
birds with fermentable fibre substrates, indicating that the industry should consider sup-
plementing sNSP-poor diets with a source of fermentable NSP. In conclusion, the current
results suggest that it may be advantageous to include sNSP levels when formulating
broiler diets, although further research is required to define what levels to formulate to,
depending on the composition of the NSP in feed ingredients.
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Simple Summary: The nutrition and health status of the embryo in the hatching process directly
influence the hatchability and chicken performance post-hatch in poultry production. The in ovo
feeding (IOF) technique provides a viable way to improve the embryonic development and chicken
performance post-hatch. Thus, the hypothesis of this study was that supplementing L-arginine
(Arg) into embryos could positively affect the hatchability, growth performance, antioxidant capacity,
and meat quality of slow-growing chickens. The results of this study demonstrate that IOF of Arg
positively affected the antioxidant capacity of the breast muscle in the starter period, and there was no
effect on the hatchability, growth performance, carcass traits, and meat quality. Overall, our findings
suggest that IOF of Arg may have beneficial effects on chicken health without compromising the
hatchability, subsequent growth, and meat quality.

Abstract: The aim of this study was to evaluate the effects of in ovo feeding (IOF) of L-arginine (Arg)
on the hatchability, growth performance, antioxidant capacity, and meat quality of slow-growing
chickens. A total of 480 eggs were randomly divided into a non-injected control group (NC group)
and a 1% Arg-injected group (Arg group). On day 18 of incubation, 0.5 mL of Arg solution was
injected into the embryonic amnion in the Arg group. Upon hatching, 160 mixed-sex chickens were
randomly assigned to two groups, with four replicates per group. This experiment lasted for 63 days.
The results showed that the hatchability, growth performance, carcass traits, and meat quality were
not significantly different (p > 0.05) between the two groups. However, the malondialdehyde (MDA)
content was lower (p < 0.05), and the glutathione (GSH) level was higher (p < 0.05) on day of hatching
in the Arg group. The total antioxidant capacity (T-AOC) activity was increased (p < 0.05) on day
21 post-hatch in the Arg group compared to that in the NC group. In conclusion, IOF of Arg increased
the antioxidant capacity of the breast muscle in the starter period, which may have a positive effect
on health status of slow-growing chickens post-hatch.

Keywords: L-arginine; in ovo feeding; growth performance; antioxidant capacity; meat quality;
slow-growing chicken

1. Introduction

With the developing research on poultry nutrition, the nutrition and health status of
the embryo during the hatching process—which have impacts on economic profits—have
become the focus of research. It is known that avian embryonic development depends on
the nutrients deposited in the fertile egg. A sufficient supply of nutrients is a good start
for hatchability and subsequent growth. However, under commercial poultry production
conditions, the nutrition of eggs may be insufficient to fulfill the requirement for reaching
the maximum development of the embryo [1]. This is due to the variety of physiological
activities of the embryo, which consume large amounts of energy that come from the
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nutrients deposited in the eggs, limiting the embryonic development and chicken growth
post-hatch [2,3]. Meanwhile, the oxygen consumption and metabolic rates rise during
and after hatching to meet the energy demand of the embryo’s physiological activities [4],
which tends to produce reactive oxygen species (ROS) [5]. Particularly, yolk lipid contains
an abundant amount of polyunsaturated fatty acids that can be easily attacked by ROS [6],
and the excess of which causes oxidative stress. This results in the oxidative damage of
biological molecules [7], ultimately compromising the embryonic growth and chicken
performance post-hatch [8].

An in ovo feeding (IOF) technique may be an effective way to achieve the full genetic
potential of chick growth post-hatch; that is, IOF of additional nutrients to the embryonic
amnion during the late period of incubation [9]. Growing evidence has reported that IOF
of different types of exogenous nutrients is beneficial for embryonic development and
subsequent growth in poultry [9–12].

Arginine (Arg) is known as an essential amino acid for poultry, wherein a high amount
of Arg is required in the starter period and plays multiple roles in the biological and
physiological activities [13]. In addition, Arg can be converted into glucose for regulating
the energy metabolism [14]. Thereby adding Arg into embryo could positively affect the
hatchability and subsequent performance post-hatch. Previous studies indicated that the
IOF of Arg affected the breast muscle growth and energy metabolism of chickens in the
starter period [15–17]. Additionally, the IOF of Arg positively affected the hatchability and
subsequent growth of Japanese quails and pigeons [18,19]. Importantly, Arg could reduce
oxidative damage and improve antioxidant capacity [20,21]. Some studies reported that
dietary Arg enhanced the antioxidant capacity and chicken growth [22,23]. However, no
study has reported about the effect of IOF of Arg on the hatchability, growth performance,
antioxidant capacity, and meat quality of slow-growing chickens.

The slow-growing Korat chicken (KRC) is a crossbreed between a male of the Thai
Leung Hang Khao line and a female of the Suranaree University of Technology (SUT) line
in Thailand, which is characterized by superior meat quality with low fat, rich collagen,
and good texture [24,25]. They are sent to the market at 1.2–1.5 kg bodyweight at about
10 weeks of age. Rearing of this breed is encouraged by the agriculture sector of Thailand
which advocates the small-scale farmers to rear indigenous chickens to develop the rural
economy. Thus, in order to increase the productivity of KRC, we aimed to assess the effects
of the IOF of Arg on the hatchability, growth performance, antioxidant capacity, and meat
quality of slow-growing chickens. We hypothesized that the IOF of Arg into the amnion
may benefit the hatchability and performance of market age chickens.

2. Materials and Methods

The experimental protocols applied in this study were approved by the Ethics Com-
mittee on Animal Use of the SUT, Nakhon Ratchasima, Thailand (user application ID:
U1-02633-2559). The experiment was conducted at SUT farm.

2.1. Eggs and Incubation

Fertile eggs (SUT female and Leung Hang Khao male) were collected from the SUT
farm (Nakhon Ratchasima, Thailand). These eggs (57.0 ± 3.0 g) were randomly transferred
into an automatic incubator (Model 192, Petersime Incubation Equipment Co., Ltd., Zulte,
Belgium) with optimal conditions (37.8 ◦C and 60% relative humidity), and the eggs were
turned automatically every hour. On day 14 of embryonic development, the eggs were
candled by electric torch, and the unfertilized and nonviable eggs were discarded. A total
of 480 viable embryos (59.0 ± 1.0 g) were randomly assigned to two treatment groups with
four replicates of 60 eggs each, wherein two trays were used for each treatment group, and
four incubator trays were used in this experiment.
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2.2. IOF Procedure

On day 18 of embryonic development, the IOF procedure was performed. Before
injection, the Arg solutions was freshly prepared with 0.9% saline (A. N. B. Laboratories
Co., Ltd., Bangkok, Thailand). The concentration of the Arg solution was 1%, which was
selected on the basis of a previous study [16], with minor modification. Specifically, 1.5 g of
Arg (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 150 mL of 0.9% saline, which
was equivalent to 5 mg of Arg per egg. The Arg solution was autoclaved at 120 ◦C for
15 min prior to injection.

After preparing the Arg solution, all the eggs were taken from the four incubator trays.
The eggs from the two trays served as the non-injected group (NC group), and the other
two trays were the 1% Arg-injected group (Arg group). The eggs were rechecked to make
sure that the embryos were alive. The location (large end surface) of the eggs in the Arg
group were disinfected with 75% alcohol, a hole was created by sterile needle, and then
0.5 mL solution was injected into the amniotic sac with a 21-gauge needle based on the
method described by Uni et al. [26]. The holes were sealed using paraffin immediately
after injection, and the eggs were sent back to the hatching baskets. The temperature and
humidity of incubator were 37.2 ◦C and 60%, respectively. This IOF process was finished
within 2 h. The eggs of the NC group were kept in the same environmental condition
(outside of incubator) as that of the Arg group. The eggs from each of the two treatments
were randomly allocated into four replicates with 60 eggs each, and each basket was
regarded as a replicate. All eggs continued to perform the hatchery program.

2.3. Hatchability Rate

On day of hatching (DOH), the number of birds hatched was counted, and the hatcha-
bility rate was calculated as the numbers of chicks hatched divided by the fertilized eggs
per replicate.

2.4. Animals, Experimental Design, and Management

Upon hatching, all chicks of each treatment group were pooled and weighed. In total,
160 mix-sexed chicks per treatment group were randomly divided into four replicates of
40 chicks, and the selected chicks had similar weights, which were close to the average
body weight (BW) of each treatment group. Eight floor pens were provided for the two
treatment groups, and each pen was a replicate. The housing conditions were monitored to
make sure the similar environment condition in each pen followed the guidelines of the
SUT farm. All chicks were allowed commercial feed (Charoen Pokphand Co., Ltd., Nakhon
Ratchasima, Thailand) and fresh water ad libitum. This experiment lasted for 63 days.
The nutrient composition of the basal diet for the starter (DOH–21), grower (D22–42), and
finisher (D43–63) periods which analyzed by AOAC method [27] are shown in Table 1.

Table 1. Nutrient composition of the basal diets.

Starter Grower Finisher
(DOH–21) (D22–42) (D43–63)

Analyzed nutrient composition, (g/kg)

Dry matter 938.3 935.1 942.1
Gross energy (MJ/Kg) 125.4 129.6 133.8

Crude protein 227.2 204.6 186.5
Crude fat 52.0 67.4 66.6

Crude fiber 34.4 34.5 35.5
Crude ash 47.0 45.8 41.9

Lysine 17.8 14.3 9.2
Methionine 3.4 2.5 2.8
Threonine 10.1 8.5 7.3
Arginine 15.8 11.3 5.5
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2.5. Growth Performance and Carcass Traits Indices

The BW and feed intake (FI) were recorded by a replicate weekly. Then, the body
weight gain (BWG) and feed conversion ratio (FCR) were calculated by a replicate. No
chickens died during the experiment. On day 63 (D63) post-hatch, two male chickens from
each replicate with BW close to the average BW of their replicate were chosen following a
12 h fast, and killed after the electrical stunning, then were bled and defeathered. Then,
carcasses (with the giblets, head, neck, and hocks removed) were chilled at 4 ◦C for 24 h.
After chilling, the carcasses were weighed to determine the eviscerated yield percentage
based on the live BW. The percentages of liver, heart, and gizzard were calculated based on
the live BW. The entire right breast muscle was measured for meat quality.

2.6. Assay of the Malondialdehyde Level and Antioxidant Capacity in the Breast Muscle

On DOH, day 21 (D21), day 42 (D42), and D63 post-hatch, two male chickens per
replicate with BW close to the average BW of their replicate were chosen, weighed, and
killed after using chloroform after 12 h fasting. The left muscle tissue was stored at −80 ◦C
for antioxidant capacity.

Malondialdehyde (MDA) is a marker for monitoring oxidative stress. The supernatant
of the breast muscle was used to measure the MDA concentration by thiobarbituric acid
(TBA) method using the Lipid Peroxidation (MDA) Assay Kit (Catalog Number MAK085,
Sigma-Aldrich, St. Louis, MO, USA), which was scanned at 532 nm (A532). The details
of measurements followed the manufacturer’s instructions. The results obtained were
expressed as nmole of MDA per mg muscle.

The level of glutathione (GSH) was measured through reaction with 5,5′-dithio-bis-
nitrobenzoic acid at 412 nm using the Glutathione Assay Kit (Catalog Number CS0260,
Sigma-Aldrich, St. Louis, MO, USA), following the manufactures’ instructions. The results
obtained were expressed as nmoles GSH per mg muscle.

The total antioxidant capacity (T-AOC) activity was determined by the reduction of
Cu2+ to Cu+ that was scanned at 570 nm using the Total Antioxidant Capacity Assay Kit
(Catalog Number MAK187, Sigma-Aldrich, St. Louis, MO, USA). The procedures were
performed based on the manufacturer’s instructions. The T-AOC values were expressed as
nmole per mg of protein.

2.7. Determination of Meat Quality

The meat quality was measured using the following parameters: meat pH, color, shear
force, drip loss, and cooking loss. The pH was determined using a hand-held digital pH
meter (Ultra Basic pH meter, Model UB10A, Denver Instrument, Bohemia, NY, USA) on
the breast meat at 45 min and 24 h postmortem. The color values of lightness (L*), redness
(a*), and yellowness (b*) were measured by a chroma meter (Model CR 300, Minolta, Osaka,
Japan) on the breast meat at 24 h postmortem. Drip loss was determined as described by
Zhang et al. [28], with some modifications. Briefly, samples with a size of 3 × 2 × 1 cm were
cut from the breast meat, weighed, and placed in a plastic bag, and left freely hanging at 4 ◦C.
After 24 h, the samples were wiped and reweighed. The drip loss percentage was calculated
as follows: (initial weight − final weight)/initial weight × 100. The cooking loss and shear
force were determined following the method of Cong et al. [29], with some modifications. The
samples were weighed at 24 h postmortem, packaged in a sealed plastic bag, and cooked in a
digital water bath at 85 ◦C until the internal temperature reached 77 ◦C. Then the samples
were taken out and cooled to room temperature and reweighed to calculate the cooking loss.
The formula was as follows: (initial weight − final weight)/initial weight × 100. The cooked
samples were used for the shear force determination. After the cooking loss determination,
the samples were cut to small strips of 1 × 1 × 3 cm in size, and the values were measured
using the Instron texture system (Model 5565, Instron Corporation, Burlington, ON, Canada).
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2.8. Statistical Analysis

A completely randomized design (CRD) was applied in this study. The data were
analyzed by an independent t-test using SPSS software (IBM Corp. 1989, 2013. New
York, NY, USA), and the statistical significances between the two groups were denoted at
p < 0.05. The results were expressed as the mean and standard error of the mean (SEM).
Pearson correlation coefficients were evaluated to determine the relationship between the
antioxidant capacity and meat quality.

3. Results
3.1. Hatchability

As shown in Table 2, the IOF of Arg did not significantly increase (p > 0.05) the
hatchability as compared to that of the NC group.

Table 2. Effects of in ovo feeding of L-arginine on the hatchability of slow-growing chickens.

Treatment Hatchability

NC 86.25
Arg 87.09
SEM 1.910

p-value 0.768
NC = non-injected control group. Arg = 1% L-arginine-injected group. SEM = standard error of the mean. Values
are means with n = 4 per treatment.

3.2. Growth Performance and Carcass Traits

As presented in Table 3, there were no significant differences (p > 0.05) in the BWG,
FI, and FCR between the NC and Arg groups. In Table 4, the IOF of Arg did not improve
(p > 0.05) the carcass traits (eviscerated yield, heart, liver, and gizzard) as compared to that
in the NC group.

Table 3. Effects of in ovo feeding of L-arginine on growth performance of slow-growing chickens.

Treatments

Items NC Arg SEM p-Value

BWG (g)
DOH–21 280.21 273.40 2.394 0.122
D22–42 464.02 457.61 5.271 0.591
D43–63 488.37 452.69 16.085 0.218
FI (g)

DOH–21 569.78 573.37 25.680 0.924
D22–42 1026.70 1024.82 21.011 0.955
D43–63 1261.64 1233.98 37.722 0.652

FCR (g/g)
DOH–21 2.03 2.10 0.092 0.581
D22–42 2.21 2.24 0.052 0.794
D43–63 2.58 2.73 0.045 0.084

BWG = body weight gain; FI = feed intake; FCR = feed conversion ratio (FI: BWG). DOH = day of hatching;
D21 = day 21; D42 = day 42; D63 = day 63. NC = non-injected control group. Arg = 1% L-arginine-injected group.
SEM = standard error of the mean. Values are means with n = 4 per treatment.

3.3. MDA Level and Antioxidant Capacity

The results of MDA content and antioxidant capacity are shown in Table 5. Compared
with that of the NC group, a decrease in MDA contents and an increase in GSH levels were
found (p < 0.05) in the Arg group on DOH, but no significant differences were found on
D21, D42, and D63 post-hatch, respectively. A significant improvement of T-AOC activities
was found (p < 0.05) on D21 post-hatch in the Arg group compared to that in the NC group,
but it had no effect on DOH, D42, and D63 post-hatch, respectively.
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Table 4. Effects of in ovo feeding of L-arginine on carcass traits of slow-growing chickens on day 63.

Treatments

Items NC Arg SEM p-Value

Eviscerated yield (%) 65.36 66.89 0.910 0.320
Heart (%) 1.06 1.09 0.213 0.931
Liver (%) 2.00 1.83 0.100 0.418

Gizzard (%) 2.30 2.23 0.150 0.851
Eviscerated yield (%) = Eviscerated carcass weight/live body weight ∗ 100; Heart (%) = Heart weight/live body weight
∗ 100; Liver (%) = Liver weight/live body weight ∗ 100; Gizzard (%) = Gizzard weight/live body weight ∗ 100.
NC = non-injected control group. Arg = 1% L-arginine-injected group. SEM = standard error of the mean. Values are
means with n = 8 per treatment.

Table 5. Effects of in ovo feeding of L-arginine on antioxidant capacity in the breast muscle of
slow-growing chickens.

Treatments

Items NC Arg SEM p-Value

MDA (nmol/mg muscle)
DOH 0.18 a 0.11 b 0.016 0.044
D21 0.35 0.28 0.032 0.195
D42 0.32 0.29 0.035 0.680
D63 0.38 0.34 0.027 0.345

T-AOC (nmol/mg protein)
DOH 12.15 14.41 0.667 0.077
D21 3.67 b 4.36 a 0.114 0.011
D42 4.79 4.83 0.192 0.881
D63 4.16 4.33 0.168 0.492

GSH (nmol/mg muscle)
DOH 4.58 b 5.88 a 0.181 0.012
D21 1.93 2.80 0.312 0.127
D42 1.84 2.13 0.199 0.387
D63 1.36 1.61 0.178 0.448

MDA = malondialdehyde; T-AOC = total antioxidant capacity; GSH = glutathione. DOH = day of hatching;
D21 = day 21; D42 = day 42; D63 = day 63. NC = non-injected control group. Arg = 1% L-arginine-injected group.
SEM = standard error of the mean. Values are means with n = 8 per treatment. Means with different superscripts
in the same row differ significantly at p < 0.05.

3.4. Meat Quality and Correlation between the Meat Quality and Antioxidant Capacity

The meat quality results are shown in Table 6. The meat quality (pH45 min, pH24 h,
color, drip loss, cooking loss, and shear force) did not differ (p > 0.05) by the IOF of Arg
compared to that in the NC group. No significant correlation was found (p > 0.05) between
the meat quality and antioxidant capacity of slow-growing chickens (Table 7).

Table 6. The effects of in ovo feeding of L-arginine on meat quality of slow-growing chickens on day 63.

Treatments

Items NC Arg SEM p-Value

pH45 min 5.99 5.91 0.082 0.640
pH24 h 5.84 5.83 0.062 0.849
Color

L* 52.24 51.81 1.274 0.819
a* 2.33 2.23 0.297 0.832
b* 1.95 1.26 0.339 0.255

Drip loss (%) 11.07 10.49 0.854 0.673
Cooking loss (%) 22.94 24.68 1.137 0.462

Shear force (kg/cm2) 1.99 2.28 0.092 0.125
Color: L* = lightness; a* = redness; b* = yellow. NC = non-injected control group. Arg = 1% L-arginine-injected
group. SEM = standard error of the mean. Values are means with n = 8 per treatment.
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Table 7. Correlation coefficients between the meat quality and antioxidant capacity of slow-growing
chickens on day 63.

pH45 min pH24 h a* b* L* Drip Loss Cooking Loss Shear Force

MDA 0.682 0.479 −0.079 0.047 −0.372 −0.177 −0.796 −0.107
T-AOC 0.099 0.166 −0.385 −0.342 0.690 0.341 0.690 0.087

GSH −0.592 0.842 −0.865 −0.838 −0.017 −0.381 −0.108 −0.589

Color: L* = lightness; a* = redness; b* = yellow. MDA = malondialdehyde; T-AOC = total antioxidant capacity;
GSH = glutathione.

4. Discussion

The hatchability is one of the main indices for determining the success of the IOF
technique. In the current study, the hatchability was similar between the two groups. This
result is similar to that in previous studies in poultry [14,30,31]. On the contrary, two
studies reported that the hatchability was increased in poultry [18,19], while Tahmasebi
and Toghyani [32] reported that the hatchability of broiler chickens decreased after the
IOF of Arg. The hatching process is related to the energy metabolism activity because
the reserved glycogen of the fertilized egg would be consumed by the embryo to fuel the
energy demand needed for hatching activities [2]. The energy supply may be insufficient to
meet the needs of maximum hatching activities [33], which in turn forces muscle to break
down protein and then produce glucose by gluconeogenesis, which negatively influences
the embryonic development [34]. Thus, high glycogen storage is necessary to improve the
hatchability [33]. External nutrients have the ability to improve the energy status to meet the
high demand of glucose for hatching activities [26]. Arginine has a vital role in regulating
energy metabolisms that can convert glucose by gluconeogenesis [35]. It has been reported
that the IOF of 1% Arg increased the glycogen and glucose concentrations of the liver and
pectoral muscle for regulating energy metabolism in broiler chickens [16]. Combining the
results of the current study with those of previous studies, it is speculated that the IOF
of 1% Arg may not improve glucose deposition and may limit the energy utilization for
the hatching process. On the other hand, the unaffected hatchability indicates that the
IOF technique is a safe method for the current study. However, further study should be
undertaken to explore the energy metabolism by the IOF of Arg.

In this study, the growth performance and carcass traits did not respond to the in
ovo administration of Arg. These results are inconsistent with those of previous studies.
Gao et al. [31] demonstrated that the FI and BWG were increased during 1 to 21 and 1 to
42 d post-hatch by the IOF of Arg in broiler chickens. Toghyani et al. [36] observed that the
IOF of Arg caused a significant increase in BWG and FI from 1 to 42 d post-hatch in broiler
chickens. Growth performance is associated with the gastrointestinal tract development
that is controlled by gastrointestinal hormones and intestinal enzyme activity [37]. It has
been reported that the IOF of Arg into the amnion promoted the release of gastrointestinal
hormones and intestinal enzyme activity, and then improved the gastrointestinal tract
development, finally increasing FI and BWG [31,38,39]. According to the current results, it
is speculated that the IOF of Arg may not affect gastrointestinal tract development. In other
words, the gizzard growth of chickens cannot be affected by the addition of Arg solution,
and chickens are unable to store, digest, and absorb more feed. Similar to the results
obtained for the carcass traits in this study, no significant differences were found between
the two groups on market day. The current result is in line with the report of Tahmasebi
and Toghyani [32], who found that the carcass, liver, and heart were not affected by the
IOF of Arg in broiler chickens on market day. Conversely, Al-Daraji et al. [19] obtained the
expected results (carcass, liver, heart, and gizzard) after in ovo injection of Arg in Japanese
quails on market day. However, further study is necessary to reveal the gastrointestinal
tract development, such as the release of gastrointestinal hormones and the digestive and
absorptive capacity of the gastrointestinal tract.

The incubation in birds is associated with the production of oxidative stress. Mal-
ondialdehyde is known as a biomarker that monitors the degree of oxidative stress [40].
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Our study revealed that the MDA content in the breast muscle was decreased on DOH
post-hatch by the IOF of Arg. In agreement with our report, Duan et al. [23] found that
supplementing Arg in the diet of late-laying hens significantly reduced the MDA contents
in the serum and egg yolk of broiler breeders as well as the tissues of broilers on D1
post-hatch. These results indicate that the Arg deposited in the egg could be transferred
to their offspring and exhibit the function of eliminating oxygen free radicals. Moreover,
Atakisi et al. [41] and Ruan et al. [22] reported that dietary Arg decreased the MDA content
in Japanase quails and yellow-feathered chickens. Our observation suggests that a certain
amount of Arg is needed to scavenge free radicals produced by physiological metabolic
activities in embryonic development, which may benefit the chick quality post-hatch.

The antioxidant defense system plays an important role in the maintenance of prooxidant–
antioxidant balance of normal physiological metabolic activity in animals. The GSH is a
biomarker of cellular antioxidant defense capacity [42], which can act against ROS generation
and decrease the oxidative stress of cells because it is related to the enzymatic processes that
reduce H2O2 into oxidized glutathione and other hybrid disulfides by GSH metabolism [43].
Our results showed that the GSH level was increased on DOH by the IOF of Arg. This
result is similar to those in the reports of Liang et al. [21] and Xiao et al. [44], wherein it
was stated that supplemental Arg in rats increased the GSH levels in the liver, plasma, and
jejunum. The GSH level depends on the nutritional status of their body. Arginine is a substrate
of glutamate synthesis that may contribute to GSH synthesis and is responsible for the
antioxidant system [45,46]. The T-AOC is used as an integrative indicator of total antioxidant
capacity in animal bodies [47]. Duan et al. [23] indicated that dietary supplementation with
Arg increased the T-AOC activities in the serum and egg yolk of laying hens as well as tissue
of broilers on D1 post-hatch. Ruan et al. [22] found that dietary Arg improved the T-AOC
capacity of the small intestine in yellow-feathered chickens. Atakisi et al. [41] reported that
dietary Arg in Japanese quails improved the T-AOC activity. In agreement with earlier studies,
our data showed that T-AOC activity was significantly increased by the IOF of Arg on D21
post-hatch. These results for the GSH and T-AOC suggest that increased Arg in the breast
muscle enhanced the antioxidant capacity against lipid peroxidation of slow-growing chickens
during the starter period.

Meat quality is closely associated with the purchasing desire of consumers. The
pH value is an important index to monitor the rate of muscle anaerobic glycolysis after
slaughter [48]. The pH of meat is highly related to color [49]. The drip loss, cooking loss, and
shear force are also important indicators of meat quality for detecting sensory characteristics
(tenderness, juiciness, and flavor) [50]. Previous studies reported that dietary Arg did not
have any effect on the pH, color, drip loss, and cooking loss in broiler chickens [51,52].
These results are consistent with that of the current study, wherein no significant differences
in pH, color, drip loss, cooking loss, and shear force were found between the two groups.
Moreover, the pH values observed in our study were within the acceptable range (5.7 to
6.1) for chicken breast meat [53]. Conversely, in pigs, dietary Arg decreased the drip loss
and cooking loss and maintained the meat quality [54,55]. The different results of these
studies may be due to the difference in species. In addition, the correlation between the
antioxidant capacity and meat quality was further tested in this study. A previous study
reported that dietary Arg enhanced meat quality, while increasing the antioxidant capacity
and attenuating oxidative stress in pigs [54]. However, we did not find any correlation
between the antioxidant capacity and meat quality in our study. It is suggested that the IOF
of Arg may not cause any improvement in meat quality. Due to the limited information
about the effects of Arg by in ovo administration in chicken meat, the differences in the
results may be due to the long duration between the IOF and market age.

5. Conclusions

In conclusion, the IOF of 1% Arg did not influence their performance nor meat quality
on market day, and the antioxidant capacity was time-limited and limited to the starter
period only. Thus, these results suggest that the IOF of Arg serving as an early nutri-

126



Animals 2022, 12, 392

tion strategy may have a beneficial effect on chicken health without compromising the
hatchability, subsequent growth, and meat quality.
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Simple Summary: Antimicrobial tolerance problems have culminated in an increased focus on
raising broiler chickens without using any antibiotics, and an increasing interest has developed in non-
antibiotic feed supplements with potential productivity and health benefits. Previous studies have
shown beneficial results linked to the addition of cinnamon to broiler diets under health conditions
without induced coccidiosis. In this study, different amounts of dietary cinnamon, a phytogenic of
the Lauraceae family, were evaluated for their effects on carcass characteristics and meat quality in
broilers infected with oocysts of Eimeria tenella. Overall, emeriosis negatively affects bird slaughter
weight, carcass yield, and most carcass traits. Compared with the positive control, cinnamon increased
slaughter weight, carcass yield, and the percentage weights of heart, proventriculus, gizzard, breast,
and pancreas. In addition, cinnamon at 2 g/kg diet improved performance, cocking loss, and meat
tenderness among cinnamon groups. The ionophore salinomycin (Sacox®) group had the highest
slaughter yield, myofibril fragmentation index (MFI), and texture profile analysis (TPA) of meat. The
current research offers equivalent and unbiased findings from a study of substitutes for commercial
coccidiostats in a consistent experimental paradigm that applies well to commercial conditions.

Abstract: A total of 150 broiler chicks were used to determine the impact of dietary cinnamon
bark powder (CBP; Cinnamomum verum) on breast meat quality, growth performance, and carcass
characteristics of birds under coccidiosis, as one of the protozoan parasitic diseases. A total of
5 replicates of birds received 1 of the following 6 groups for 34 days: control groups (1 and 2) received
a basal diet without the addition of CBP or salinomycin; group 3 received a basal diet with 0.066 g
salinomycin; groups 4–6 were given a basal diet supplemented with 2, 4, and 6 g CBP/kg feed,
respectively. On day 21, 4 × 104/100 µL of Eimeria tenella oocysts/bird were challenged, except for
the negative control (NC). At the end of the experimental trial, five birds/group were sampled for
carcass characteristics and breast attributes. Overall, emeriosis negatively affects slaughter body mass,
carcass yield, and the majority of carcass characteristics in birds, and cinnamon can mitigate these
effects. Cinnamon groups, particularly at the 2 g level, alleviated the negative effect on performance
caused by coccidia infestation to the same or greater extent as the negative control and salinomycin
treatment groups. Furthermore, when compared with the other experimental groups, the addition
of cinnamon improved some physicochemical properties with some affecting meat quality, such
as decreasing MFI and increasing toughness in cinnamon-treated groups. In summary, it can be
concluded that CBP can enhance the shelf life, carcass, and quality of birds’ meat by maximizing the
productive performance efficiency and breast meat productivity of birds under coccidiosis infestation.
Further research is required to investigate the use of cinnamon to optimize the quality of meat and
the productivity of both healthy and diseased broilers.
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1. Introduction

Total imports of Saudi Arabian chicken meat were reduced from 618,000 to 520,000 tons
in 2020 and 2021 as local production of Saudi Arabian chicken meat increased. Globally, in-
creases in broiler meat production were also expected, with ~100.827 million tons produced
in 2020 and projections for 2022 of ~100.9 million tons [1]. These increases in production are
related to the high demand for poultry meat, which exceeds that of other animals, reflecting
its rich nutritional value and favorable profit margin. As a result of the sharp increase in
the production and popularity of broiler meat, the demand for improving the palatability
and quality of meat has increased [2]. Important criteria for assessing the slaughter value
of poultry carcasses include the percentage of dressing, the percentage of culinary, the ten-
derness of the meat, and the muscle content of the carcass. According to [3], broilers have a
greater dressing percentage, reaching ~75%. This indicator is considered to be essential for
evaluating the quantity of produce. Likewise, the composition of the carcass is essential
because a high muscle content, particularly of the breast muscle, and a low fat content
stimulate the consumer’s appetite. While the quality of the meat comprises a sequence
of attributes, the consumer is most concerned about the tenderness, color, juiciness, and
palatability of the meat [4–6]. Meat color is a simple and quick criterion for evaluation
and seems to be an important indicator to consumers. Fresh chicken meat should be light
red in color. Thus, at first glance by a consumer, any change in color indicates declining
nutritional value and deterioration in quality. The capacity of bird meat to retain its natural
and added moisture during processing, storage, and when subjected to an external force is
termed its water-holding capacity (WHC). Measuring WHC is one of the easiest ways to
detect the quality of meat, and it has a direct impact on yield and appearance [7].

The larger body and breast weights of birds are related to larger areas and diameters
of muscle fibers (myofiber), and older birds have lower myofiber density than younger
birds [8]. Consumers expect tenderness; therefore, measuring tenderness is an appropriate
way of measuring consumer satisfaction in eating meat products, and it is subjectively
judged to be a sense of the hardness or elasticity of tough or tender meat [9]. Texture profile
analysis (TPA) is a constructive technique that mimics the bite action of the mouth through
a popular double compression test to determine the textural properties of foods, and it
does not require a large number of investigators to assess the texture of poultry meat [10].

Humans that consume poultry meat could be directly affected by antibiotic growth
promoters (AGPs) residues in the meat, or indirectly affected by the development of
antibiotic-resistant pathogens in the meat [11]. Some researchers have investigated the
growth and meat quality of birds fed diets containing natural herbs or extracts of natural
herbs [12–16]. Coccidiosis is a parasitic disease caused by a protozoan that causes enteritis,
hemorrhagic cecal lesions, and bloody diarrhea, with significant economic losses worldwide
to the poultry industry [17].

Cinnamon spice is obtained from the inner bark of Cinnamomum verum, which is a
vigorous, evergreen, annual, and aromatic ethnomedicinal plant belonging to the Lau-
raceae family. Various herb extracts, including cinnamon plant oils and their bioactive
constituents, such as cinnamaldehyde and eugenol, are used as dietary supplements in
poultry production. These extracts have a variety of uses, including antibacterial activity
against many pathogens and acceleration of the growth of good bacteria, such as lactic
acid bacteria and bifidobacterial, in the poultry intestine [18,19]. Furthermore, cinnamon
oil has potent hypercholesterolemia, anticandidal, antioxidant, analgesic, and antiulcer
activities [20], and the health-promoting and performance-enhancing effects of dietary aro-
matic herbs and extracts have been shown in both healthy and diseased farm animals [21].
Dietary cinnamon supplementation improves the quality and shelf life of broiler meat
and maximizes meat productivity by lowering abdominal fat, increasing the dressing
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percentage and redness, and reducing drip loss and antioxidant activity of the breast meat
of stressed broilers [22]. The leaves and bark of the cinnamon herb and its metabolites
are receiving more attention as phytogenic feed additive substitutes for AGPs because
they are natural antibiotics—readily available, non-toxic, and residue-free [20]—as well as
enhancing poultry growth and improving carcass characteristics and the quality of broiler
meat, and enhancing immunity and microbiological factors. However, limited studies
are available on the use of cinnamon powder as a phytogenic alternative antibiotic and
potential nutrition enhancer in the diets of broilers facing coccidiosis challenges.

This study hypothesized that the cinnamon herb could be used to enhance growth
performance, carcass traits, meat quality, and physico-chemical properties of the breast
muscle of broiler chickens experiencing coccidiosis infestation. Various levels of cinnamon
bark plant were evaluated to validate this hypothesis. Therefore, this study aimed to test
the ability of the cinnamon powder to be used as a dietary AGP substitute for enhancing
the breast quality, carcass characteristics, and growth performance of Ross broiler chickens
challenged by Eimeria tenella.

2. Materials and Methods
2.1. Ethical Approval

The research was carried out in accordance with the Kingdom of Saudi Arabia’s ethical
standards for animal use (Ethic committee King Saud University, Ethical approval number:
KSU-SE-20-44).

2.2. Infection with Eimeria tenella

Our previous study [23] described the source of Eimeria tenella (E. tenella) oocysts,
the sporulation of unsporulated oocysts, the identification, passage, and propagation of
sporulated oocysts, and the inoculation procedure. All birds, with the exception of NC,
were administered 1 mL of double distilled water containing 4 × 104/100 µL/bird of live
sporulated oocysts of E. tenella at 21 days of age, according to previous research [24–26].
The authors choose the 7 dpi for anticoccidial indices (data published in [23]). Thus, this
study is an extension of the same broiler batch experiment in which the anticoccidial
indicators of CBP evaluation, namely the number of fecal oocysts, survival rate, bloody
diarrhea, and lesion scores, were included. As a result, this investigation does not address
the assessment of anticoccidial indicators. We found that CBP was effective on E. tenella.
Furthermore, salinomycin, commercially called (Sacox®; Huvepharma NV, Belgium), is a
standard product that protects birds from coccidiosis. For growth performance sampling,
we chose 7 and 14 dpi. Following [27], meat quality and carcass variables were measured in
all treatments on the last day of the trial, at 34 days of age (14 dpi here), in order to mimic
the carcass traits of commercial poultry at marketing weights and to identify meat quality.

2.3. Birds and Husbandry

The study was carried out in a controlled environment—a heated battery room at
the Animal Production Department’s experimental poultry research unit at King Saud
University, Riyadh, Saudi Arabia. The trial operated during spring month “March–April
2019” with average temperature varying between 20.4 ◦C and 33.4 ◦C and the average
relative humidity in Riyadh in April was 28% during the experimental period. A total
of 150, 1-day-old, mixed-sex, commercial Ross 308 broiler birds were collected from the
national commercial hatchery (Al Wadi Poultry Company “Al Khomasia,” Riyadh, Saudi
Arabia). At the hatchery, the birds were immunized against Newcastle and infectious
bronchitis diseases. The chicks were randomly divided into 30 experimental cages with
5 replicates of 6 treatments with 5 chicks per replicate. At 1 day of age, the temperature was
set at 35 ◦C and gradually decreased by 1 ◦C every 2 days until a permanent temperature
of 22 ◦C was reached. Then, it was maintained until the end of the trial. Relative humidity
ranged from 65–85%. Feed and water were supplied ad libitum, and birds were kept on a
“23 h on and 1 h off” light schedule.
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2.4. Experimental Dietary Treatments

Poultry diets were obtained from the Arabian Agricultural Services Company. The
ingredients and chemical properties of the commercial starter (1–21 days) and finisher
(22–34 days) broiler chicks’ diets were analyzed, formulated, and mixed in a mashed form,
based on Ross 308′s recommendation guidelines (Supplementary Table S1). On arrival, the
birds were randomly allocated to one of the following 6 treatments:

T1—negative control group given an unmedicated diet, these were unchallenged
coccidiosis chicks (NC); T2—positive control group given an unmedicated diet + coccidial
challenge (PC); T3—medicated diet with salinomycin sodium (66 mg salinomycin/kg diet)
+ coccidial challenge; T4–T6—2, 4, and 6 g CBP/kg diet, respectively, + coccidial challenge.
The supplemented levels of purchased CBP or salinomycin powder were mixed with the
basal broiler diet.

2.5. Preparation and Compositions: Cinnamon Bark Powder

Cinnamomum verum bark was acquired from a nearby store in Riyadh, Saudi Arabia, for
use in this study. The dried bark used was ground to a fine powder. Moreover, as described
by [23], high-performance liquid chromatography (HPLC) and gas chromatography–mass
spectrometry (GC–MS) were used to detect the biologically relevant compounds in the
CBP extract mixture. A total of 26 different active compounds with the highest quality
were detected by GC–MS in the CNB extract, particularly Cinnamaldehyde, 3-phenyl-,
hexadecanoic acid, (E)-2-propenal, methyl ester, 14-methyl-,methyl ester, pentadecanoic
acid, oxime-, methoxy-phenyl-, and 2-methyl-benzofuran, as previously accounted for
in [28].

2.6. Performance Measurements and Production Efficiency

Body weight and feed intake (FI) of birds were recorded at 1, 7, and 14 dpi per replicate
to evaluate performance. Then, for each pen, the body weight gain (BWG) and FI were
recorded. The average feed conversion efficiency (FCR) was calculated by dividing FI (g)
by BWG (g). The European production efficiency factor (PEF) was calculated as follows:

PEF = ((Live weight (kg) × Livability)/(Age in days × FCR)) × 100 (1)

2.7. Carcass Relative Weights

A total of 30 34-day-old birds (Ross 308) of each treatment (n = 5, 1 male bird per cage,
per treatment) were randomly selected for slaughter and subjected to feed withdrawal for
10 h. Before slaughtering, the birds were weighed. After bleeding, birds were defeathered
and eviscerated (about two minutes after jugular vein incision). The feathers of the birds
were plucked, and the viscera was eviscerated. The carcasses were dissected after the head,
feathers, and shanks were removed. Live weight at slaughter (SW, kg) and carcass weight
(CW, kg) were registered to calculate the yield of (CY%) (dressing percentage) = (CW/SW)
× 100). Then, the CW were dissected into commercial parts, including the offal (heart, liver,
and gizzard), neck, abdominal fat, heart, liver, proventriculus, gizzard, lymphoid organs,
breast, leg, and pancreas, and weighed. Then, the relative weights of these weights were
expressed in relation to the SW.

2.8. Meat Quality Indices

In addition to carcass parameters, the left and right parts of the breast meat (pectoralis
major) of each selected bird (one breast per cage/treatment) were used for qualitative
analyses. For the pH and color measurements, breast samples were kept at 4 ◦C; meanwhile,
for the other quality measurements, they were frozen at−20 ◦C until further measurements
were conducted for other meat quality assessments, and then thawed overnight in the fridge
at 4 ◦C before analysis. The initial and ultimate pH and color components of dissected
breast muscle were determined at 1 and 24 h.
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2.8.1. Breast Meat Physicochemical Characteristics (pH, Temperature, and Color Indicators)

The breast pH was measured after processing with a microprocessor Hanna Instru-
ments pH meter, and incisions were made in the cranial left side of the pectoral muscle. At
1 and 24 h, an average of 3 pH measurements for each sample had been taken.

A thermocouple thermometer probe from Eutech Instruments was placed deep in the
center of the muscle 1 h postmortem to monitor internal core temperature values of the
pectoral muscle.

Breast flesh color measurements, developed by Dr. Richard Hunter as the Hunter
values—lightness (L*), redness (a*), and yellowness (b*)—were set on CIELAB scales and
assessed with a Chroma meter, 1 and 24 h after the slaughter on 2 different areas of the inner
side of the cranial position of the breast muscles. Values for L*, a*, and b* were converted to
estimate the total color change (∆E), Chroma meter (saturation index), hue angle, browning
index (BI), and whiteness index (WI), as described by [29–31]. According to [32], these
measurements obtain a much more accurate assessment of how consumers perceive the
color of meat. The averages of the two readings of the color components were taken.

2.8.2. Water-Holding Capacity

The breast meat water-holding capacity (WHC) of the frozen meat samples was
measured immediately after thawing overnight at 4 ◦C using the compression method
outlined by [33].

2.8.3. Cooking Loss

The cooking loss (CL) was measured as follows [33]: CL was determined by weighing
muscle samples with a semi-analytical balance, placing them in a commercial indoor table-
top grill, cooking them until they reached an internal temperature of 75 ◦C, and reweigh-
ing them after cooking. The CL percentage = [(Initial weight − Cooked weight)/Initial
weight] × 100.

2.8.4. Drip Loss

The parts of the breasts used for the drop test were weighed separately, packed, and kept at
4± 1 ◦C for 24 h. Then, the difference in weights before (Wi) and after (Wu) storage was calculated
and expressed as a drop loss proportion [34]. Drip loss (DL) (%) = [(Wi−Wu)/Wi]× 100.

2.8.5. Myofibril Fragmentation Index

The procedures mentioned by [33] were used to evaluate myofibril fragmentation
(MFI) as an indirect measure of calpain intracellular proteases. An amount of 4 g of muscle,
minced with scissors, was homogenized in a blender for 30 s with 40 mL of cold MFI buffer
at 2 ◦C. After many washes, the suspension aliquots were diluted in MFI buffer to a final
concentration of 0.5 mg/mL and poured into a cuvette for immediate measurement of
absorbance at 540 nm using a spectrophotometer. Each sample’s MFI was calculated to be
A540 nm × 200.

2.8.6. Meat Texture Analysis

The shear force (SF) and TPA of the samples were determined using a texture analyzer
(TA.HD. Stable Micro Systems, Surrey, UK) in 2 parts per replicate (1 breast/replicate/treatment).
After the cooked samples had cooled at 22 ◦C, 5 round core meat slices (1.27 and 2.5 cm
diameter for SF and TPA, respectively) were cut from each sample, parallel to the longitu-
dinal direction of the muscle fibers, using a handheld coring tool. During the SF test, the
maximum force (kgf) was applied vertically to the fibers using a TA.HD. Texture Analyzer,
designed for a Warner-Bratzler shear blade, with a triple-slotted cutting edge. The speed of
the crosshead was set at 200 mm/min. The SF values were estimated from the maximum
point of the generated curve. A cylindrical piston (75 mm diameter) was used to compress
the TPA sample to within 80% of its original height over two test cycles in 5 s. The texture
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analyzers conditions were used to generate force–time curves of deformation. The hardness,
springiness, chewiness, and cohesion parameters were measured following [35].

2.9. Statistical Analysis

In the statistical analysis system [36], a general linear model (GLM) was used to
analyze slaughter characteristics and meat quality data. Six groups were arranged in
five replicates in a completely randomized design. Each replicate cage represented an
experimental unit. On the 34th day of age, male birds were sampled (n = 5 birds per
treatment, 1 bird from each replicate).

All data were analyzed using one-way ANOVA and expressed as a statistical mean± standard
error of the mean (SE) using the following models:

Yij = µ + Ti +
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3. Results

According to our previous research [23], clinical coccidiosis symptoms were observed
in birds after infection with oocysts of E. tenella. It was found that 6 g of CBP had moderate
anti-coccidial activity and could be used to treat poultry emeriosis in the field. Conse-
quently, CBP decreased the severity of lesions and reduced oocyst excretion per gram in
chickens’ droppings. Moreover, based on the HPLC and GC–MS results, we found that
cinnamaldehyde and other important bioactive compounds are present in the cinnamon
bark extract.

3.1. Performance Measurements and Production Efficiency

Table 1 shows that the challenge of coccidiosis had adverse effects on BWG, FCR,
and PEF of the birds at 1st and 2nd week post-infection and suffered from it over the
entire period compared with an unchallenged control group. During the second week after
infection, the BWG, FCR, and PEF of the birds were dose-dependent, increasing as the
cinnamon level decreased. Birds receiving a 2g CBP/kg diet had higher BWG, FCR, and
PEF over the entire post-infection period (0–14 dpi) than those which received 4g CBP, 6g
CBP, and PC (p < 0.05), but was similar to those receiving 66 mg salinomycin and NC. This
means that birds given 2g CBP/kg gained more and converted feed more efficiently. The
statistical models of FI and FCR did not differ significantly (p > 0.05) during the first or
second weeks or during the entire period after the Eimeria tenella oocyst challenge.

3.2. Carcass Characteristic Variables

The effects of the CBP on carcass variables at 34 d of age (14 days post-inoculation)
are shown in Table 2. Except for liver, leg, fat, and lymphoid organs (bursa, thymus, and
spleen) values, there were significant differences in slaughter variables between treatments.
The live weight, CW, and the carcass yield of slaughtered birds were statistically different
(p < 0.05); this result indicates that the adverse effects of Eimeria tenella infection in birds
were clearly observed in the PC group and were compensated for in the salinomycin and
cinnamon groups. Thus, the heart, proventriculus, gizzard, breast, and pancreas % CW
values did differ (p < 0.05) between treatments. Birds receiving cinnamon at levels of 4 g
with their basal diet had higher percentage heart, proventriculus, gizzard, and pancreas
weights, respectively, compared with those in other dietary groups. The lowest abdominal
fat yield exhibited an insignificant decrease (p < 0.05) with increased CBP compared with
the NC group.
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Table 1. Live body weight (BW), average live body gain (BWG), average feed intake (FI), feed
conversion ratio (FCR), and production efficiency factor (PEF) of broiler chickens given experimental
diets (cinnamon), post coccidial challenge period (0–14 dpi).

Cinnamon (g/kg)

Treatment 1 NC PC Salinomycin 2 4 6 p-Value

1 to 7 dpi
BW (kg) 1.273 ± 0.01 2a 1.122 ± 0.01 c 1.238 ± 0.03 ab 1.178 ± 0.03 abc 1.161 ± 0.02 bc 1.228 ± 0.02 abc 0.043
BWG (g) 82.91 ± 1.77 a 56.45 ± 1.86 b 57.75 ± 0.78 b 54.28 ± 1.38 b 61.03 ± 1.96 b 64.45 ± 1.96 b 0.001

FI (g) 117.2 ± 2.00 99.6 ± 2.06 104.4 ± 1.82 99.5 ± 1.88 111.2 ± 8.28 102.3 ± 5.52 0.131
FCR (g:g) 1.41 ± 0.02 b 1.77 ± 0.06 a 1.81 ± 0.04 a 1.84 ± 0.05 a 1.83 ± 0.04 a 1.59 ± 0.05 ab 0.055

PEF 336.2 ± 11.4 a 230.6 ± 12.2b 254.2 ± 7.1 b 239.3 ± 11.0 b 237.2 ± 15.4 b 289.5 ± 14.2 ab 0.008
8 to 14 dpi
BW (kg) 1.870 ± 0.03 1.649 ± 0.02 1.850 ± 0.03 1.858 ± 0.01 1.752 ± 0.02 1.737 ± 0.03 0.067
BWG (g) 85.23 ± 3.34b 75.58 ± 2.68 c 87.25 ± 2.26 b 97.08 ± 0.81 a 84.36 ± 4.11 b 72.76 ± 3.08c 0.007

FI (g) 134.6 ± 2.78 130.2 ± 2.27 130.7 ± 3.85 126.6 ± 1.75 133.7 ± 2.01 125.3 ± 1.91 0.095
FCR (g:g) 1.58 ± 0.05 ab 1.73 ± 0.05 a 1.51 ± 0.04 ab 1.31 ± 0.02 b 1.60 ± 0.06 ab 1.73 ± 0.06 a 0.043

PEF 438.8 ± 14.0 ab 354.2 ± 12.6 b 456.8 ± 16.5 ab 537.1 ± 13.3 a 411.4 ± 17.7 b 375.6 ± 15.5 b 0.038
1 to 14 dpi
BWG (g) 84.07 ± 1.81 a 66.02 ± 1.89 d 72.50 ± 0.86 bc 75.68 ± 0.86 b 72.70 ± 1.62 bc 68.60 ± 1.50 cd <0.001

FI (g) 125.88 ± 2.16 114.9 ± 1.88 117.52 ± 2.20 113.07 ± 1.13 122.43 ± 0.70 113.78 ± 1.46 0.148
FCR (g:g) 1.50 ± 0.02 c 1.74 ± 0.05 a 1.62 ± 0.03 b 1.50 ± 0.02 c 1.69 ± 0.03 ab 1.66 ± 0.04 ab 0.001

PEF 387.5 ± 9.1 a 292.4 ± 12.1 c 355.5 ± 8.0 ab 388.2 ± 8.5 a 324.3 ± 16.0 bc 332.6 ± 12.1 b <0.001

1 Treatments: NC—negative control, unsupplemented, unchallenged; PC—positive control, unsupplemented,
challenged; Salinomycin—basal diet supplemented with coccidiostat salinomycin, challenged; Cinnamon—groups
whose basal diet was supplemented with 2, 4, and 6 g cinnamon powder/kg diet, respectively, challenged. a–d

Different letters indicate statistically significant differences (p < 0.05). 2 Values are presented in means ± standard
error (SE) (n = 5).

Table 2. Carcass variables of broiler chickens supplemented with cinnamon powder, 14 days post-infection.

Cinnamon (g/kg)
Probability

Treatment 1 NC PC Salinomycin 2 4 6

Live wt (kg) 1.779 ± 32.3 2a 1.505 ± 37.4 c 1.736 ± 24.2 a 1.872 ± 41.7 a 1.810 ± 29.5 a 1.791 ± 32.0 a <0.0001
Carcass wt (kg) 1.194 ± 19.6 a 0.974 ± 24.9 b 1.179 ± 18.9 a 1.245 ± 28.0 a 1.222 ± 24.7 a 1.204 ± 27.6 a <0.0001

CY% 3 67.14 ± 0.33 a 64.72 ± 0.15 b 67.88 ± 0.39 a 66.53 ± 0.73 a 67.78 ± 0.63 a 67.19 ± 0.42 a 0.003
Heart 0.44 ± 0.01 b 0.45 ± 0.01 b 0.46 ± 0.01 b 0.54 ± 0.01 a 0.54 ± 0.02 a 0.46 ± 0.002 b <0.0001
Liver 1.82 ± 0.08 1.95 ± 0.06 2.00 ± 0.08 1.84 ± 0.02 1.75 ± 0.12 1.96 ± 0.01 0.133

Proventriculus 0.37 ± 0.02 bc 0.39 ± 0.02 bc 0.34 ± 0.04c 0.41 ± 0.03 bc 0.53 ± 0.03 a 0.44 ± 0.03 b 0.003
Gizzard 1.96 ± 0.08 c 2.35 ± 0.09 b 2.00 ± 0.15c 2.55 ± 0.11 ab 2.69 ± 0.04 a 2.63 ± 0.08 ab <0.0001

Bursa 0.19 ± 0.03 0.22 ± 0.03 0.15 ± 0.03 0.21 ± 0.01 0.25 ± 0.01 0.21 ± 0.01 0.115
Spleen 0.09 ± 0.002 0.10 ± 0.001 0.11 ± 0.01 0.07 ± 0.002 0.10 ± 0.01 0.09 ± 0.01 0.267

Thymus 0.27 ± 0.02 0.32 ± 0.02 0.33 ± 0.02 0.35 ± 0.05 0.40 ± 0.06 0.43 ± 0.03 0.094
Breast 26.87 ± 0.53 ab 25.64 ± 0.14 b 27.71 ± 0.60 ab 26.14 ± 0.19 b 26.77 ± 0.44 ab 28.69 ± 0.74 a 0.051

Leg 19.14 ± 0.48 20.17 ± 0.35 19.40 ± 0. 0.36 20.21 ± 0.53 19.92 ± 0.22 19.53 ± 0.21 0.275
Fat 0.80 ± 0.14 0.60 ± 0.08 0.85 ± 0.17 0.78 ± 0.03 0.57 ± 0.16 0.55 ± 0.08 0.274

Pancreas 0.307 ± 0.03 c 0.389 ± 0.02 b 0.418 ± 0.03 ab 0.417 ± 0.02 ab 0.474 ± 0.03 a 0.403 ± 0.02 ab 0.006

1 Treatments: NC—negative control, unsupplemented, unchallenged; PC—positive control, unsupplemented,
challenged; Salinomycin—basal diet supplemented with coccidiostat salinomycin, challenged; Cinnamon—groups
whose basal diet supplemented with 2, 4, and 6 g of cinnamon powder/kg of diet, respectively, challenged. 2 The
data is presented as means with standard errors (n = 5). a–c Means in the rows with different superscripts differ
significantly (p < 0.05), 3 Dressing percentage or carcass yield (CY%) = (carcass weight/Live weight) * 100.

3.3. Breast Meat Physicochemical Characteristics

Tables 3 and 4 display the influence of CBP on the physicochemical characteristics of
broiler breast samples at 1 and 24 h postmortem, respectively. The core temperature, initial
and ultimate lightness, total color change, and WI of samples were different (p < 0.05). Oth-
erwise, the initial and ultimate values for pH, redness, yellowness, total color change (Delta
E: ∆E), hue angle, BI, and saturation index (Chroma) did not differ among experimental
groups (p > 0.05). The core temperature values of breast muscle were significantly different
(p < 0.05), with the broilers from the 2 g of CBP/kg treatment having the highest (26.55 ◦C)
temperature values and the broilers fed the control diet and exposed to challenge with
coccidia (PC) having the lowest values (24.89 ◦C). Although initial and ultimate pH values
did not differ significantly (p > 0.05) between cinnamon-treated groups, pH decreased 24 h
postmortem with increasing CBP content. Birds receiving 4 g of CBP and NC had higher
initial color lightness than those receiving 66 mg of salinomycin and NC (p = 0.038) but
were similar to those receiving 2 g of CBP, 6 g of CBP, and in the PC group. Birds that
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received 66 mg of salinomycin had lower final color lightness than those in the NC group
and 6 g of CBP (p < 0.01) but were similar to those receiving 2 g of CBP, 4 g of CBP, and in
the PC group.

Table 3. Core temperature, pH, and color of the pectoralis major at 34 d of age in broilers fed diets
containing varying amounts of cinnamon bark powder (CBP) were measured 1 h postmortem.

Cinnamon (g/kg)
Probability

Treatment 1 NC PC Salinomycin 2 4 6

Core
Temperature 25.5 ± 0.15 2cd 24.89 ± 0.23 d 25.78 ± 0.23 bc 26.55 ± 0.10 a 25.6 ± 0.19 c 26.41 ± 0.05 ab <0.0001

Initial pH 6.08 ± 0.07 6.16 ± 0.08 6.23 ± 0.02 6.25 ± 0.10 6.16 ± 0.09 6.36 ± 0.04 0.104
L1 42.12 ± 0.94 b 45.29 ± 0.74 a 42.12 ± 0.29 b 44.10 ± 0.59 ab 45.35 ± 0.60 a 44.48 ± 0.47 ab 0.002
a1 6.59 ± 1.04 5.43 ± 0.81 5.38 ± 0.52 5.88 ± 0.57 6.48 ± 0.38 6.25 ± 0.45 0.695
b1 7.7 ± 0.34 7.36 ± 0.27 5.96 ± 0.39 6.32 ± 0.25 7.5 ± 0.87 6.91 ± 0.48 0.104
∆E 52.71 ± 1.05 a 49.4 ± 0.73 b 52.44 ± 0.31 a 50.55 ± 0.61 ab 49.49 ± 0.54 b 50.25 ± 0.50 ab 0.004

Hue angle (◦) 50.86 ± 4.54 54.39 ± 4.25 48.31 ± 1.31 47.62 ± 2.00 48.28 ± 2.60 47.86 ± 2.04 0.589
Saturation index 10.28 ± 0.75 9.27 ± 0.52 8.03 ± 0.62 8.65 ± 0.55 9.95 ± 0.86 9.34 ± 0.58 0.205
Browning index 31.5 ± 2.91 26.11 ± 1.29 24.26 ± 1.96 24.88 ± 1.65 28.11 ± 2.56 26.88 ± 1.98 0.223
Whiteness index 41.20 ± 1.04 b 44.49 ± 0.71 a 41.55 ± 0.32 b 43.43 ± 0.61 ab 44.41 ± 0.50 a 43.69 ± 0.52 ab 0.004

1 Treatments: NC—negative control, unsupplemented, unchallenged; PC—positive control, unsupplemented,
challenged; Salinomycin—basal diet supplemented with coccidiostat salinomycin, challenged; Cinnamon—groups
whose basal diet supplemented with 2, 4, and 6 g cinnamon powder/kg diet, respectively, challenged. 2 Each mean
is based on measurements from 5 birds per treatment. a–d Means in the same rows with different superscripts
differ significantly at p < 0.05; L1, a1, and b1—initial lightness, redness, and yellowness, respectively; ∆E—total
color change.

Table 4. pH, and color of the pectoralis major at 34 d of age in broilers fed diets containing varying
amounts of cinnamon bark powder (CBP) were measured 24 h postmortem.

Cinnamon (g/kg)
Probability

Treatment 1 NC PC Salinomycin 2 4 6

Ultimate pH 5.78 ± 0.02 2 5.79 ± 0.02 5.76 ± 0.02 5.83 ± 0.04 5.77 ± 0.02 5.71 ± 0.03 0.090
pH decline 0.31 ± 0.08 0.37 ± 0.08 0.46 ± 0.03 0.42 ± 0.07 0.39 ± 0.05 0.65 ± 0.06 0.067

L2 49.91 ± 0.26 a 44.29 ± 1.01 bc 43.18 ± 0.77 c 45.46 ± 0.32 bc 46.26 ± 0.88 bc 47.47 ± 1.31 ab 0.0001
a2 7.25 ± 0.89 7.94 ± 0.53 7.55 ± 0.87 7.61 ± 0.53 8.03 ± 0.16 8.54 ± 1.14 0.873
b2 10.48 ± 0.70 bc 10.79 ± 0.85 bc 9.95 ± 0.51 c 13.22 ± 0.80 a 11.97 ± 0.63 abc 12.17 ± 0.48 ab 0.021
∆E 45.48 ± 0.30 c 51.09 ± 1.10 ab 52.01 ± 0.85 a 50.28 ± 0.36 ab 49.33 ± 0.90 ab 48.38 ± 1.11 bc 0.004

Hue angle (◦) 55.68 ± 2.73 53.49 ± 0.73 53.44 ± 2.36 60.12 ± 0.92 55.94 ± 1.00 55.4 ± 4.34 0.589
Saturation index 12.81 ± 0.95 13.4 ± 0.99 12.54 ± 0.87 15.26 ± 0.93 14.42 ± 0.61 15.09 ± 0.41 0.205
Browning index 33.82 ± 2.60 41.13 ± 3.96 38.71 ± 3.16 46.25 ± 3.13 42.44 ± 2.52 42.52 ± 1.10 0.223
Whiteness index 48.25 ± 0.29 a 42.66 ± 1.12 b 41.79 ± 0.84 b 43.33 ± 0.38 b 44.34 ± 0.92 b 45.31 ± 1.17 ab 0.004

Ultimate pH and color values of the breast muscle were measured. 1 Treatments: NC—negative control, un
challenged, not supplemented; PC—positive control, challenged, not supplemented; Salinomycin—challenged,
basic diet supplemented with salinomycin; Cinnamon—groups whose basal diet supplemented with 2, 4, and 6 g
CBP/kg diet, respectively, challenged. 2 Each mean is calculated using data from 5 birds per group with standard
errors. abc Means differ significantly in the same rows with different superscripts at p < 0.05; abbreviations: L2, a2,
and b2, final lightness; redness; and yellowness, respectively; ∆E—total color change.

The birds that received 66 mg of salinomycin had lower final color lightness than those
in the NC group and fed 6 g of CBP (p < 0.01) but were similar to those receiving 2 g of CBP,
4 g of CBP, and in the PC group. Generally, the pH and color measurements of the samples
were similar across all treatment groups tested, with the exception of the lightness and WI.

The higher initial lightness results in the control challenged group (PC) resulted in a
lower color change and a higher WI compared with the control unchallenged group (NC),
and vice versa at the ultimate lightness estimate. These findings may be attributed to the
PC group having a higher pH decline than the NC group, indicating that the emeriosis
challenge might alter the appearance of the lightness of breast samples. The birds that
received cinnamon had lower final yellowness than those in the controls and salinomycin
group (p < 0.021).

3.4. Water-Holding Capacity, Dripping Loss, Cooking Loss, Myofibril Fragmentation Index, and
Shear Force

The broiler breast quality, WHC, DL, CL, MFI, and SF, of the samples at 34 d of age
(14 days post-inoculation) are presented in Table 5. The CL, MFI, and SF values of the meat
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samples differed (p < 0.05) between groups, while the WHC and DL values did not differ
(p > 0.05). The most favorable numerical values (p > 0.05) for WHC were obtained for the
broilers fed 2 g of CBP/kg. Broilers fed 4 g of CBP/kg had the highest and worst CL value
(36.64%; p < 0.05). In contrast, those fed 2 g of CBP/kg, the NC group, and the PC group had
the lowest and the most convenient CL value (26.64%, 23.36%, and 22.46%, respectively)
but were similar to those receiving 66 mg of salinomycin/kg and 6 g of CBP/kg (35.75%
and 32.97%, respectively). The CL results demonstrate that breasts from chickens that
received the anticoccidial (salinomycin) and 4 and 6 g of CBP shrank more when cooked
than those given 2 g of CBP/kg and the control treatments (p < 0.001).

Table 5. Water-holding capacity (WHC), dripping loss (DL), cooking loss (CL), myofibril fragmenta-
tion index (MFI), and shear force (SF) in broilers fed diets containing varying amounts of cinnamon
bark powder (CBP).

Cinnamon (g/kg)
p-ValueParameter

Treatment 1 NC PC Salinomycin 2 4 6

WHC 31.85 ± 1.23 2 32.33 ± 0.70 30.38 ± 0.48 28.8 ± 1.10 31.92 ± 0.65 27.90 ± 0.82 0.0715
DL 1.55 ± 0.06 0.99 ± 0.07 1.01 ± 0.05 1.31 ± 0.10 1.45 ± 0.07 1.25 ± 0.09 0.1026
CL 23.35 ± 0.86 b 22.45 ± 0.95 b 35.75 ± 1.18 a 26.65 ± 1.19 b 36.63 ± 0.85 a 32.98 ± 1.06 a <0.0001

MFI 112.85 ± 5.51 a 104.80 ± 6.30 a 123.33 ± 6.12 a 64.88 ± 3.28 b 73.38 ± 5.59 b 67.35 ± 4.78 b <0.0001
SF (kgf) 1.33 ± 0.05 b 1.40 ± 0.05 b 1.47 ± 0.06 b 1.69 ± 0.04 ab 2.10 ± 0.09 a 1.96 ± 0.08 a 0.0002

1 Treatments: NC—negative control, unsupplemented, unchallenged; PC—positive control, unsupplemented,
challenged; Salinomycin—basal diet supplemented with coccidiostat salinomycin, challenged); Cinnamon—
groups whose basal diet supplemented with 2, 4, and 6 g of cinnamon powder/kg of diet, respectively, challenged.
2 The data is presented as means of 5 birds per treatment with standard errors of each mean (n = 5). abc Means in
the same rows with different superscripts differ significantly at p < 0.05.

The broilers fed CBP had the lowest MFI value (p < 0.05), with 2 g of CBP/kg being the
most convenient compared with the PC, NC, and salinomycin groups. The CBP treatments
had higher SF values (p < 0.05) than the salinomycin and control groups, indicating tough
meat. However, the 2 g of CBP/kg group had the lowest SF (1.69 kgf) among the cinnamon
groups, indicating that it was the CBP group with the most tenderness.

3.5. Texture Analysis

TPA quality of breast samples from broilers fed with CBP inoculation and exposed
to E. tenella challenge is revealed in Table 6. There were significant differences between
the experimental groups in the values for hardness, springiness, and chewiness (p < 0.05).
However, there was a tendency for the cohesiveness value to differ (p = 0.04) among
treatments. TPA values were found to be higher (p < 0.05) in the breast meat of the broiler
chickens receiving 66 mg salinomycin/kg. Higher hardness values (p < 0.05) of 2 g CBP/kg
compared with 4 g and 6 g of CBP/kg groups indicated that hardness improved in broilers
fed diets containing 2 g CBP/kg. Springiness and chewiness did not differ significantly
among groups with different levels of CBP (p > 0.05). Springiness values were lower in
CBP groups compared with controls and salinomycin groups (p < 0.0001).
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Table 6. Texture profile in broilers fed diets containing varying amounts of cinnamon bark powder (CBP).

Cinnamon (g/kg)
p-Value

Treatments 1 NC PC Salinomycin 2 4 6

Hardness (kg) 0.51 ± 0.02 2b 0.62 ± 0.03 b 0.94 ± 0.02 a 0.73 ± 0.02 ab 0.67 ± 0.02 b 0.67 ± 0.02 b <0.0001
Springiness (mm) 0.91 ± 0.01 a 0.88 ± 0.02 a 0.90 ± 0.01 a 0.74 ± 0.01 b 0.75 ± 0.01 b 0.79 ± 0.02 b <0.0001

Cohesiveness
(dimensionless) 0.43 ± 0.01 ab 0.44 ± 0.01 ab 0.45 ± 0.01 a 0.40 ± 0.01 b 0.41 ± 0.01 ab 0.41 ± 0.01 b <0.0001

Chewiness (g mm) 2.07 ± 0.05 b 2.46 ± 0.05 b 3.67 ± 0.03 a 2.10 ± 0.07 b 2.11 ± 0.07 b 2.06 ± 0.06 b <0.0001
1 Treatments: NC—negative control, unsupplemented, unchallenged; PC—positive control, unsupplemented,
challenged; Salinomycin—basal diet supplemented with coccidiostat salinomycin, challenged); Cinnamon—groups
whose basal diet supplemented with 2, 4, and 6 g of cinnamon powder/kg of diet, respectively, challenged).
2 Each mean is based on measurements of 5 birds per treatment with standard errors of each mean (mean ± SE)
(n = 5) at the end of the trial. a and b Means in the same row with different superscripts differ significantly at
p < 0.05.

In this trial, texture profiles differed significantly between treatments, with the CBP
groups having lower texture scores compared with the salinomycin treatment, but not
from the control groups. However, the CBP groups had lower springiness than the control
groups. The NC and 6 g CBP/kg treatments exhibited the lowest values for hardness (0.51)
and for chewiness (2.06), while the salinomycin treatment demonstrated the highest values
for hardness (0.94) and for chewiness (3.07).

4. Discussion

This study assessed the success of different levels of cinnamon as a natural herb com-
pared with the standard synthetic anticoccidial product (salinomycin) in broilers exposed
to experimentally induced challenge of coccidiosis. Few or no studies have reported the
effect on the performance, carcass traits, and breast quality of broilers supplemented with
CBP under coccidial challenge. The null hypothesis states that the effects of CBP on growth
performance, carcass traits, and meat quality of broiler breasts are the same as the effects of
the control groups (non-CBP), which is based on the p-value is calculated using a probability
level of α = 0.05. The alternative hypothesis is that CBP inhibits the weight loss in the breast
and carcass caused by E. tenella, which is consistent with the results of [23] who found that
CBP extract inhibits the weight loss caused by Eimeria infection.

Several studies have evaluated cinnamon powder supplementation at different levels
(g/kg) in feed: 2 [37], 10 and 20 [38], 10, 30, and 50 [39], and 30, 50, and 70 [40]. The
above studies have had significant effects of the levels of cinnamon powder evaluated in
broiler chickens, such as BW, FI, and FCR. The authors in [41] reported that cinnamon at
different levels (2.5, 5.0, or 7.5 g) did not show any positive impact on the performance or
performance index, as opposed to the results of the current study.

As expected, the results of this study showed that BW, weight gain, and feed efficiency
were most adversely affected by the positive control (coccidiosis-exposed group, not treated
with any natural or synthetic drug). The effect of salinomycin sodium was similar to that of
the cinnamon groups as a natural herb in the 1st week after the challenge. Luckily, cinnamon
outcomes, particularly cinnamon at level 2 g per kilogram of diet, have been the best during
the 2nd week and entire period after challenge since BWG, FCR, and PEF were improved
compared with infected groups. The exploration of alternatives to synthetic antibacterial
and anti-coccidial drugs is an interesting field of research for poultry scientists [42]. The
performance of birds was recovered closer to the negative control and drug-treated groups
at the 2nd week following a coccidiosis challenge, which is encouraging; fortunately, the
effect was exceeded in the 2g CBP group and was equal in other CBP groups to salinomycin
as the synthetic drug. The positive effects of the anticoccidial cinnamon herb have been
linked to the presence of active compounds present in plants that reduce the parasitic
oocyst, modulate intestinal microflora, improve immunity and antioxidant status, and
reduce intestinal inflammation [13,43–45]. Herbal anticoccidial agents maintain the growth
of the broilers by reducing the destructive effects of coccidiosis [46]. The harmful effect
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of coccidiosis is clear in the infected group (PC), which has been improved in cinnamon
powder-treated birds. Confirming our document, prior literature have also reported
improved performance in response to anticoccidials and the ability of natural products to
decrease the induced weight loss due to infection of birds [24,42,47]. Cinnamon bark oil
up to 0.05% has a better preservative impact on the quality of lamb meat during storage
it is supplemented at levels 0.01, 0.25, 0.5, and 5 g in the diet [48]. Cinnamon and/or
citral supplementation in feed improved growth performance of chicken vaccinated or
not vaccinated against coccidiosis to the level comparable with bacitracin and alter cecal
microbiota composition [13]. The addition of cinnamon powder up to 5% appears to have
no noticeable impact on growth and carcass characteristics except for the spleen and heart
weight percentage [39]. However, they have discovered that it can be used to enhance
cellular immune responses in broiler chicks.

Conventional coccidiostats have been associated with undesirable residues in meat in
some areas since the late 1990s [49]. However, there is no credible scientific proof to boost
the allegation that residues exist or have caused issues for consumers. There is no proof of
residual effects from salinomycin or other coccidiostats, with the exception of diclazuril [50].
According to [50], any coccidiostat residue in poultry meat poses a low direct hazard to
human health (<1%). Moreover, none of the natural ingredients have already been studied
to determine whether they also produce residues. Furthermore, the impacts of CBP on
meat quality, carcass characteristics, and marketing growth of broilers infected with E.
tenella oocysts were studied at different doses and with different results. As a follow-up to
a previously published study on the effects of CBP as a coccidiosis prevention product, the
effects of CBP on meat quality, growth performance, and carcass characteristics of broiler
chickens infected with E. tenella were investigated here. Thus, this study examined the
efficacy of different quantities of CBP as a natural herb compared with the current synthetic
anticoccidial product (salinomycin) in birds exposed to an experimentally induced coccidial
challenge. Previously, there was limited research on the effects of CBP on the carcass traits
and breast quality of birds facing a coccidial challenge.

The bird became infected with E. tenella after ingesting sporulated oocysts which
penetrated and damaged the intestinal epithelium of the caecum due to endogenous and
exogenous multiplication of the E. tenella stage, whereupon the developed oocysts were
excreted in the feces [51]. In order to reduce the cost of eliminating the damage caused by
E. tenella in poultry farms, the authors are actively developing various prevention methods
for monitoring E. tenella [24,52]. The effects of E. tenella infection range from localized
intestinal tissue degeneration to death in the most severe instances [53]. To minimize
detrimental impacts on high-quality broiler meat production, new agents with cheap costs
and minimum adverse effects against E. tenella are needed.

Here, the positive impact of cinnamon additives, particularly at level 4 g, was obvious
on most carcass traits such as the CW, carcass yield, as well as breast, heart, proventriculus,
gizzard, and pancreas percentage relative to CW, increased as compared with the PC.
This result may be attributed to that cinnamon can improve the digestive system due
to the presence of cinnamon’s active components, such as cinnamaldehyde, which can
stimulate appetite and digestion [54]. Therefore, birds who received a cinnamon diet,
particularly at level 6 g, had a higher breast weight than those in the PC and similar to
those received a diet supplemented with salinomycin. Our data showed that experimental
treatments did not influence some of the carcass characteristics of meat, such as the relative
weights of liver, leg, and fat. These findings are in agreement with [55], who found
that the carcass characteristics did not change with the addition of various cinnamon oil
levels and sodium butyrate except that the cholesterol level of the muscles was lowered
in broilers. In part, this agrees with [56], who found that including CBP in broiler meal
had no substantial effect (p > 0.05) on heart, breast, gizzard, cholesterol, abdominal fat, or
triglycerides. However, [57] found that broilers fed CBP had a higher dressing percentage
(p < 0.05). The findings of [58] corroborated our findings that dietary treatment with CBP
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had no significant effect on lymphoid organ relative weights (p > 0.05). Immune organ
weight was significantly higher in the 5.0% CBP group, according to [40].

As expected, the results of this study showed that slaughter weight, carcass weight,
and then dressing or carcass yield were adversely affected by the positive control com-
pared with medicated or NC groups. Our findings support those of [59,60], who were
orally challenged with Eimeria-populated oocysts harmed performance indices and carcass
yield. Where [59] observed Rumex nervosus leaves can mitigate E. tenella suffering and
improve dressing percentage. In addition, [60] observed that the dressing percentage
was significantly higher in the group receiving a mixture of all 3 herbs (Aloe barbadensis,
Ferulafoetida regal, and Tamarindus indica) at 2 mL/L mixed with citric acid and lowest
in the control group (without medicinal herbs supplementation and challenged with
Eimeria-populated oocysts).

Instead of glucose under aerobic conditions, muscle glycogen is the primary metabolic
fuel for anaerobic glycolysis after slaughter. When anaerobic glycolysis occurs, pyruvate
is reduced to lactate. The accumulation of lactate causes a decrease in pH whenever
the muscle is converted to meat [61]. When the pH reaches acidic conditions, glycolytic
enzymes are probably inactivated. Thus, [62] mention that pH is one of the most important
alterations that occur during rigor mortis and that it has a direct influence on the quality
characteristics of the meat, such as juiciness, texture (tenderness), WHC, color, and shelf life.
The meat of birds with a high pH has a higher WHC than meat with a lower pH. The pH
of meat is easily determined by its color. The pH of meat is high when it is very dark and
low when it is very light. The lower pH in bird meat groups with herbs may be responsible
for inhibiting the integration of the deterioration of the growth of microorganisms [63].
The meat quality (PSE, DFD) of birds can be measured quickly and precisely to determine
the pHi value of meat samples. The threshold pH value categories of the breast meat of
broilers are 5.8 (reddish, soft, and exudative), 5.9–6.2 (standard meat quality), and 6.3 (pale,
firm, and non-exudative or dark, firm, and dry) [64]. A duration of 15 min postmortem, the
pH parameters were a good predictor of meat traits [65] and ranged from 5.78 to 6.59 [66].
The authors of [61] reviewed the literature and found that the highest quality commercial
poultry meat products are more likely to fall within the pH range of 5.7–6.0. In this study,
the initial pH ranged from 6.08 to 6.36, and the ultimate pH ranged from 5.71 to 5.83. There
was acceptable color and increased wateriness (reddish, soft, and exudative) as well as pale
color and good juice retention (pale, firm, and non-exudative). Although there were no
significant differences between the experimental groups, the pH of chicken breast meat
in the present study decreased mathematically with a rise in CBP doses. The variation in
the pH could be attributed to the high antioxidant of cinnamon and its other hydroxyl
derivatives attributed to the action of hydroxyl radicals (•OH) present in the phenyl ring of
phenolic compounds acting as hydrogen donors [67]. Therefore, increasing CBP nutritional
levels in diets increase the donation of hydroxyl groups, effectively reducing the pH value
noticed in broiler breast muscle.

Meat color is influenced by many influences, such as pre-slaughter factors, stunning
methods, cooling regimes, moisture content, heme pigments, protein physical status, strain,
stress, and sex [4,5]. In [68], it was pointed out that raising the L* value was desirable in
terms of consumer acceptance. Here, the 4 g of CBP/kg group had a higher initial L* value
and then a higher WI and lower color change, while the ultimate L* value and WI were
increased with increasing doses of CBP. Metmyoglobin cumulating on the exterior part of
the storage meat contributes to the discoloration of the meat [69], which eliminates the a*
value discrepancies. The formation of metmyoglobin and an elevation of lipid oxidation
are the key components responsible for distinctions in the b* value [70]. Differences in
initial and ultimate of L* values, total color change (∆E), and WI were found by [31] when
testing CBP. Few researchers have described ∆E and BI parameters, which could assist in
elucidating the L*, a*, and b* behavior in bird breast meat, as impacted by CBP intake in
the feed. These findings revealed that partial alterations in color variables could be due
to the effects of experimental groups on the ∆E and WI. However, other authors, such as
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those of [55], did not discover any effect of CBP supplemented diets on broiler meat color
measurements. Thus, decreasing water retention tends to lead to less reflective surface light
that reduces L* values [71], and is associated with a decrease in the nutritional value of the
meat due to the loss of some nutrients, and as a result, the breast meat becomes less tender.
The experimental treatment had no effect on both WHC and DL (p > 0.05). WHC is a phrase
used to refer to a muscle’s ability to bind water under a particular set of circumstances.
Commonly, the increase in muscle fat content results in higher WHC and a reduction in the
percentage CL [72]. After death, oxygen deprivation causes lactic acid production, leading
to a decline in pH, which causes protein denaturation, loss of protein solubility, and an
overall reduction in the number of reactive groups available for water binding on muscle
protein [62]. CL is a measurement of how much water is lost during cooking because of
shrinkage. The degree of shrinkage that occurs during cooking is proportional to the loss
of juiciness on the palate. CL was considerably lower in the study when birds were fed
a diet containing 2 g of CBP/kg. In contrast, [73] did not observe any influence of 0.5 or
1 mL of cinnamon oil in broiler diets on CL.

The CBP treatment affected the MFI of the breast muscle. Myofibril fragmentation
refers to the degree to which homogenization causes myofibrils to be destroyed. The
authors of [74] have shown that the values of MFI are strongly correlated with other muscle
measurements, such as tenderness and SF. Therefore, cinnamon supplementation could
cause less fragmentation of myofibrils. On another hand, the SF in the breast muscle of
birds ranged from 5.5 to 5.8 kgf/g [75] and between 2.71 and 3.31 kgf/g [76]. Therefore, the
CBP groups in this trial had no effect on meat tenderness as the SF values were between 1.69
and 2.10 kgf/g, and they were almost 67% and 37% lower than the values reported by [75],
respectively. However, the CBP treatments had higher SF values than the controls, and
they were similar to the salinomycin group. These findings are in contrast with [55], who
found that different levels of diets supplemented with cinnamon oil and sodium butyrate
did not influence the meat SF value (kg force/cm2) of the broilers.

In comparison with the salinomycin group, the CBP groups had lower levels of texture
profiles. Additionally, the CBP groups had lower springiness than the control groups.
Meat texture was evaluated using TPA and SF as having a myofibril structure. Recent
investigations have been performed on the quality of meat or carcass characters of birds
fed diets containing either powder or plant extracts [27,30,77–80]. However, little or no
research has been conducted on the effect of CBP on TPA. The authors in [81] found that
springiness and cohesiveness decreased as more cinnamon extract was added to sourdough
bread. However, hardness, chewiness, and gumminess were reversed. It was thought that
adding the cinnamon extract to a bread recipe would be beneficial. In our experiment, the
hardness, springiness, cohesiveness, and chewiness decreased in CBP treatments compared
with the salinomycin treatment, but there was no difference between the control groups.

Despite the fact that the supplemented CBP resulted in conflicting patterns in terms of
SF and TPA, the treatment without CBP (NC) produced the best SF and hardness values.
This was also the case for cohesiveness and springiness. The addition of CBP to broiler
diets resulted in an increase in meat toughness in general. As a result, adding natural
antioxidant compounds to meat can improve its quality, and cinnamon has the highest
antioxidant capacity due to its high phenolic content [20,82]. Natural antioxidants, on the
other hand, have been found to have little or no effect on the sensory characteristics of meat
by some researchers. Supplementation with cinnamon oil, for example, had no effect on
the quality of chicken meat, according to [55].

5. Conclusions

In summary, Eimeria tenella infection has a negative impact on growth performance,
slaughter weight, carcass yield, and most carcass characteristics of broiler chicken; on the
other hand, the use of cinnamon as alternatives to anticoccidials and ionophore coccid-
iostats, can mitigate these effects. Moreover, the addition of cinnamon was able to improve
some physicochemical properties without affecting the meat’s quality. However, in the
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breasts of birds given cinnamon, MFI decreased and toughness increased, when compared
with the other experimental groups. Although this is a consistent experimental paradigm
that is highly applicable to commercial conditions, more research into the use of cinnamon
to improve the meat quality and productivity of broiler chickens in both healthy and sick
conditions is needed.
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Simple Summary: Knowledge about the modes of action of immunomodulating compounds such as
pathogens, drugs, or feed additives, e.g., probiotics, will allow the development of targeted nutrition
strategies, prevent infectious diseases and the usage of antimicrobials, and promote the health of
animals. To investigate the mechanisms of action of immunomodulating compounds, controlled
in vitro systems using freshly isolated immune cells from blood represent a promising alternative
to animal experiments. Immune cell isolation from the blood of chickens is a complex and difficult
process since the immune cell fractions are significantly contaminated with red blood cells and
platelets. To our knowledge, a robust protocol for immune cell isolation from chicken blood and
the subsequent cultivation of immune cells is not available. Here, we established a protocol for
blood sampling and immune cell isolation and cultivation from chicken blood, which could be
applied for the investigation of direct effects of immunomodulating compounds. This protocol,
combining different techniques of immune cell isolation, cultivation, and differentiation of distinct
immune cell populations, will serve as a potential alternative to animal testing in vivo. By gaining
knowledge about the mechanisms of action of immunomodulating compounds, this in vitro model
will contribute to promote health and welfare in chicken farming.

Abstract: Knowledge about the modes of action of immunomodulating compounds such as pathogens,
drugs, or feed additives, e.g., probiotics, gained through controlled but animal-related in vitro sys-
tems using primary cultured peripheral blood mononuclear cells (PBMCs) will allow the development
of targeted nutrition strategies. Moreover, it could contribute to the prevention of infectious diseases
and the usage of antimicrobials, and further promote the health of the animals. However, to our
knowledge, a protocol for the isolation of PBMCs with reduced thrombocyte count from chicken
blood and subsequent cell culture over several days to assess the effects of immunomodulating
compounds is not available. Therefore, we established an optimized protocol for blood sampling and
immune cell isolation, culture, and phenotyping for chicken PBMCs. For blood sampling commercial
Na–citrate tubes revealed the highest count of vital cells compared to commercial Li–heparin (p < 0.01)
and K3EDTA (p < 0.05) tubes. Using combined dextran and ficoll density gradient separation, the
thrombocyte count was significantly reduced (p < 0.01) compared to slow-speed centrifugation with
subsequent ficoll. For cell culture, the supplementation of RPMI-1640 medium with 10% chicken
serum resulted in the lowest relative cell count of thrombocytes compared to fetal calf serum (FCS)
(p < 0.05). To validate the ability of the cell culture system to respond to stimuli, concanavalin A
(conA) was used as a positive control. The optimized protocol allows the isolation and cultivation of
vital PBMCs with reduced thrombocyte count from chicken blood for subsequent investigation of the
modes of action of immunomodulating compounds.

Keywords: chicken; PBMCs; primary cell culture; immunomodulating compounds
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1. Introduction

Today, there is growing concern about the resistance of pathogenic bacteria against
antibiotics, the residual effects of antibiotics in meat products [1], and the public health
risk from zoonotic pathogens like Salmonella and Campylobacter. With the ban of the
subtherapeutic usage of antibiotics in farming (Council Regulation EC 70/524/ EEC),
immunomodulating alternatives have arisen to improve animal and human health. The
immune response to a given stimulus varies between different species [2]. The knowledge
of immunomodulatory properties is of high importance, particularly regarding those im-
munomodulatory compounds with a high potential to improve animal health via improved
defence against infection [3]. Therefore, knowledge about the specific modes of action of
immunomodulating compounds is needed in order to develop specific diets as alternatives
to widely used antimicrobials [4] on farms and to improve the health and welfare of animals,
and thereby also humans [5–7]. Peripheral blood mononuclear cells (PBMCs) are often used
as a cell model to investigate the direct effects of immunomodulating compounds. Methods
are well established to isolate PBMCs from the blood of humans [8,9] and animals [5,10,11].
However, in avian species, although it is often performed [5,10,11], it is a complex and diffi-
cult process to isolate a population of PBMCs for subsequent cultivation and in vitro assays
using common isolation methods, without contamination of nucleated thrombocytes and
erythrocytes in the immune cell fractions [11–14]. Furthermore, erythrocytes, which can be
eliminated by red blood cell lysis in mammals, are nucleated in avian species and show a
high degree of resistance to common lysis procedures [15]. The majority of erythrocytes
are usually eliminated using density gradient centrifugation with ficoll. Thrombocytes
can be excluded in further analysis, e.g., by flow cytometry. In contrast to lymphocytes,
they express lower levels of the pan-leukocyte marker CD45 [16–18]. Moreover, they lack
the T-cell marker CD3, the B-cell marker Bu-1a, and the monocyte/macrophage marker
Kul-01 [16,19,20], and appear positive for the fibrinogen receptor CD41/CD61 [21] and the
CD51/CD61 integrin [17]. Therefore, a dual-labeling approach was established to eliminate
thrombocytes [19]. However, as thrombocytes interfere with the quantification of avian
leukocytes and can result in shifting percentages of the latter, further markers are needed
for the exclusion of thrombocytes [19]. In cell culture, thrombocytes were shown to suffer
apoptotic cell death when cultured together with monocytes. The addition of lymphocytes
or their soluble factors could delay apoptosis [22]. However, functional ex vivo analyses
of, for example, T-cell responses, which are used to determine responses to infections
and vaccination in chickens, require an efficient and pure isolation of PBMCs without
contaminating thrombocytes [12,20,23]. Furthermore, thrombocytes have been shown to
be a major cytokine producer in chickens [24], which would distort the responses of the
lymphocytes. The aim of this work was the establishment of a cell culture system with
chicken PBMCs to assess the direct effects of potentially immunomodulating compounds
on chicken immune cells in vitro, which requires the isolation of a PBMC population with
reduced thrombocyte count. Recently, a combined dextran and ficoll density gradient sepa-
ration was reported to yield large populations of chicken PBMCs without contaminating
thrombocytes [25]. Furthermore, a few slow-speed centrifugation approaches have been
described previously [12,14,17,26].

However, the isolation of adaptive immune cells from peripheral blood with subse-
quent primary cell culture over a period of several days for the assessment of the effects
of immunomodulating compounds has not yet been described. In this study, different
optimization steps were performed to establish an innovative in vitro approach to assess
the properties of immunomodulatory compounds. The established in vitro model will
help to investigate the modes of action of immunomodulatory compounds such as feed
additives and other immune cell stimuli used to improve health in chicken farming and
prevent infectious diseases and the usage of antimicrobials.
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2. Materials and Methods
2.1. Animals

Five- to 6-week-old broiler chickens of the commercial layer variety Cobb500 (Cobb
Germany Avimex GmbH, Wiedemar, Germany) were used for the establishment of an
in vitro cell culture model with chicken PBMCs. The birds were stunned and decapitated.
The blood was sampled in tubes containing an anticoagulant. All chickens were fed a
starter diet from day 1 to day 14 post hatch, and a grower diet afterwards (H. Wilhelm
Schaumann GmbH, Pinneberg, Germany). The ration was fed on an ad libitum basis and
water was always available. The light duration was 24 h on days 1 and 2, followed by
16 h/day until sampling. The chickens were kept in groups of approximately 20 chickens
in suitable 4 m2 pens.

The study was approved by the local State Office for Health and Social Affairs, Lan-
desamt für Gesundheit und Soziales Berlin (LaGeSo, T 0151/19).

2.2. Blood Sampling Methods

Different anticoagulants were tested for blood sampling. Commercial 9 mL tripotas-
sium ethylenediaminetetraacetic acid (K3EDTA), lithium heparin (Li–heparin), and sodium
citrate (Na–citrate) pre-filled polystyrene tubes (VACUETTE®) were used (all from Greiner
Bio-One, Kremsmünster, Austria). Additionally, different volumes of 0.5 M EDTA (Carl
Roth, Karlsruhe, Germany) in dH2O (200 µL, 1 mL, and 8 mL) were tested in 50 mL tubes.
Per biological replicate, 30 mL of blood was used for investigation of the best anticoagulant.
To test anticoagulants, subsequent cell isolation was performed via combined slow-speed
centrifugation and density gradient centrifugation. Isolated PBMCs were resuspended in 5
to 10 mL RPMI-1640 medium (Gibco™, ThermoFisher Scientific, Waltham, MA, USA).

2.3. PBMC Isolation Methods
2.3.1. Isolation of PBMCs Using Combined Slow-Speed Centrifugation and Density
Gradient Centrifugation

Blood samples were diluted 1:2 with PBS (Gibco™, ThermoFisher Scientific, Waltham,
MA, USA) containing 2 mM EDTA (Carl Roth, Karlsruhe, Germany). The samples were
mixed and centrifuged for 15 min at 60× g. Upon centrifugation, three layers could be
observed. The lymphocytes, laid on top of the erythrocyte layer, were swirled up using
a dropper and transferred into a new 50 mL tube. The cells were washed once with
PBS/EDTA (the tube was filled up with PBS/EDTA to 50 mL), after which the pellet was
resuspended in 10 mL PBS/EDTA upon centrifugation, layered 1:2 onto ficoll (Histopaque-
1077, Sigma-Aldrich, St. Louis, MO, USA), and centrifuged without a break for 30 min at
400× g. The buffer layer was collected at the interface of the plasma and ficoll, transferred
to a new 50 mL tube, and washed once by centrifugation at 350× g for 10 min. After
centrifugation, cells were resuspended in 10 mL RPMI-1640 medium.

2.3.2. Isolation of PBMCs Using Combined Dextran–Ficoll Separation

Blood samples were diluted 1:2 with PBS/EDTA. The diluted blood samples were
mixed with 3% dextran in a ratio of 1:0.4 and centrifuged for 20 min at 50× g. The upper
layer containing the PBMCs was carefully collected and layered onto ficoll in a ratio of 1:2
in a 50 mL tube. After centrifugation without a break for 30 min at 900× g, the buffer layer
containing the PBMCs was collected, washed twice, and centrifuged for 10 min at 400× g.
After centrifugation, cells were resuspended in 10 mL RPMI-1640 medium.

2.4. PBMC Culture
2.4.1. Cell Counting

The number of isolated vital cells was counted using a Tali® Image-Based Cytometer
(Invitrogen™, ThermoFisher Scientific, Waltham, MA, USA). Therefore, 25 µL of cell sus-
pension was mixed with 1 µL of 1 mg/mL propidium iodide (PI) as a viability marker and
transferred onto a Tali® Cellular Analysis Slide for measurement.
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2.4.2. Cell Seeding

For immune cell culture, cells were seeded in Nunc™ Non-treated T25 EasYFlasks™
(ThermoFisher Scientific, Waltham, MA, USA) at a density of 5× 106 cells/mL and cultured
for several days. For co-culture experiments, cells were seeded in nontreated, flat-bottomed
24-well plates (Eppendorf, Hamburg, Germany) at a density of 1 × 106 cells/mL and
cultured from 24 h up to 72 h. All cells were cultured at 41 ◦C with 5% CO2 in RPMI-1640
medium with 2 g/L glucose, 100 U/mL penicillin, 100 µg/mL streptomycin.

2.4.3. Serum Supplementation of Culture Medium

For cultivation of chicken PBMCs over several days, different sera were tested as cell
culture supplements. Porcine serum (Sigma-Aldrich, St. Louis, MO, USA), chicken serum
(Gibco™, ThermoFisher Scientific, Waltham, MA, USA), or fetal calf serum (FCS, Gibco™,
ThermoFisher Scientific, Waltham, MA, USA) was added to the cells cultured in T25 flasks
in a concentration of 10% to the RPMI-1640 medium. Immune cells were cultured for
3 days. After 24 h and 72 h, cells were subjected to flow cytometric measurement.

2.4.4. Supplementation of Culture Medium with Additional L-Glutamine

The effect of additional supplementation of 2 mM L-glutamine (Gibco™, ThermoFisher
Scientific, Waltham, MA, USA) to the cell culture medium was tested. Therefore, PBMCs
with or without additional L-glutamine were cultured in RPMI-1640 medium supplemented
with 10% chicken serum for 24 h and subjected to flow cytometry.

2.4.5. Response Capacity of PBMCs towards Immune Cell Stimulants

To validate the cell culture system’s responses to stimuli, concanavalin A (conA, Vector
Laboratories, Burlingame, CA, USA) was used as a positive control. Therefore, 5 µg/mL or
10 µg/mL conA was added to the cells cultured in 24-well plates. PBMCs were cultured
in RPMI-1640 medium supplemented with 10% chicken serum for 24 h and subjected to
flow cytometry.

2.5. Immunophenotyping

For immunophenotyping, 1 × 106 cells per antibody staining set were harvested,
centrifuged for 10 min at 400× g, washed once with cold PBS/EDTA containing 0.05%
bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA), and stained with
different panels of monoclonal antibodies. Therefore, 25 µL of the antibody mix, con-
taining the diluted antibodies in the cold staining buffer PBS/EDTA, was added to the
samples. After labeling, the samples were stored on ice in the dark for 30 min. The sam-
ples were washed with 600 µL PBS/EDTA/BSA and centrifuged for 10 min at 400× g.
Subsequently, the supernatant was discarded, the samples were resuspended in 200 µL
PBS/EDTA, and analyzed on a flow cytometer. Initially, the most suitable antibody con-
centration was determined by titration of the respective antibody from 1:25 to 1:400. In
this study, immune cells were stained with mouse anti-chicken CD3-Allophycocyanin
(APC) (CT-3, SouthernBiotech, Birmingham, AL, USA), CD4-Spectral Red (SPRD) (CT-4,
SouthernBiotech, Birmingham, AL, USA), CD28-Phycoerythrin (PE) (AV7, SouthernBiotech,
Birmingham, AL, USA), CD8-APC (CT-8, ThermoFisher Scientific, Waltham, MA, USA),
CD45-Fluorescein isothiocyanate (FITC) (LT40, ThermoFisher Scientific, Waltham, MA,
USA), CD41/CD61-(R)PE (11C3, ThermoFisher Scientific, Waltham, MA, USA), and human
anti-chicken CD25-FITC (AbD13504, Bio-Rad Laboratories, Hercules, CA, USA) antibod-
ies. Lymphocytes were gated using forward and sideward scatter by exclusion of debris,
erythrocytes, and granulocytes. Dead cells were excluded using 1 µL 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) (1 mg/mL). Thereafter, doublets
were excluded and at least 20,000 cells in the vital lymphocyte region were acquired on a
Canto II (Becton Dickinson (BD), Franklin Lakes, NJ, USA) flow cytometer.
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2.6. Statistical Analysis

The relative cell count of antibody-positive cells in the flow cytometer was calculated
relative to the number of vital lymphocytes. Statistical analysis for blood sampling, PBMC
isolation, and PBMC culture was performed using an unpaired Student’s t-test. All tests
were executed using GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA).
Differences between groups were considered statistically significant at p < 0.05.

3. Results
3.1. Blood Sampling

Blood sampling in commercial Na–citrate tubes revealed the highest count of vital
cells (1.11 × 108) compared to commercial K3EDTA (5.37 × 107) (p < 0.05) and heparin
(2.42 × 107) (p < 0.01) tubes (Figure 1). We found no significant difference between blood
sampling in commercial Na–citrate tubes and 200 µL 0.5 M EDTA (6.81 × 107).
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3.2. PBMC Isolation Method 

Figure 1. Influence of the anticoagulants K3EDTA, Na–citrate, and Li–heparin as well as 200 µL
0.5 M EDTA on cell survival. After PBMC isolation, chicken immune cells were counted with a Tali
image-based cytometer and the viability was assessed using propidium iodide (PI). Five biological
replicates are displayed. All bars represent one experiment. A box-and-whisker plot is displayed.
Significance is shown as **; p < 0.01; *, p < 0.05. NS: not significant. Significance was analyzed using
an unpaired Student’s t-test.

However, flow cytometric analysis of the relative cell count of CD45-high leukocytes
and CD45-low and integrin CD41/CD61+ thrombocytes within the vital lymphocyte popu-
lation revealed the highest thrombocyte count in blood sampled in commercial Na–citrate
tubes after the cell isolation (Figure S1a,b). Since Na–citrate is often used in immunological
studies and we also detected the highest total number of live cells after measurement with a
Tali image-based cytometer (Figure 1) and BD FACS Canto II (Data not shown), we decided
to find a more suitable isolation method to reduce the high thrombocyte count.

3.2. PBMC Isolation Method

After blood sampling, the optimal PBMC isolation method was evaluated. In this step,
we wanted to decrease the number of thrombocytes and increase the number of leukocytes
in blood sampled in commercial Na–citrate tubes. Therefore, the relative cell counts of
CD45-high leukocytes and CD45-low and integrin CD41/CD61+ thrombocytes in the vital
lymphocyte population were assessed after the isolation of PBMCs using either a combined
slow-speed and ficoll, or a combined dextran andficoll separation protocol (Figure 2).
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Figure 2. Yield of leukocytes and thrombocytes using two immune cell isolation methods, combined
slow-speed-ficoll and dextran–ficoll separation. After PBMC isolation, immune cells were stained
with the pan-leukocyte marker CD45 and the thrombocyte marker CD41/CD61 and subjected to
flow cytometry. (a) Leukocytes and (b) thrombocytes relative to the total live cell count. A total
of 20,000 vital lymphocytes were recorded on a BD Canto II flow cytometer. DAPI was used as a
viability marker. Data represent seven biological replicates and two technical replicates, each in two
independent experiments. A box-and-whisker plot is displayed. Significance is shown as *, p < 0.05.
NS: not significant. Significance was analyzed using an unpaired Student’s t-test.

The dextran–ficoll separation did not change the relative cell count of vital leuko-
cytes compared to the slow-speed–ficoll separation method (Figure 2a). Moreover, the
mean of the relative cell count of thrombocytes was significantly lower after dextran–
ficoll separation (27.23%) compared to the combined slow-speed–ficoll separation (41.19%)
(p < 0.05) (Figure 2b). The latter was in line with the decrease of cells in the lymphocyte
gate (p < 0.05, data not shown).

3.3. PBMC Culture Conditions
3.3.1. Medium Supplementation with Serum of Different Species

Chicken PBMCs were cultivated in RPMI-1640 medium supplemented with 10%
porcine, chicken, or the standard fetal calf serum. The addition of chicken serum was
associated with the highest mean of the relative cell count of leukocytes (84.21%) compared
to the cultivation with the often-used FCS (54.55%) (p < 0.05); interestingly, there was no
clear difference to porcine serum (77.04%) (Figure 3a). The thrombocyte count was low
in cells cultivated in RPMI-1640 supplemented with chicken serum (13.44%) compared to
those supplemented with FCS (43.01%) (p < 0.05), but not different to supplementation
with porcine serum (21.17%) after 1 day of cultivation (Figure 3b).
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Figure 3. Influence of the addition of different sera to the cell culture on the survival of immune cells.
Isolated PBMCs were cultured in RPMI-1640 medium with glucose, 100 U/mL penicillin, 100 µg/mL
streptomycin, and either 10% chicken, 10% porcine, or 10% FCS. The relative cell counts of leukocytes
and thrombocytes were assessed after 24 h of cultivation. (a) CD45-high leukocytes, relative to the
vital lymphocyte population; (b) CD45-low thrombocytes relative to the vital lymphocyte population.
A total of 20,000 cells were recorded on a BD Canto II flow cytometer. DAPI was used as a viability
marker. Data represent seven biological replicates and two technical replicates each. A box-and-
whisker plot is displayed. Significance is shown as +, p < 0.1; *, p < 0.05. NS: not significant.
Significance was analyzed using an unpaired Student’s t-test.

After one day of cultivation, the highest number of lymphocytes (Figure S2a) and vital
cells (Figure S2b) was found in PBMCs cultured in RPMI-1640 medium with FCS (60.96%).
The relative lymphocyte count was higher compared to culture with porcine (43.16%)
(p < 0.01) or chicken serum (44.58%) (p < 0.05). The live cell count of cells cultivated in FCS
(91.16%) was higher compared to those with porcine serum (86.74%) (p < 0.05), but did
not differ between FCS and chicken serum (89.64%). The relative cell count of leukocytes
cultured in RPMI-1640 supplemented with porcine serum (77.04%) was higher compared
to cells cultured in medium with FCS (54.55%) (p < 0.1). The thrombocyte count was
lower in cells cultured in medium with porcine serum (21.17%) compared to FCS (43.01%)
(p < 0.1). The supplementation of porcine and chicken serum did not differ significantly for
leukocytes and thrombocytes.

3.3.2. Medium Supplementation with Additional L-Glutamine

Supplementation with an additional 2 mM L-glutamine to the RPMI-1640 medium
with glucose did not affect the viability of cultured PBMCs (Figure 4a). Furthermore, the
relative cell count of leukocytes did not change after the addition of L-glutamine, compared
to the control without additional L-glutamine (Figure 4b).
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Figure 4. The effect of additional L-glutamine on cell viability. Isolated chicken PBMCs were
cultured in RPMI-1640 medium with glucose, 100 U/mL penicillin, 100 µg/mL streptomycin, and
10% chicken serum with or without additional L-glutamine (2 mM) for 24 h. (a) Vital cells relative to
the lymphocytes; (b) CD45-high leukocytes, relative to the vital lymphocyte population. A total of
20,000 cells were recorded on a BD Canto II flow cytometer. DAPI was used as a viability marker.
Data represent seven biological replicates and two technical replicates each. A box-and-whisker plot
is displayed. NS: not significant. Significance was analyzed using an unpaired Student’s t-test.

3.3.3. ConA as a Positive Control for the Validation of the Response Capacity of the Cell
Culture System

To test if the cell culture system was a valid system to examine the direct effects of
potentially immunomodulating compounds, the effect of conA, a well-known lymphocyte
mitogen which stimulates mainly T-cells, was examined via measurement of CD8+ cytotoxic
T-cells (Figure 5a,b) and CD4+ T-helper cells (Figure 5c,d).
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Figure 5. Effects of conA on CD8+ cytotoxic T-cells and CD4+ T-helper cells. The effects of two
concentrations (5 µg/mL and 10 µg/mL) of conA on the activation and proliferation of cytotoxic
T-cells and T-helper cells relative to the vital lymphocyte population were assessed after 24 h of
cultivation. (a) CD8+ cytotoxic T-cells; (b) CD8+CD25+ activated cytotoxic T-cells; (c) CD4+ T-helper
cells; (d) CD4+CD25+ activated T-helper cells. A total of 20,000 cells were recorded on a BD Canto II
flow cytometer. DAPI was used as a viability marker. Data represent four biological replicates and
two technical replicates each. A box-and-whisker plot is displayed. Significance is shown as +, p < 0.1;
*, p < 0.05. NS: not significant. Significance was analyzed using an unpaired Student’s t-test.

As expected, conA treatment increased the relative cell count of CD8+ cytotoxic T-
cells (Figure 5a), although the result was not significant. However, at a concentration of
10 µg/mL, conA increased the mean of the relative cell count of CD8+CD25+ activated
cytotoxic T-cells from 0.29% to 1.32% (p < 0.05) (Figure 5b). For T-helper cells, conA
stimulation increased the relative cell count of CD4+ T-helper cells numerically (Figure 5a),
but this also did not reach significance. However, looking at CD4+CD25+ activated T-helper
cells, conA treatment in a concentration of 10 µg/mL increased the mean relative cell count
from 1.40% to 3.54% (p < 0.05) (Figure 5d). These effects were visible for two different
organs, blood (Figure 5) and spleen (data not shown).

For validation, the effect of 10 µg/mL conA was tested on a higher number of biological
replicates (Figure 6). Therefore, the relative cell count of conA-treated PBMCs was assessed
by measurement of T-helper cells (Figure 6a), activated T-helper cells (Figure 6b), and all
T-cells, except γδ T-cells, via an additional marker, CD28-PE (Figure 6c).
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Figure 6. Effects of conA on activation and proliferation of CD4+ T-helper cells and CD28+ T-cells.
The effect of 10 µg/mL conA on the activation and proliferation of T-helper cells relative to the vital
lymphocyte population was assessed after 24 h of cultivation. (a) CD4+ T-helper cells; (b) CD4+CD25+
activated T-helper cells; (c) CD28+ T-cells. A total of 20,000 cells were recorded on a BD Canto II flow
cytometer. DAPI was used as a viability marker. Data represent eight biological replicates and two
technical replicates each. A box-and-whisker plot is displayed. Significance is shown as **, p < 0.01;
*, p < 0.05. NS: not significant. Significance was analyzed using an unpaired Student’s t-test.

As shown by testing two different conA treatment concentrations on PBMCs (Figure 5),
the validation of the effect of 10 µg/mL conA on PBMCs by testing more biological repli-
cates produced similar results (Figures 6 and S3). ConA treatment increased the mean
relative cell count of CD4+ T-helper cells significantly from 46.93% to 54.81% (p < 0.05)
(Figures 6a and S3a,d). Furthermore, conA increased the mean relative cell count of CD4+
CD25+ activated T-helper cells from 5.33% to 8.44% (p < 0.01) (Figures 6b and S3b,d). More-
over, the mean relative cell count of CD28+ T-cells increased significantly after conA
treatment from 76.79% to 88.54% (Figures 6d and S3c,e), indicating T-cell proliferation.

In summary, conA induced T-cell activation and proliferation and can be used as a
positive control.

3.4. Immune Cell Phenotyping Using Flow Cytometry

To assess the percentage of immune cell subsets, the following gating strategy was
used (Figure 7a–d). First, lymphocytes were gated with a SSC/FSC plot (Figure 7a). From
the lymphocyte population, only live cells were considered for further analysis (Figure 7b).
Doublets were gated out (Figure 7c). Immune cell subsets were analyzed with antibodies
labeling leukocytes (CD45-FITC), thrombocytes (CD41/CD61-(R)PE), T-helper cells (CD4-
SPRD), cytotoxic T-cells (CD8-APC), T-cells (CD28-PE and CD3-APC), and activated T-cells
(CD25-FITC) (example CD45-FITC; Figure 7d and Table 1).
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Figure 7. Example of the gating strategy for chicken PBMCs (a) y axes: SSC-A, x axes: FSC-A, the
egg-shaped gate represents the lymphocyte gate; (b) y axes: DAPI, x axes: FSC-A, DAPI was used as
a live/dead marker, the rectangle gate represents the vital lymphocyte population; (c) y axes: FSC-H,
x axes: FSC-A, the rectangle gate represents the single cell population out of the vital lymphocyte
population in B; (d) y axes: CD45-FITC, x axes: FSC-A, the two rectangle gates represent the CD45-
high leukocyte and CD45-low thrombocyte populations out of the single cell and vital lymphocyte
populations in B and C. Data represent one biological replicate. A total of 20,000 cells were recorded
on a BD Canto II flow cytometer.

Table 1. Antibodies with the conjugated fluorophore, its isotype, and the concentration used after
antibody titration.

Antibody Isotype Final Concentration

CD45-FITC LT40 1:50
CD41/CD61-(R)PE 11C3 1:50

CD4-SPRD CT-4 1:50
CD8-APC CT-8 1:50

CD25-FITC AbD13504 1:25
CD28-PE AV7 1:50
CD3-APC CT-3 1:25

All antibodies used in this study were titrated and evaluated by mean fluorescence in-
tensity (MFI) to obtain optimal concentrations for the staining assays (Table 1 and Figure S4).
The following antibody sets were used: CD45-FITC, CD41/CD61-(R)PE, CD3-APC; CD4-
SPRD, CD28-PE, CD25-FITC; CD8-APC, CD28-PE, CD25-FITC.

157



Animals 2021, 11, 3600

4. Discussion

To investigate the mode of action of immunomodulating compounds such as pathogens,
drugs, or feed additives, e.g., probiotics, primary cell culture systems are inevitable and
represent a good alternative to in vivo models. Our aim was the establishment of an in vitro
cell culture model with chicken PBMCs, without contaminating thrombocytes, to assess
the properties of immunomodulating compounds, especially feed additives. The study
will help to increase knowledge about precise mechanisms of action, which will allow the
development of targeted nutrition strategies, prevent infectious diseases and the usage of
antimicrobials, and further improve the health in poultry production. Chicken PBMCs are
often isolated using common methods such as density gradient centrifugation using ficoll,
which result in the isolation of immune cells contaminated by nucleated thrombocytes and
erythrocytes [11–14]. Therefore, the isolation of PBMCs without either nucleated throm-
bocytes or erythrocytes is complex and difficult in avian species. Concerning this matter,
a dextran–ficoll separation method was recently published [25]. However, PBMCs were
not cultivated for a longer period after the isolation. Here, we present a robust protocol
for longer cultivation of chicken PBMCs, which will enable functional in vitro studies in
chicken PBMCs.

4.1. Blood Sampling

Our data suggest that, despite a higher relative thrombocyte and a lower relative
leukocyte count, the cell number and viability in Na–citrate tubes was highest compared
to commercial K3EDTA and Li–heparin tubes, as well as to 200 µL 0.5 M EDTA. In other
species, it has been shown that a slightly purer population of PBMCs is obtained by using
EDTA as an anticoagulant compared to heparin [27]. Furthermore, for the purification of
mononuclear cells from other sources than peripheral blood, heparin was shown to promote
clumping and pre-activation of unstimulated control cells [28]. Citrate as an anticoagulant
may result in better quality of RNA and DNA compared with other anticoagulants and
furthermore produce a higher yield of mononuclear cells, which is consistent with the
results of the current study. Li–heparin, which revealed the highest leukocyte and the
lowest thrombocyte count in this study, is reported to affect T-cell proliferation and to bind
to many proteins. RNA yields from EDTA-treated blood have been shown to be higher
compared to heparin-sampled blood [29]. Furthermore, EDTA was shown to affect PBMCs
by a progressive and irreversible loss of antigen-specific lymphoprolerative responses when
PBMCs were exposed to EDTA for a longer time period [30]. Therefore, ethyleneglycol-bis-
(beta-aminoethylether)tetraacetate (EGTA) was suggested [30]. However, in the current
study, K3EDTA revealed lower relative lymphocyte and leukocyte counts and a lower
count of total isolated vital cells. Taking these findings from the literature and our results
into account, we choose Na–citrate as the best choice for anticoagulation.

4.2. PBMC Isolation Method

The reduction or elimination of thrombocytes, which are a large part of chicken PBMCs,
is of high importance in immunomodulatory studies, since chicken thrombocytes have been
shown to play roles in inflammation and antimicrobial defence [24,31,32]. Initially, we used
a combined slow-speed centrifugation with subsequent density gradient centrifugation
using ficoll, which was modified according to Viertlboeck and Göbel (2007) [17], Lavoie et al.
(2005) [14], Sundaresan et al. (2005) [26], and Gogal et al. (1997) [12]. In comparison to those
studies, we were not able to reduce the thrombocyte and erythrocyte counts in our samples
(Figure 2). Other studies used only density gradient centrifugation to isolate PBMCs from
chickens, without considering the thrombocyte count [10,27,33,34]. However, in this study,
a method by Jergović et al. (2017) [25] was additionally tested. The method included the
use of dextran, a slow-speed centrifugation step and a density gradient centrifugation step
afterwards. Dextran, a high-molecular polysaccharide, is often used for the purification of
neutrophils [35]. Other studies used 1% methylcellulose instead of dextran [36,37]. Our
results showed a significant decrease of the relative cell count of thrombocytes by about
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14% when using the dextran–ficoll separation method (Figure 2b). However, compared to
the study of Jergović et al. (2017), where the thrombocyte count was about 2.85% compared
to 96.9% of PBMCs, we found a thrombocyte count of 27.23%. However, the thrombocyte
count was lower compared to the slow-speed centrifugation and ficoll separation method,
in which we obtained 41.19% thrombocytes. However, the leukocyte count remained
unaffected in our study (Figure 2a). One possible explanation is the dextran used in the
different studies, which was provided by different companies. Furthermore, we centrifuged
for 20 min after the addition of dextran, because we could not discriminate the phases after
10 min of centrifugation. In the study of Jergović et al. (2017), the centrifugation step was
10 min. All in all, we could reduce the thrombocyte count in our samples and start the
cell culture with a low number of thrombocytes when we used the combined separation
method based on the addition of dextran, a slow-speed centrifugation step, and a density
gradient centrifugation.

4.3. PBMC Culture Conditions

We tested sera from different species as cell culture supplementation. Fetal calf serum
is very often used even for nonbovine species such as mice, humans, and chickens [38–41].
Since we detected an increased number of thrombocytes in the cell culture with RPMI-1640
medium supplemented with FCS compared to supplementation with chicken serum, we
do not recommend the addition of FCS. Thrombocyte cytokine expression was reported
up to 18 h in culture [42], which could interfere with assays that are carried out to in-
vestigate immunomodulatory functions. DaMatta et al. [22] and Lam [43] showed that
thrombocytes cultured in DMEM with 10% fetal bovine serum displayed cytoplasm and
chromatin condensation and were suggested to suffer an apoptotic cell death in culture
of about 70% after 24 h and 85% after 48 h of cultivation. Apoptosis of thrombocytes was
additionally reported by Kaspers and Kaiser (2014), who showed that cells die by apoptosis
after 48–72 h [44]. Despite the fact that thrombocytes are active for a short period, our aim
was to reduce the thrombocyte count as much as possible to ensure the least interference
with subsequent immunomodulatory assays. However, in our study, thrombocytes were
not cultured under agitation to prevent adherence. Interestingly, there seemed to be a dif-
ference between the adherence in FCS-supplemented medium to the adherence in porcine-
and chicken-serum supplemented media. Whether the serum influences the adhesion of
thrombocytes still needs to be elucidated. In addition to the reduced thrombocyte count in
cultures supplemented with chicken serum, we found that supplementation with chicken
serum resulted in higher counts of vital leukocytes. Therefore, we showed that chicken
serum is the most suitable supplement for long-term chicken PBMC cultures with reduced
thrombocyte counts.

As L-glutamine is very unstable in medium, the supplementation of additional L-
glutamine has been reported in different studies for PBMC culture in RPMI-1640
medium [10,45–47] in different concentrations. In our study, we added L-glutamine in a
concentration of 2 mM to the cell cultures. We could not detect differences for cell viability
or cell counts between media with and without additional supplementation of L-glutamine.
Hence, we did not include the supplementation of additional L-glutamine in our protocol.

It is of high importance to validate the response capacity of cultured chicken immune
cells to a stimulus. We chose conA, since it is a well-reported T-cell mitogen [12,13,48–50].
We observed a clear effect on the proliferation and activation of CD8+ cytotoxic T-cells
(Figure 5a,b) and CD4+ T-helper cells (Figure 5c,d) in the presence of conA. Furthermore,
we validated the effect on T-cell activation and proliferation (Figure 6a–c and Figure S3a–f).
In a study by Alvarez et al. (2020), it was shown that chicken splenocytes have a low
viability after conA treatment in a concentration of 1 µg/mL for 3 days [51]. In fact, the
cell viability decreased also in our study after treatment with 10 µg/mL conA, but not
with 5 µg/mL. However, we aimed initially to validate the responsiveness of the chicken
PBMCs in culture as a positive control. Therefore, we were able to validate the presented
protocol for a system to culture chicken immune cells.
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Summarized brief protocol:

1. Sample blood in Na–citrate VACUETTE® tubes
2. Dilute sampled blood 1:2 with PBS containing 2 mM EDTA
3. Add 3% dextran solution in a ratio of 1:0.4
4. Centrifuge 50× g 20 min
5. Collect upper phase
6. Overlay Histopaque-1077 1:2 with upper phase from step 5
7. Centrifuge 900× g 30 min
8. Collect PBMCs at interphase btw. serum and Histopaque-1077 and transfer into a new

collection tube
9. Wash twice with PBS/EDTA, centrifuge 400× g 10 min
10. Resuspend PBMCs in RPMI-1640 supplemented with 10% chicken serum, 100 U/mL

penicillin and 100 µg/mL streptomycin
11. Count cells and adjust to 1 × 106/mL up to 5 × 106/mL
12. Culture cells at 41 ◦C and 5% CO2

5. Conclusions

After several optimization steps, we established a valid in vitro cell culture system to
assess the direct effects of potentially immunomodulating compounds.

Here, we tested and optimized blood sampling, PBMC isolation, PBMC culture, and
immune cell phenotyping of chicken PBMCs using monoclonal antibodies. This cell
culture system will help to evaluate and understand the underlying mechanisms of the
immunomodulatory properties of potentially immunomodulating compounds, e.g., feed
additives, which could serve as potential alternatives to antibiotics, and may further serve
as an alternative to animal testing in vivo. Besides testing feed additives, immunomodu-
lation by challenges with pathogenic bacteria like Salmonella or Campylobacter, viruses, or
particular drugs could be tested in our established chicken immune cell assay to model
adaptive immune responses in vitro.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11123600/s1, Figure S1: Influence of the anticoagulants K3EDTA, Na-citrate, and Li-heparin
as well as 200 µL 0.5 M EDTA on leukocyte and thrombocyte count in isolated PBMCs. After cell
isolation, cells were resuspended in PBS/EDTA and counted with Tali image-based cytometer and the
viability was assessed using propidium iodide (PI). 1 × 106 cells/mL in duplicates per anticoagulant
were labelled with the thrombocyte marker CD41/CD61-(R)PE and the leukocyte marker CD45-FITC.
20,000 cells were recorded on a BD Canto II flow cytometer. DAPI was used as a live/dead marker.
Data represent 5 biological replicates. A box-and-whisker plot is displayed. Significance is shown as
+ p < 0.1; ** p < 0.01. NS: not significant. Significance was analyzed using an unpaired Student’s t-test,
Figure S2: Comparison of sera in cell culture of chicken PBMCs. Isolated PBMCs were cultured in
RPMI-1640 medium with glucose and 100 U/mL penicillin and 100 µg/mL streptomycin and either
10% chicken, 10% porcine, or 10% fetal calf serum. The relative cell count of lymphocytes and vital
lymphocytes was assessed after 24 h of cultivation (a) Gated lymphocytes relative to the measured
cells; (b) Vital cells relative to the lymphocyte population. 20,000 cells were recorded on a BD Canto
II flow cytometer. Data represent 7 biological replicates and two technical replicates each in two
independent experiments. A box-and-whisker plot is displayed. Significance is shown as * p < 0.05;
** p < 0.01; *** p < 0.001. NS: not significant. Significance was analyzed using an unpaired Student’s
t-test, Figure S3: Effect of conA on PBMCs. (a–c) the upper row shows the relative cell count of CD4+
(a), CD4+CD25+ (b), and CD28+ (c) cells in untreated PBMCs as negative controls; (d–f) the low-er
row displays the relative cell count of CD4+ (d), CD4+CD25+ (e), and CD28+ cells in conA-treated
PBMCs as positive controls for activation and proliferation. After 24 h of cultivation, the relative
cell count was investigated on a BD Canto II flow cytometer. The populations of interest out of the
vital lymphocyte population, are represented in rectangle gates. Data represent 1 bio-logical replicate.
20,000 cells were recorded, Figure S4: Example of a serial antibody dilution. 1 × 106 PBMCs were
labelled with CD4-SPRD in different concentrations. The y-axes of each plot represent the CD4-SPRD
fluorescence signal and the x-axes show FSC-A. (a) unlabelled negative control; (b–f) cells labelled
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with CD4-SPRD in a concentration 1:25 (b), 1:50 (c), 1:100 (d), 1:200 (e), and 1:400 (f). CD4-SPRD in
a concentration of 1:25 will be used in further experiments since this concentration enabled clear
discrimination between the positive and negative population. The relative cell count of CD4-SPRD
labelled cells was investigated on a BD Canto II flow cytometer. The populations of interest out of the
vital lymphocyte population, are represented in rectangle gates. Data represent 1 biological replicate.
20,000 cells were recorded.
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Simple Summary: Efficient amino acid (AA) utilization in broilers is crucial concerning the accuracy
of feed formulation, economy of diet and minimizing nitrogenous pollution in the environment.
A range of factors (ingredient type, age, sex, feed form and bird type) can affect the AA digestion
in poultry. The first week of broiler life is considered the most critical period while chicks source
nutrition from residual yolk. Dynamic changes are noted in the digestive tract development, secretion
and activity of protein digestive enzymes during the first few weeks in broiler. Limited data exist on
the age effect on AA digestibility in broilers, and the results are paradoxical. The aim of the present
study was to investigate the influence of age on the standardized ileal digestibility coefficients (SIDCs)
of AAs in corn and barley from hatching to the end of the broiler growth cycle (day 42). Based on the
results, the age influence on AA digestibility is grain- and AA-dependent. The pattern of the age
effect on the SIDC AA in corn was not consistent. In the case of barley, the SIDC AA increased with
advancing age.

Abstract: The aim of this study was to determine the standardized ileal digestibility coefficients
(SIDCs) of nitrogen (N) and amino acids (AAs) in corn and barley at six different ages (days 7, 14, 21,
28, 35 and 42) of broilers using the direct method. The apparent AA digestibility coefficients were
corrected using age-appropriate basal endogenous AA losses. No age effect (p > 0.05) was noted for
the SIDC of N in corn. The average SIDC of indispensable AAs (IAAs) and total AAs (TAAs) was
influenced in a quadratic manner (p < 0.05) with the values being higher at day 7 that decreased at
day 14, increased and plateaued between days 21 and 35 and dropped again at day 42. The average
SIDC of dispensable AAs (DAAs) was influenced linearly (p < 0.05). In barley, the SIDC of N and
average IAAs, DAAs and TAAs was affected (quadratic; p < 0.001) by age. The digestibility increased
from day 7 to 21 and then plateaued up to day 42. The present findings confirm that the SIDC of AA
in corn and barley are influenced by broiler age and that the age effect on AA digestibility may need
to be considered for precise feed formulation.

Keywords: age; amino acid; barley; broilers; corn; digestibility

1. Introduction

To improve broiler performance and production economics, accurate feed formulation
that closely matches nutrient requirements is crucial. Determination of amino acid (AA)
digestibility in feed ingredients is an important way to reach the goal of meeting the AA
requirements. Poultry feed formulations based on digestible AA are superior to those based
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on total AAs because they are reflective of the actual amounts utilized for maintenance and
production [1]. A better understanding of the factors influencing AA digestibility is vital to
supply available AAs at optimum levels for accurate feed formulation and reduction of
diet cost and nitrogen pollution into the environment [2].

The AA digestibility in poultry was measured at the excreta level in the past [3,4] but
is currently measured at the terminal ileal level. The excreta digestibility assay has several
shortcomings including possible modifying action of hindgut microflora on excreta AA
profile and contamination with nitrogen (N) and AAs from urine [5]. Ileal AA digestibility
can be categorized as either apparent or standardized/true. For the calculation of stan-
dardized ileal digestibility coefficients (SIDCs), the apparent ileal digestibility coefficients
(AIDCs) are corrected for basal endogenous AA (EAA) losses originating from various
digestive, pancreatic and enzymatic secretions [1]. The SIDC is more additive than AIDC
in broiler feed formulations [2].

Grains are the major energy sources in broiler diets. However, they also supply
about 40% of the total dietary protein and contribute significantly to the provision of
some indispensable AAs (IAAs). Corn (Zea mays L.) is used extensively worldwide in
poultry diets because of its high palatability, low fiber, high energy and essential fatty
acids. Despite the low protein content in corn, owing to its higher inclusion levels (50–70%),
it may contribute approximately up to one-third of the protein requirement of broilers.
Barley (Hordeum vulgare L.) is another grain used in the European Union, Western Canada,
New Zealand and Australia. Nevertheless, the inclusion of barley in poultry diets remains
limited because of relatively low metabolizable energy, high content of fiber (220 g/kg)
and high soluble (45 g/kg) and insoluble (122 g/kg) non-starch polysaccharide (NSP)
contents [6]. Because of their viscous nature, the water-soluble fractions of barley exert a
negative impact on the digestion and absorption of nutrients, including AAs [7].

Several datasets are available on the AIDC AA in feed ingredients for broilers [8,9].
However, the AA digestibility varies depending on ingredient type [9], class of bird (rooster,
broiler, layer) [10] and feed form (mash vs. pellet) [11,12]. Despite the potential effects
of age [3,13,14], only sporadic and inconsistent data exist on the age influence on the AA
digestibility of ingredients in broilers [3,4,13,15]. Although a number of studies [1,9,12,16]
have reported the SIDC AA in a range of feed ingredients, only a few [15,17–20] exist on the
age-related standardized ileal digestibility (SID) of AAs, and the data are limited to two or
three specific broiler ages. To the authors’ knowledge, no studies to date have investigated
the SIDC AA in grains from hatching to the end of the growth cycle of broilers. The current
study was designed to determine the SIDC AA in corn and barley at six different ages
(days 7, 14, 21, 28, 35 and 42 posthatch) of broilers.

2. Materials and Methods

The experimental procedure complied with the New Zealand Revised Code of Ethical
Conduct for the use of live animals for research, testing and teaching and was approved by
the Massey University Animal Ethics Committee.

2.1. Diets and Experimental Design

Corn and barley were obtained from a commercial supplier and ground in a hammer
mill to pass through a screen size of 3.0 mm. Two experimental diets were developed with
similar inclusions (938 g/kg) of either corn or barley as the only source of AAs in the diet
(Table 1). Titanium dioxide (5 g/kg; Merck KGaA, Darmstadt, Germany) was incorporated
in both diets as an indigestible marker. The diets were steam-conditioned at 70 ◦C for 30 s
and pelleted using a pellet mill (Model Orbit 15; Richard Size Limited Engineers, Kingston
upon Hull, UK) capable of manufacturing 180 kg of feed/h and equipped with a die ring
with 3 mm holes and 35 mm thickness. Pellets were crumbled for the feeding of young
chicks during the first two weeks of the experiment.

Representative grain samples were analyzed, in duplicate, for dry matter (DM), N,
starch, crude fat, crude fiber, neutral detergent fiber (NDF), gross energy (GE), AAs, calcium
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(Ca), phosphorus (P) and ash. The AIDC of N and AAs in each grain was determined
using the direct method. The AIDCs were then standardized using the age-dependent
(days 7, 14, 21, 28, 35 and 42) basal endogenous N and AA losses measured in a previous
experiment [21].

Table 1. Composition of the experimental diets (g/kg, as-fed basis).

Ingredient Corn Barley

Corn 938 -
Barley - 938

Soybean oil 20 20
Dicalcium phosphate 18 18

Limestone 13 13
Titanium dioxide 1 5.0 5.0
Sodium chloride 2.0 2.0

Sodium bicarbonate 2.0 2.0
Trace mineral premix 2 1.0 1.0

Vitamin premix 2 1.0 1.0
1 Merck KGaA, Darmstadt, Germany. 2 Supplied per kilogram of diet: antioxidant (ethoxyquin), 100 mg; biotin,
0.2 mg; calcium pantothenate, 12.8 mg; cholecalciferol, 0.06 mg; cyanocobalamin, 0.017 mg; folic acid, 5.2 mg;
menadione, 4 mg; niacin, 35 mg; pyridoxine, 10 mg; trans-retinol, 3.33 mg; riboflavin, 12 mg; thiamine, 3.0 mg;
dl-α-tocopheryl acetate, 60 mg; choline chloride, 638 mg; Co, 0.3 mg; Cu, 3.0 mg; Fe, 25 mg; I, 1 mg; Mn, 125 mg;
Mo, 0.5 mg; Se, 0.2 mg; Zn, 60 mg.

2.2. Birds and Housing

A total of 696, one-day-old male broilers (Ross 308), obtained from a commercial
hatchery, were used in this study. The birds were raised in floor pens and fed a commercial
broiler starter diet (12.14 MJ/kg metabolizable energy; 225 g/kg crude protein; CP) from
day 1 to 21 and a commercial broiler finisher diet (12.69 MJ/kg metabolizable energy;
190 g/kg CP) from day 22 until day 42 in pelleted form (Table 2).

On day 1, 168 chicks were individually weighed and allotted to 12 cages (14 chicks
per cage) in such a way that group mean body weight (BW) per replicate was identical.
The remaining chicks were allotted to 12 cages at 5 different ages, namely day 7 (12 birds
per cage), day 14 (10 birds per cage), day 21 (8 birds per cage), day 28 (8 birds per cage)
and day 35 (6 birds per cage). The test diets were offered for 4 days (days 3–7 and 10–14
(crumbled); days 17–21, 24–28, 31–35 and 38–42 (pelleted)) before collecting ileal digesta on
days 7, 14, 21, 28, 35 and 42 posthatch, respectively.

The birds were offered ad libitum feed, and water was freely available throughout
the whole experimental period. The room temperature was 32 ± 1 ◦C in the first week
that was gradually reduced to 23 ◦C by the end of the third week. The floor pens, battery
brooders and grower cages were housed in an environmentally controlled room with 20 h
of fluorescent illumination per day.

2.3. Growth Performance Data

During the 4-day study period, feed intake and BW were recorded on a cage basis
each week.

2.4. Determination of the Coefficient of Apparent Ileal Digestibility

At the end of each experimental period (days 7, 14, 21, 28, 35 and 42), all birds were
euthanized by intravenous injection (0.5 mL per kg BW) of sodium pentobarbitone solution
(Provet NZ Pty. Ltd., Auckland, New Zealand). The digesta were collected from the lower
half of the ileum and processed as described by Ravindran et al. [8]. The ileum was marked
as that portion of the small intestine extending from the Meckel’s diverticulum to a point
~40 mm proximal to the ileocecal junction. In brief, the ileum was excised and divided into
halves (proximal and distal ileum), and the digesta samples were collected from the lower
half toward the ileocecal junction after gently flushing with distilled water into plastic
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containers. The ileal digesta from birds within a cage were pooled after collection, frozen
immediately and then lyophilized (Model 0610, Cuddon Engineering, Blenheim, New
Zealand). Diet and lyophilized digesta samples were ground to pass through a 0.5 mm
sieve and stored in airtight plastic containers at 4 ◦C pending analysis.

Table 2. Composition and calculated analysis (g/kg, as-fed basis) of broiler starter and finisher diets.

Ingredient Starter Diet (0–21 days) Finisher Diet (22–42 days)

Corn 574.2 660
Soybean meal, 460 g/kg 381.4 295.6

Soybean oil 8.8 13.6
Limestone 11.3 9.9

Dicalcium phosphate 10.7 8.2
DL-methionine 3.3 3.0

L-lysine HCl 2.0 1.9
L-threonine 1.0 0.7

Sodium bicarbonate 2.7 2.5
Sodium chloride 2.5 2.5

Trace mineral premix 1 1.0 1.0
Vitamin premix 1 1.0 1.0

Phytase 0.1 0.1
Calculated analysis

Apparent metabolizable energy
(MJ/kg) 12.14 12.69

Crude protein 225 190
Digestible lysine 11.0 9.2

Digestible methionine 6.2 5.6
Digestible methionine + cysteine 9.2 8.3

Digestible threonine 7.2 6.0
Crude fat 32 39

Crude fiber 29.3 27.5
Calcium 9.8 8.5

Available phosphorus 4.9 4.2
Sodium 2.2 2.1
Chloride 2.3 2.3

Potassium 11.5 9.7
1 Supplied per kilogram of diet: antioxidant (ethoxyquin), 100 mg; biotin, 0.2 mg; calcium pantothenate, 12.8 mg;
cholecalciferol, 0.06 mg; cyanocobalamin, 0.017 mg; folic acid, 5.2 mg; menadione, 4 mg; niacin, 35 mg; pyridoxine,
10 mg; trans-retinol, 3.33 mg; riboflavin, 12 mg; thiamine, 3.0 mg; dl-α-tocopheryl acetate, 60 mg; choline chloride,
638 mg; Co, 0.3 mg; Cu, 3.0 mg; Fe, 25 mg; I, 1 mg; Mn, 125 mg; Mo, 0.5 mg; Se, 0.2 mg; Zn, 60 mg.

2.5. Gizzard pH and Jejunal Digesta Viscosity

From the birds euthanized for ileal digesta collection, two birds from each replicate
cage were used for the measurement of gizzard pH by a digital pH meter (pH spear, Oakton
Instruments, Vernon Hill, IL, USA). The glass probe was inserted through an opening made
in the gizzard and was placed directly in the digesta. Three values were taken from the
proximal, middle and distal regions, and the average value was considered as the final pH
value. The jejunal digesta viscosity was also determined from these birds. The digesta was
collected from the distal jejunum, followed by centrifugation at 3000× g at 20 ◦C for 15 min.
A 0.5 mL aliquot of the supernatant was used in a viscometer (Brookfield digital viscometer,
Model DV2TLV; Brookfield Engineering Laboratories Inc., Stoughton, MA, USA) fitted
with CP-40 cone spindle with shear rates of 5–500/s to measure the digesta viscosity.

2.6. Chemical Analysis

Dry matter was measured using the standard procedure (Method 930.15) [22]. Tita-
nium was analyzed on a UV spectrophotometer (Berthold Technologies GmbH and Co. KG,
Bad Wildbad, Germany) following the method described by Short et al. [23]. Gross energy
was determined by an adiabatic bomb calorimeter (Gallenkamp autobomb, Weiss Gal-
lenkamp Ltd., Loughborough, UK) standardized with benzoic acid. Starch was analyzed
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using the Megazyme Total Starch Assay kit (Megazyme International Ireland Ltd., Wicklow,
Ireland) based on thermostable α-amylase and amyloglucosidase [22,24]. Nitrogen was
determined by combustion (Method 968.06) [22] using a carbon nanosphere-200 carbon,
N and sulfur autoanalyzer (LECO Corporation, St. Joseph, MI, USA). The CP content
was calculated as N × 6.25. Fat was determined using the Soxhlet extraction procedure
(Method 2003.06) [22]. Neutral detergent fiber was determined (Method 2002.04) [22] using
Tecator FibertecTM (FOSS Analytical AB, Höganäs, Sweden). Ash was measured by ashing
in a muffle furnace at 550 ◦C for 16 h (Method 942.05) [22]. Calcium and phosphorus con-
centrations were measured by Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) using a Thermo Jarrell Ash IRIS instrument (Thermo Jarrell Ash Corporation,
Franklin, MA, USA).

Amino acids were analyzed following standard procedures (Method 994.12) [25].
Briefly, the samples were hydrolyzed with 6 N HCl containing phenol for 24 h at 110 ± 2 ◦C
in glass tubes in an oven. Amino acids were measured using AA analyzer (ion exchange)
with ninhydrin post-column derivatization. The chromatograms detected at 570 and
440 nm were integrated using dedicated software (Agilent Open Lab software, Waldbronn,
Baden-Württemberg, Germany). Cys and Met were analyzed as cysteic acid and methion-
ine sulphone, respectively, by oxidation with performic acid–phenol for 16 h at 0 ◦C prior
to hydrolysis. For the measurement of Trp, the samples were saponified under alkaline
conditions with barium hydroxide solution in the absence of air at 110 ◦C for 20 h in
an autoclave. The internal standard α-methyl Trp was added to the mixture following
hydrolysis. After adjusting the hydrolysate to pH 3.0 and diluting with 30% methanol, Trp
and the internal standard were separated by reverse phase chromatography (RP-18) on
an HPLC column (CORTECS C18 Column; 2.7 µm, Waters Corporation, Dublin, Ireland).
Finally, detection was selectively performed by means of a fluorescence detector to prevent
interference by other AAs and constituents.

2.7. Calculations

Data were expressed on a DM basis. The AIDCs of AAs were calculated from the
dietary ratio of AA to Ti relative to the corresponding ratio in the ileal digesta using the
following formula.

AIDC of AA = [(AA/Ti)d − (AA/Ti)i]/(AA/Ti)d

where (AA/Ti)d = ratio of AA to Ti in the diet, and (AA/Ti)i = ratio of AA to Ti in the
ileal digesta.

Apparent digestibility values for N and AAs were then standardized using the age-
appropriate basal endogenous N and AA estimates (EAA; grams per kilogram of DM
intake (DMI)) analyzed at different ages (days 7, 14, 21, 28, 35 and 42) in a previous
experiment [21].

SIDC = AIDC + [Basal EAA (g/kg DMI)/Ing. AA (g/kg DM)]

where SIDC = standardized ileal digestibility coefficient of the AA, AIDC = apparent ileal
digestibility coefficient of the AA, Basal EAA = basal endogenous AA loss, and Ing. AA =
concentration of the AA in the ingredient.

2.8. Data Analysis

Cage was considered as the experimental unit. Data were analyzed by the GLM pro-
cedure of SAS (version 9.4; 2015; SAS Institute, Cary, NC, USA) for each grain. Differences
were considered significant at p < 0.05. Orthogonal polynomial contrasts were performed
to determine the linear and quadratic effects of age. The relationships between SIDC AA
and other parameters were analyzed by Pearson correlation.
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3. Results
3.1. Proximate and Nutrient Composition

The proximate and nutrient composition of the grains is summarized in Table 3. The
results are presented on an “as-received” basis.

Table 3. Proximate, carbohydrate and amino acid composition of grains (g/kg, as-received basis).

Item Corn Barley

Dry matter 859 875
Starch 590 541

Nitrogen (N) 10.8 18.4
Crude protein (N × 6.25) 67.8 115

Fat 32.4 21.0
Neutral detergent fiber 83.1 110
Gross energy (MJ/kg) 16.3 16.3

Ash 20.5 18.6
Calcium 0.17 0.14

Phosphorus 2.47 3.02
Indispensable amino acids (IAAs)

Arg 3.43 5.28
His 2.07 2.37
Ile 2.49 3.98

Leu 8.14 7.53
Lys 2.33 3.72
Met 1.31 1.77
Thr 2.59 3.54
Trp 0.58 1.35
Val 3.44 5.52

Total IAA 26.4 35.1
Dispensable amino acids (DAAs)

Ala 5.14 4.54
Asp 4.77 6.78

Cys 1 1.37 2.23
Glu 12.4 24.3

Gly 1 2.85 4.44
Pro 5.60 10.8
Ser 3.29 4.41

Total DAA 35.4 57.5
Total AA 2 61.8 92.5

1 Semi-indispensable amino acids for poultry. 2 Total AA = IAA + DAA.

In both grains, starch was the main component followed by NDF in corn and CP in
barley. The starch content was higher in corn than in barley, and the opposite was observed
for the CP content. The NDF in corn was determined to be 83.1 g/kg which was lower
than that in barley (110 g/kg). The contents of Ca in both corn (0.17 g/kg) and barley
(0.14 g/kg) were negligible.

Among the IAAs, the content of Leu was the highest followed by Val, Arg, Ile and Thr
in both grains, whereas lower contents were determined for Trp and Met. The Glu was
the major dispensable AA (DAA) followed by Pro in both corn and barley. The variations
in CP contents between the two grains were reflected in total AA (TAA) contents with a
higher value in barley (92.5 g/kg) compared to corn (61.8 g/kg).

3.2. Growth Performance, Gizzard pH and Jejunal Digesta Viscosity

Weekly data on the performance, gizzard pH and jejunal digesta viscosity of birds fed
corn- or barley-based diets are presented in Table 4.
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Table 4. Daily feed intake (DFI; g/bird/d), daily weight gain (DWG; g/bird/d), gizzard pH and viscosity (cP) in jejunal
digesta of broilers fed corn- and barley-based diets at different ages 1.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

Corn

DFI 2 12.1 34.8 77.9 123 135 165 1.249 0.001 0.001
DWG 2 10.5 28.4 35.8 54.3 58.9 59.7 0.476 0.001 0.001

Gizzard pH 3 2.53 2.07 2.24 2.59 3.19 3.61 0.108 0.001 0.001
Viscosity 3 2.03 2.33 2.23 2.25 2.11 2.34 0.079 0.168 0.480

Barley

DFI 2 13.6 37.3 84.8 129 142 170 1.153 0.001 0.001
DWG 2 12.5 31.4 38.8 56.2 61.1 62.9 0.855 0.001 0.001

Gizzard pH 3 2.14 2.08 2.75 3.24 3.38 3.05 0.105 0.001 0.001
Viscosity 3 2.94 2.70 2.69 2.80 2.75 2.94 0.093 0.745 0.024

1 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds, respectively; eight
birds per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 2 Measured during 4-day feeding of
experimental diets. 3 Calculated as the mean of six replicates (two birds per replicate).

Mortality during the experiment was negligible. Out of the 696 birds, only four died,
and the deaths were not related to any specific treatment. The daily feed intake (DFI) and
daily weight gain (DWG) increased (quadratic; p < 0.001) in both corn- and barley-based
diets as birds grew older. Gizzard pH increased in a quadratic manner (p < 0.001) with
advancing age in both grains. A decline in gizzard pH was observed from day 7 to day 14
but increased beyond day 21. The jejunal viscosity in corn was unaffected (p > 0.05) by age.
In the case of barley, however, the jejunal digesta viscosity was influenced quadratically
(p < 0.05) by age. Higher viscosity was observed on days 7 and 42 (2.94 cP). After day
7, a reduction in viscosity was observed at day 14 that plateaued until day 35. A further
increase was observed at day 42.

3.3. Ileal Digestibility Coefficients of N and AAs in Corn

The influence of broiler age on the AIDC, SIDC and SID content of N and AAs in corn
is presented in Tables 5–7, respectively.

Table 5. Apparent ileal digestibility coefficients 1 of nitrogen (N) and amino acids of corn at different ages of broilers 1.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.651 0.669 0.779 0.766 0.764 0.766 0.0089 0.001 0.001
Indispensable amino acids

Arg 0.745 0.752 0.864 0.849 0.850 0.859 0.0056 0.001 0.001
His 0.718 0.744 0.805 0.795 0.792 0.802 0.0080 0.001 0.001
Ile 0.628 0.645 0.805 0.779 0.771 0.789 0.0100 0.001 0.001

Leu 0.799 0.817 0.901 0.882 0.872 0.882 0.0059 0.001 0.001
Lys 0.467 0.473 0.753 0.709 0.701 0.712 0.0142 0.001 0.001
Met 0.724 0.721 0.882 0.856 0.850 0.859 0.0098 0.001 0.001
Thr 0.464 0.435 0.636 0.635 0.635 0.648 0.0138 0.001 0.001
Trp 0.464 0.469 0.648 0.635 0.654 0.662 0.0143 0.001 0.001
Val 0.604 0.616 0.794 0.779 0.768 0.786 0.0100 0.001 0.001
IAA 0.624 0.630 0.788 0.769 0.766 0.778 0.0093 0.001 0.001
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Table 5. Cont.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

Dispensable amino acids
Ala 0.771 0.779 0.874 0.854 0.839 0.846 0.0072 0.001 0.001
Asp 0.609 0.601 0.773 0.753 0.739 0.753 0.0100 0.001 0.001

Cys 2 0.709 0.737 0.747 0.738 0.730 0.747 0.0127 0.077 0.209
Glu 0.794 0.798 0.893 0.869 0.862 0.866 0.0067 0.001 0.001

Gly 2 0.551 0.534 0.724 0.708 0.703 0.721 0.0121 0.001 0.001
Pro 0.706 0.725 0.811 0.801 0.798 0.813 0.0079 0.001 0.001
Ser 0.625 0.589 0.769 0.757 0.761 0.772 0.0119 0.001 0.001

DAA 0.681 0.680 0.799 0.783 0.776 0.788 0.0089 0.001 0.001
TAA 0.649 0.652 0.792 0.775 0.770 0.782 0.0087 0.001 0.001

1 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds, respectively; eight
birds per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 2 Semi-indispensable amino acids for
poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of indispensable amino acids; TAA = Average
digestibility of all amino acids.

Table 6. Standardized ileal digestibility coefficients 1 of nitrogen (N) and amino acids of corn at different ages of broilers 2.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.936 0.817 0.922 0.911 0.907 0.868 0.0089 0.295 0.684
Indispensable amino acids

Arg 0.914 0.828 0.943 0.939 0.930 0.909 0.0056 0.001 0.003
His 0.839 0.810 0.866 0.862 0.854 0.844 0.0080 0.034 0.039
Ile 0.844 0.757 0.917 0.898 0.875 0.859 0.0100 0.001 0.001

Leu 0.902 0.868 0.952 0.939 0.923 0.915 0.0059 0.001 0.001
Lys 0.704 0.583 0.858 0.827 0.805 0.776 0.0142 0.001 0.001
Met 0.899 0.801 0.963 0.948 0.927 0.904 0.0097 0.001 0.001
Thr 0.912 0.678 0.872 0.856 0.871 0.821 0.0138 0.348 0.119
Trp 0.769 0.640 0.828 0.823 0.834 0.792 0.0143 0.001 0.048
Val 0.807 0.723 0.902 0.892 0.873 0.861 0.0100 0.001 0.001
IAA 0.843 0.743 0.900 0.887 0.877 0.854 0.0091 0.001 0.002

Dispensable amino acids
Ala 0.896 0.841 0.934 0.923 0.901 0.887 0.0072 0.043 0.001
Asp 0.863 0.733 0.902 0.887 0.868 0.843 0.0100 0.002 0.017

Cys 3 0.968 0.906 0.908 0.894 0.895 0.877 0.0089 0.001 0.013
Glu 0.912 0.853 0.948 0.931 0.918 0.903 0.0067 0.026 0.002

Gly 3 0.784 0.654 0.845 0.836 0.823 0.807 0.0121 0.001 0.034
Pro 0.845 0.799 0.885 0.874 0.871 0.866 0.0079 0.001 0.048
Ser 0.902 0.733 0.915 0.897 0.907 0.876 0.0119 0.001 0.996

DAA 0.881 0.788 0.905 0.892 0.883 0.865 0.0083 0.010 0.109
TAA 0.860 0.763 0.902 0.889 0.879 0.859 0.0087 0.001 0.011
1 Apparent digestibility values were standardized using the following basal ileal endogenous flow values (g/kg DM intake), determined
by feeding nitrogen-free diet at different ages [21]: Day 7: N, 3.59; Arg, 0.68; His, 0.29; Ile, 0.63; Leu, 0.97; Lys, 0.64; Met, 0.27; Thr, 1.35;
Trp, 0.21; Val, 0.81; Ala, 0.75; Asp, 1.41; Cys, 0.47; Glu, 1.71; Gly, 0.78; Pro, 0.91; and Ser, 1.06. Day 14: N, 1.87; Arg, 0.30; His, 0.16; Ile, 0.33;
Leu, 0.49; Lys, 0.30; Met, 0.12; Thr, 0.73; Trp, 0.12; Val, 0.43; Ala, 0.37; Asp, 0.73; Cys, 0.27; Glu, 0.80; Gly, 0.39; Pro, 0.48; and Ser, 0.55.
Day 21: N, 1.79; Arg, 0.31; His, 0.15; Ile, 0.32; Leu, 0.49; Lys, 0.28; Met, 0.12; Thr, 0.71; Trp, 0.12; Val, 0.43; Ala, 0.36; Asp, 0.72; Cys, 0.26;
Glu, 0.80; Gly, 0.40; Pro, 0.48; and Ser, 0.56. Day 28: N, 1.82; Arg, 0.36; His, 0.16; Ile, 0.34; Leu, 0.55; Lys, 0.32; Met, 0.14; Thr, 0.67; Trp, 0.13;
Val, 0.45; Ala, 0.41; Asp, 0.74; Cys, 0.25; Glu, 0.89; Gly, 0.43; Pro, 0.48; and Ser, 0.54. Day 35: N, 1.81; Arg, 0.32; His, 0.15; Ile, 0.30; Leu, 0.49;
Lys, 0.28; Met, 0.12; Thr, 0.71; Trp, 0.12; Val, 0.42; Ala, 0.37; Asp, 0.72; Cys, 0.26; Glu, 0.81; Gly, 0.40; Pro, 0.47; and Ser, 0.56. Day 42: N, 1.29;
Arg, 0.20; His, 0.10; Ile, 0.20; Leu, 0.31; Lys, 0.18; Met, 0.07; Thr, 0.52; Trp, 0.09; Val, 0.29; Ala, 0.25; Asp, 0.49; Cys, 0.21; Glu, 0.53; Gly, 0.28;
Pro, 0.34; and Ser, 0.40. 2 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds,
respectively; eight birds per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 3 Semi-indispensable
amino acids for poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of indispensable amino acids;
TAA = Average digestibility of all amino acids.
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Table 7. Influence of age (days) on standardized digestible protein (CP) and amino acid contents 1 (g/kg) of corn,
as-received basis.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

CP 63.4 55.4 62.5 61.7 61.5 58.9 0.607 0.295 0.685
Indispensable amino acids

Arg 3.14 2.84 3.23 3.22 3.19 3.12 0.019 0.001 0.003
His 1.74 1.68 1.79 1.78 1.77 1.75 0.017 0.034 0.039
Ile 2.10 1.88 2.28 2.24 2.18 2.14 0.025 0.001 0.001

Leu 7.34 7.06 7.75 7.65 7.51 7.45 0.048 0.001 0.001
Lys 1.64 1.36 1.99 1.93 1.88 1.81 0.033 0.001 0.001
Met 1.18 1.05 1.26 1.24 1.21 1.18 0.013 0.001 0.001
Thr 2.36 1.75 2.26 2.22 2.26 2.13 0.036 0.348 0.119
Trp 0.45 0.37 0.48 0.48 0.48 0.46 0.008 0.001 0.048
Val 2.78 2.49 3.10 3.07 3.00 2.96 0.034 0.001 0.001
IAA 22.7 20.5 24.2 23.8 23.5 22.9 0.22 0.001 0.001

Dispensable amino acids
Ala 4.60 4.32 4.80 4.74 4.63 4.56 0.037 0.043 0.001
Asp 4.11 3.49 4.30 4.23 4.14 4.02 0.048 0.002 0.017

Cys 2 1.33 1.24 1.24 1.22 1.23 1.20 0.012 0.001 0.013
Glu 11.3 10.6 11.8 11.5 11.4 11.2 0.083 0.026 0.002

Gly 2 2.24 1.86 2.41 2.38 2.35 2.29 0.034 0.001 0.034
Pro 4.73 4.47 4.96 4.89 4.88 4.85 0.044 0.001 0.047
Ser 2.97 2.41 3.01 2.95 2.99 2.88 0.039 0.001 0.996

DAA 31.2 28.4 32.5 31.9 31.6 31.0 0.28 0.002 0.018
TAA 54.1 48.9 56.6 55.8 55.1 53.9 0.49 0.001 0.005
1 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds, respectively; eight birds
per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 2 Semi-indispensable amino acids for poultry.
DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of indispensable amino acids; TAA = Average
digestibility of all amino acids.

A quadratic increase (p < 0.001) was observed for the AIDC of N and average di-
gestibility of IAAs, DAAs and TAAs of corn with the advancing age of broilers (Table 5).
The AIDC of N and average AIDC of IAAs, DAAs and TAAs increased from day 7 to 21
then plateaued up to day 42. The AIDC of all individual IAAs increased in a quadratic
manner (p < 0.001) with age. With the exception of Cys (p > 0.05), an increase (quadratic;
p < 0.001) was observed for the AIDC of all individual DAAs.

The SIDC of N in corn was unaffected (p > 0.05; Table 6) by age. Bird age, however,
quadratically influenced the average SIDC of IAAs (p < 0.002) and TAAs (p < 0.05). The
higher values were recorded on day 7 than day 14, and the SIDC values increased until
day 21 and plateaued until day 35, followed by a decrease on day 42. The SIDC of average
DAAs was influenced in a linear (p < 0.05) manner with a higher value on day 7 (0.881)
than day 14 (0.788). Afterward, an increase in the SIDC was observed on day 21 which
plateaued until day 35, followed by a decrease on day 42. Except for Thr (p > 0.05), the SIDC
of all individual IAAs and DAAs was influenced (linear or quadratic; p < 0.05 to < 0.001)
by broiler age.

No age influence (p > 0.05) was recorded for the SID protein content of corn (p > 0.05;
Table 7). The SID contents of total IAAs, DAAs and total AAs was influenced by age
(quadratic; p < 0.05 to < 0.001). The SID content of total AAs was higher at day 7 (54.1 g/kg),
increased from day 14 to 21 and plateaued until day 42. The SID contents of all individual
AAs, except Thr and Ser, were influenced quadratically (p < 0.05 to < 0.001) by bird age. A
linear pattern (p < 0.001) was observed for age effect on the SID content of Ser.

3.4. Ileal Digestibility Coefficients of N and AAs in Barley

The impact of broiler age on the AIDC, SIDC and SID content of N and AAs in barley
is presented in Tables 8–10, respectively.
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Table 8. Apparent ileal digestibility coefficients 1 of nitrogen (N) and amino acids of barley at different ages of broilers 1.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.504 0.670 0.731 0.713 0.730 0.720 0.0142 0.001 0.001
Indispensable amino acids

Arg 0.611 0.705 0.803 0.772 0.802 0.791 0.0135 0.001 0.001
His 0.544 0.703 0.726 0.702 0.729 0.719 0.0142 0.001 0.001
Ile 0.436 0.660 0.749 0.725 0.747 0.749 0.0155 0.001 0.001

Leu 0.537 0.717 0.794 0.766 0.788 0.783 0.0133 0.001 0.001
Lys 0.230 0.545 0.739 0.682 0.717 0.717 0.0211 0.001 0.001
Met 0.479 0.692 0.812 0.777 0.796 0.789 0.0186 0.001 0.001
Thr 0.261 0.524 0.646 0.633 0.669 0.655 0.0196 0.001 0.001
Trp 0.430 0.646 0.709 0.694 0.724 0.713 0.0163 0.001 0.001
Val 0.449 0.652 0.756 0.737 0.753 0.752 0.0144 0.001 0.001
IAA 0.442 0.649 0.748 0.721 0.747 0.741 0.0155 0.001 0.001

Dispensable amino acids
Ala 0.423 0.633 0.734 0.699 0.722 0.717 0.0158 0.001 0.001
Asp 0.328 0.569 0.703 0.680 0.707 0.699 0.0179 0.001 0.001

Cys 2 0.620 0.764 0.743 0.731 0.739 0.728 0.0171 0.004 0.001
Glu 0.709 0.812 0.845 0.822 0.832 0.825 0.0107 0.001 0.001

Gly 2 0.360 0.561 0.675 0.658 0.676 0.673 0.0158 0.001 0.001
Pro 0.681 0.782 0.805 0.793 0.803 0.799 0.0112 0.001 0.001
Ser 0.413 0.622 0.727 0.708 0.741 0.728 0.0159 0.001 0.001

DAA 0.505 0.678 0.747 0.727 0.746 0.738 0.0140 0.001 0.001
TAA 0.469 0.662 0.748 0.724 0.747 0.739 0.0148 0.001 0.001

1 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds, respectively; eight
birds per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 2 Semi-indispensable amino acids for
poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of indispensable amino acids; TAA = Average
digestibility of all amino acids.

The AIDC of N and average digestibility of IAAs, DAAs and TAAs increased (quadratic;
p < 0.001) from days 7 to 21 and then plateaued from days 21 to 42 (Table 8). The AIDC
of all individual AAs in barley increased in a quadratic manner (p < 0.001) as the birds
grew older.

The SIDC of N and average SIDC of IAAs, DAAs and TAAs increased quadrati-
cally (p < 0.001) with the advancing age of broilers (Table 9). The values increased from
days 7 to 21 and then plateaued until day 42. The lower SIDC of TAAs was recorded at
day 7 (0.617), followed by day 14 (0.738). The SIDC of every single AA in barley increased
(quadratic; p < 0.05 to 0.001) with bird age with lower values on day 7.

Table 9. Standardized ileal digestibility coefficients 1 of nitrogen (N) and amino acids of barley at different ages of broilers 2.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.674 0.759 0.816 0.799 0.816 0.782 0.0143 0.001 0.001
Indispensable amino acids

Arg 0.724 0.755 0.855 0.831 0.854 0.824 0.0135 0.001 0.001
His 0.652 0.762 0.780 0.762 0.783 0.756 0.0143 0.001 0.001
Ile 0.574 0.732 0.821 0.801 0.813 0.793 0.0155 0.001 0.001

Leu 0.650 0.773 0.851 0.829 0.844 0.819 0.0133 0.001 0.001
Lys 0.382 0.616 0.806 0.757 0.783 0.758 0.0211 0.001 0.001
Met 0.611 0.752 0.874 0.847 0.854 0.823 0.0186 0.001 0.001
Thr 0.595 0.705 0.822 0.798 0.845 0.784 0.0196 0.001 0.001
Trp 0.564 0.721 0.787 0.776 0.802 0.769 0.0163 0.001 0.001
Val 0.578 0.719 0.825 0.809 0.819 0.799 0.0144 0.001 0.001
IAA 0.592 0.726 0.825 0.801 0.822 0.792 0.0155 0.001 0.001
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Table 9. Cont.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

Dispensable amino acids
Ala 0.566 0.703 0.803 0.778 0.793 0.764 0.0158 0.001 0.001
Asp 0.509 0.664 0.796 0.776 0.800 0.763 0.0179 0.001 0.001

Cys 3 0.806 0.870 0.844 0.829 0.843 0.809 0.0171 0.553 0.045
Glu 0.771 0.841 0.874 0.854 0.861 0.844 0.0107 0.001 0.001

Gly 3 0.513 0.639 0.753 0.742 0.755 0.729 0.0158 0.001 0.001
Pro 0.755 0.821 0.844 0.831 0.842 0.827 0.0112 0.001 0.001
Ser 0.623 0.732 0.838 0.815 0.852 0.808 0.0159 0.001 0.001

DAA 0.649 0.753 0.822 0.804 0.821 0.792 0.0140 0.001 0.001
TAA 0.617 0.738 0.823 0.802 0.822 0.792 0.0148 0.001 0.001
1 Apparent digestibility values were standardized using the following basal ileal endogenous flow values (g/kg DM intake), determined
by feeding nitrogen-free diet at different ages [21]; see Table 6. 2 Each value represents the mean of six replicates (14, 12 and 10 birds per
replicate for 7-, 14- and 21-days old birds, respectively; eight birds per replicate for 28- and 35-days old birds; and six birds per replicate for
42-days old birds). 3 Semi-indispensable amino acids for poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average
digestibility of indispensable amino acids; TAA = Average digestibility of all amino acids.

Table 10. Influence of age (days) on standardized digestible protein (CP) and amino acid contents 1 (g/kg) of barley,
as-received basis.

Age (Days) Orthogonal Polynomial Contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

CP 77.7 87.5 94.1 92.1 92.9 90.1 1.57 0.001 0.001
Indispensable amino acids

Arg 3.82 3.99 4.51 4.39 4.51 4.35 0.071 0.001 0.001
His 1.55 1.81 1.85 1.81 1.86 1.79 0.034 0.001 0.001
Ile 2.28 2.91 3.27 3.19 3.24 3.16 0.062 0.001 0.001

Leu 4.89 5.82 6.41 6.25 6.36 6.17 0.100 0.001 0.001
Lys 1.42 2.29 2.99 2.82 2.91 2.82 0.079 0.001 0.001
Met 1.08 1.33 1.55 1.49 1.51 1.46 0.033 0.001 0.001
Thr 2.10 2.49 2.91 2.82 2.99 2.78 0.069 0.001 0.001
Trp 0.76 0.97 1.06 1.05 1.08 1.04 0.021 0.001 0.001
Val 3.19 3.97 4.55 4.46 4.53 4.41 0.079 0.001 0.001
IAA 21.1 25.6 29.1 28.3 28.9 27.9 0.53 0.001 0.001

Dispensable amino acids
Ala 2.57 3.19 3.65 3.53 3.60 3.47 0.072 0.001 0.001
Asp 3.45 4.50 5.39 5.26 5.43 5.17 0.122 0.001 0.001

Cys 2 1.79 1.94 1.88 1.85 1.88 1.80 0.038 0.553 0.044
Glu 18.8 20.5 21.2 20.8 20.9 20.5 0.259 0.001 0.001

Gly 2 2.28 2.84 3.34 3.29 3.35 3.24 0.070 0.001 0.001
Pro 8.12 8.84 9.08 8.94 9.06 8.89 0.121 0.001 0.001
Ser 2.75 3.23 3.69 3.59 3.76 3.56 0.069 0.001 0.001

DAA 38.1 43.3 46.6 45.6 48.0 45.0 0.70 0.001 0.001
TAA 60.8 70.6 77.4 75.5 76.9 74.6 1.25 0.001 0.001
1 Each value represents the mean of six replicates (14, 12 and 10 birds per replicate for 7-, 14- and 21-days old birds, respectively; eight
birds per replicate for 28- and 35-days old birds; and six birds per replicate for 42-days old birds). 2 Semi-indispensable amino acids for
poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of indispensable amino acids; TAA = Average
digestibility of all amino acids.

The SID protein content of barley increased (quadratic; p < 0.001) from 77.7 g/kg on
day 7 to 94.1 g/kg on day 21 and then plateaued from days 21 to 42 (Table 10). The SID
contents of total IAAs, DAAs and total AAs increased (quadratic; p < 0.001) from day 7 to 21
and then plateaued until day 42. The SID contents of all individual AAs increased in a
quadratic manner (p < 0.05 to 0.001) with lower values on day 7, which increased either at
day 14 or 21 and then plateaued until day 42.
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3.5. Uplift in Digestibility Coefficients Due to Correction for Age-Appropriate Endogenous Amino
Acid Losses

The percentage increase in the digestibility coefficients of N and AAs after standard-
ization of apparent values for basal endogenous N and AA losses is shown in Table 11.

Table 11. Percentage increase in digestibility coefficients of nitrogen (N) and amino acids in corn and barley after correction
of apparent ileal digestibility coefficients for age-appropriate endogenous amino acid losses of broilers.

Corn Barley

Age (Days) Age (Days)

Parameter 7 14 21 28 35 42 7 14 21 28 35 42

N 43.8 22.1 18.4 18.9 18.7 13.3 33.7 13.3 11.6 12.1 11.8 8.61
Indispensable amino acids

Arg 22.7 10.1 9.14 10.6 9.41 5.82 18.5 7.09 6.48 7.64 6.48 4.17
His 16.9 8.87 7.58 8.43 7.83 5.24 19.9 8.39 7.44 8.55 7.41 5.15
Ile 34.4 17.4 13.9 15.3 13.5 8.87 31.7 10.9 9.61 10.5 8.84 5.87

Leu 12.9 6.24 5.66 6.46 5.85 3.74 21.0 7.81 7.18 8.22 7.11 4.60
Lys 50.7 23.3 13.9 16.6 14.8 8.99 66.1 13.0 9.07 11.0 9.21 5.72
Met 24.2 11.1 9.18 10.8 9.06 5.24 27.6 8.67 7.64 9.01 7.29 4.31
Thr 96.6 55.9 37.1 34.8 37.2 26.7 128 34.5 27.2 26.1 26.3 19.7
Trp 65.7 36.5 27.8 29.6 27.5 19.6 31.2 11.6 11.0 11.8 10.8 7.85
Val 33.6 17.4 13.6 14.5 13.7 9.54 28.7 10.3 9.13 9.77 8.76 6.25
IAA 35.1 17.9 14.2 14.0 14.5 9.77 33.9 11.9 10.3 11.1 10.0 6.88

Dispensable amino acids
Ala 16.2 7.96 6.90 8.08 7.39 4.85 33.8 11.1 9.40 11.3 9.83 6.56
Asp 41.7 21.9 16.7 17.8 17.5 11.9 55.2 16.7 13.2 14.1 13.2 9.16

Cys 1 36.5 22.9 21.6 21.1 22.6 17.4 30.0 13.9 13.6 13.4 14.1 11.1
Glu 14.9 6.89 6.16 7.13 6.50 4.27 8.74 3.57 3.43 3.89 3.49 2.30

Gly 1 42.3 22.5 16.7 18.1 17.1 11.9 42.5 13.9 11.6 12.8 11.7 8.32
Pro 19.7 10.2 9.12 9.11 9.15 6.52 10.9 4.99 4.84 4.79 4.86 3.50
Ser 44.3 24.5 18.9 18.5 19.2 13.5 50.8 17.7 15.3 15.1 14.9 10.9

DAA 29.4 15.9 13.3 13.9 13.8 9.77 28.5 11.1 10.0 10.6 10.1 7.32
TAA 32.5 17.0 13.9 14.7 14.2 9.85 31.6 11.5 10.0 10.8 10.0 7.17

1 Semi-indispensable amino acids for poultry. DAA = Average digestibility of dispensable amino acids; IAA = Average digestibility of
indispensable amino acids; TAA = Average digestibility of all amino acids.

The correction of AIDC for age-appropriate endogenous N and AA losses resulted in
an increase in the SIDC regardless of age, though the extent of increase reduced as the birds
grew older. After standardization of the AIDC estimates, the average TAA digestibility
coefficients increased in corn by 32.5% (day 7), 17% (day 14), 13.9% (day 21), 14.7% (day 28),
14.2% (day 35) and 9.85% (day 42). In the case of barley, the corresponding increases were
recorded as 31.6% (day 7), 11.5% (day 14), 10.0% (day 21), 10.8% (day 28), 10.0% (day 35)
and 7.17% (day 42).

4. Discussion

Most available data on the AIDC and SIDC AA of ingredients have been determined
using older broilers (22 to 35 days of age), and the estimates are applied in feed formu-
lations regardless of broiler age. Several reports exist on age-related AA digestibility in
ingredients for poultry, but the results are contradictory and inconclusive. Some studies
have documented reductions in protein or AA digestibility [3,4] with advancing age, while
others reported increases in digestibility estimates [13,26]. The present experiment aimed
at identifying whether the broiler age has an impact on the SIDC of AAs in corn and barley.

Although it may be intuitively expected that the AA digestibility in broilers will
vary depending on broiler age, studies comparing the SID of AAs corrected using age-
appropriate EAAs are limited [18–20]. A previous study in our laboratory [14] reported
the SIDC AA in wheat and sorghum at six different ages (days 7, 14, 21, 28, 35 and 42)
of broilers. In the current research, the AIDC and SIDC AA in corn and barley were
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determined from hatching to the end of the growth cycle of broilers, and the AIDC values
were standardized using age-appropriate basal EAA losses.

4.1. Nutrient Composition

The proximate nutrient contents of corn and barley were comparable to the values
reported previously [12,16,27]. The higher starch content in corn (590 g/kg) than barley
(541 g/kg) was expected. Due to high starch (620 to 720 g/kg) and crude fat (34 to 52 g/kg)
contents in corn, it contains higher energy than any other grain. The CP content of corn
(67.8 g/kg) was lower than the range (71 to 94 g/kg) reported by Cowieson [28].

The CP content (115 g/kg) in barley was marginally higher than the value (101 g/kg)
reported by Perera et al. [27] and lower than the range (121 to 180 g/kg) of Bandegan
et al. [16]. The higher CP content in barley compared to corn was in agreement with
previous studies [9]. The AA contents of corn and barley were identical or close to those
reported in previous studies [9,12,16,27].

4.2. Performance, Gizzard pH and Jejunal Digesta Viscosity

As anticipated, regardless of the grain type, an increase in both the DFI and DWG
was observed with advancing age. The gizzard pH on day 7 of birds fed corn (2.53) and
barley diets (2.14) was close to the values of 2.39 and 2.33 observed by David et al. [29] and
Morgan et al. [30], respectively, for broilers of similar age. The reduction of gizzard pH at
day 14 compared to day 7 was in line with the findings of David et al. [29] when feeding a
corn-based diet. Based on the review of 15 published studies, Angel et al. [31] also reported
a reduction in gizzard pH in broilers at day 14. According to Rynsburger [32], the secretion
of gastric acid in the proventriculus increased from day 2 to 15, causing a decrease in pH.

As observed by Nitsan et al. [33], the secretion and activity of digestive enzymes and
hydrochloric acid (HCl) secretion from proventriculus increase with broiler age. However,
the observed increase in gizzard pH with bird age after day 14 in both diets could be, at
least in part, explained by the increasing intake of feed with neutral pH with advancing
age [34]. An increased feed load can dilute the HCl secreted and consequently increase
the gizzard pH. The secretion of HCl is fundamental to sustain an acidic environment
and to convert pepsinogen to pepsin, the first step in protein digestion [32]. Thus, the
implication is that a high gizzard pH would compromise the protein digestion. In this
experiment, however, gizzard pH was not correlated (r = 0.242; p > 0.05) with the average
SIDC of TAAs in corn. On the contrary, in the case of barley, there was a positive correlation
(r = 0.644; p < 0.001) between the gizzard pH and the average SIDC of TAAs. Therefore, it
could be speculated that, though the gizzard pH was elevated by age in barley, contrary
to expectations, AA digestibility also increased. Besides the pH, there are several other
factors, to be discussed later, that potentially influence the AA digestibility in broilers.

The jejunal digesta viscosity in corn was not influenced by age, and no correlation
(p > 0.05) existed between the digesta viscosity and the average SIDC of TAAs. In barley,
the range (2.69–2.94) of jejunal digesta viscosity at different ages was notably higher than
that of corn (2.03–2.34), with viscosity being higher on days 7 and 42. Yu et al. [35] replaced
corn with increasing barley inclusions (0, 125, 250, 500 and 1000 g/kg) in 3-week-old
broilers and reported an increase in the duodenal digesta viscosity from 1.46 cP (0 g/kg)
to 2.40 (125 g/kg), 2.15 (250 g/kg), 2.71 (500 g/kg) and 2.81 cP (1000 g/kg). A positive
relationship exists between the soluble NSP content and digesta viscosity [7]. Corn contains
negligible amounts of soluble NSP compared to wheat and barley [28]. The NSP in plant
cell walls such as β-glucans, the major NSP in barley, and the pentosans of rye and wheat
exhibit significant antinutritive effects in poultry [36]. A portion of NSP of high molecular
weight dissolves in the gastrointestinal tract, increasing the viscosity of gut contents that
impedes the digestion and absorption of nutrients [37]. In the case of barley, however, the
jejunal digesta viscosity tended (r = −0.292; p = 0.084) to be negatively correlated with the
average SIDC of TAAs.
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Besides the soluble NSP content, a myriad of factors such as growing location, storage
time, ingredient inclusion level, age of bird, heat processing and pelleting temperature have
been shown to influence the digesta viscosity in barley-containing diets [6]. It is difficult to
explain the high viscosity at day 42 observed in the current work since previous studies [38]
have reported decreased intestinal viscosity in older birds fed barley-based diets. During
the evaluation of a high viscosity hull-less barley, Salih et al. [38] recorded a drop in the
digesta viscosity in broilers from two weeks (2.59 cP) to eight weeks of age (1.74 cP).

4.3. Ileal Digestibility Coefficients of Nitrogen and Amino Acids

The first week is the most critical period in a bird’s life when they consume only small
amounts of feed and depend mostly on the nutrients from residual yolk [39]. Notable
changes occur in the morphology and development of the gastrointestinal tract during the
first few weeks of life that contribute to improved digestion and absorption of nutrients.
During the first few weeks, there is high protein demand for the development of organs
and muscle [39]. The secretion and activity of different proteolytic enzymes such as trypsin,
chymotrypsin, intestinal peptidase and dipeptidase also generally increase with age [33].

From previous studies, it is evident that the AIDC of AAs is variable depending on
broiler age [3,13,40,41]. In the current experiment, with advancing broiler age, an increase
in the AIDC of N, all individual AAs (except Cys) and average of TAAs was observed for
corn. Compared to day 7, the average AIDC of all AAs increased by 0.46, 22.0, 19.4, 18.6
and 20.5% at days 14, 21, 28, 35 and 42, respectively. The increased AIDC AA with age is
in agreement with previous findings [13,19,26]. An increase in ileal N digestibility from
78% at day 4 to about 90% at day 21 has been reported in broilers fed diets based on corn–
soybean meal by Noy and Sklan [40]. They concluded that the hydrolysis of exogenous and
endogenous proteins was not optimum due to insufficient proteolytic activity at the early
posthatch period. An increase in apparent AA digestibility from 1 to 10 days of age was
reported with a corn–soybean meal diet by Batal and Parsons [41]. Wallis and Balnave [26]
recorded an increase in AIDC AA from day 30 to 50 posthatch (0.732 vs. 0.814) feeding
a finisher diet containing a wide range of feed ingredients (wheat, sorghum, soybean
meal, cottonseed meal, meat and bone meal, poultry tallow, poultry offal meal, feather
meal). Huang et al. [13] determined the AIDC AA of eight ingredients (corn, wheat,
sorghum, soybean meal, canola meal, meat and bone meal, cottonseed meal and millrun)
at three broiler ages (days 14, 28 and 42). Combining all the results, it was concluded
that the digestibility increased with advancing age. The trends, however, were variable
depending on the AA and ingredient type. In their study, higher AIDC AA was recorded at
days 28 and 42 compared to day 14 in the case of corn, soybean meal, canola meal and meat
and bone meal. The AIDC in millrun at day 42 was higher than those at 14 and 28 days.
Whilst there was no age influence on the AIDC of most AAs in cottonseed meal, Lys
and Arg digestibility increased with age. On the contrary, in wheat, the AIDC of most
individual AAs was recorded to be higher at day 14 than at days 28 and 42. In sorghum,
the AIDC AA was higher at day 42 compared to day 28 but similar to those at day 14 with
the exception of His, Lys, Ser and Gly which were higher at day 42.

In the present study, with the exception of Thr, linear or quadratic responses to broiler
age were observed for the SIDC of all individual AAs in corn. Unlike the AIDC, the pattern
of increase in SIDC AA in corn was not gradual with increasing age. Rather, a decline was
observed from day 7 to 14 followed by an increase from day 14 to 21, a plateau between
days 21 and 35 and a decline at day 42.

Differing age-related trends between the AIDC and SIDC estimates have also been
observed by Adedokun et al. [19]. These researchers, comparing AA digestibility between
days 5 and 21 of broilers for five ingredients (corn, light and dark distiller’s dried grains
with solubles, canola meal and soybean meal), reported an increased AID AA with age in
all test ingredients. However, increasing broiler age elevated the SID AA only in corn and
distiller’s dried grains with solubles and had no influence on the SID AA in soybean meal
and canola meal.
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Apart from the age effect, another notable observation was made on the AA digestibil-
ity in corn in the current study. Though maize contained lower CP and TAA contents
compared to barley (Table 3), the average SIDC in maize was 39.4% (day 7), 3.4% (day 14),
9.6% (day 21), 10.8% (day 28), 6.9% (day 35) and 8.5% (day 42) higher than barley. Compared
to other grains, maize contains low levels of soluble NSP (1 g/kg) and highly digestible
nutrients for broilers. Barley contains a high amount of soluble NSP (45 g/kg) compared
to maize [28]. According to Andriotis et al. [42], the barley endosperm is composed of
β-glucans (70%) and arabinoxylans (20%). The high content of soluble β-glucan is the
major antinutritional factor in barley, and, to assess the potential feed value of barley for
poultry, determination of the content and properties of β-glucan is crucial [27]. When
birds are fed diets with high inclusions of barley, the NSP impedes nutrient digestion and
absorption by two mechanisms. First, the soluble NSP forms gel-like viscous matter, which
impairs the interaction between nutrient substrates and endogenous enzymes. Second, the
insoluble NSP fraction exerts a “cage effect” by encapsulating the nutrients (starch, pro-
tein) in endosperm cells, impeding the contact between nutrients and digestive enzymes.
High levels of β-glucans result in thicker cell walls than low levels of β-glucans [43,44].
Though barley has a potential to be included in broiler diets without compromising growth
performance [45,46], its inclusion is not recommended for young birds (<7 days) in this
experiment due to very low SIDC AA at day 7.

In the present study, an increase in the AIDC of N and average AIDC of IAAs, DAAs
and TAAs with age was observed in barley. The AIDC of all AAs increased from day 7 to 21
and then plateaued until day 42. Similar patterns of increase were observed in the SIDC
of N, SIDC of all individual AAs and average SIDC of IAAs, DAAs and TAAs with lower
values on day 7, then an increase until day 21, which plateaued from day 21 to 42. The
average SIDC of TAAs in barley at day 7 was 16.4% lower than day 14, 25.0% lower than day
21 and 23.4% lower than the average of days 28, 35 and 42. Szczurek et al. [20] determined
the AA digestibility in three grain sources (barley, triticale and wheat) in broilers at day
14 vs. 28 posthatch. In barley and triticale, the average AIDC of IAAs was notably higher
at day 28 than 14. The average AIDC of IAAs in barley was reported to be 0.730 on day
14 and 0.780 on day 28. The SIDC of all AAs in barley and most AAs in triticale was also
higher at day 28. In the case of wheat, however, no difference was recorded for the average
AIDC of IAAs between the two ages. The effect of age on the AA digestibility in wheat
and sorghum at six different ages (days 7, 14, 21, 28, 35 and 42) of broilers has already
been documented [14]. The AIDC of all individual AAs in wheat increased as the birds
grew older. Although the average SIDC of TAAs was unaffected by age, the digestibility of
some individual AAs (Met, Trp, Asp and Cys) was higher in the older birds. It is possible
that the GIT of older birds is developed sufficiently enough to counteract any adverse
effects of digesta viscosity induced by β-glucan. Similar observations were made in other
studies [38,47], indicating that the digestibility of nutrients in barley diets improves with
age and that viscosity is not a limiting factor in older birds.

Several factors may explain the increased AIDC AA with advancing age for corn and
barley. Lower production and activities of pancreatic enzymes are a constraint for nutrient
digestion in young chicks [39]. Nitsan et al. [33] measured the activities (units/kg BW) of
trypsin and chymotrypsin in the pancreas and small intestine from hatching to 23 days of
age. The activity of trypsin was low at days 3 to 6 posthatch and increased on day 14. A
gradual increase in chymotrypsin activity was also observed from hatch to day 14, and
this remained constant afterward. Maximum activities of trypsin and chymotrypsin were
observed on day 11. In the intestinal contents, the activity of trypsin increased 10-fold
from hatching to day 14, and that of chymotrypsin increased 3-fold by day 20. As stated
by Tarvid [48], the total intestinal peptidase (aminopeptidase and dipeptidase) activity
increases with the advancing age of broilers.

Another possible factor contributing to the increasing apparent AA digestibility with
age may be the greater absorptive area [39]. According to Nitsan et al. [33], the weight
of the small intestine increased 10-fold at day 8 and 20-fold at day 23. Insoluble NSP is
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known to promote the development of gizzard [49]. As barley contains high insoluble NSP
(122–142 g/kg) [6,27], it is likely that a more developed gizzard in barley will facilitate
better nutrient digestion by mechanical breakdown of digesta. Well-developed GIT in older
birds can overcome the negative viscosity effects of β-glucans [47].

Digesta retention time in the GIT plays a vital role in nutrient digestion because it
determines the actual contact time among nutrients, digestive enzymes and microbiota.
An increase in digesta retention enhances the absorption of nutrients by increasing the
exposure time between the digesta and intestinal absorptive surface. Feed passage time
through the GIT is reduced with bird age [50]. Increased digesta retention, in combination
with a well-developed digestive tract, especially foregut, in older birds may also increase
protein and AA digestibility by enhancing intestinal refluxes, subsequently re-exposing the
digesta to pepsin [51].

Higher AA digestibility in barley with advancing age might be due to better tolerance
of older birds to high NSP and viscosity owing to the increased stability of intestinal
microbiota with advancing age [7]. Gut microbiota, a major consumer of AAs, may
potentially influence digestion by competing for nutrients [52]. The GIT of the newly
hatched chick is sterile. The primary source of initial microbiota is the farm environment
where the hatchlings are reared. With increasing age, a cascade of changes occurs in
microbiota including species diversity, followed by the complexity of population structure
and finally maturation and stabilization. This process continues with age in commercial
broilers, and the microbiota profile is stabilized by week 3 [53]. According to Choct [54],
dietary NSP can promote microbial growth and fermentation. Increased degradation of
soluble NSP and the resultant reduction in the viscosity with age may limit bacterial growth
and partly mitigate the adverse effects caused by the excessive population of microbiota.

In contrast to the present findings, earlier age-related studies measuring the excreta or
total tract AA digestibility in poultry [3,15,55] indicated higher protein and AA digestibility
in younger birds. Fonolla et al. [3] reported a decline in the excreta digestibility of protein in
broilers with advancing age (day 21 vs. 52), which was attributed to an increased excretion
of metabolic N. A drop in true digestibilities of protein and AAs from 3 to 6 weeks of age
was reported by Zuprizal et al. [15]. According to Carré et al. [55], the apparent protein
digestibility in pea was lower in adult roosters than in 3-week-old broilers. Following
feeding of a mixed diet with a wide variety of ingredients, ten Doeschate et al. [4] observed
a reduction in protein digestibility coefficients with broiler age. The values were reported
to be 0.849 (days 13 to 15), 0.830 (days 27 to 29) and 0.840 (days 41 to 43), respectively.
However, these studies are based on total tract digestibility and are not comparable with
current findings due to possible contamination of AAs from urine, microbial fermentation
in the hindgut and, consequently, modifications in the AA constituents [5].

With advancing broiler age, the reduction in ileal digestibility of AAs along with
other major nutrients in feed ingredients has also been reported. Adedokun et al. [18]
reported 18.5% higher AIDC for TAAs in meat and bone meal in 5-day-old broilers (0.705)
compared to that of 21-day broilers (0.595). This pattern remained unchanged even af-
ter the standardization of AIDC, with SIDC values of 0.760 and 0.632 at days 5 and 21,
respectively. In a previous experiment [14], though there was no age influence on the
average AIDC of TAAs in sorghum, the average SIDC of TAAs on day 7 (0.903) was 6.9%
higher than on day 14 (0.844) and 8.5% higher than the average from day 21 to day 42
(0.819–0.854). Comparisons among published age-related SID digestibility estimates are not
straightforward because of differences in ingredient type [1,13], assumed age-appropriate
endogenous losses [21], secretion and activities of digestive enzymes [33], development
and activity of gastrointestinal microbiota [53], environment, chemical nature of nutrients
and methodology.

In the SIDC calculations, the AIDCs were corrected for the basal endogenous AA
losses from various digestive, pancreatic and enzymatic secretions [56], and unsurprisingly,
these two values were different with SIDC being higher. In practical feed formulations, the
SIDC AA of ingredients is preferred because it is more additive especially when mixed
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into a complete diet. Moreover, standardization eliminates the underestimation of some
nutritionally critical and less additive AAs in poultry diets [2]. Though there are some
constraints in AIDC estimates, the AIDC is reported in this study to better understand the
magnitude of age impact on the SIDC due to correction for age-dependent EAA losses.
The differences between the AIDC and SIDC illustrated in Figures 1 and 2 were due to the
correction of apparent values by age-appropriate EAA losses determined in a previous
study in our laboratory [21]. Although data [1,9,16] exist on the SID AA of different poultry
feed ingredients, only a few studies [14,15,17–20] have determined the SID AA at different
broiler ages. Except for some [14,18–20], all previous studies have used a single EAA flow
value, derived from older birds, to standardize the AIDC values at different ages. From
our previous findings [21], the basal EAA losses of TAAs at day 7 (12.93 g/kg DMI) were
twice that of the average of days 14 to 35 (6.61 g/kg DMI) and almost three times higher
than day 42 (4.48 g/kg DMI). These resulted in substantial differences in the percentage of
increase in SIDC over AIDC (Table 11) after correction of apparent digestibility data with
age-appropriate EAA losses. The current findings suggest that correcting AIDC AA using
a single EAA flow value across ages underestimates the SIDC AA of feed ingredients in
young birds and overestimates in older birds.
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In general, the magnitude of increase in the SIDC AA of corn and barley after correc-
tion for age-appropriate EAAs decreased with advancing broiler age. After correcting for
age-appropriate EAAs, an increase of 32.5% in the average SIDC of TAAs at day 7 was
observed in corn that was almost two times higher compared to that from day 14 to 35
(13.9–17.0%) and three times higher than the increase at day 42 (9.85%). Similar to corn,
the average SIDC of TAAs in barley at day 7 was 31.5% higher than the average AIDC of
TAAs, which decreased to 7.17% at day 42.

To summarize, several factors such as the composition of grains, antinutritive factors,
digestive tract development, secretion of enzymes, feed intake, nutrient load, digesta
retention time and gut microbiota contribute to the age effect on the AA digestibility in
broilers. The endogenous AA losses are a key factor with the greatest impact on the SIDC
being observed in young broilers.

5. Conclusions

The present study provides information on the SIDC of AAs in corn and barley
from hatching to the end of the broiler growth cycle. The findings suggest that the age
influence on AA digestibility is dependent on the grain type and AA. The AIDC AA in
corn increased with advancing age. The SIDC AA was higher at day 7, decreased at day 14
and increased and plateaued between days 21 and 35. A further decrease was observed at
day 42. In the case of barley, both the AIDC and SIDC of AAs increased as the birds grew
older. Standardization of AIDC AA with age-appropriate EAA flows resulted in marked
differences in the SIDC of both grains. Application of a single EAA value for correction of
the AIDC for broilers of different ages can result in the underestimation of the SIDC AA in
young birds and overestimation in older birds. It is concluded that the precision of feed
formulations can be improved by using age-specific EAA values for the standardization of
AIDC AA values.
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Simple Summary: Rapeseed cake (RC) has recently gained increasing interest as a dietary protein
source alternative to soybean meal (SBM). However, its wider use in poultry diets (including laying
hen diets) is limited due to the high concentrations of antinutritional compounds. Technological
processes such as thermal treatment and fermentation may improve the nutritional value of RC
by reducing the content of non-starch polysaccharides (NSPs), glucosinolates (GLS) and phytate
phosphorus (PP). The present study revealed that the inclusion of 20% RC in layer diets improves the
fatty acid (FA) profile of egg yolks while maintaining a desirable redox status. Hydrobarothermally-
treated RC (HRC) and fermented RC (FRC) exerted a greater beneficial influence on the laying
performance of hens than raw RC (RRC). FCR appears to be the optimal substitute for SBM because
it contributed to the highest albumen quality and the highest sensory quality of eggs.

Abstract: The present study was conducted to investigate how raw rapeseed cake (RRC), hydrobaro
thermally-treated rapeseed cake (HRC) and fermented rapeseed cake (FRC) fed to laying hens over a
period of 12 weeks affected their performance, and the quality, fatty acid (FA) profile and oxidative
stability of eggs. A total of 304 Hy-Line Brown laying hens at 36 weeks of age were distributed
in a completely randomized design to four treatment groups with 38 replicates per treatment and
two hens per replicate. The birds had ad libitum access to feed and water throughout the study.
During the experiment, the birds were fed isonitrogenous and isocaloric diets in mash form, with
various protein sources. In the control group (C), soybean meal (SBM) was the main source of
dietary protein, whereas the experimental groups were fed diets containing 20% of RRC, HRC or
FRC. Hydrobarothermal treatment and fermentation decreased the glucosinolate (GLS) content of
RC, and fermentation reduced the concentration of phytate phosphorus (PP). In comparison with the
RRC group, layers from the HRC and FRC groups were characterized by higher laying performance,
comparable with that in group C. Irrespective of its physical form, RC added to layer diets adversely
affected eggshell quality in all experimental groups, whereas albumen quality was highest in the
FRC group. In comparison with group C, diets containing RRC, HRC and HRC led to a significant
decrease in the content of saturated fatty acids (SFAs), an increase in the proportion of n-3 and n-6
polyunsaturated fatty acids (PUFAs) in the total FA pool in egg yolks, and a decrease in the n-6/n-3
PUFA ratio. The inclusion of RRC, HRC and FRC in layer diets decreased the activity of superoxide
dismutase (SOD) in egg yolks, relative to group C. Group FCR eggs were characterized by the highest
activity of catalase (CAT) and the lowest lipid peroxides LOOH concentration, compared with the
remaining groups. The addition of RC to layer diets did not compromise the sensory quality of eggs,
and eggs produced in group FRC received the highest overall score. It can be concluded that the
inclusion of 20% RRC, HRC and FRC in layer diets does not compromise the sensory quality of eggs
and has a beneficial influence on the FA profile and antioxidant potential of egg yolks. The use of
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FRC is recommended because it contributes to the highest laying performance, superior albumen
quality and the highest sensory quality of eggs, relative to RRC and HRC.

Keywords: laying hen; nutrition; egg quality; rapeseed cake; fermentation; hydrobarothermal treat-
ment

1. Introduction

Soybean meal (SBM) is presently the main source of protein in animal diets, including
laying hen diets. However, the global demand for feed protein is met by SBM imports from
a limited number of countries. Due to the high prices and variable supply of SBM, as well
as concerns over genetically modified soybeans, alternative domestic sources of vegetable
protein, such as rapeseed meal (RSM) or rapeseed cake (RC), are being sought.

According to Food and Agriculture Organization (FAO) [1], in 2019/2020, global
oilseed production reached 584.3 million tons, including 69.2 million tons of rapeseed.
Rapeseed is widely used in the production of both foodstuffs and feedstuffs. Rapeseed
oil by-products are utilized in the feed industry. These by-products include RC which
can be a valuable component in layer diets [2]. The production technology of RC is less
expensive and more environmentally friendly than organic solvent extraction [3]. RC is
also a richer source of oil and metabolizable energy for poultry than RSM. Rapeseed oil
is abundant in omega-3 (approx. 8–9%) and omega-6 (approx. 20–24%) polyunsaturated
fatty acids (PUFAs), and it can increase the content of these fatty acids in the egg yolk [4,5].
Rapeseed oil also contains bioactive compounds, including vitamin E, phenolic compounds,
flavonoids, phytosterols and other antioxidants that deliver health benefits for humans
and animals [6].

The high content of non-starch polysaccharides (NSPs), glucosinolates (GLS) and
phytic acid (PA) limits the use of RC in layer diets. Indigestible NSPs compromise the uti-
lization of nutrients, in particular protein, energy and phosphorus [7]. Phytic acid is poorly
available to poultry, therefore poultry diets have to be supplemented with phytase enzymes
or inorganic phosphorus [8,9]. Glucosinolates, the major antinutritional compounds in
rapeseed, increase mortality and decrease egg production and egg weight [10]. Some GLS
degradation products contribute to the production of fish-tainted eggs whose yolks contain
high levels of trimethylamine (TMA), a product of bacterial fermentation of choline in the
lower gut [11]. Goitrin, an antinutritional factor (ANF) formed by the action of myrosinase
on GLS, inhibits the oxidation of TMA to odorless compounds, which produces a fishy
taint in eggs laid by genetically susceptible birds, specifically brown layers [12,13]. In the
literature, there is no consensus on the optimal proportions of rapeseed products in layer
diets. According to some authors, the rapeseed content of layer diets should not exceed
10%, whereas in other studies, diets containing 20% of rapeseed had no negative effect on
laying performance or egg quality [14–18].

The nutritional value of rapeseed can be improved by reducing the content of some
ANFs, which can be accomplished through physical, chemical and biological treatment
or by modifying crop breeding practices [19–21]. Numerous studies have demonstrated
that thermal processing effectively deactivates myrosinase and decreases GLS levels in
rapeseed feeds, thus improving their nutritional value for monogastric animals, includ-
ing poultry [3,22,23]. According to Zentek and Goodarzii-Boorojeni [24], hydrothermal
processes can reduce the content of many ANFs in poultry feed components, but their ef-
fectiveness is determined by the type and intensity of the applied treatment. Lichovníková
et al. [25] and Sasyte et al. [26] observed that extruded rapeseed can be incorporated into
layer diets without compromising egg production or egg quality, but little is known about
other thermal processing methods for improving the nutritional value of layer diets.

Fermentation treatments have also been long used to improve the nutritional value of
feed components, including rapeseed, in animal diets [27–30]. According to Gao et al. [31],
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fermentation can reduce the levels of aliphatic compounds (by 57.7%), indole GLS (by
97.3%), oligosaccharides (by 73%), lignin and NDF (by 25%), and PA (by 86%) in RSM, de-
pending on processing conditions and inoculum type. However, the efficacy of fermented
rapeseed feeds in laying hen nutrition has not been investigated to date. In our previous
experiment performed on female turkeys, the dietary inclusion of fermented RC (FRC) at
15% did not compromise the growth performance of birds and had a greater beneficial
influence on breast muscle quality than SBM used as the sole protein source [32]. Engberg
et al. [33] demonstrated that fermented feeds fed to laying hens positively affected egg
weight and eggshell quality.

In light of previous findings, the research hypothesis postulates that the partial replace-
ment of SBM with RC in laying hen diets can improve productivity, and the antioxidant
status and quality of eggs. Therefore, the aim of this study was to determine the effect of
raw RC (RRC), hydrobarothermally-treated RC (HRC) and FRC added at 20% to layer diets
on laying performance, egg traits, and the FA profile and antioxidant status of egg yolks.

2. Materials and Methods

The trial with laying hens was conducted at the Animal Research Laboratory (Depart-
ment of Poultry Science and Apiculture, University of Warmia and Mazury in Olsztyn,
Poland) in accordance with EU Directive 2010/63/EU on the protection of animals used
for scientific purposes [34].

2.1. Preparation of Hydrobarothermally-Treated Rapeseed Cake (HRC) and Fermented Rapeseed
Cake (FRC)

Locally produced RRC was purchased from “Agrolok” Agrolok in Golub Dobrzyn,
Poland. Purified RRC was ground in a roller mill to pass through a 3 mm sieve, and then
conditioned at a temperature of 90–95 ◦C and humidity of around 18%. Next RRC was
processed in a hydrothermal reactor in the presence of steam at a temperature of 95–100 ◦C
for 15–20 min. The raw material was expanded at a temperature of 105–110 ◦C under
pressure of 40–60 atm, dried and cooled to the optimal storage temperature and humidity.

Raw RC was fermented as described by Drażbo et al. [35]. RRC was ground and
thoroughly mixed with water in a ratio of 1:2. The fermentation process was carried out
with the use of commercial 6-phytase enzyme preparation expressed by Pichia pastoris,
which was added to RRC in a weight ratio of 1:1000, and thoroughly mixed. Solid-state
fermentation was conducted for 24 h at a temperature of 30 ◦C under anaerobic conditions.
Then the enzyme was deactivated at a temperature of 70 ◦C for 15 min, and the fermented
biomass was dried at a temperature of 55 ◦C. The fermentation process was carried out
under patent pending procedure No. 422849.

Rapeseed samples were analyzed in duplicate for the content of dry matter (DM),
crude protein (CP), ether extract (EE), crude fat (CF) and crude ash (CA) according to
Association of Official Agricultural Chemists AOAC [36] methods 934.01, 976.05, 920.39,
978.10, 942.05 and 984.27, respectively. Gross energy (GE) was determined with an adiabatic
bomb calorimeter (KL 12 Mn, Precyzja-Bit PPHU, Bydgoszcz, Poland) standardized with
benzoic acid. NSPs were determined by gas−liquid chromatography (constituent neutral
sugars) using an SP-2340 column and a Varian CP3380 gas chromatograph (Varian Inc.,
Palo Alto, CA, USA) and by colorimetry (uronic acids) using a Biochrom Ultrospec 50
(Biochrom Ltd., Cambridge, UK), according to the procedure described by Englyst and
Cummings [37,38] with modifications [39]. Uronic acids were determined as described by
Scott [40]. Glucosinolates were determined by gas−liquid chromatography as described
by Slominski and Campbell [41].

2.2. Birds and Housing

The experimental materials comprised 304 Hy-Line Brown laying hens aged 36 weeks,
obtained from a local commercial flock. Before the experiment, all birds were weighed
individually and were placed in three-tier battery cages (40 × 35 × 60) cm, with a floor slope
of 12◦) with two hens per cage. The birds were distributed in a completely randomized
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design to four treatment groups with 38 replicates per treatment and two hens per replicate.
The replicates were equally distributed among three cage levels to minimize the cage level
effect. Room temperature was maintained at 20 to 22 ◦C, and the light cycle was set at 16 h
of continuous light and 8 h of darkness. The birds had ad libitum access to feed and water
throughout the study. The trial started when the hens were 36 weeks old, and lasted for
12 weeks (until 48 weeks of age).

During the experiment, the birds were fed isonitrogenous and isocaloric diets in mash
form, with various protein sources. In the control group (C), SBM was the main source
of dietary protein, whereas the experimental groups were fed diets containing 20% of
RRC, HRC or FRC. All diets were formulated to meet the nutrient requirements of laying
hens [42]. The composition of control and experimental diets is presented in Table 1.

Table 1. Ingredient composition and nutritional value of experimental diets (%).

Ingredient
Diet

C RRC HRC FRC

Wheat 49.756 36.972 36.972 36.972
Maize 20.000 20.000 20.000 20.000

Soybean meal 17.273 7.700 7.700 7.700
Rapeseed cake - 20 - -

Hydrobarothermally-treated
rapeseed cake - - 20 -

Fermented rapeseed cake - - - 20
Soybean oil 1.144 3.842 3.842 3.842

Sodium chloride 0.370 0.372 0.372 0.372
Limestone 9.537 9.319 9.319 9.319

Monocalcium phosphate 1.153 1.123 1.123 1.123
L-Lysine HCL 1 0.096 0.079 0.079 0.079
DL-Methionine 0.172 0.092 0.092 0.092

Vitamin-mineral premix 2 0.500 0.500 0.500 0.500

Analyzed nutrients

Crude protein 17.0 16.9 17.1 17.2
Crude fat 3.1 7.1 7.0 7.1

Calculated nutritional value 3

AME, kcal/kg 2700 2700 2700 2700
Crude fiber 2.358 4.765 4.765 4.765

Lysine 0.790 0.790 0.790 0.790
Arginine 0.961 0.936 0.936 0.936

Methionine 0.412 0.371 0.371 0.371
Methionine + Cysteine 0.720 0.720 0.720 0.720

Threonine 0.555 0.601 0.601 0.601
Tryptophan 0.189 0.189 0.189 0.189

Calcium 3.900 3.900 3.900 3.900
Available phosphorus 0.400 0.400 0.400 0.400

1 Lysine hydrochloride,2 Supplied the following per kilogram of feed: 8000 IU vit A, 2500 IU vit D3, 20 mg vit E,
1.0 mg vit K3, 1.5 mg vit B1, 4 mg vit B2, 1.0 mg vit B6, 0.02 mg vit B12, 0.1 mg biotin, 6.0 mg pantothenic acid,
65.0 mg Mn from manganese oxide, 52 mg zinc from zinc oxide, 45.0 mg I from ethylene diamine dihydroiodide,
0.15 mg Se from sodium selenite, 6 mg Cu. 3 Calculated according to Polish Feedstuff Analysis Tables [42].

2.3. Laying Performance

The body weights (BW) of hens were determined at the beginning (36 weeks of age)
and at the end (48 weeks of age) of the experiment. Daily records of egg production were
kept, and the egg laying rate was expressed as an average hen-day production. Eggs
were collected daily, and egg production was expressed based on the number of days (%
working days) at 4-week intervals. Individual egg weight was recorded by individual egg
weighing per cage every 2 weeks, and it was used to calculate average egg weight. Total
egg weight was calculated by multiplying average egg weight by egg production. Feed
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intake was controlled every 4 weeks, at 40, 44 and 48 weeks of age. Average daily feed
intake (ADFI) per bird was calculated based on total feed intake and the number of days in
the analyzed period. The feed conversion ratio—FCR (kg feed/kg eggs laid) was estimated
based on egg weight and feed intake.

2.4. Egg Quality

At the end of the experiment (at 48 weeks of hens’ age), 12 eggs from each group
were picked randomly to determine their physicochemical properties. All quality analyses
were completed within 24 h of egg collection. The eggs were weighed individually and
were broken on the EQM plate measurement stand (Egg Quality Microprocessor, Technical
Services & Supplies Ltd., Dunnington, York, UK) to determine albumen height. The
average of two measurements of albumen height and egg weight were used to compute
the Haugh unit score (HU) [43]. Yolk color intensity was evaluated and scored according
to the yolk color fan (DSM, Heerlen, Netherlands) (1, light yellow; 15, orange). Then the
yolk was separated from the albumen using a teflon spoon (Tefal, Rumilly, France). The
yolk was rolled on a blotting paper towel. Albumen weight was calculated by subtracting
the weights of yolk and eggshell from whole egg weight. To determine eggshell weight,
eggshells were cleaned of any adhering albumen and membranes, and they were dried
at room temperature. The proportions of the yolk, albumen and eggshell were expressed
as a percentage of whole egg weight. Eggshell thickness was measured at three different
locations (middle, broad and narrow ends) with the use of a digital micrometer gauge
(Mitutoyo QuantuMike, Poland Ltd., Wrocław, Poland), and it was expressed as the mean
value. Eggshell breaking strength was measured using an egg force reader (Orka Food
Technology, Herzliya, Israel).

2.5. Cholesterol Concentration and Fatty Acid Composition of the Egg Yolk

The concentration of cholesterol and FA profile were determined in fat extracted from
the yolk, according to the method proposed by Folch et al. [44]. Cholesterol was separated
from fat after saponification with potassium hyroxide KOH and extraction with ethyl ether,
by the modified method of the International Dairy Federation [45]. The samples were
analyzed on a PU4600 chromatograph (Unicam, Cambridge, UK) with a flame ionization
detector (FID), under the following conditions: glass column length—1 m, inner diameter—
4 mm, film thickness—0.25 m, temperature: detector—300 ◦C, injector—290 ◦C, column—
260 ◦C, carrier gas—argon, flow rate—50 cm3/min, and internal standard—dotriacontane
(Sigma, St. Louis, MO, USA). The extracted fat was esterified with a chloroform, methanol,
and sulfuric acid mixture, as described by Peisker [46]. The resulting FA methyl esters
(FAMEs) were analyzed on a 7890A gas chromatograph (Agilent Technologies Inc., Palo
Alto, CA, USA) with a FID and a Supelcowax 10 capillary column (column length—30 m,
internal diameter—0.32 mm, film thickness—0.25 m, carrier gas—helium, and temperature:
detector—250 ◦C, injector—230 ◦C, and column—195 ◦C). FA peaks were identified by
comparing their relative retention times with those of individual FAME reference standards
(Supelco) diluted in hexane (1:1, 1:2, 1:3, and 1:4 v/v).

2.6. Antioxidant Status

Homogenates from egg yolks were also analyzed for lipid peroxidation products, i.e.,
lipid peroxide content according to Gay and Gebicki [47] and malondialdehyde (MDA)
content according to Botsoglou et al. [48]. Malondialdehyde was determined based on
the reaction of thiobarbituric acid (TBA) with lipid peroxidation end products in an acidic
environment and increased temperature to generate a colored adduct. To eliminate the
quantities of a complex series of adducts from TBA, the assay was run in the presence of
inhibitors, e.g., butylated hydroxytoluene (BHT). The activity of an antioxidant enzyme,
superoxide dismutase (SOD), was determined spectrophotometrically in extracted eggs
using the adrenaline method [49] at a modified wavelength of 320 nm to achieve greater
selectivity of intermediate reaction products. SOD activity was determined by measuring
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the rate of auto-oxidation of adrenaline at 30 ◦C based on an increase in absorbance at
320 nm (which corresponds to the increase in the concentrations of various products
of adrenaline oxidation). The activity of catalase (CAT) was determined according to
Claiborne pp. 283–284 in [49]. The assay consisted of measuring the rate of substrate
(hydrogen peroxide) decomposition catalyzed by this enzyme.

2.7. Sensory Evaluation

Hard-boiled eggs were subjected to a sensory evaluation. Before the analysis, the
eggs were immersed in a water bath and held at a temperature of 100 ◦C for 15 min. At
the completion of the thermal treatment, the eggs were cooled under a stream of cold
running water for 15 min. Immediately after cooling, the eggs were evaluated on a five-
point hedonic scale where: 5—very high quality, 4—high quality, 3—satisfactory quality,
2—unsatisfactory quality, 1—poor quality. The following sensory quality attributes were
evaluated: appearance (including the appearance of the whole egg and its longitudinal
cross-section), aroma, albumen texture, yolk texture, taste. The analysis was performed
by six trained panelists selected for their sensory sensitivity [50] (The panelists assessed
samples in individual compartments. Fluorescent white lights (500 lux) that simulated
daylight were installed at a height of approximately 1 m to evenly illuminate the table.
Relative air humidity of minimum 60% and temperature of 21 ◦C were maintained in the
panel room.

2.8. Statistical Analysis

For a statistical analysis of performance parameters, a cage was considered as a
replicate experimental unit. For analyses of egg quality, FA profile, and the antioxidant
parameters of yolks, individual eggs were considered as experimental units. One-way
ANOVA was performed with the use of Statistica 13.1 software (StatSoft Corp., Cracow,
Poland). When a significant treatment effect was noted, Tukey’s post hoc test was applied to
determine differences between treatment groups. Data are presented as means with pooled
standard error of the mean (SEM) estimates, and the value of p ≤ 0.05 was considered
statistically significant.

3. Results

The effect of hydrobarothermal treatment and fermentation on the concentrations of
nutrients and ANFs in RC is presented in Table 2. In comparison with RRC, HRC was char-
acterized by lower concentrations of CF (9.91 vs. 10.80%) and GLS (13.32 vs. 15.35 µmol/g),
whereas the content of the remaining components did not change. Fermentation had a
more significant influence on the nutritional value of RC; FRC had a higher content of DM
(94.57 vs. 88.87%), CP (39.44 vs. 37.74%) and GE (21.86 vs. 21.19 MJ/kg) than RRC, and
the lowest concentration of CF (9.29%) of all analyzed rapeseed products. The greatest
changes were observed in the content of ANFs in FRC—the concentrations of PP and
GLS decreased two-fold (0.833 vs. 1.607%) and nearly 17-fold (0.92 vs. 15.35 µmol/g),
respectively, compared with RRC. A minor increase in NSP content was also noted (21.64
vs. 20.48%).
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Table 2. Nutrient composition of rapeseed products and the presence of antinutritional factors (%,
dry matter basis).

Content RRC HRC FRC

Dry matter 88.87 88.45 94.57
Crude protein 37.74 37.02 39.44

Crude fat 10.80 9.91 9.29
Gross energy, MJ/kg 21.19 21.41 21.86
Phytate phosphorus 1.607 1.684 0.833

Non-starch polysaccharides 1 20.48 20.10 21.64
Glucosinolates (µmol/g) 2 15.35 13.32 0.92

1 Including rhamnose, arabinose, xylose, mannose, galactose, glucose, and uronic acids. 2 Including gluconapin,
glucobrassicinapin, progoitrin, glucobrassicin, hydroxyglucobrassicin, and neoglucobrassicin.

At the end of the experiment, an increase in the BW of hens was noted only in groups
HRC and FRC, whereas hens fed HRC had the significantly highest final BW, relative
to group C (p = 0.037, Table 3). The applied dietary treatments had no effect on egg
weight, but the inclusion of 20% RRC in layer diets significantly decreased laying rate and,
consequently, egg mass during the entire experiment, compared with group C (p = 0.001
and p = 0.014, respectively). Although ADFI was comparable in all groups, the FCR was
highest in group RRC, and a significant difference was noted relative to group C (p = 0.026).
The inclusion of HRC and FRC in layer diets had a greater beneficial influence on the
above parameters, and the best results were noted in group FRC where the laying rate
was comparable with that in group C and significantly higher than in group RRC. The
numerical values of egg mass and the FCR were more favorable in groups HRC and FRC,
compared with group RRC, but less satisfactory than in group C.

Table 3. Performance of laying hens fed raw (RRC), hydrobarothermally-treated (HRC) and fer-
mented (FRC) rapeseed cake.

Item
Diet

SEM p-Value
C RRC HRC FRC

Initial body weight, kg 2.079 2.040 2.040 2.052 0.014 0.763
Final body weight, kg 1.997 b 2.019 ab 2.096 a 2.054 ab 0.013 0.037

Laying rate, % 96.2 a 92.9 b 94.5 ab 95.4 a 0.285 0.001
Egg weight (g) 61.9 61.5 60.7 61.3 0.243 0.325

Egg mass (kg/hen) 4.95 a 4.76 b 4.81 ab 4.84 ab 0.022 0.014
Average daily feed
intake (g/hen/day) 112.6 113.2 112.2 113.3 0.252 0.374

Feed conversion ratio
(kg/kg eggs) 1.899 b 1.980 a 1.959 ab 1.952 ab 0.009 0.026

a,b Means within the same column with different superscripts differ significantly (p < 0.05).

An analysis of the physicochemical properties of eggs revealed that eggshell quality
was highest in group C (Table 4). The inclusion of HRC and FRC in layer diets decreased
eggshell thickness and strength. Eggshell thickness was significantly lower in group HRC
than in group C, and in group FRC than in group RRC (p = 0.001). Eggshell strength was
lowest in group HRC (p = 0.018). Fermentation had a greater beneficial influence on the
parameters of albumen quality than hydrobarothermal treatment. Both albumen height
and HU values were highest in eggs produced in group FRC, and significant differences
were found relative to group HRC (p = 0.001). The addition of RC to layer diets, regardless
of its form, improved yolk color, and the highest values of yolk color intensity (DSM yolk
color fan) were noted in group HRC (p = 0.005). The applied dietary treatments had no
effect on the percentage content of yolk, albumen and shell in eggs.
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Table 4. Effect of raw (RRC), hydrobarothermally-treated (HRC) and fermented (FRC) rapeseed cake
on the physicochemical properties of eggs 1.

Item
Diet

SEM p-Value
C RRC HRC FRC

Eggshell strength (kg) 4.05 a 3.78 ab 3.30 b 3.70 ab 0.086 0.018
Eggshell thickness, mm 0.314 a 0.306 ab 0.288 bc 0.279 c 0.003 0.001

Yolk color 2.42 b 2.92 ab 3.50 a 3.17 ab 0.115 0.005
Albumen height, mm 7.39 ab 7.29 bc 6.43 c 8.22 a 0.146 0.001

Haugh units 84.0 a 83.7 ab 77.6 b 89.4 a 0.985 0.001
Yolk content, % 25.8 25.9 25.3 25.4 0.758 0.229

Albumen content, % 64.9 65.0 65.8 65.7 0.265 0.505
Shell content, % 9.3 9.1 8.9 8.9 0.087 0.247

1 Data representing mean values of 12 eggs per treatment. a,b,c Means within the same column with different
superscripts differ significantly (p < 0.05).

Dietary protein sources had a significant effect on the FA profile of yolk lipids (Table 5).
The inclusion of RRC, HRC, and FRC in layer diets contributed to an increase (p = 0.001)
in the concentrations of linoleic acid (C18:2, n-6), linolenic acid (C18:3, n-3) and docosa-
hexaenoic acid (DHA, C22:6, n-3). The addition of HRC led to a decrease in the content
of arachidonic acid (AA, C20:4, n-6) in egg yolks, compared with the remaining groups
(p = 0.002). The concentrations of SFAs were highest in egg yolks in group C (p = 0.001).
The eggs laid by hens receiving RRC, HRC, and FRC were characterized by significantly
highest proportions of PUFAs, n-6 PUFAs, and n-3 PUFAs in the total FA pool, compared
with group C (p = 0.001), and a much more favorable n-6/n-3 PUFA ratio (p = 0.001). In
all experimental groups fed 20% RC, eggs had a significantly higher content of hypoc-
holesterolemic FAs and a lower content of hypercholesterolemic FAs, relative to group C
(p = 0.001). Cholesterol concentration in egg yolks was lowest in group HRC (p = 0.001).

Table 5. Effect of raw (RRC), hydrobarothermally-treated (HRC) and fermented (FRC) rapeseed cake
on the fatty acid composition (% of total fatty acid content) and cholesterol content of yolk lipids
(%) 1.

Item
Diet

SEM p-Value
C RRC HRC FRC

C14:0 0.290 a 0.230 b 0.233 b 0.218 b 0.006 0.001
C14:1 0.060 a 0.024 b 0.022 b 0.021 b 0.003 0.001
C15:0 0.063 ab 0.061 ab 0.057 b 0.069 a 0.002 0.040
C16:0 25.4 a 21.9 b 21.5 b 20.8 b 0.340 0.001
C16:1 3.17 a 1.73 b 1.75 b 1.60 b 0.125 0.001
C17:0 0.167 c 0.211 b 0.216 b 0.245 a 0.005 0.001
C17:1 0.129 0.136 0.128 0.145 0.002 0.468
C18:0 8.13 8.54 8.05 8.45 0.086 0.120
C18:1 42.1 41.4 41.8 41.7 0.208 0.706

C18:2 (n-6) 16.2 b 20.5 a 21.2 a 21.3 a 0.451 0.001
C18:3 (n-6) 0.221 b 0.252 a 0.232 ab 0.255 a 0.004 0.006
C18:3 (n-3) 0.782 b 1.366 a 1.488 a 1.465 a 0.060 0.001

C20:1 0.223 a 0.190 b 0.189 b 0.210 ab 0.004 0.006
C20:2 (n-6) 0.134 0.157 0.167 0.168 0.005 0.096
C20:3 (n-6) 0.141 0.145 0.142 0.142 0.003 0.945
C20:4 (n-6) 1.79 a 1.81 a 1.63 b 1.83 a 0.022 0.002
C22:6 (n-3) 0.912 c 1.326 ab 1.166 b 1.410 a 0.038 0.001

SFAs 34.1 a 30.9 b 30.0 b 29.7 b 0.435 0.001
MUFAs 45.7 a 43.5 b 43.9 ab 43.7 b 0.271 0.010
PUFAs 20.2 b 25.6 a 26.0 a 26.6 a 0.539 0.001

n-3 PUFAs 1.69 b 2.69 a 2.65 a 2.87 a 0.091 0.001
n-6 PUFAs 18.5 b 22.9 a 23.4 a 23.7 a 0.455 0.001

n-6/n-3 PUFA ratio 11.52 a 8.52 b 8.81 b 8.26 b 0.267 0.001
Hypercholesterolemic

FAs 26.0 a 22.4 b 22.0 b 21.3 b 0.340 0.001

Hypocholesterolemic
FAs 74.0 b 77.6 a 78.0 a 78.7 a 0.340 0.001

Cholesterol 21.0 a 21.4 a 17.0 b 21.8 a 0.522 0.001
1 Data representing mean values of 10 eggs per treatment. a,b,c Means within the same column with different
superscripts differ significantly (p < 0.05); SFAs—saturated fatty acids, MUFAs—monounsaturated fatty acids,
PUFAs—polyunsaturated fatty acids.
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Indicators of the redox status of egg yolks are presented in Table 6. Irrespective of its
form, RC had no effect on the concentrations of MDA and total glutathione (GSH/GSSG)
in egg yolks. A significant decrease in SOD activity (p = 0.001) and an increase in CAT
activity in eggs were observed in groups RRC, HRC, and FRC, and CAT activity was higher
in group FRC (p = 0.002) than in group C. An analysis of LOOH concentrations revealed
that the content of lipid oxidation products increased significantly in the yolks of eggs
laid by hens fed RRC (p = 0.001). Both hydrobarothermal treatment and fermentation of
RC decreased LOOH concentrations in egg yolks, compared with RRC and significant
differences were noted in group FRC where LOOH concentrations were comparable with
those in group C.

Table 6. Redox parameters of egg yolks sampled from layers fed a control diet (C), and diets
containing raw (RRC), hydrobarothermally-treated (HRC) or fermented rapeseed cake (FRC) 1.

Item
Diet

SEM p-Value
C RRC HRC FRC

SOD, U/g 123.7 a 99.8 b 98.5 b 104.7 b 2.252 0.001
CAT, U/g 29.7 b 32.9 b 37.0 ab 42.3 a 1.295 0.002

MDA, µmol/kg 7.38 7.67 7.61 7.66 0.148 0.900
LOOH, µmol/L 5.14 b 6.51 a 5.61 ab 5.12 b 0.151 0.001

GSH + GSSG,
µmol/kg 4.01 4.06 4.05 4.59 0.142 0.443

1 Data representing mean values of 10 eggs per treatment. a,b Means within the same column with different
superscripts differ significantly (p < 0.05); SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde;
LOOH, lipid peroxides; GSH + GSSG, total glutathione.

Regardless of its form, RC added to layer diets had no negative effect on the major
sensory attributes of eggs, such as general appearance, albumen texture, yolk texture, and,
in particular, taste and aroma (Table 7). A statistical analysis of the results of sensory
evaluation demonstrated that eggs produced in group FRC received the highest overall
score.

Table 7. Average intensity values of egg sensory attributes 1.

Item
Diet

SEM p-Value
C RRC HRC FRC

General appearance 3.65 b 3.80 b 3.70 b 4.25 a 0.065 0.002
Aroma 3.75 b 3.75 b 3.75 b 4.15 a 0.057 0.020

Albumen texture 3.80 ab 3.80 ab 3.65 b 4.25 a 0.069 0.008
Yolk texture 3.80 b 3.70 b 3.80 b 4.30 a 0.067 0.004

Taste 3.60 b 3.65 b 3.65 b 4.35 a 0.071 0.001
1 Data representing mean values of 10 eggs per treatment. a,b Means within the same column with different
superscripts differ significantly (p < 0.05).

4. Discussion

Previous research has demonstrated that hydrothermal and fermentation processes
can improve the quality of poultry diets by modifying their chemical composition and
reducing the content of ANFs in selected feed components [24,51,52]. In the present study,
the content of essential nutrients in RC was not affected by hydrobarothermal treatment
or fermentation. The small increase in the crude protein content of FRC can be probably
attributed to changes in DM content, rather than an actual increase in protein content [28].
The above observation could also explain the small increase in NSP levels in FRC. In turn,
significant changes in ANF content were noted in the components of experimental diets.
Glucosinolate levels decreased by 2% in HRC, but they were nearly 17 times lower in
FRC than in RRC. Vig and Walia [27] and Chiang et al. [28] observed that the decrease in
the GLS content of RMS was proportional to fermentation time, and that isothiocyanate
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concentration decreased by as much as 83% after 30 days of fermentation. The decrease in
the content of GLS and their degradation products during fermentation could be attributed
to the breakdown of glucose and sulfur molecules by microbial enzymes [10]. In turn, high-
pressure thermal processing inactivates myrosinase that contributes to GLS hydrolysis,
leading to the formation of ANFs [53]. The content of PP was two times lower in FRC than
in RRC and HRC. According to Fazhi et al. [54], microbial phytases can be used to reduce
the PA content of rapeseed during fermentation. In the literature, various microorganisms
have been analyzed for their ability to produce phytase and reduce the PA levels in RSM
during fermentation [55,56].

Diets with increased content of rapeseed products can compromise feed intake in
poultry because GLS degradation products have a bitter taste [12]. Raw RC is also high in
fiber, which increases satiety and can additionally decrease feed intake [57]. Numerous
studies have demonstrated that diets containing more than 100 g of RSM/kg can reduce
feed intake and decrease egg weight [58–60]. Interestingly, the above relationship was
not observed in the current study, where ADFI and egg weight were comparable in all
groups. However, the inclusion of RRC in hen diets significantly decreased the laying rate
and egg mass, and it compromised the FCR during the entire experiment. Both rapeseed
treatments improved the laying rate, and in groups HRC and FRC, all parameters (that
deteriorated in group RRC) were comparable to those noted in group C. Similar results
were reported by Jeroch et al. [61,62] who observed that the rapeseed content of layer diets
can even be increased to 30% without compromising performance when ANF levels are
reduced through combined chemical and hydrothermal treatment.

Eggshell quality plays a very important role in the egg industry [63]. In the present
study, layer diets containing 20% of raw or processed RC had a negative influence on
eggshell thickness and strength. In the experiments conducted by Riyazi et al. [64],
Świątkiewicz et al. [65] and Zhu et al. [66], the incorporation of rapeseed products into
layer diets did not affect eggshell quality, whereas Sasyte et al. [26] reported that even
small amounts of extruded rapeseed decreased eggshell thickness. Interestingly, in the
present study, RRC produced more desirable effects than HRC or FRC, since despite lower
numerical values of the analyzed parameters, the results noted in group RRC were statis-
tically comparable to those noted in group C. This was an unexpected outcome because
the application of FRC, which was far less abundant in PP than other experimental feed
components, should have improved eggshell quality. According to Skřivan et al. [67], high
dietary levels of PP decrease phosphorus utilization by laying hens, which can compromise
eggshell quality. In turn, FRC improved the parameters of albumen quality. The eggs
produced in group FRC were characterized by the highest albumen quality, determined
based on albumen height and HU values, and the noted differences were significant relative
to group HRC. The above can probably be attributed to a much lower content of GLS in
FRC, compared with RRC and HRC. According to Zhu et al. [66], GLS metabolites can
inhibit ovalbumin synthesis, decrease albumen height and HU values. However, studies
examining the influence of rapeseed products on albumen quality produced ambiguous re-
sults. In the work of Lichovníková et al. [68] and Riyazi et al. [64], the incorporation of RSM
into layer diets did not affect HU values, whereas in a study by Najib and Al.-Khateeb [59],
HU values increased with a rise in the proportion of canola meal in layer diets. However,
the effect of treated rapeseed feeds on the above parameters has not been investigated to
date. In the present study, the inclusion of rapeseed products in layer diets increased yolk
color intensity, which corroborates the findings of other authors [59,60,66]. Treated RC, in
particular HRC, delivered the most satisfactory results, but further research is needed to
confirm this relationship.

The FA profile of eggs is an important quality attribute for consumers, and efforts
are being made to modify layer diets and further improve the FA profile of eggs [69].
Egg yolk PUFAs that deliver the greatest health benefits include linoleic acid (C18:2 n-6,
a substrate for the biosynthesis of other long-chain FAs), linolenic acid (C18:3 n-3), EPA
(C20:5 n-3), and DHA (C22:6 n-3) [70]. Most of these FAs belong to the family of n-3 PUFAs
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that contribute to cardiovascular health, brain development and cognitive functioning, and
reduce the risk of cancer, autoimmune diseases and diabetes [71,72]. These PUFAs are not
synthesized by the body and must be supplied in the diet. In the current study, none of the
applied treatments influenced the FA profile of egg yolks relative to group C, whereas all
diets containing RRC, HRC, or FRC improved the FA profile of egg yolks relative to group
C by increasing the content of linoleic acid, linolenic acid, and DHA, and decreasing the
n-6/n-3 PUFA ratio. Buckiuniene et al. [73] reported that an increase in the concentrations
of n-3 PUFAs decreased the n-6/n-3 PUFA ratio and enhanced the FA profile of egg yolks.
According to the World Health Organization (WHO) recommendations for dietary fat
intake, the optimal n-6/n-3 PUFA ratio in the human diet is 4:1 [74]. Kaczmarek et al. [75]
observed that RC, a rich source of n-3 PUFAs (including linoleic and linoleic acids) with an
n-6/n-3 PUFA ratio of around 2, delivers greater health benefits for monogastric animals
than other feeds, which undoubtedly affected the results of the present study. The beneficial
effects of rapeseed oil on the FA profile of chicken eggs have been confirmed by many
researchers [5,76,77]. However, the influence of fermented or hydrobarothermally-treated
RC on the FA profile of chicken eggs has never been examined in the literature. It should
be noted that despite the absence of significant differences, egg yolks in group FRC were
characterized by the numerically highest content of n-3 PUFAs and the most desirable
n-6/n-3 PUFA ratio.

An analysis investigating the effects of various RRC treatments on the cholesterol
content of eggs produced rather surprising results. Panaite et al. [78] demonstrated that
diets rich in PUFAs can effectively reduce egg cholesterol levels. In the present study,
the eggs produced in groups RRC, HRC, and FRC were characterized by the significantly
lowest levels of hypercholesterolemic FAs and the highest levels of hypocholesterolemic
Fas, which is why egg cholesterol levels were expected to decrease in all experimental
groups. Despite the above, egg cholesterol levels decreased significantly only in group
HRC, which is difficult to explain. It can only be speculated that lower egg cholesterol
levels in group HRC were associated with the metabolism of carotenoids that were easily
absorbed, transferred to the egg yolk and significantly improved yolk color. According
to Yeum and Russel [79], diets rich in carotenoids decrease cholesterol levels in the blood
serum and, probably, in egg yolks.

As previously noted, the inclusion of RC in layer diets increased the content of n-3
PUFAs in egg yolks. However, egg yolks are abundant in lipids, and their susceptibility
to peroxidation may increase when layers are fed diets rich in PUFAs [80]. This process
leads to the production of MDA, the end product of lipid peroxidation, and the MDA
content of tissues indirectly reflects the degree of lipid peroxidation by reactive oxygen
species (ROS) [81]. In the current study, the MDA content of egg yolks was comparable in
all experimental groups, whereas SOD activity decreased significantly in all groups fed
RC, and an increase was observed in CAT activity, in particular in group FRC. Superoxide
dismutase and CAT are the main antioxidant enzymes that scavenge ROS via a chain
reaction [82]. The MDA content of eggs remained stable, which suggests that dietary
modifications did not induce oxidative processes. The observed changes in the activity of
antioxidant enzymes could also indicate that RC, in particular FRC, enhances the protective
potential of antioxidant enzymes, as demonstrated by the lowest MDA levels and increased
CAT activity. According to Ognik and Krauze [83], SOD and CAT activity can be increased
or decreased through the addition of feed additives and components with antioxidant
properties, but the direction of changes in enzyme activity can be determined by the initial
redox potential.

Numerous researchers have demonstrated that the addition of rapeseed products to
layer diets can compromise the sensory attributes of eggs, in particular by imparting a fishy
taint to eggs [84–86]. In the present study, the inclusion of 20% RRC and HRC in layer diets
did not affect the taste, aroma, or texture of eggs. Interestingly, FRC significantly improved
the above attributes in comparison with control group eggs. In the work of Lichovníková
et al. [68] and Świątkiewicz et al. [87], these attributes were already compromised after the
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addition of 8% untreated rapeseed and rapeseed expeller cake to layer diets, which was
attributed to the presence of TMA in the eggs laid by brown hens. The above observation
was not confirmed in the current study, and the inclusion of FRC in layer diets led to the
production of eggs with the highest sensory quality. These differences could be explained
by lower GLS content and, consequently, lower levels of goitrin which inhibits the oxidation
of TMA to odorless compounds.

5. Conclusions

Hydrobarothermal treatment and fermentation decreased the GLS content of RC,
and fermentation reduced PP concentration. As a result, HRC and FRC exerted a greater
beneficial influence on the laying performance of hens than raw RRC. RRC, HRC, and
FRC can be included at 20% in layer diets because they do not compromise the sensory
quality of eggs and have a beneficial influence on the FA profile and antioxidant potential
of egg yolks. The use of FRC is recommended because it contributes to the highest laying
performance, superior albumen quality, and the highest sensory quality of eggs, relative to
RRC and HRC.
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Simple Summary: Fermented feed has been of wide concern in livestock and poultry production
because of its many advantages. In this study, the nutritional quality of the feed before and after
fermentation was assessed, and four supplemental levels of fermented feed were used to replace
unfermented feed to study the influence of fermented feed on the gut health of the laying hens
during the laying peak period. The results suggest that fermented feed can improve the intestinal
morphology and barrier functions of laying hens, possibly by altering the cecal microbiome.

Abstract: This study aimed to evaluate the effects of fermented corn–soybean meal mixed feed on
intestinal barrier function and cecal microbiota in laying hens. A total of 360 Jingfen No.6 laying
hens (22 wk-old) were assigned to 4 dietary treatments, which were offered basal diets (without
antibiotics) containing 0, 4, 6 and 8% of fermented mixed feed respectively. The results showed that
the pH value and anti-nutritional factor concentrations in fermented mixed feed were lower than
those in unfermented feed (p < 0.05). Moreover, fermentation in the feed significantly increased the
crude protein content (p < 0.05). Supplementation with fermented feed significantly reduced the
crypt depth and increased the villi height:crypt depth ratio of duodenum and jejunum (p < 0.05).
Meanwhile, fermented feed increased the secretory immunoglobulin A content and MUC2 mRNA
expression of jejunum (p < 0.05). These beneficial effects were exhibited at the addition level ≥6% and
microbial composition of caeca in the control, and so 6% fermented feed groups were analyzed. The
structure of the gut microbiota was remarkably altered by additions, characterized by increased abun-
dances of some health-promoting bacteria, such as Parasutterella, Butyricicoccus and Erysipelotrichaceae
(p < 0.05). In summary, fermented mixed feed modulated cecal flora, subsequently contributing to
improvements in intestinal morphology and barrier functions in laying hens.

Keywords: fermented feed; laying hen; cecal microbiota; gut health

1. Introduction

To achieve resistance-free breeding, a growing number of studies has been conducted
to evaluate non-antibiotic alternatives and their effects on the health and production
performance of animals [1]. Fermented feed has attracted wide attention in livestock and
poultry breeding because of their potential to improve the nutritional quality of feedstuffs
by increasing nutrient bioavailability and reducing feed costs [2,3]. Previous research has
demonstrated that fermentation may enhance the bioavailability of feed nutrients by the
following processes: (1) increasing crude protein content [4], (2) decreasing fiber content,
(3) enhancing the utilization of vitamins, (4) improving amino acid patterns and protein
solubility [5] and (5) degrading anti-nutritional factors with enzymes, such as phytase,
xylanase, cellulase, and glucanase enzymes [6]. Besides this, the probiotics and metabolites
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produced during the fermentation process could reduce the colonization of gut pathogenic
microorganisms via competitive exclusion and the secretion of antibacterial substances
(like bacteriocin), and thus exert beneficial effects on animals [7].

Gut integrity and function are essential factors in maintaining animal health and
production performance. Intestinal morphology is an important criterion for evaluating
intestinal health of animals. Villus height and crypt depth were related to nutrient digestion
and poultry performance [8]. The composition and diversity of intestinal microorganisms
also have a profound impact on the gut health of poultry. Colonization of harmful bac-
teria will disrupt the intestinal microbial balance, and then affect the host’s physiology,
immunity, and nutritional metabolism [9]. Probiotic fermentation has been regarded as
an effective method to enhance gut health [10] and it has been widely used in pig rations
for several years [11]. Recently, there have been more studies on the utilization of fer-
mented products in poultry industry, particularly focusing on gut health and production
parameters of birds. It was reported that the use of fermented feed had a positive impact
on the production performance and egg quality of 16 wk Babcock pullets [12]. Semjon
et al. [13] observed that fermented wheat bran supplementation could improve broiler
performance and meat quality. Fermented feed has been demonstrated to be beneficial to
the maintenance of gut microbial ecosystems and intestinal morphology, possibly due to
low pH, elevated numbers of probiotics, high short-chain fatty acid concentrations and
reduced pathogens [14,15]. In addition, fermented feed could modulate gut microbiota
by providing energy and nutrients to probiotics in the microbial community [16]. There-
fore, fermented feed was speculated to exert beneficial effects on gut health by altering
intestinal microbial composition and subsequently contributed to improvements in laying
hen performance. However, the effects of fermented feed on intestinal community and gut
health of laying hens remain unclear.

In China, fermented feed mainly refers to the fermented single feed material, such
as soybean meal [17], rapeseed meal [15] and cottonseed meal [18]. However, there were
few studies evaluating the effectiveness of corn–soybean meal mixed feed in laying hens.
Based on the results of previous studies, we hypothesized that a certain concentration of
fermented corn–soybean mixed feed could improve the gut health of laying hens. Therefore,
the present study was carried out to assess the physicochemical characteristics of mixed
feed following fermentation and then to investigate the effects of graded levels of fermented
feed on gut morphology and mechanical and immunological barriers, as well as the cecal
microbiota of laying hens.

2. Materials and Methods
2.1. Preparation of Fermented Mixed Feed

The probiotic purchased from Baide Biotechnology Co., Ltd. (Shandong, China), was
a lyophilized powder containing Bacillus 2 × 109 CFU/g, Lactobacillus 3 × 109 CFU/g,
Saccharomyces cerevisiae 5 × 108 CFU/g. The probiotic powder was dissolved in 1 L sterile
water at 37 ◦C, and stirred evenly to make a probiotic solution. The basal substrate
(12 kg) included 60% corn, 20% soybean meal and 20% wheat bran, which was mixed and
inoculated in probiotics with probiotic solution. The fermentation process according to
the method of Shi et al. [19], with appropriate adjustments made to adapt to the actual
situation of the experimental farm. Sterile water was added to the mixed substrate to
reach a moisture content of 30%, and aerobic fermentation was carried out in a fermenter
vessel at 37 ◦C for 24 h. After the first stage, a mixture of aerobic fermented mixture
was transferred to a plastic drum equipped with a gas-pressure opening valve for 37 ◦C
anaerobic fermentation, then fermented under anaerobic conditions at 37 ◦C for 5 days (the
second stage of fermentation). The same proportion of 37 ◦C sterile water was added to
the unfermented mixture and sealed for 5 days as control. Fermented feed was produced
every week, and the feed intake of laying hens was measured once a week to adjust the
amount of fermented feed.

200



Animals 2021, 11, 3059

2.2. Chemical Analysis of Fermented Mixed Feed

Fermented and unfermented feed were collected and dried at 65 ◦C for 48 h. Feed
samples (n = 3) were tested to determine their crude fiber (CF; AOAC #978.10), crude
protein (CP; AOAC #984.13) and ether extract (EE; AOAC #2003.05) contents according to
AOAC International guidelines [20]. Phytic acid levels were determined as in a previous
study [21]. Trypsin inhibitor and β-glucan in fermented and unfermented mixture were
tested using a commercial kit (Jianglai Bio Company, Shanghai, China). To determine pH,
5 g of fermented and unfermented mixed feed were dissolved in 50 mL distilled water.
After centrifuging at 4000× g for 5 min, the supernatant pH was tested using a probe
style-pH meter (H170 Hach pH meter, Hach, Loveland, CO, USA). Protein extraction
and SDS-polyacrylamide gel electrophoresis (PAGE) of the feed samples were performed
according to the method described in reference [22].

2.3. Birds, Housing and Dietary Treatments

The trial was carried out in the non-antibiotic breeding demonstration plant of Chun-
manyuan Farm (Tongchuan, Shaanxi, China). A total of 360 Jingfen No.6 layers aged
22 weeks were randomly assigned to four numerically equal groups, with 6 replicates
per treatment and 15 birds per replicate. The layers had a similar body weight and good
health. The feeding period lasted 10 weeks, commencing when the layers were 25 weeks
of age and ending when they were 35 weeks of age, with an addition of 3 weeks for feed
adaptation. During the experiment, three laying hens were kept in each cage and had ad
libitum access to feed and water. Proper indoor temperature (15~22 ◦C) and humidity
(30%~50%) were maintained.

According to the NRC (1994) layer feeding standard, the corn–soybean meal basal
diet (antibiotic-free) was designed based on the actual situation of layer feeding in the
experimental chicken farm. Unfermented corn, soybean meal, and wheat bran were
replaced in the basic diet with increasing levels of fermented mixed feed (0, 4%, 6% and 8%;
F0, F4, F6 and F8, respectively). The ingredients were mixed in a mixer for 15 min. Feed
composition and nutrient content of the experimental diets are shown in Table 1.

Table 1. Composition and nutrient levels of experimental diets (air-dry basis, %).

Items
Group

0 4% 6% 8%

Ingredients
Corn 56.00 56.00 56.00 56.00

Soybean meal 20.60 20.60 20.60 20.60
Wheat bran 2.40 2.40 2.40 2.40

Fermented feed 0.00 4.00 6.00 8.00
Unfermented feed 8.00 4.00 2.00 0.00

Stone powder 7.50 7.50 7.50 7.50
Soybean oil 0.50 0.50 0.50 0.50

Premix 1 5.00 5.00 5.00 5.00
Nutrient levels 2

ME(MJ/kg) 12.09 12.09 12.09 12.09
Crude protein 15.99 16.00 16.01 16.01

Calcium 3.60 3.60 3.60 3.60
Total phosphorus 0.42 0.42 0.42 0.42

Lys 0.94 0.94 0.94 0.94
Met 0.44 0.44 0.44 0.44
Thr 0.70 0.70 0.70 0.70

1 The premix composed of: Vitamin A 10,000 IU, Vitamin D 31, 800 IU, Vitamin E 10 IU, Vitamin K 10 mg, Vitamin
B 125 ug, Vitamin B1 l mg, Vitamin B24.5 mg, calcium pantothenate 50 mg, niacin 24.5 mg, pyridoxine 5 mg,
biotin 1 mg, folic acid 1 mg, choline 500 mg, iodine 0.4 mg, ferrum 80 mg, copper 8 mg, selenium 0.3 mg. 2 Crude
protein of the 0 group was measured, and the rest was calculated.

2.4. Sample Collection

At 35 wk, 24 chickens (one with an average body weight from each replicate pen) were
selected to collect samples. All birds were killed by cervical dislocation and small intestinal
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(duodenum, jejunum and ileum) mucosa was scraped off at the forepart of individual small
intestinal segments with a glass microscope slide on ice and frozen and stored immediately
at −80 ◦C liquid nitrogen tanks for further analysis. About 3 cm of the mid-portion of
the small intestines were excised carefully and washed in saline solution before storing in
formalin (10%). The cecal contents were gathered using sterile spatulas into sterile plastic
tubes, immediately refrigerated (maximum 2 h) and stored at −80 ◦C refrigeration until
the DNA extraction.

2.5. Morphological Investigations

Three-centimeter lengths from the medial portions of duodenum, jejunum and ileum
from chickens were fixed with 10% formalin for 24 h. Tissues were later embedded in
paraffin wax blocks, mounted onto glass slides, and then stained with Haematoxylin &
Eosin (H&E). The fixed segments were sectioned and observed under the light microscope,
and the villus height VD, crypt depth CD and the ratio of VD and CD evaluated.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) and Real-Time Polymerase Chain
Reaction (PCR)

Secretory immunoglobulin A (sIgA) content of mucous membrane samples of the
duodenum, jejunum, and ileum were measured by ELISA kits (Cloud-Clone Crop Bio-
logical Technology Co., Ltd., Wuhan, China) according to the kit instructions. Total RNA
was extracted from the snap-frozen jejunal tissue samples with a RNeasy mini kit (Qiagen,
Germantown, MD, USA), following the instructions. Complementary DNA (cDNA) was
synthesized from 1 µg of total RNA using MMLV reverse transcriptase (TaKaRa, Dalian,
China). Then, the transcriptional changes were identified by quantitative PCR using Premix
Ex TaqTM with SYBR Green (TaKaRa, Dalian, China) and the Bio-Rad CFX 96™ Real-Time
Detection System (Bio-Rad Laboratories, Richmond, CA, USA). The thermocycle protocol
lasted for 30 s at 94 ◦C, followed by 40 cycles of 5 s denaturation at 94 ◦C, 34 s anneal-
ing/extension at 60 ◦C, and then a final melting curve analysis to monitor the purity of the
PCR product. The 2−∆∆Ct method was used to estimate mRNA abundance (Livak et al.,
2002). Relative gene expression levels were normalized using β-actin as an internal control.
The primers were synthesized by the Xi’an Qingke Biological Company, and the sequences
are shown in Table 2.

Table 2. Gene name, primer sequences.

Gene Primers Sequence (5′–3′)

β-actin F: ACACCCACACCCCTGTGATGAA
R: TGCTGCTGACACCTTCACCATTC

ZO-1
F: TATAGAAGATCGTGCCGCCTCC

R: GAGGTCTGCCATCGTAGCTC

Occludin
F: ACAGCCCTCAATACCAGGATGTG

R: ACCATGCGCTTGATGTGGAA

MUC2
F: TTCATGATGCCTGCTCTTGTG

R: CCTGAGCCTTGGTACATTCTTGT
F = forward primer; R = reverse primer. .

2.7. 16S rRNA Gene Sequencing

Total genomic DNA was extracted from samples using the CTAB/SDS method and
then stored at −80 ◦C until sequencing analysis. The V3 + V4 fragments of the 16S rRNA
gene were amplified using the Phusion® High-Fidelity PCR Master Mix (New England
Biolabs, Cambridge, MA, USA) and primers F341 and R806. The 30 µL reaction system
was used in PCR reactions with 15 µL Mix, 0.2 M of forward and reverse primers, and
about 10 ng template DNA. Thermal cycling consisted of initial denaturation at 98 ◦C
for 1 min, followed by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C for
30 s, elongation at 72 ◦C for 30 s and a final elongation at 72 ◦C for 5 min. The amplicons
were examined using 2% agarose gel electrophoresis, and then the GeneJET Gel Extraction
Kit was used (Thermo Fisher Scientific, Waltham, MA, USA) to purify the excised target
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fragments. Finally, 16S rRNA gene sequencing was performed using the Illumina NovaSeq
6000 PE250 (Illumina, Santa Clara, CA, USA) with the MiSeq Reagent Kit from Novogene
Bioinformatics Technology Co., Ltd., Beijing, China.

2.8. Statistical Analysis

Alpha diversity (Shannon and Simpson indices) and abundance (Chao1 and ACE
indices) were analyzed withQiime v.1.7.1. (http://qiime.org/index.html). Data regard-
ing alpha diversity indices, intestinal morphology, total sIgA concentration and relative
mRNA expression levels among all treatments in this study were analyzed by one-way
ANOVA with SPSS 22.0. Differences among groups means were determined by Duncan’s
multiple comparison test. The significance of differentiations in microbial structure among
groups was assessed by ANOSIM using R package “vegan”. t-test was used to compare
the chemical composition of feed and cecal microflora at the phylum and genus level.
The correlations between the cecal microbial composition and gut health were assessed
by Spearman’s correlation analysis using GraphPad Prism version 8.00. p < 0.05 was
considered statistically significant and 0.05 < p ≤ 0.10 a trend.

3. Results
3.1. Chemical Composition of Fermented Mixed Feed

The chemical composition of unfermented mixed feed and fermented mixed feed are
summarized in Table 3. The pH value and phytic acid, trypsin inhibitor and β-glucan
concentrations in fermented mixed feed were lower than in unfermented mixed feed.
Moreover, the fermentation of feed significantly increased the crude protein content. Fur-
thermore, there were no significant differences of the total ether extract and crude fiber
among the two different kinds of feed. As shown in Figure 1, unfermented mixed feed
contained greater amounts of large- (>60 kDa) and medium-size (20–60 kDa) peptide than
fermented mixed feed.

Table 3. Chemical composition of unfermented mixture and fermented mixture.

Unfermented
Mixed Feed

Fermented
Mixed Feed SEM p-Value

pH 6.23 a 4.49 b 0.40 <0.01
Crude protein, % 15.90 b 16.18 a 0.07 0.016

Crude fiber, % 3.33 3.20 2.80 0.680
Ether extract, % 0.57 1.09 0.15 0.060
Phytic acid, % 0.65 a 0.37 b 0.07 0.025

Trypsin inhibitor, µg/g 359.29 a 216.39 b 32.04 <0.01
β-glucan, µg/g 1588.89 a 1204.32 b 86.35 <0.01

Composition of fermented mixture: corn 60%, soybean meal 20%, wheat bran 20%;. a,b There are statistically
significant differences in the mean values per line for different superscripts (p < 0.05).

Animals 2021, 11, x FOR PEER REVIEW 6 of 15 
 

Composition of fermented mixture: corn 60%, soybean meal 20%, wheat bran 20%;. a,b There are 
statistically significant differences in the mean values per line for different superscripts (p < 0.05). 

 
Figure 1. SDS-PAGE map of unfermented mixed feed and fermented mixed feed. M = protein 
marker. 

3.2. Intestinal Morphology 
The measurement of intestinal morphology is a common way to judge the integrity 

and function of the intestinal barrier. The results on villi height (VH), crypt depth (CD) 
and the villi height:crypt depth ratio (VH/CD) are displayed in Table 4. In the duodenum, 
three levels of fermented mixed feed significantly decreased the CD and increased the 
VH/CD ratio. In the jejunum, dietary supplementation with fermented mixed feed 
significantly increased the VH and VH/CD ratio compared to the control group. However, 
the 4% fermented mixed feed group significantly increased CD compared with all other 
treatments. In the ileum, no significant effect of dietary fermented mixture 
supplementation was observed on the VH, CD and VH/CD ratio. 

Table 4. Effect of fermented mixed feed on intestinal morphology in laying hens. 

 Fermented Mixed Feed 
SEM p-Value 

 0% 4% 6% 8% 
Duodenum       
VH 1, μm 1767.04 1731.68 1774.26 1753.69 21.83 0.889 
CD 2, μm 294.56 a 256.96 b 254.26 b 221.31 c 4.24 <0.01 
VH/CD 3, 
μm/μm 

6.18 bc 6.86 b 7.16 b 8.02 a 0.13 <0.01 

Jejunum       
VH, μm 922.89 c 1315.79 a 1079.89 b 1121.96 b 19.41 <0.01 
CD, μm 177.47 b 222.91 a 180.14 b 169.85 b 3.94 <0.01 

VH/CD, μm/μm 5.28 b 6.23 a 6.28 a 6.88 a 0.12 <0.01 
Ileum       

VH, μm 882.98 936.10 968.38 961.42 15.84 0.208 
CD, μm 136.40 145.14 145.96 138.04 1.97 0.201 

VH/CD, μm/μm 6.57 6.64 6.63 7.13 0.11 0.241 
1 VH: villi height. 2 CD: crypt depth. 3 VH/CD: villi height: crypt depth ratio. a–c There are 
statistically significant differences in the mean values per line for different superscripts (p < 0.05). 

3.3. Total sIgA Concentration and Physical Barrier mRNA Abundance in the Intestinal Mucosa 

Figure 1. SDS-PAGE map of unfermented mixed feed and fermented mixed feed. M = protein marker.

203



Animals 2021, 11, 3059

3.2. Intestinal Morphology

The measurement of intestinal morphology is a common way to judge the integrity
and function of the intestinal barrier. The results on villi height (VH), crypt depth (CD) and
the villi height:crypt depth ratio (VH/CD) are displayed in Table 4. In the duodenum, three
levels of fermented mixed feed significantly decreased the CD and increased the VH/CD
ratio. In the jejunum, dietary supplementation with fermented mixed feed significantly
increased the VH and VH/CD ratio compared to the control group. However, the 4%
fermented mixed feed group significantly increased CD compared with all other treatments.
In the ileum, no significant effect of dietary fermented mixture supplementation was
observed on the VH, CD and VH/CD ratio.

Table 4. Effect of fermented mixed feed on intestinal morphology in laying hens.

Fermented Mixed Feed
SEM p-Value

0% 4% 6% 8%

Duodenum
VH 1, µm 1767.04 1731.68 1774.26 1753.69 21.83 0.889
CD 2, µm 294.56 a 256.96 b 254.26 b 221.31 c 4.24 <0.01

VH/CD 3, µm/µm 6.18 bc 6.86 b 7.16 b 8.02 a 0.13 <0.01

Jejunum
VH, µm 922.89 c 1315.79 a 1079.89 b 1121.96 b 19.41 <0.01
CD, µm 177.47 b 222.91 a 180.14 b 169.85 b 3.94 <0.01

VH/CD, µm/µm 5.28 b 6.23 a 6.28 a 6.88 a 0.12 <0.01

Ileum
VH, µm 882.98 936.10 968.38 961.42 15.84 0.208
CD, µm 136.40 145.14 145.96 138.04 1.97 0.201

VH/CD, µm/µm 6.57 6.64 6.63 7.13 0.11 0.241
1 VH: villi height. 2 CD: crypt depth. 3 VH/CD: villi height: crypt depth ratio. a–c There are statistically significant
differences in the mean values per line for different superscripts (p < 0.05).

3.3. Total sIgA Concentration and Physical Barrier mRNA Abundance in the Intestinal Mucosa

Secretory IgA (sIgA) acts as the first immune defense for intestinal epithelium and
maintains the homeostasis of the gut. Therefore, we assessed the intestinal immune
function by measuring the intestinal sIgA contents. As shown in Figure 2a, no statistical
differences in sIgA content were observed in the duodenum and ileum. However, the
jejunal sIgA content was significantly higher in the 6% and 8% fermented mixed feed group
compared to the other treatments. In the presence of intact epithelial cell layers, intercellular
paracellular pathways must be closed. This function is effectuated through physical
barriers—especially by tight junctions [23]. In addition, mucin 2 (MUC2) is the most
abundant mucin, which creates the first defense line against invading microorganisms [24].
Thus, we focused on the mRNA expression levels of zonula occludens 1 (ZO-1), occludin
(OCLN) and MUC2 in jejunal mucosa to further explore the physical barriers of laying
hens. Figure 2b showed that fermented mixed feed at three levels all significantly increased
MUC2 gene expression compared with the control group, whereas 4% fermented mixed
feed significantly decreased the mRNA expression of ZO-1.
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Figure 2. Effects of fermented mixture supplementation on the intestinal sIgA content (a) and the physical barrier in the
jejunum (b) of laying hens. Data are expressed as mean ± SEM of 6 replicates per treatment; a–c There are statistically
significant differences in the mean values per line for different superscripts (p < 0.05).

3.4. Cecal Microbial Diversity and Community

As the microbial community plays an important role in the intestinal health and
barrier function of laying hens, the composition of the cecal microbial community was
analyzed using the 16S rRNA gene amplicon sequence. After filtering, an average of
60,788 ± 6481 reads were obtained for each sample. In the 16S amplicon data analysis,
the Shannon and Simpson indices were used to assess the community diversity, and the
ACE and Chao1 indices reflected the community richness. Therefore, alpha diversity
was measured using these four indices, and there were no significant differences in cecal
feces microbiome taxon abundance and diversity (p > 0.05; Table 5) among the groups,
indicating that fermented mixed feed did not change the alpha diversity of the microbiota
of the chicken cecum. Beta diversity was illustrated via principal component analysis
(PCA) in Figure 3, showing fermented mixed feed treatment significantly affected cecal
microbiota composition. The composition of the microbiota was similar between the 6%
and 8% fermented mixed feed group. ANOSIM results, shown in Table 6, indicated that
the variations of the inter-group microbiota composition of the 6% and 8% group were
considered significant (p < 0.05) to the control group and were larger than those of the
inner-group (R > 0.05). Hence, to illuminate how fermented mixed feed served to improve
the gut health of laying hens, the 6% group was selected as the representative group
among the 3 treated groups to identify the roles of fermented mixed feed in regulating the
cecal microbiota.

Since pairwise comparisons (0 and 6%) and the data were in accordance with normal
distribution, t-test analysis was used to evaluate the differential bacteria (relative abun-
dance > 0.1%) on the phylum and genus (Figure 4). Compared with the basal diet, at the
phylum level, supplementation with 6% fermented mixed feed significantly improved the
Tenericutes abundance but reduced the abundance of Actinobacteria; at the genus levels,
the abundance of Parasutterella, Butyricicoccus, unidentified_Erysipelotrichaceae and Mail-
hella were found to be significantly increased and Alloprevotella, Gallibacterium, Romboutsia
(p < 0.05) and Enterococcus were significantly decreased in the 6% fermentation group when
compared with the 0% control group (p < 0.05).

Table 5. Effect of fermented mixed feed on α-diversity of cecal microflora in layers.

Fermented Mixed Feed
SEM p-Value

0% 4% 6% 8%

Chao1 693.32 682.26 712.44 731.14 10.61 0.398
Ace 702.49 694.70 723.97 740.77 10.52 0.419

Shannon 6.42 5.90 6.41 6.68 0.12 0.137
Simpson 0.97 0.94 0.96 0.97 0.01 0.287

205



Animals 2021, 11, 3059

Animals 2021, 11, x FOR PEER REVIEW 8 of 15 
 

abundance > 0.1%) on the phylum and genus (Figure 4). Compared with the basal diet, at 
the phylum level, supplementation with 6% fermented mixed feed significantly improved 
the Tenericutes abundance but reduced the abundance of Actinobacteria; at the genus levels, 
the abundance of Parasutterella, Butyricicoccus, unidentified_Erysipelotrichaceae and Mailhella 
were found to be significantly increased and Alloprevotella, Gallibacterium, Romboutsia (p < 
0.05) and Enterococcus were significantly decreased in the 6% fermentation group when 
compared with the 0% control group (p < 0.05). 

Table 5. Effect of fermented mixed feed on α-diversity of cecal microflora in layers. 

 Fermented Mixed Feed 
SEM p-Value  0% 4% 6% 8% 

Chao1 693.32 682.26 712.44 731.14 10.61 0.398 
Ace 702.49 694.70 723.97 740.77 10.52 0.419 

Shannon 6.42 5.90 6.41 6.68 0.12 0.137 
Simpson 0.97 0.94 0.96 0.97 0.01 0.287 

 
Figure 3. Comparison of the compositions of the cecal microbiota by principal component analysis 
(PCA). F0, basal diet; F4, 4% fermented mixed feed; F6, 6% fermented mixed feed; F8, 8% fermented 
mixed feed. 

Table 6. Comparison of similarities in microbiota composition between the three treatments by 
ANOSIM analysis. 

Treatment R-Value p-Value 
F0–F4 0.07407 0.4 
F0–F8 0.6 0.016 
F4–F8 0.4769 0.025 
F0–F6 0.3457 0.045 
F4–F6 0.2099 0.214 
F6–F8 −0.02667 0.563 

 

Figure 3. Comparison of the compositions of the cecal microbiota by principal component analysis
(PCA). F0, basal diet; F4, 4% fermented mixed feed; F6, 6% fermented mixed feed; F8, 8% fermented
mixed feed.

Table 6. Comparison of similarities in microbiota composition between the three treatments by
ANOSIM analysis.

Treatment R-Value p-Value
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F0–F8 0.6 0.016
F4–F8 0.4769 0.025
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3.5. Correlations between Microbiota and Gut Health

In order to explore the specific bacteria related to gut health, the Spearman correlation
coefficient (Figure 5) was used to analyze the correlation between the abundance of the
cecal microbiota and the intestinal barrier. This analysis can identify species that are signif-
icantly correlated with certain environmental factors. The heatmap revealed significant
positive correlations between intestinal morphology (higher villi height VH, shorter crypt
depth CD and lager villi height:crypt depth VH/CD indicate superior development) and
unidentified_Lachnospiraceae, unidentified_Spirochaetaceae, Barnesiella Helicobacter, Parasut-
terella and Synergistes. In contrast, the intestinal morphology was negatively correlated
with Bacteroides, Megamonas, Desulfovibrio, Alistipes, Tyzzerella, Fournierella Succinatimonas,
Gallibacterium and Elusimicrobium significantly. In addition, the abundance of genus Fae-
calibacterium and Desulfovibrio were negatively correlated with the jejunal sIgA contents,
and the abundance of genus Sutterella and Lachnoclostridium were negatively correlated
with the duodenal sIgA content. Moreover, Fournierella was positively correlated with ileal
sIgA contents.

Animals 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

(a) 

 

(b) 

Figure 5. Heatmap of spearman’s correlation between the microbiota from chicken cecum and gut health. (a) cecal 
microbiota and intestinal morphology; (b) cecal microbiota and sIgA contents of intestine. Red and blue cells indicate 
positive and negative correlations, respectively. Color intensity is in proportion to magnitude. 

4. Discussion 
The corn–soybean meal diet is the most widely applied in poultry production in 

China. However, ordinary corn–soybean meal diets contain some anti-nutritional factors, 
for instance, phytic acid, soybean antigenic protein and soy oligosaccharides, which may 
compromise the nutrient bioavailability and exhibit negative effects on animal health [25]. 
Solid-state fermentation was proposed to improve the nutritional properties of coarse 
plant materials and improve their application in animal feeds [26]. 

Among a variety of parameters, pH is an important reference to estimate the quality 
of fermented feed, because lower pH may favor the digestion of intestinal nutrients and 

Figure 5. Heatmap of spearman’s correlation between the microbiota from chicken cecum and gut
health. (a) cecal microbiota and intestinal morphology; (b) cecal microbiota and sIgA contents of
intestine. * p < 0.05, ** p < 0.01. Red and blue cells indicate positive and negative correlations,
respectively. Color intensity is in proportion to magnitude.

207



Animals 2021, 11, 3059

4. Discussion

The corn–soybean meal diet is the most widely applied in poultry production in
China. However, ordinary corn–soybean meal diets contain some anti-nutritional factors,
for instance, phytic acid, soybean antigenic protein and soy oligosaccharides, which may
compromise the nutrient bioavailability and exhibit negative effects on animal health [25].
Solid-state fermentation was proposed to improve the nutritional properties of coarse plant
materials and improve their application in animal feeds [26].

Among a variety of parameters, pH is an important reference to estimate the quality
of fermented feed, because lower pH may favor the digestion of intestinal nutrients and
inhibit the growth of pathogenic microorganisms in feed [27]. Our results showed that
the pH of mixed feed following fermentation decreased from 6.23 to 4.49, indicating that
the fermented feed has reached a low pH requirement. In addition, compared to the
control, the fermented feed contained higher concentrations of crude protein, which was
similar to previous research [28]. The increase in CP concentration might be related to the
synthesis of microbial protein or the loss of dry matter during fermentation. Furthermore,
the decreased contents of phytic acid, trypsin inhibitor and β-glucan in mixed feed were
observed after fermentation, which have been considered as the major anti-nutritional
factors in the current feed industry negatively affecting nutrient digestion and absorption
of laying hens. A decreased amount of phytic acid in fermented feed may be due to the
production of phytase by microorganisms [29]. The reduction of β-glucan could be a
possible reason for the soluble fraction of the polymer [30]. Probiotics in fermented feed
could decompose proteins, including trypsin inhibitors, through the secretion of proteases,
which may have a beneficial impact on intestinal health [31]. In addition, SDS-PAGE
analysis showed that large-sized protein contents in fermented mixed feed were reduced,
consistent with the study of Shi et al. [19]. This indicated that large-sized proteins can
be degraded into small-sized proteins or peptides during fermentation, presumptively
assisting intestinal protein digestion in laying hens [32].

This study found that fermented mixed feed could partially improve the intestinal
morphology of laying hens. This was consistent with the past study of Missotten et al. [33],
who noticed higher villi height, lower crypt depth and increased villus crypt ratios in
broilers fed fermented moist feed. Similar results were also shown by Li et al. [34] in the
duodenum and jejunum of broilers fed 10% fermented soybean meal. Gut morphology
parameters, including villus height VH, crypt depth CD, and villus crypt VH/CD ratios,
are regarded as gold standards for assessing intestinal health status [8]. The increase of
villi height suggested a greater area addressed to the absorption of available nutrients [35],
which was conducive to enhanced intestinal function. On the contrary, shortening of villi
and deepening of crypts could cause malabsorption of nutrients and consequently compro-
mise the production performance of laying hens [36]. The positive impact of fermented feed
on gut morphology is likely attributed to its regulatory roles in gut microbiota balance and
microbial metabolites, which can promote enterocyte differentiation and proliferation [37].
It might be also related to the reduction of anti-nutrient factors in the fermented feed, as
supported by the negative correlation between trypsin inhibitor in soybean meal and villi
height [38]. Surprisingly, fermented mixed feed addition at 4% has opposite effects on
jejunum morphology (i.e., the increased villi height and crypt depth) and the exact reasons
for this phenomenon need further exploration.

The gut barrier can prevent the intestinal tract from the colonization of pathogens,
and sIgA is the critical component of the immune barrier, limiting epithelial contact with
pathogens and other antigens [39]. In this study, we observed a significant improvement in
jejunum sIgA concentration with the addition of 6% and 8% fermented feed, indicating
positive effects of fermented feed on the barrier function of gut mucosa to reduce the
adverse effects on gut health. This was in combination with the improvements in jejunum
morphology, suggesting that the fermented feed played a role in the intestinal mucosa
health in the jejunum of laying hens. Jejunum, the longest part of the small intestine with the
longest retention time of nutrients [40], is considered the best segment for exerting favorable
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effects of fermented feed on gut health. Therefore, the jejunum was chosen for further study.
OCLN and ZO are unique proteins that form the extracellular barrier of the gut [41]. This
barrier is famous for tight junctions, which make up a wall against invading pathogens
in the intestine [42]. MUC2, the main mucin of the intestinal mucosa, is involved in
providing nutrients and attachment sites for host bacteria, and it can contribute to selecting
species-specific gut microbiota [43]. Little information is available on physical barrier
gene expression in birds fed with fermented feed. This study indicated that fermented
feed can apparently increase the gene expression of MUC2, suggesting that fermented
feed may prevent intestinal epithelial cells from pathogen invasion by modulating MUC2
expression in the jejunum. Fermentation products, including probiotics [44] and organic
acids [45], have been proven to significantly improve the expression of poultry gut barrier-
related genes, but the mechanism of their action is complex and needs to be studied in
depth. However, this study showed no significant effects on the expression of OCLN. In
particular, the addition of 4% fermented mixed feed significantly downregulated ZO-1
gene expression, in accordance with the observations that 4% fermented feed significantly
increased crypt depth. It is necessary to research an in vivo pathogenic attack model as a
further study to confirm the influences of fermented feed on gut barrier functions.

To further explore the underlying mechanism of its modulation on gut health, we
have used Illumina MiSeq sequencing to analyze the cecal microbiota. The present study
revealed no significant effect on the α-diversity of the cecal microbiota, whereas the β-
diversity analysis showed significant clustering between the 6% and 8% groups and
controls, indicating that the cecal microorganism community profiles in the 6% and 8%
fermented groups could be altered following fermented feed addition. This was in line
with the results on the intestinal morphology and the barrier-related gene expression,
indicating that the 6% and 8% fermented feed could significantly improve intestinal health
with no remarkable difference between the two groups. It was possible that fermented
mixed feed at levels above a certain threshold (which was 6% in this study) could result in
changes of the gut microflora and subsequently improve intestinal morphology and barrier
functions. Therefore, control and 6% groups were selected for further analysis. At the
genus level, Parasutterella, Butyricicoccus, unidentified_Erysipelotrichaceae and Mailhella were
identified as the main microbes with increased abundances in response to the addition
of fermented feed. The increased proportion of Parasutterella has been reported to be
beneficial to intestinal mucosal homeostasis [46]. Similarly, our results also confirmed a
positive correlation between Parasutterella abundance and villus height VH and VH/CD
ratio. Butyricicoccus, as butyrate producers, are assumed to improve growth performance,
inhibit the proliferation of pathogens and relieve intestinal inflammation in broilers [47].
Erysipelotrichaceae may be associated with the degradation of feed ingredients and the
production of short-chain fatty acids [48]. On the other hand, the decreased abundances of
Alloprevotella, Gallibacterium, Romboutsia and Enterococcus were observed in 6% fermented
feed group compared to the control. Gallibacterium has been recognized as a main cause
of peritonitis and salpingitis in laying hens [49], which leads to decreased productive
performance. Alloprevotella is known as an opportunistic pathogen; however, previous
studies have noted that the increased abundance of Alloprevotella genera was linked to
better intestinal health [50]. Besides this, the genus Romboutsia is a valuable intestinal
biomarker maintaining host health, and Enterococcus with natural antimicrobial probiotic
properties could prevent diarrhea in animal production [51]. However, their roles in gut
health and functions of birds need to be explored. Gallibacterium is directly associated with
poultry intestinal disease, which was also confirmed in this study by a negative relationship
between abundance and villus height [52]. Therefore, the ameliorated gut morphology
and enhanced epithelial barrier functions might be mainly attributed to the increased
abundances of some health-promoting bacteria in the fermented feed supplementation
group. Further investigations based on metabolomics should be done to detect changes in
metabolites caused by fermentation and their effects on gut health in a future study.
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5. Conclusions

In conclusion, fermented mixed feed could improve the morphology and barrier
functions of the intestine, and alter the cecal microflora. This study demonstrated that
fermented mixed feed could be used as a novel feed ingredient for laying hens, and that
their favorable effects could be exhibited at addition levels of≥6%. The specific mechanism
of fermented feed-changing of cecal microflora of laying hens needs further study.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L. and J.L. (Jing Lv); formal analysis,
Y.L.; investigation, Y.L., Y.W. and J.L. (Jinghe Li); resources, Y.M.; data curation, J.F., and Y.M.;
writing—original draft preparation, J.F., Y.L. and L.G.; writing—review and editing, J.F. and Y.L.;
supervision, J.F. and Y.M.; project administration, Y.M.; funding acquisition, Y.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the China Agriculture Research System of MOF and MARA
(CARS-40-S20) and the Province Key Research and Development Program of Shaanxi (2021NY-005).

Institutional Review Board Statement: The animal feeding and experimental protocols in this study
were approved by the Institutional Animal Care and Use Committee of Northwest A&F University
(protocol number NWAFAC1378).

Data Availability Statement: Informed consent was obtained from all subjects involved in the
study. The datasets analyzed in the present study are available from the corresponding author on
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khalique, A.; Zeng, D.; Shoaib, M.; Wang, H.; Qing, X.; Rajput, D.S.; Pan, K.; Ni, X. Probiotics mitigating subclinical necrotic

enteritis (SNE) as potential alternatives to antibiotics in poultry. AMB Express 2020, 10, 50. [CrossRef] [PubMed]
2. Wang, J.; Han, Y.; Zhao, J.-z.; Zhou, Z.-j.; Fan, H. Consuming fermented distillers’ dried grains with solubles (DDGS) feed reveals

a shift in the faecal microbiota of growing and fattening pigs using 454 pyrosequencing. J. Integr. Agric. 2017, 16, 900–910.
[CrossRef]

3. Plumed-Ferrer, C.; von Wright, A. Fermented pig liquid feed: Nutritional, safety and regulatory aspects. J. Appl. Microbiol. 2009,
106, 351–368. [CrossRef] [PubMed]

4. Wang, C.; Shi, C.; Su, W.; Jin, M.; Xu, B.; Hao, L.; Zhang, Y.; Lu, Z.; Wang, F.; Wang, Y.; et al. Dynamics of the Physicochemical
Characteristics, Microbiota, and Metabolic Functions of Soybean Meal and Corn Mixed Substrates during Two-Stage Solid-State
Fermentation. mSystems 2020, 5, 501–519. [CrossRef] [PubMed]

5. Wang, T.Y.; Wu, Y.H.; Jiang, C.Y.; Liu, Y. Solid state fermented potato pulp can be used as poultry feed. Br. Poult. Sci. 2010, 51,
229–234. [CrossRef] [PubMed]

6. Taheri, H.R.; Moravej, H.; Tabandeh, F.; Zaghari, M.; Shivazad, M. Screening of lactic acid bacteria toward their selection as a
source of chicken probiotic. Poult. Sci. 2009, 88, 1586–1593. [CrossRef] [PubMed]

7. Jin, W.; Zhang, Z.; Zhu, K.; Xue, Y.; Xie, F.; Mao, S. Comprehensive Understanding of the Bacterial Populations and Metabolites
Profile of Fermented Feed by 16S rRNA Gene Sequencing and Liquid Chromatography-Mass Spectrometry. Metabolites 2019,
9, 239. [CrossRef]

8. Ducatelle, R.; Goossens, E.; De Meyer, F.; Eeckhaut, V.; Antonissen, G.; Haesebrouck, F.; Van Immerseel, F. Biomarkers for
monitoring intestinal health in poultry: Present status and future perspectives. Vet. Res. 2018, 49, 43. [CrossRef]

9. Hiippala, K.; Jouhten, H.; Ronkainen, A.; Hartikainen, A.; Kainulainen, V.; Jalanka, J.; Satokari, R. The Potential of Gut
Commensals in Reinforcing Intestinal Barrier Function and Alleviating Inflammation. Nutrients 2018, 10, 988. [CrossRef]

10. Sugiharto, S.; Ranjitkar, S. Recent advances in fermented feeds towards improved broiler chicken performance, gastrointestinal
tract microecology and immune responses: A review. Anim. Nutr. 2019, 5, 1–10. [CrossRef] [PubMed]

11. Canibe, N.; Jensen, B.B. Fermented liquid feed-Microbial and nutritional aspects and impact on enteric diseases in pigs. Anim.
Feed Sci. Technol. 2012, 173, 17–40. [CrossRef]

12. Engberg, R.M.; Hammershoj, M.; Johansen, N.F.; Abousekken, M.S.; Steenfeldt, S.; Jensen, B.B. Fermented feed for laying hens:
Effects on egg production, egg quality, plumage condition and composition and activity of the intestinal microflora. Br. Poult Sci.
2009, 50, 228–239. [CrossRef]

13. Semjon, B.; Bartkovsky, M.; Marcincakova, D.; Klempova, T.; Bujnak, L.; Hudak, M.; Jaduttova, I.; Certik, M.; Marcincak, S. Effect
of Solid-State Fermented Wheat Bran Supplemented with Agrimony Extract on Growth Performance, Fatty Acid Profile, and
Meat Quality of Broiler Chickens. Animals 2020, 10, 942. [CrossRef] [PubMed]

210



Animals 2021, 11, 3059

14. Xie, Y.; Liu, J.; Wang, H.; Luo, J.; Chen, T.; Xi, Q.; Zhang, Y.; Sun, J. Effects of fermented feeds and ginseng polysaccharides on the
intestinal morphology and microbiota composition of Xuefeng black-bone chicken. PLoS ONE 2020, 15, e0237357. [CrossRef]
[PubMed]

15. Chiang, G.; Lu, W.Q.; Piao, X.S.; Hu, J.K.; Gong, L.M.; Thacker, P.A. Effects of Feeding Solid-state Fermented Rapeseed Meal on
Performance, Nutrient Digestibility, Intestinal Ecology and Intestinal Morphology of Broiler Chickens. Asian Australas. J. Anim.
Sci. 2009, 23, 263–271. [CrossRef]

16. Wang, C.; Shi, C.; Zhang, Y.; Song, D.; Lu, Z.; Wang, Y. Microbiota in fermented feed and swine gut. Appl. Microbiol. Biotechnol.
2018, 102, 2941–2948. [CrossRef] [PubMed]

17. Mathivanan, R.; Selvaraj, P.; Nanjappan, K. Feeding of Fermented Soybean Meal on Broiler Performance. Int. J. Poult. Sci. 2006, 5,
868–872. [CrossRef]

18. Zhang, W.-J.; Xu, Z.-R.; Zhao, S.-H.; Sun, J.-Y.; Yang, X. Development of a microbial fermentation process for detoxification of
gossypol in cottonseed meal. Anim. Feed Sci. Technol. 2007, 135, 176–186. [CrossRef]

19. Shi, C.; Zhang, Y.; Yin, Y.; Wang, C.; Lu, Z.; Wang, F.; Feng, J.; Wang, Y. Amino acid and phosphorus digestibility of fermented
corn-soybean meal mixed feed with Bacillus subtilis and Enterococcus faecium fed to pigs. J. Anim. Sci. 2017, 95, 3996–4004.
[CrossRef]

20. AOAC. Official Methods of Analysis, 18th ed.; Association of Official Analytical Chemists: Arlington, VA, USA, 2006.
21. Buddrick, O.; Jones, O.A.H.; Cornell, H.J.; Small, D.M. The influence of fermentation processes and cereal grains in wholegrain

bread on reducing phytate content. J. Cereal. Sci. 2014, 59, 3–8. [CrossRef]
22. Hong, K.J.; Lee, C.H.; Kim, S.W. Aspergillus oryzae GB-107 fermentation improves nutritional quality of food soybeans and feed

soybean meals. J. Med. Food 2004, 7, 430–435. [CrossRef]
23. Anderson, J.M.; Van Itallie, C.M.; Fanning, A.S. Setting up a selective barrier at the apical junction complex. Curr. Opin. Cell Biol.

2004, 16, 140–145. [CrossRef] [PubMed]
24. Peterson, L.W.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol.

2014, 14, 141–153. [CrossRef] [PubMed]
25. Gu, C.; Pan, H.; Sun, Z.; Qin, G. Effect of soybean variety on anti-nutritional factors content, and growth performance and

nutrients metabolism in rat. Int. J. Mol. Sci. 2010, 11, 1048–1056. [CrossRef] [PubMed]
26. Chi, C.-H.; Cho, S.-J. Improvement of bioactivity of soybean meal by solid-state fermentation with Bacillus amyloliquefaciens versus

Lactobacillus spp. and Saccharomyces cerevisiae. LWT Food Sci. Technol. 2016, 68, 619–625. [CrossRef]
27. Varsha, K.K.; Priya, S.; Devendra, L.; Nampoothiri, K.M. Control of spoilage fungi by protective lactic acid bacteria displaying

probiotic properties. Appl. Biochem. Biotechnol. 2014, 172, 3402–3413. [CrossRef]
28. Shi, C.; Zhang, Y.; Lu, Z.; Wang, Y. Solid-state fermentation of corn-soybean meal mixed feed with Bacillus subtilis and Enterococcus

faecium for degrading antinutritional factors and enhancing nutritional value. J. Anim. Sci. Biotechnol. 2017, 8, 50. [CrossRef]
[PubMed]

29. Sokrab, A.M.; Mohamed Ahmed, I.A.; Babiker, E.E. Effect of fermentation on antinutrients, and total and extractable minerals of
high and low phytate corn genotypes. J. Food Sci. Technol. 2014, 51, 2608–2615. [CrossRef] [PubMed]

30. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

31. Hu, J.; Lu, W.; Wang, C.; Zhu, R.; Qiao, J. Characteristics of Solid-state Fermented Feed and its Effects on Performance and
Nutrient Digestibility in Growing-finishing Pigs. Asian Australs. J. Anim. Sci. 2008, 21, 1635–1641. [CrossRef]

32. Silk, D.B.; Chung, Y.C.; Berger, K.L.; Conley, K.; Beigler, M.; Sleisenger, M.H.; Spiller, G.A.; Kim, Y.S. Comparison of oral feeding
of peptide and amino acid meals to normal human subjects. Gut 1979, 20, 291–299. [CrossRef]

33. Missotten, J.A.; Michiels, J.; Dierick, N.; Ovyn, A.; Akbarian, A.; De Smet, S. Effect of fermented moist feed on performance, gut
bacteria and gut histo-morphology in broilers. Br. Poult. Sci. 2013, 54, 627–634. [CrossRef]

34. Li, L.; Li, W.F.; Liu, S.Z.; Wang, H.H. Probiotic fermented feed improved the production, health and nutrient utilisation of
yellow-feathered broilers reared in high altitude in Tibet. Br. Poult. Sci. 2020, 61, 746–753. [CrossRef]

35. Caspary, W.F. Physiology and pathophysiology of intestinal absorption. Am. J. Clin. Nutr. 1992, 55, 299S–308S. [CrossRef]
[PubMed]

36. Xu, Z.R.; Hu, C.H.; Xia, M.S.; Zhan, X.A.; Wang, M.Q. Effects of dietary fructooligosaccharide on digestive enzyme activities,
intestinal microflora and morphology of male broilers. Poult. Sci. 2003, 82, 1030–1036. [CrossRef]

37. Jazi, V.; Foroozandeh, A.D.; Toghyani, M.; Dastar, B.; Rezaie Koochaksaraie, R.; Toghyani, M. Effects of Pediococcus acidilactici,
mannan-oligosaccharide, butyric acid and their combination on growth performance and intestinal health in young broiler
chickens challenged with Salmonella Typhimurium. Poult. Sci. 2018, 97, 2034–2043. [CrossRef]

38. Zarkadas, L.N.; Wiseman, J. Influence of processing of full fat soya beans included in diets for piglets. Anim. Feed. Sci. Technol.
2005, 118, 121–137. [CrossRef]

39. Kumar, N.; Arthur, C.P.; Ciferri, C.; Matsumoto, M.L. Structure of the secretory immunoglobulin A core. Science 2020, 367,
1008–1014. [CrossRef] [PubMed]

40. Mitjans, M.; Barniol, G.; Ferrer, R. Mucosal surface area in chicken small intestine during development. Cell Tissue Res. 1997, 290,
71–78. [CrossRef] [PubMed]

211



Animals 2021, 11, 3059

41. Schneeberger, E.E.; Lynch, R.D. The tight junction: A multifunctional complex. Am. J. Physiol. Cell Physiol. 2004, 286, C1213–C1228.
[CrossRef]

42. Awad, W.A.; Hess, C.; Hess, M. Enteric Pathogens and Their Toxin-Induced Disruption of the Intestinal Barrier through Alteration
of Tight Junctions in Chickens. Toxins 2017, 9, 60. [CrossRef] [PubMed]

43. Johansson, M.E.; Larsson, J.M.; Hansson, G.C. The two mucus layers of colon are organized by the MUC2 mucin, whereas the
outer layer is a legislator of host-microbial interactions. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. S1), 4659–4665. [CrossRef]
[PubMed]

44. Gharib-Naseri, K.; de Paula Dorigam, J.C.; Doranalli, K.; Kheravii, S.; Swick, R.A.; Choct, M.; Wu, S.B. Modulations of genes
related to gut integrity, apoptosis, and immunity underlie the beneficial effects of Bacillus amyloliquefaciens CECT 5940 in broilers
fed diets with different protein levels in a necrotic enteritis challenge model. J. Anim. Sci. Biotechnol. 2020, 11, 104. [CrossRef]

45. Pham, V.H.; Kan, L.; Huang, J.; Geng, Y.; Zhen, W.; Guo, Y.; Abbas, W.; Wang, Z. Dietary encapsulated essential oils and organic
acids mixture improves gut health in broiler chickens challenged with necrotic enteritis. J. Anim. Sci. Biotechnol. 2020, 11, 18.
[CrossRef]

46. Ju, T.; Kong, J.Y.; Stothard, P.; Willing, B.P. Defining the role of Parasutterella, a previously uncharacterized member of the core
gut microbiota. ISME J. 2019, 13, 1520–1534. [CrossRef] [PubMed]

47. Eeckhaut, V.; Wang, J.; Van Parys, A.; Haesebrouck, F.; Joossens, M.; Falony, G.; Raes, J.; Ducatelle, R.; Van Immerseel, F. The
Probiotic Butyricicoccus pullicaecorum Reduces Feed Conversion and Protects from Potentially Harmful Intestinal Microorganisms
and Necrotic Enteritis in Broilers. Front. Microbiol. 2016, 7, 1416. [CrossRef]

48. Stanley, D.; Denman, S.E.; Hughes, R.J.; Geier, M.S.; Crowley, T.M.; Chen, H.; Haring, V.R.; Moore, R.J. Intestinal microbiota
associated with differential feed conversion efficiency in chickens. Appl. Microbiol. Biotechnol. 2012, 96, 1361–1369. [CrossRef]
[PubMed]

49. Neubauer, C.; De Souza-Pilz, M.; Bojesen, A.M.; Bisgaard, M.; Hess, M. Tissue distribution of haemolytic Gallibacterium anatis
isolates in laying birds with reproductive disorders. Avian Pathol. 2009, 38, 1–7. [CrossRef] [PubMed]

50. Downes, J.; Dewhirst, F.E.; Tanner, A.C.R.; Wade, W.G. Description of Alloprevotella rava gen. nov., sp. nov., isolated from the
human oral cavity, and reclassification of Prevotella tannerae Moore et al. 1994 as Alloprevotella tannerae gen. nov., comb. nov. Int. J.
Syst. Evol. Microbiol. 2013, 63, 1214–1218. [CrossRef] [PubMed]

51. Feng, J.; Lu, M.; Wang, J.; Zhang, H.; Qiu, K.; Qi, G.; Wu, S. Dietary oregano essential oil supplementation improves intestinal
functions and alters gut microbiota in late-phase laying hens. J. Anim. Sci. Biotechnol. 2021, 12, 72. [CrossRef]

52. Wiersema, M.L.; Koester, L.R.; Schmitz-Esser, S.; Koltes, D.A. Comparison of intestinal permeability, morphology, and ileal
microbial communities of commercial hens housed in conventional cages and cage-free housing systems. Poult. Sci. 2021, 100,
1178–1191. [CrossRef] [PubMed]

212



animals

Article

Limitation and Potential Effects of Different Levels of Aging
Corn on Performance, Antioxidative Capacity, Intestinal Health,
and Microbiota in Broiler Chickens

Ahsan Mustafa , Shiping Bai , Qiufeng Zeng, Xuemei Ding, Jianping Wang , Yue Xuan, Zhuowei Su
and Keying Zhang *

����������
�������

Citation: Mustafa, A.; Bai, S.; Zeng,

Q.; Ding, X.; Wang, J.; Xuan, Y.; Su, Z.;

Zhang, K. Limitation and Potential

Effects of Different Levels of Aging

Corn on Performance, Antioxidative

Capacity, Intestinal Health, and

Microbiota in Broiler Chickens.

Animals 2021, 11, 2832. https://

doi.org/10.3390/ani11102832

Academic Editors: Natalie Morgan

and Youssef A. Attia

Received: 14 September 2021

Accepted: 21 September 2021

Published: 28 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Animal Nutrition, Key Laboratory for Animal Disease-Resistance Nutrition of China, Ministry of
Education, Sichuan Agricultural University, Chengdu 611130, China; dr.ahsan.mustafa@gmail.com (A.M.);
shipingbai@sicau.edu.cn (S.B.); zqf@sicau.edu.cn (Q.Z.); dingxuemei0306@163.com (X.D.);
wangjianping@sicau.edu.cn (J.W.); xuanyuede1007@hotmail.com (Y.X.); wzs698@126.com (Z.S.)
* Correspondence: zkeying@sicau.edu.cn; Tel./Fax: +86-28-8629-0922

Simple Summary: Corn is an important ingredient and staple food in China; thus, corn storage has
a certain importance to ensure domestic food resources. Normally, corn has been stored for 3 or more
years under the proper storage conditions in national barns before it is used as a feed ingredient.
This study aimed to investigate the effect of different levels of aging corn (AC) on performance,
antioxidative capacity, intestinal health, and microbiota in broilers. In the present study, AC grains
were stored for 4 years under the proper storage conditions at the national storage facility. The results
indicated that a lower level of AC diet showed improved performance and overall bird health than
a higher level of AC, and comparable with a normal corn diet. However, antioxidative capacity is
reduced by AC diets.

Abstract: Three-hundred and sixty-day-old male broilers underwent three treatments with six
replicates of 20 birds per treatment. The experimental diets included NC: normal corn diet; ACL:
lower level (39.6–41.24%) of AC; and ACH: a higher level (56.99–59.12%) of AC. During phase 1
(0–21 d), broilers fed on AC showed lower (p < 0.05) body weight (BW), body weight gain (BWG),
and feed conversion ratio (FCR) as compared with the NC group. During phase 2 (22–42 d), the
NC group and ACL group showed better (p < 0.05) BW, BWG, and FCR than the ACH group. The
footpad lesion score (p = 0.05) and litter moisture percentage (p < 0.05) were found to be higher in
the ACH group. During phase 1, the ACL group showed a lower level of malondialdehyde (MDA)
contents (p < 0.05) in serum; moreover, catalase (CAT) (p < 0.05) and glutathione peroxidase (GSH-Px)
activities (p < 0.05) were found lower in both AC-containing groups. During phase 2, CAT activity in
serum was found higher (p < 0.05) in the ACH group. During phase 1, the NC group showed higher
CAT (p = 0.05), GSH-Px (p < 0.05), and superoxide dismutase (SOD) activity (p = 0.03); however,
it showed lower MDA (p < 0.05) and total-antioxidative capability (T-AOC) (p < 0.05) in the liver.
During phase 1, in breast muscle, CAT, SOD, and T-AOC were higher (p < 0.05) in the NC group.
During phase 1, total cholesterol and high-density lipoprotein were found to be lower (p < 0.05) in the
ACL group. Similarly, triglyceride and low-density lipoprotein were found to be lower (p < 0.05) in
the ACL group than the ACH group. During phase 1, villus height was found to be higher (p < 0.05)
in the ACH group. Moreover, the goblet cell (GC) was found to be higher (p < 0.05) in the NC group
than the ACL group. During phase 2, GC was found to be higher (p < 0.05) in the ACL group. In
ileal digesta, during phase 1, acetic acid, propionic acid, and butyric acid (BA) levels were found to
be higher (p < 0.05) in the ACL group. In cecal digesta, BA was significantly lower (p < 0.05) in the
NC group.

Keywords: aging corn; oxidative stress; broiler performance; intestinal health; microbiota
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1. Introduction

Corn contains rich nutrients, including carbohydrates, water, vitamins, fiber, and
minerals [1], and plays an essential role in China’s food crops. China is a major corn
producer with more than 300 million acres of corn and is the second largest corn producer
in the world [2]. A large number of corn has been stored as the country’s grain reserves
to deal with unexpected natural disasters, and therefore the storage corn may be used as
an animal feed when it was not suitable to store further [3]. It is expected that currently
there are 200 million tons of stored corn, which could be stored for 3 to 4 years in China.
During the storage time, some physiological and biochemical reactions happened in corn
that may result in the loss of the nutritional value and accumulation of oxidation products
in corn [4–6]. Ensuring the efficient use of stored corn in livestock and poultry, feed
production is of great significance to the timely absorption of stock corn [7].

During storage, alpha- (α-) and beta- (β-) amylase enzyme activities could be de-
creased; however, lipoxygenase, lipases, and proteases enzyme activities of stored rice
are increased [8,9]. Therefore, storage could reduce the digestibility and solubility of
protein [9,10]. Moreover, Galliard [11] reported higher contents of free fatty acids (FFA)
and oxidation of lipids in whole flour during storage, and Salman and Copeland [12]
found an inversely proportional relationship between increased acidity of fat contents with
decreased iodine binding capacity in wheat. The production of FFA in corn was found to
be interlinked with the higher H2O2 production, which ultimately affects the activities of
peroxidase (POD) and catalase (CAT) [13]. The lipid peroxidation of the cell membrane
in stored grains could also alter the POC and CAT activities, which have been used as an
indicator to evaluate the corn quality after storage [14].

The oxidation process and production of peroxides in aging corn, due to storage, can
cause oxidative stress, which might be a cause of extreme oxidation inside the body tissues
and create extremely reactive molecules, i.e., reactive species of nitrogen and radical of
oxygen [15]. The free radicals can cause oxidative stress by the mean of a sequence of
synthetic reactions comprising immunity, biochemistry, and physiology that ultimately
affect the overall health and performance of livestock [16]. Likewise, the aging corn can
take part in the production of resistant starch due to the degradation of starch during
storage [17]. In the corn storage process, due to improper storage conditions, there are
chances of mycotoxin contents, besides the alterations in corn’s chemical and physical
properties, which are considered as a main cause of nutrients damage and limit the usage of
aged corn [18]. Nutrients in corn expose to oxidation (such as oxidation of fatty acids) and
corresponding activity (such as antioxidant enzymes) appears lower when these changes
to a certain extent led to the generation of aging corn (AC).

It is reported that AC used as a feed ingredient in animals shows a negative impact on
their body and health. These negative effects can be addressed and improved. Rational
use and animal nutrition research is increasingly focusing on these issues. Studies have
found that feed peroxidation destroys the redox balance of animals and leads to oxidative
stress. Oxidative stress affects animal health, performance, reduced the FI and FCR, causes
animal destruction of the intestinal integrity of the mucosa and barrier function of the
intestine [19,20]. Lipid oxidation and FFA contents of AC are a major reason for poor
performance and decrease serum oxidative capacity in broilers [3,21], laying hens [22],
ducks [23], and weaned piglets [24], whereas Zhou et al. reported no adverse effect on the
productive performance of laying hens [25]. The data found above suggest that the storage
of corn under suitable conditions could not modify the nutritive value of corn. Contrary,
the storage length had a harmful effect on the content of energy due to the increased FFA
and decreased fat content [26]. However, to our best knowledge, there are no reports
about the effect of AC levels on broilers’ health. Therefore, the present study was designed
to investigate the effect of the higher and lower level of 4-year-old stored corn on the
performance, antioxidative capacity, intestinal health, and microbiota in broilers.
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2. Materials and Methods
2.1. Birds, Diets, and Management

The present study was accomplished by following guidelines of the standard rec-
ommendations of the National Institutes of Health for the Care and Use of Laboratory
Animals. The current study protocol was approved by the Animal Care and Use Committee
of Sichuan Agricultural University, China (Ethic Approval Code: SICAUAC201710-7).

Three-hundred and sixty-day-old male broiler chicks (Ross 308) were obtained from
a local commercial hatchery (Yuguan Co. Ltd., Chengdu, China) and reared in a broiler
house, which was environmentally controlled, on floor pens (dimension of 6.56 × 3.28 ft.),
with a litter of rice husk at broiler experimental farms, Sichuan Agricultural University,
Ya’an, China. This experiment was a completely randomized block study and comprises of
3 treatments with 6 replicates of 20 birds per treatment. Broilers were randomly assigned
to the treatments with two phase-feeding programs (Phase 1: Day 1–21, Phase 2: Day
22–42). The basal diet was formulated as a corn–wheat–soybean-based diet according to
the NRC [27] nutrient recommendations (Table 1). Experimental diet comprises as follows;
NC: control diet with normal corn; ACL: control diet with a lower level (39.6–41.24%) of
aging corn; ACH: control diet with a higher level (56.99–59.12%) of aging corn. All the
diets were processed in pellet (3 mm) form. Feed and water were provided to broilers ad
libitum. Bird management was conducted as described in the Ross 308 Broiler Commercial
Management Guide.

Table 1. Formulation of basal diets 1 fed to broilers during Phases 1 and 2.

Ingredients (%)
Phase 1 (1 to 21 d) Phase 2 (21 to 42 d)

NC/ACL ACH NC/ACL ACH

Corn (Normal or Aging) 39.6 56.99 41.24 59.12
Wheat 20.1 0 21 0

Soybean Meal (43%) 33.76 36.7 30.74 34
Soybean Oil 2.82 2.6 3.53 3.4

Limestone (CaCO3) 1.05 1.1 0.86 0.93
Calcium hydrogen phosphate 1.4 1.4 1.33 1.33

Salt (NaCl) 0.4 0.4 0.4 0.4
Choline chloride 0.15 0.15 0.15 0.15
Multi-vitamins 2 0.03 0.03 0.03 0.03
Mineral premix 3 0.2 0.2 0.2 0.2

Lys HCl (99%) 0.24 0.18 0.27 0.2
DL-methionine (99%) 0.25 0.25 0.25 0.24

Total 100 100 100 100
Nutrient level (calculated)

ME (kcal/kg) 2950 2950 3020 3020
CP (%) 21 21.03 20 20.07

Calcium (%) 1 1 0.9 0.9
Available phosphorus (%) 0.45 0.45 0.43 0.43

Lysine (%) 1.15 1.15 1.1 1.1
Methionine (%) 0.5 0.5 0.48 0.48

Methionine + Cysteine (%) 0.86 0.85 0.83 0.81
1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 Vitamin premix per kilogram feed
provided: Vitamin A, 16,000 IU (trans retinol); Vitamin D3, 4000 IU; Vitamin E, 1IU (dl-α-tocopheryl acetate);
Vitamin B1, 0.8 mg; Vitamin B2, 6.4 mg; Vitamin B12, 0.012 mg; Vitamin B6, 2.4 mg; calcium pantothenate, 10 mg;
niacin acid, 14 mg; biotin, 0.1 mg; folic acid, 0.2 mg; Vitamin K3, 2 mg. 3 Mineral premix per kilogram feed
provided: Fe (FeSO4·H2O), 100 mg; Cu (CuSO4·5H2O), 12.5 mg; Mn (MnSO4·H2O), 88 mg; Zn (ZnSO4·H2O),
95 mg; I (KI), 0.9 mg; Se (Na2SeO3), 0.3 mg.

2.2. Aging Corn

Normal corn and AC originated from the national barns in Yinchuan, China, and
Changchun, China, which had been stored for 6 months and 4 years, respectively. All
corn samples were stored in brick structures, and some phytochemical properties were
determined (Table 2). According to the methods described by AOAC International [28], the
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dry matter (DM), crude protein (CP), and crude fiber (CF) were analyzed by oven drying
(Method No. 934.01), Kjeldahl (Method No. 990.3), and Soxhlet fat analysis (Method No.
920.39), respectively. Gross energy was analyzed by adiabatic bomb calorimetry (Parr
Instrument Company, Moline, IL, USA). The quantity of potassium hydroxide (KOH)
required for acid neutralization in a 100 g sample was used for the analysis of titratable
acidity (GB/T 20570-2015). The POD and CAT activity, as well as malondialdehyde
(MDA) contents, were measured by using precise detection kits from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) with a Multiskan Spectrum Reader (Model 1500;
Thermo Scientific, Nyon, Switzerland). Deoxynivalenol, zearalenone, and aflatoxin were
measured by using the national standard methods, i.e., SN/T 1571-2005, GB/T 28716-2012,
and GB/T 30955-2014, respectively. Similarly, the standard method for fatty acids (FAs)
was used for its quantification (GB 5009.168-2016).

Table 2. Phytochemical properties of normal and aging corn (air-dried basis).

Items
Content

Normal Corn Aging Corn

Gross energy (kcal/g) 3.80 3.85
Crude protein (%) 7.56 7.73

Moisture (%) 14.31 13.06
Crude fat (%) 3.42 3.31

ADF (%) 9.80 10.1
aNDF (%) 10.7 12.4

Xanthophylls (mg/kg) 15.5 4.9
Fatty acids acidity (KOH mg/100 g) 64 126

MDA (nmol/mL) 96.03 40.30
POD (U/mg) 64.93 34.26
CAT (U/mg) 28.49 17.00

Aflatoxin (µg/kg) 1.9 †

Vomitoxin (µg/kg) † 240.9
Zeranol (µg/kg) 63.4 87.4

Fatty acids (mg/g)
Palmitic (C16:0) 3.156 2.448
Stearic (C18:0) 0.314 0.256
Oleic (C18:1) 5.727 3.872

Linoleic (C18:2) 11.391 9.232
Linolenic (C18:3) 0.318 0.012

† Non-detected element.

2.3. Growth Performance

Individual broilers, after 12 h fasting, body weight (BW), and the amount of feed intake
(FI; offered–refused) by pen were measured at the end of each phase (1 and 2) at 21 and
42 d. Then, average body weight (ABW), average body weight gain (ABWG), average feed
intake (AFI), and feed conversion ratio (FCR) by pen were calculated. Birds were monitored
to account for their morbidity (health status) and mortality on a daily basis. During the
experiment, the BW of dead birds was included in growth performance calculations.

2.4. Footpad Dermatitis Score

Footpad dermatitis scoring was conducted at the end of phase 1 and phase 2 by visual
inspection of the footpad of both feet of all live birds in each pen. A seven-point scoring
system was followed, according to the procedure of Mayne et al. [29]. The better quality of
the footpad is associated with a lower footpad dermatitis score. The total footpad score
(TFPS) for each pen was calculated as follows.

TFPS =
SUM OF AVERAGE OF 2 FEET FOOTPAD SCORE

TOTAL NUMBER OF BIRDS EXAMINED IN EACH PEN
(1)
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2.5. Litter Moisture Percentage

Litter samples were taken from each pen at the end of phase 1 and phase 2. Four sub-
samples were taken from each pen from the surface to the full depth of the accumulation at
locations shown in Figure 1. Sub-samples were taken from the middle of each side except
the side with the door, avoiding the drinker and feeders. Side sub-samples were taken
approximately 30 cm from the wall at the side of the pen. The four sub-samples were mixed
per pen for analysis for moisture. Litter moisture was determined by placing litter samples
in a forced-air drying oven at 60 ◦C for more than 24 h.
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Figure 1. Litter sampling in each pen. Waterer (W), feeder (F), and sampling location (S).

2.6. Sample Collections

After phases 1 and 2, two birds from each replicate (12 broilers from each treatment),
with BW near to the average BW of the pen, were selected and slaughtered by severing their
jugular vein. Before slaughtering, the samples of blood were collected through the jugular
vein, and afterward, for serum collection, these blood samples were centrifuged (2000×
g, 10 min, 4 ◦C). The collected serum was then stored at −20 ◦C for further biochemical
parameter analysis. After serum was collected from 12 birds, from them, 6 birds were
slaughtered by severing their jugular vein. Liver tissue, breast muscle, and gastrointestinal
tract (GIT) samples were collected. Serum, liver, and breast muscle samples were stored
at −20 ◦C for antioxidant activity analysis. The GIT was immediately dissected after
euthanization, and a half portion of jejunum was stored in 4% paraformaldehyde solution
of histological analysis. However, another half portion of jejunum was used for jejunum
mucosa flash-frozen in liquid nitrogen −80 ◦C until gene expression analysis. Moreover,
from the same birds, ileal and cecal digesta samples were collected by squeezing them
gently and stored at −20 ◦C for short-chain fatty acid (SCFA) analysis. On days 21 and
42, the remaining six birds were slaughtered to collect cecal digesta and this was stored at
−80 ◦C for microbial community analysis.

2.7. Antioxidant Activity

Six serum, liver, and breast muscle samples from each treatment were used to analyze
MDA content, the enzymatic activity of CAT, superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px), and the total antioxidative capability (T-AOC) using commercial as-
say kits (Nanjing Jiancheng Institute, Nanjing, China) and procedure described previously
by Che et al. [30].
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2.8. Serum Profile

Six serum samples from each treatment were used to analyze triglyceride (TG), to-
tal cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL)
concentrations, as well as alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activities, which were important indices to evaluate lipid metabolism and liver func-
tion, using an automatic biochemistry analyzer Hitachi 7020 (Hitachi High Technologies
Inc., Tokyo, Japan) with kits being purchased from the Nanjing Jiancheng Bioengineering
Research Institute, Nanjing, China.

2.9. Intestinal Characteristics
2.9.1. Jejunum Morphology and Counting of Goblet Cell

Fixed segments in 4% neutral buffered paraformaldehyde solution were rinsed in
ethyl alcohol and embedded in paraffin wax. The samples were cut (5 µm) using a propeller
slicer (Leica-2016, Leica Inc., Bensheim, Germany), with 3 slices per treatment, and stained
using the hematoxylin and eosin method. The micrographs were taken using a microscope
(BA400Digital, Motic China Group Co. Ltd., Xiamen, China) was used to take micrograph,
and measurements were performed for villus height (VH), crypt depth (CD), and calculated
ratio of villus height to crypt depth (VH:CD), as well as count the goblet cells (GC) and
calculate the number of goblet cells per unit area by using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA) for each structure per slice. The tip of the villus to the
villus-crypt junction was defined as VH, whereas the CD was measured from the depth of
the invagination to adjacent villi [31].

2.9.2. Jejunum Mucosal mRNA Gene Expression

After phase I and II, from jejunal mucosa, total RNA was extracted by using a TRIzol
reagent kit (Takara, Dalian, China), and synthesis of cDNA was completed by using the
reagent kit (PrimeScript RT, Takara, Kusatsu, Japan). Primers for Tight Junction Protein
(TJP), 3 genes in association with the intestinal barrier including Claudin1 (CLDN1), Zonula
Occludens-1 (ZO-1), Occludin (OCLN), and β-actin (housekeeping gene) were designed
using Primer Express 3.0 (Applied Biosystems, Waltham, MA, USA; Table 3). Real-time
quantitative PCR was performed according to Livak and Schmittgen, [32].

Table 3. Primers used for the quantitative RT-PCR of the target genes.

Target Gene Forward/Reverse Sequence (5′ to 3′) Gen Bank
Accession No. Reference

β-actin
F: TTGGTTTGTCAAGCAAGCGG

NM_205518.1
[33]

R: CCCCCACATACTGGCACTTT
Zonula

Occludens-1
F: TGTAGCCACAGCAAGAGGTG

XM_413773R: CTGGAATGGCTCCTTGTGGT

Claudin-1
F: TGGAGGATGACCAGGTGAAGA

NM_001013611.2
[34]

R: CGAGCCACTCTGTTGCCATA

Occludin
F: TCATCGCCTCCATCGTCTAC

NM_205128.1R: TCTTACTGCGCGTCTTCTGG

2.10. Ileal and Cecal Digesta Analysis
2.10.1. Volatile Fatty Acid Analysis

At 21 and 42 d, proportions of the volatile fatty acid (VFA), i.e., acetic acid (AA),
propionic acid (PA), and butyric acid (BA), were determined from ileal and cecal digesta
by using the HPLC system following the method Qin et al. [35] with some modifications.
Approximately 0.5 g ileal and cecal contents were gently transferred into a micro-centrifuge
tube containing 2 ml of ultrapure water. The solution was thoroughly mixed using a vortex
mixer and centrifuged at 5000 rpm for 10 min at 4 ◦C. Taking 1 mL supernatant added
0.2 mL ice-cold 25% (w/v) meta-phosphoric acid solution, incubated at 4 ◦C for 30 min, and
again centrifuged @12,000 rpm for 10 min. The supernatant was filtered through 0.22 µm
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syringe filters. The VFA contents of this filtrate were measured using a gas chromatograph
(CP-3800, Varian, Palo Alto, CA, USA).

2.10.2. 16S rDNA Gene Amplicons Analysis

At d 21 and 42, cecal digesta samples were subjected for extraction of DNA by using
QIAamp PowerFecal DNA Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. The DNA concentration and quality were checked using a NanoDrop
Spectrophotometer. The Novo gene platform (Illumina Hiseq, Novogene Bioinformation
Technology, Beijing, China) was used to performed 16S rDNA gene amplicons analysis.
All methods including extraction of DNA, 16S rRNA sequencing, processing of sequences,
and analysis of data were performed according to Qin et al. [36]. Concisely, sterile water
was used to dilute DNA up to 10 ng/µL. The 16S rRNA genes of distinct regions (16S
V4) were amplified using a specific primer (515F GTGCCAGCMGCCGCGGTAA; 806R
GGACTACHVGGGTWTCTAAT) with the unique barcodes. The Phusion High-Fidelity
PCR Master Mix (New England Biolabs) was used for the accomplishment of all PCR
reactions. The end products of PCR were mixed in equal density ratios. Then, Qiagen
Gel Extraction Kit (Qiagen) was used for purification of these PCR mixture products. Se-
quencing libraries were generated using TruSeq DNA PCR-Free Sample Preparation Kit
(Illumina, San Diego, CA, USA) following the manufacturer’s recommendations, and index
codes were added. The Agilent Bioanalyser 2100 system and the Qubit 2.0 Fluorometer
(Thermo Scientific) were used to assess the quality of these libraries. Lastly, the sequencing
of eligible libraries was completed on an Illumina HiSeq 2500 platform and generated
the 250 bp paired-end reads. QIIME quality filters were used for the filtration of selected
reads. Sequences with ≥97% similarity were assigned to the same optimal taxonomic units
(OTUs). The relative abundance of each OTU was examined at different taxonomic levels.
Diversity within communities (Alpha diversity) calculations and taxonomic community
assessments were performed by Qiime 1.7.0, and Beta diversity included both unweighted
and weighted Unifrac distances calculated with 10 times subsampling; distances were
visualized by principal component analysis (PCA; Lozupone and Knight) [37], and the
separation was tested using R in Anosim.

2.11. Statistical Analysis

The experiment was a completely randomized design with a pen as the experimental
unit. For serum parameter, antioxidative parameters, intestinal characteristics, short-chain
fatty acids, and diversity and structure of the cecal microbiota analysis, the randomly
selected birds were the experimental unit, and results were analyzed by a one-way analysis
of variance (ANOVA) using the GLM procedure of SAS (SAS Institute Inc., Cary, NC, USA).
Differences among means were tested with Duncan’s multiple range tests. p ≤ 0.05 is
considered significant.

3. Results
3.1. Growth Performance

The growth performance responses of the broiler chickens under different experimen-
tal groups are shown in Table 4. During phase 1, the ACL group has lowered (p < 0.05)
ABW and AWBG from NC and ACH groups, whereas ACH groups have lowered (p < 0.05)
ABW and AWBG from the NC group, and similarly FCR was poor (p < 0.05) in ACL group
from NC diet, and numerically poor from the ACH group. On 42 d, ABW was significantly
(p < 0.05) and numerically lower in the ACH group from the NC group and ACL group,
respectively. Similarly, during phase 2 and the whole experiment (1–42 d), AWBG and FCR
were found to be poor (p < 0.05) in the ACH group among all dietary treatments. The FI
and mortality were not significantly different among treatments during phase 1, phase
2, and during the whole experiment (1–42 d). Overall, during the whole experimental
period, a lower level (39.6–41.24%) of AC has shown comparable performance with normal
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corn, whereas a high level (56.99–59.12%) of AC has shown lower performance than other
dietary treatments.

Table 4. Effect of different levels of aging corn on performance parameters under the three experi-
mental diets 1 in broilers.

Measurements NC ACL ACH SEM p-Value

Average Body Weight (g)
1 d 45.02 45.07 45.08 0.07 0.78

21 d 1000.2 a 935.7 c 972.1 b 9.0 <0.0001
42 d 2732.0 a 2692.0 ab 2589.0 b 37.4 0.032

Average Body Weight Gain (g)
1–21 d 955.2 a 890.6 c 927.0 b 9.0 <0.0001

22–42 d 1738.0 a 1757.0 a 1617.0 b 34.2 0.028
1–42 d 2687.0 a 2647.0 ab 2543.0 b 37.4 0.032

Average Feed Intake (g)
1–21 d 1299.0 1261.0 1279.0 11.9 0.08

22–42 d 3680.0 3571.0 3644.0 64.3 0.46
1–42 d 4849.0 4741.0 4821.2 64.0 0.47

Feed Conversion Ratio (g/g)
1–21 d 1.36 b 1.42 a 1.38 ab 0.01 0.009

22–42 d 2.13 ab 2.03 b 2.24 a 0.04 0.014
1–42 d 1.81 b 1.79 b 1.88 a 0.02 0.028

Mortality (%)
1–21 d 3.33 2.50 0.83 1.14 0.28

22–42 d 7.77 10.58 3.82 2.42 0.24
1–42 d 10.00 11.66 4.17 2.54 0.16

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). The data are presented as the mean of
n = 6 for each group. a–c Mean within each column with no common superscript differ significantly (p < 0.05).

3.2. Footpad Dermatitis Score and Litter Quality

Both footpads were gross examined on the d 21 and d 42 for allotting the proper score
according to their pathological condition (Table 5). A similar trend was observed in TFPS
between experimental groups after phase 1 and phase 2. After 21 d, TFPS was significantly
lower (p = 0.05) in the ACL group from the ACH group and numerically lower from the
NC group. Similarly, after 42 d, TFPS in the ACL group was numerically lower and higher
from ACH and NC groups, respectively. Litter moisture percentage (%) was also measured
on 21 d and 42 d (Table 5) and found similar results as TFPS. On d 21, litter moisture was
numerically lower in the ACL from NC and ACH groups. After 42, the litter moisture
percentage was significantly higher (p < 0.05) in the ACH group than in the NC and ACL
groups. Convincingly, a higher level (56.99–59.12%) of AC in the diet caused adverse effects
on footpad dermatitis score and litter moisture as compared with normal corn and lower
levels (39.6–41.24%) of AC.

Table 5. Effect of different levels of aging corn on litter moisture and foot-pad dermatitis score in the
broiler.

Treatments 1
Footpad Score Litter Moisture%

Phase I Phase II Phase I Phase II

NC 1.69 ab 4.17 34.60 51.10 b

ACL 1.46 b 4.63 31.50 51.50 b

ACH 2.44 a 5.35 33.93 55.63 a

SEM 0.26 0.53 1.57 1.28
p-value 0.050 0.271 0.345 0.044

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). The data are presented as the mean of
n = 6 for each group. a,b Mean within each column with no common superscript differ significantly (p < 0.05).
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3.3. Antioxidant Activity

The enzymatic activity of CAT, SOD, GSH-Px, T-AOC, and MDA contents were
measured in serum, breast muscle, and liver on d 21 and 42 (Table 6). On d 21, CAT
(p < 0.05) and GSH-Px (p < 0.05) were found higher in the NC group than ACL and ACH
groups, and MDA was found lower (p < 0.05) in the ACL group than NC and ACH groups
in serum; however, SOD and T-AOC were not significantly different among all treatment
groups. For the liver, the NC group shows higher CAT (p = 0.05) than the ACH group, and
higher GSH-Px (p < 0.05) than ACL and ACH groups, similarly SOD was found higher
(p < 0.05) in the NC group than ACL group; however, MDA found lower (p < 0.05) in
the NC group from all other treatment, and TAOC also found lower (p = 0.05) in the NC
group than the ACL group. For breast muscles, CAT was higher (p < 0.05) in the NC group
than the ACH group, and SOD and TAOC were found higher (p < 0.05) in the NC group
than all other treatment groups. However, the lowest TAOC was found in the ACH group.
Moreover, GSH-Px and MDA were found to be similar among all the treatment groups.

Table 6. Effect of different levels of aging corn on the oxidative ability of serum, liver, and breast
muscle in broilers.

Measurements 2

Treatments 1

NC ACL ACH SEM p-Value

Phase I (21 d)

Serum

CAT (U/mL) 0.80 a 0.63 b 0.56 b 0.05 0.005
GSH-Px (U/mL) 260.4 a 200.9 b 191.4 b 17.5 0.019

SOD (U/mL) 71.23 72.68 75.70 4.67 0.788
MDA (nmol/mL) 8.41 a 6.99 b 8.66 a 0.31 0.004
TAOC (nmol/mL) 1.51 1.43 1.28 0.09 0.211

Liver

CAT (U/mgprot) 5.60 a 4.20 ab 3.85 b 0.54 0.05
GSH-Px (U/mgprot) 104.8 a 89.12 b 81.05 b 4.73 0.006

SOD (U/mgprot) 383.6 a 327.2 b 341.0 ab 15.2 0.036
MDA (nmol/mgprot) 0.35 b 0.65 a 0.73 a 0.05 0.0002
TAOC(nmol/mgprot) 0.080 b 0.100 a 0.095 ab 0.005 0.05

Breast
Muscle

CAT (U/mgprot) 0.76 a 0.69 ab 0.54 b 0.05 0.03
GSH-Px (U/mgprot) 16.44 14.01 14.54 0.75 0.071

SOD (U/mgprot) 104.50 a 78.16 b 84.89 b 3.83 0.0003
MDA (nmol/mgprot) 2.17 1.76 1.82 0.15 0.128
TAOC (nmol/mgprot) 0.160 a 0.130 b 0.080 c 0.009 <0.0001

Phase II (42 d)

Serum

CAT (U/mL) 0.60 b 0.58 b 0.81 a 0.04 0.001
GSH-Px (U/mL) 275.0 315.6 276.6 18.9 0.266

SOD (U/mL) 80.5 85.3 75.4 4.7 0.381
MDA (nmol/mL) 8.09 7.91 8.72 0.48 0.488
TAOC (nmol/mL) 1.47 a 1.03 b 1.23 ab 0.09 0.011

Liver

CAT (U/mgprot) 3.45 3.37 3.07 0.29 0.619
GSH-Px (U/mgprot) 83.18 73.47 73.39 3.75 0.114

SOD (U/mgprot) 314.0 308.6 350.7 16.4 0.19
MDA (nmol/mgprot) 0.63 0.80 0.72 0.06 0.151
TAOC (nmol/mgprot) 0.103 0.090 0.111 0.007 0.138

Breast
Muscle

CAT (U/mgprot) 0.85 a 0.60 b 0.62 b 0.06 0.018
GSH-Px (U/mgprot) 10.58 10.53 8.30 0.74 0.078

SOD (U/mgprot) 84.2 b 85.3 b 98.0 a 3.0 0.009
MDA (nmol/mgprot) 1.54 1.35 1.39 0.09 0.277
TAOC (nmol/mgprot) 0.076 0.077 0.076 0.002 0.967

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 Catalase (CAT), superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), antioxidative capability (T-AOC). The data
are presented as the mean of n = 6 for each group. a–c Mean within each row with different superscripts differ
significantly (p < 0.05).

On d 42, CAT was found to be higher (p < 0.05) in the ACH group from other treatment
groups; however, T-AOC was found higher (p < 0.05) in the NC group than ACL group in
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serum, whereas GSH-Px, SOD, and MDA were found similar among all treatment groups
in serum. However, for the liver, all antioxidant indices were found to be similar among all
dietary treatments. For breast muscle, CAT was found to be higher (p < 0.05) in the NC
group than other treatment groups, and SOD was found to be higher (p < 0.05) in the ACH
group than other treatment groups. Other indices including GSH-Px, MDA, and TAOC
were found to be similar among all treatment groups.

3.4. Serum Profile

Results of important indices to evaluate liver function (AST and ALT) and lipid
metabolism (TC, TG, HDL-C, and LDL-C) through serum analysis during both phases 1
and 2 are shown in Table 7. During phase 1, both AST and ALT were found to be similar
among all dietary treatments. However, TC and HDL-C were found to be lower (p < 0.05)
in the ACL group than NC and ACH groups. Similarly, TG and LDL-C were found to
be lower (p < 0.05) in the ACL group from the ACH group. Although during phase 2,
serum levels of AST, ALT, TC, TG, HDL-C, and LDL-C were found to be non-significantly
different from each other, the ACL group has a lower value for all serum indices.

Table 7. Effect of different levels of aging corn on blood lipid and liver enzymes of broilers fed three
different experimental diets 1.

Measurements 2 NC ACL ACH SEM p-Value

Phase 1
ALT (U/L) 6.38 6.33 5.50 0.86 0.732
AST (U/L) 239.1 213.8 276.7 22.0 0.181

TC (nmol/L) 3.50 a 2.42 b 3.61 a 0.22 0.003
TG (nmol/L) 0.43 ab 0.37 b 0.47 a 0.02 0.033

HDL-C (nmol/L) 2.02 a 1.35 b 2.10 a 0.14 0.004
LDL-C (nmol/L) 0.44 ab 0.35 b 0.53 a 0.04 0.031

Phase 2
ALT (U/L) 14.88 11.17 17.33 3.53 0.507
AST (U/L) 713.5 403.8 664.5 122.5 0.193

TC (nmol/L) 3.29 2.77 3.06 0.17 0.113
TG (nmol/L) 0.41 0.41 0.39 0.04 0.94

HDL-C (nmol/L) 1.71 1.51 1.53 0.08 0.17
LDL-C (nmol/L) 0.59 0.40 0.56 0.07 0.147

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 Level of serum alanine aminotransferase
(ALT); level of serum aspartate aminotransferase (AST); Level of serum total cholesterol (TC); level of serum total
triglyceride (TG); level of serum high-density lipoprotein (HDL-C); and level of serum low-density lipoprotein
(LDL-C). The data are presented as the mean of n = 6 for each group. a,b Mean within each row with different
superscripts differ significantly (p < 0.05).

3.5. Intestinal Morphology and mRNA Gene Expression

On day 21, jejunal morphological results were observed to be higher VH in the ACH
group from NC and ACL group (p < 0.05) shown in Table 8. Similarly, VH:CD was also
found to be higher (p < 0.05) in the ACH group from the NC group, whereas CD was found
to be similar among the dietary treatments. Moreover, the GC was found to be higher in
the NC group (p < 0.05; Table 8; Figure 2) than in the ACL group. On day 42, VH:CD was
found higher in the NC group than ACL and ACH groups (p < 0.05), and GC was found
higher in the ACL group than NC and ACH groups (p < 0.05), whereas VH and CD were
found to be similar among all the treatments. Jejunal mRNA gene expression for TJP results
(Table 8) indicated that CLDN1, ZO-1, and OCLN were not significant among all dietary
treatments during both phases 1 and 2, whereas the ACL group has shown more improved
results than the ACH group, and these results are comparable with the NC group.
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Table 8. Effect of different levels of aging corn on jejunum morphology and mRNA gene expression
in broilers fed three different experimental diets 1.

Measurment 2 NC ACL ACH SEM p-value

Phase 1

Jejunal Morphology
VH (µm) 943.3 b 1086.5 b 1406.1 a 58.9 <0.0001
CD (µm) 182.7 173.5 202.7 16.6 0.462
VH/CD 5.34 b 6.55 ab 7.20 a 0.50 0.048

GC (×10−3)/µm2 3.56 a 2.13 b 2.69 ab 0.33 0.017
Jejunal Tight Junction Proteins

CLDN1 1.00 0.88 0.69 0.29 0.754
ZO-1 0.99 0.81 0.75 0.14 0.392

OCLN 1.00 0.53 0.49 0.25 0.266

Phase 2

Jejunal Morphology
VH (µm) 1216.8 1273.5 1211.6 83.4 0.845
CD (µm) 220.9 272.7 271.1 25.9 0.297
VH/CD 6.12 a 4.76 b 4.55 b 0.43 0.037

GC (×10−3)/µm2 1.76 b 2.74 a 1.95 b 0.21 0.009
Jejunal Tight Junction Proteins

CLDN1 1.00 1.27 1.28 0.26 0.654
ZO-1 0.99 1.30 1.18 0.12 0.199

OCLN 1.00 1.12 1.25 0.11 0.319
1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 VH = villus height; CD = crypt depth;
GC = goblet cell; CLDN1 = Claudin1; ZO-1 = Zona Occludin-1; OCLN = Occludin. The data are presented as the
mean of n = 6 for each group. a,b Mean within each row with no common superscript differ significantly (p < 0.05).
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3.6. Ileal and Cecal VFA Contents

In ileal digesta, after phase I, AA level was higher (p < 0.05) in the ACL group than
NC group and similar with the ACH group; moreover, PA and BA levels were found
significantly (p < 0.05) higher in the ACL group from all other treatment groups (Table 9).
After phase II, AA and PA were found similar among all the experimental groups; however,
BA was significantly lower in the NC group than all other treatment groups (p < 0.05). In
cecal digesta, AA and PA were found to be similar among all the experimental groups;
however, BA was significantly lower in the NC group than the ACH treatment group
(p < 0.05) after phase I, whereas after phase II, PA and BA were found to be lower in the
NC group than the ACL group (p < 0.05) and similar to the ACH group. The level of AA
was found to be similar among all experimental groups.

Table 9. Effect of different levels of aging corn on volatile fatty acids in ileal and cecal chyme
of broilers.

Treatments 1 NC ACL ACH SEM p-Value

Ileal VFA 2 (µmol/g) Phase I
AA 23.82 b 100.10 a 65.14 ab 16.50 0.01
PA 14.79 b 36.31 a 18.22 b 4.39 0.006
BA 15.58 b 73.99 a 49.05 a 8.47 0.0004

Phase II
AA 45.56 48.88 68.29 7.63 0.094
PA 27.46 36.76 32.18 4.54 0.355
BA 45.08 b 105.39 a 93.89 a 14.00 0.013

Cecal VFA 2 (µmol/g) Phase I
AA 63.58 98.33 98.05 16.30 0.22
PA 25.58 37.74 28.33 6.24 0.375
BA 41.00 b 70.51 ab 86.16 a 11.50 0.031

Phase II
AA 59.25 94.76 70.99 12.60 0.154
PA 22.61 b 38.69 a 27.61 ab 3.85 0.025
BA 48.90 b 85.86 a 60.47 ab 9.12 0.023

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 VFA = volatile fatty acid; AA = acetic
acid; PA = propionic acid; BA = butyric acid. The data are presented as the mean of n = 6 for each group. a,b Mean
within each row with no common superscript differ significantly (p < 0.05).

3.7. Cecal Microbial Community

The microbial communities were compared in the cecum among five dietary groups,
using Illumina Hiseq high-throughput sequencing. On day 21, a total of 1,083,368 sequenc-
ing reads were obtained from the cecal digesta samples, and through cutting and filtering
of reads, an average of 83,336 reads was measured per sample, and an average of 78,125
valid data was obtained after quality control. The effective rate of quality control was
93.8%. The sequences were clustered into OTUs (operational taxonomic units) with 97%
identity. At the phylum level, the most dominant species were Firmicutes, Proteobacteria, and
Bacteroidetes, and their abundance was not significantly different among all experimental
groups (Figure 3A). At the genus level, dominant but significantly similar, the species
present were Enterococcus, Faecalibacterium, and Parabacteroides (Figure 3B). Similarly, at the
species level, the dominant species were Parabacteroides distasonis, Bacteroides uniformis, and
Lactobacillus salivarius, and were found to be similar among the all-treatment groups. On
day 42, a total of 1,546,555 sequencing reads were obtained from the cecal digesta samples,
and through cutting and filtering of reads, an average of 85,919 reads was measured per
sample, and an average of 81,499 valid data was obtained after quality control. The effective
rate of quality control was 94.8%. The sequences were clustered into OTUs (operational
taxonomic units) with 97% identity, and a total of 3110 OTUs were obtained. At the phylum
level, the most dominant species were Firmicutes, Bacteroidetes, and Proteobacteria, and their
abundance was not significantly different among all experimental groups (Figure 3D),
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whereas Fusobacteria (p < 0.05) was significantly higher in the ACL group as compared
with all other treatments. At the genus level, the dominant species were Bacteroides, Fae-
calibacterium, and Phyllobacterium, and Bacteroides and Phyllobacterium were found to be
statistically similar, whereas Faecalibacterium was significantly higher (p < 0.05) in the NC
group than other dietary treatments (Figure 3E). At the species level, the dominant species
were Bacteroides uniformis, Bacteroides plebeius, and E. Coli, and found to be similar among all
treatment groups. Moreover, all other species were found to be non-significantly different
from each other (Figure 3F).

Figure 3. Taxonomic differences in the microbial community of the caeca in broilers (n = 6) on 21 d with relative abundance
levels of the bacterial (A) phyla, (B) genu, and their (C) species, and on 42 d with relative abundance levels of the bacterial
(D) phyla, (E) genu, and their (F) species.

After phase 1, the result of alpha (α) diversity including observed species (OS), Shan-
non (SH), Simpson (SI), Chao1 (CH), abundance-based coverage estimator metric (ace),
good coverage (gc), and phylogenetic distance (PD) were found to be similar among all
dietary treatments (Table 10). However, after phase 2, the result of all parameters of α-
diversity except PD was found similar among all experimental groups (Table 10). PD was
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observed to be higher (p < 0.05) in the ACL group (Table 10). Additionally, the relationships
between communities of various bacteria belonging to different treatments were charac-
terized by PCA, and the results exhibited that there was no significant difference among
microbial communities of cecal digesta from different experimental groups during both
phase 1 and phase 2.

Table 10. Effect of different levels of aging corn on alpha (α) diversity in cecal chyme of broilers.

Treatment 1 NC ACL ACH SEM p-Value

Cecal Digesta 2 Phase I

OS 246.2 230.3 288.0 54.2 0.763
SH 4.66 4.36 5.33 0.88 0.753
SI 0.88 0.85 0.89 0.07 0.925

CH 284.3 264.3 314.2 55.4 0.838
ACE 282.8 271.9 314.0 50.9 0.846
GC 0.998 0.998 0.999 0.0002 0.317
PD 16.98 15.72 19.53 2.85 0.671

Phase II

OS 699.5 996.8 729.5 93.1 0.075
SH 6.39 6.43 6.73 0.20 0.447
SI 0.96 0.95 0.97 0.01 0.422

CH 755.7 1073.5 794.4 94.6 0.062
ACE 779.9 1078.8 789.2 95.4 0.071
GC 0.998 0.998 0.998 0.0003 0.214
PD 40.72 b 71.07 a 38.04 b 8.65 0.029

1 Normal corn diet (NC); low aging corn (ACL); high aging corn (ACH). 2 OS = observed species; SH = Shan-
non; SI = Simpson; CH = Chao1; ACE = abundance-based coverage estimator metric; GC = good coverage;
PD = phylogenetic distance. The data are presented as the mean of n = 6 for each group. a,b Mean within each
row with no common superscript differ significantly (p < 0.05).

4. Discussion

Various studies have designated storage conditions and time had adverse effects on
cereal grains, specifically their chemical composition [6,38,39], as storage time is directly
proportional to the acidity value of stored corn [40]. The results of the present study
corroborated earlier findings that AC fat acidity was found to be higher when compared
with corn that had been stored for a few months. These findings indicated that prolonged
storage is not suitable for AC. Moreover, others scientists reported that lipid present in
AC can be oxidized and formed hydroperoxides (H2O2) [41], and CAT and POD were
decreased during grain storage [3]. These findings can be used as an indicator of cereal grain
deterioration during storage, i.e., rice [42]. The AC quality evaluation mainly depends
on the POD activity, and FAs’ value includes the important parameters of the quality
evaluation of corn storage. In the present study, after chemical evaluation of AC, it was
observed that the FAs’ value and POD activity of AC were found to be higher and lower,
respectively, than normal corn. The AC came from the grain national depot, therefore the
storage conditions were suitable, and the content of mycotoxins was not considerable, thus
the adverse effects of the AC-containing diet on broilers were caused by changes in the
corn nutritional components, such as FA oxidation.

In the present study, the performance was affected during both the starter phase
and growing phase in broilers fed on the lower and higher level of AC, respectively. The
BW and BWG were found to be highest in the normal corn diet, followed by a higher
AC level diet, and the lowest was found in a lower AC level diet. The higher AC level
diet showed higher BW and BWG than the lower AC level diet during the starter period
because it contains a higher level of soybean, as this diet is based on corn–soybean, whereas
other diets based on corn–wheat–soybean diets, and soybean meal is a major source of
protein due to its higher digestibility and amino acid availability [43]. However, during the
growing phase, a higher AC diet attained the lowest BW and BWG, as well as having poorer
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FCR than the other groups. Interestingly, a lower level of AC diet shows improved FCR
even from the normal corn diet. That indicated the positive effect of the lower level of AC
as compared with a higher level of AC. A similar result was reported in ducks as a higher
level of AC produced a more adverse effect on duck health as compared with a lower level
of AC [23]. Another report in layers [25] as AC produced no negative effect on production
performance. The performance results are interlinked with intestinal morphology as it
was found to be balanced during the starter phase in broilers fed on a higher level of AC,
whereas during the growing phase, it was found improved in broilers fed on the lower
level of AC. As improved intestinal morphology can enhance digestibility, this ultimately
improves performance in birds [44]. Therefore, it can be assumed that a lower level of AC
could enhance digestibility and reduce the water content in excreta, as high moisture in
excreta is a major cause of footpad lesions in broilers [45]. Improved intestinal health and
digestibility could be a reason for lower litter moisture and footpad score in broilers fed on
lower level of AC as compared with a higher level of AC.

The antioxidant capacity was found to be lower in serum, liver, and breast muscle by
the inclusion of both higher and lower quantities of AC during the starter and growing
period. These results indicating that the storage of corn can decrease the activity of
antioxidant enzymes due to the presence of FFA, because FFA oxidized easily to produce
H2O2, and these can affect the activities of enzymes such as POD and CAT in maize [13].
Similar results were reported as old corn lowers the serum antioxidative capacity in
broilers [46]. Under the condition of oxidative stress, the activities of T-AOC, GSH-Px, CAT,
and SOD in the serum were decreased; however, the MDA contents were increased [43].
Long-term corn storage could cause a negative impact on birds’ health. Ducks fed AC
diets were more likely to obtain oxidative damage, which resulted in reduced growth
performance [23,47]. Moreover, MDA in serum and liver was found higher with a higher
level of AC in the diet. MDA is a lipid peroxidation (LPO) and the main product of
degradation, which reflects the lipid peroxidation (damage) in the body, and cells are
attacked by free radicals. The MDA content was also found to be higher in stored corn,
which can cause lipid peroxidation in broilers [21]. Liu et al. [46] also reported higher
serum MDA content in broilers fed on the old corn.

In the growing animals, nutritional status is mainly reflected by their serum bio-
chemical parameters [48]. Our results showed that a lower level of AC influences lipid
metabolism during the starter phase. The lower TG in AC groups may be attained by
lowering the FAs synthesis inside the liver and the activation of peroxisome proliferator
activating receptor α, which enhances β-oxidation of FAs [49,50]. In this study, a lower level
of AC significantly reduced various forms or types of cholesterol including TC, HDL-C,
and LDL-C in serum. In another study, rats were fed on oxidized oil containing products
of lipid peroxidation, and resulted in reducing cholesterol and triacylglycerols concentra-
tions in the plasma and liver [51]. Likewise, Koch et al. [52] reported that oxidized oil
significantly decreased the contents of VLDL-C, HDL-C, and TC in the liver and plasma. A
similar effect of AC on serum lipid profile was reported in layer [22].

The villus inside the small intestine, i.e., the jejunum, is a major site for digestion
of food and absorption of nutrients in monogastric animals. Consequently, the proper
functioning of gut microbiota, immune system, and nutrition, could be achieved by a
healthy mucosa of the small intestine. During the growing phase, a higher level of AC had
adverse effects on intestinal morphology as compared with a lower level of AC and NC
groups. Similar results have been reported by various scientists [47,53]. It can be assumed
that lipid peroxidation in a higher level of AC might stimulate the jejunal mucosa and
causes oxidative stress that ultimately increases the energy demand of birds as the free
radicals damage the mucosa of the small intestine. The VH:CD is considered to play a key
role during digestion and absorption. In the present study, a higher level of AC shows
lower VH:CD in the jejunum indicated that AC in diets may damage the intestinal mucous
to some extent and causes the reduction in the absorptive capacity. Moreover, intestinal
morphology, tight junction proteins have also played key roles in maintaining the integrity
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of the intestinal barrier and regulating intestinal permeability [54]. In the present study,
although no significant effect was observed between all dietary treatments, the ACL group
has shown improve TJP than the ACH group.

In broilers, the major concentration of analyzed SCFAs of ileal and cecal chyme can be
varied mainly due to the ingredients of chicken feed [55]. The present study provides novel
information regarding ileal and cecal SCFAs in broilers fed on the higher and lower level of
AC as it has never been tested previously. During both dietary phases, all SCFAs in ileum
and cecum were found to be higher in broilers fed on a diet containing AC aging corn as
compared with boilers fed on the diet containing normal corn. Mainly SCFAs are produced
in the GIT due to the fermentation of complex carbohydrates [56]. Therefore, it could be
assumed that AC might contain the complex carbohydrates that could be contributed to
the production of SCFAs in the GIT of broilers. No study has been reported regarding the
effect of AC on the intestinal microbial community in the broiler. Although microbiota
including taxonomy, alpha diversity, and beta diversity were found to be similar among
all the treatment and control groups, the SCFAs improved the intestinal health in broilers
fed AC, especially the lower level of AC. Various researchers reported the positive effect of
SCFAs on intestinal health in broilers [57] and pigs [58].

5. Conclusions

After phase 1, the higher level (56.9%) of AC had improved the performance compared
with the lower level (39.6%); however, after phase 2, the higher level (59.12%) had more
negative effects on performance and broilers’ health than lower level (41.24%). As the
higher level (59.12%) showed lower performance, antioxidant capacity, and lipid profile,
which interlinked with decreased intestinal health that causes more water in dropping and
resulting in higher footpad necrosis. However, a lower level (41.24%) of AC diet showed a
more improved performance than a higher level (59.12%) of AC and was comparable with
a normal corn diet. However, antioxidative capacity was found to be lower in both AC
groups. Better performance and overall bird health could be obtained from lower levels
(39.6–41.24%) of AC in the broiler diet by using some antioxidants as a supplement in the
broiler diet.
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Simple Summary: The effect of partial or complete substitution of soybean oil (SO) by poultry fat
(PF) on growth, nutrient digestibility, plasma lipids, and the pectoral muscle content of fatty acids
(FAs) was examined in this study. Dietary PF supplementation improved breast muscle FA profile
but did not affect muscle vitamin E content and liver thiobarbituric acid reactive substances (TBARS).
By adding PF to the diet, economic efficiency was greatly improved in a dose-dependent manner.
Therefore, the results of this study revealed that PF could be used as a partial or total replacement of
SO in broiler nutrition without affecting their performance or physiological response with a tendency
to improve their meat products.

Abstract: Continuous genetic improvements of commercial broiler strains has led to the necessity
of using fats in their rations to fulfill a large portion of the energetic requirements. Several fat
sources have been introduced in poultry nutrition, such as rendering poultry fat (PF) an available
and cheap lipid source compared to conventional sources such as soybean oil (SO). The present
study investigated the effect of partial or full replacement of SO by PF on performance, nutrient
digestibility, blood lipids, and fatty acids (FAs) content of pectoral muscle. Four hundred and eighty
one-day-old male Ross-308 chicks were distributed into four experimental groups (12 replicates each):
the first group (control) was fed a diet formulated with soybean oil as a fat source while the second
to fourth groups (PF25, PF50, and PF100) were fed diets formulated with 25, 50 and 100% of PF as
a fat source instead of SO. Results revealed no synergistic effect between SO and PF in any of the
studied parameters. Replacing SO by PF did not alter birds’ growth, carcass characteristics, and
plasma indices of birds. Abdominal fat% was increased (p < 0.01) in PF50 and PF100. Dry matter
digestibility was improved (p < 0.05) in PF50 and PF100, while crude fat and protein digestibility
was not affected. Contents of palmitic and docosahexaenoic acids in the pectoral muscle of PF50 and
PF100 were reduced (p < 0.01) while concentrations of oleic and linolenic acids, total unsaturated FAs,
and polyunsaturated FAs/Saturated FAs ratio were elevated (p < 0.05) in the same groups. Liver
thiobarbituric acid reactive substances (TBARS) and muscle vitamin E contents were not altered. The
dietary addition of PF greatly improved economic parameters. In conclusion, PF can be used as a
lipid source in broiler diets to produce inexpensive meat while maintaining its growth performance.

Keywords: poultry fat; growth performance; plasma lipid; muscle FAs content; broilers
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1. Introduction

The metabolizable energy requirements of modern commercial broiler strains are
increasing with continuous improvements in their performance and the swift evolution
of the intensive poultry industry. Additionally, due to the limited amount and incessant
rising in prices of conventional energy sources feedstuffs, it has necessitated the search
for alternative materials to ensure the future profitability of poultry production [1]. Lipid
sources (oils and fats) are commonly included in broiler feeds to fulfill their high energy
requirements. Fats added to broiler diets can improve the absorption and digestion of
fat-soluble vitamins and other nutrients, enhancing their growth performance under armor
neutral and heat stress conditions [2,3]. However, the prices of different lipid sources vary,
and their utilization also varies depending on their physical and chemical properties [4].
The chain length of fatty acids (FAs) and their saturation degree affect the digestibility and
metabolizable energy of the fat source [5]. Although animal fats are cheaper than vegetable
oils, it is generally believed that the nutritional value of the former is less than that of the
latter. Furthermore, among animal fats, poultry fat (PF) can be utilized by poultry species
at a higher rate than tallow and lard oil [6].

In the Middle East, soybean oil (SO) is the most common fat source used in poultry
diet formulation, particularly after several hydrations, filtration, and degumming [7].
However, limited supply and consistently higher prices are anticipated for it. Rendered
poultry fats, obtained from processed wastes of poultry slaughterhouses, can be sustainable
alternatives to SO due to their wide availability and relatively low price. Moreover, dietary
addition of PF has other benefits, including reducing dustiness, improving feed texture,
increasing palatability, and enhancing nutrient absorption by reducing digesta rate of
passage through the gut. However, rancidity and low utilization, particularly in young
chicks, are disadvantages of using animal fats in poultry diets [8]. No differences in
performance parameters were noticed in the literature when PF was used instead of
SO [9,10]. However, it’s worth noting that a synergistic effect was observed when vegetable
oils were mixed with animal fats such as PF and tallow [6,11].

PF is commonly used in feed mills; however, the prohibitions and specific rules
of the European Union regarding this practice have caused problems for these facilities
with the EU countries [12–14]. Nevertheless, these by-products must be reintroduced
into production and economy because of their high nutritional content, economic value,
large production cost, and the high cost of alternative implementation. Therefore, the
legal regulations and prohibitions put into action must be reconsidered to keep pace with
the continuous improvement in production, use, and sales following current scientific
developments.

The present study aimed to investigate the potential synergistic impact of mixing SO
with PF in broiler diets as well as the effect of full replacement of SO by PF on perfor-
mance parameters, nutrient digestibility, plasma lipids, and contents of fatty acids and
α-tocopherol in pectoral muscle and TBARS in hepatic tissues.

2. Materials and Methods
2.1. Ethical Statement

The study was approved by the Ethics Committee of Local Experimental Animals
Care Committee and conducted following the guidelines of Kafrelsheikh University, Egypt
(Number 4/2016 EC). All precautions were followed to minimize suffering during the
entire experimental period.

2.2. Chemical Analysis of Fat Sources

Poultry fat by-product and soybean oil were supplied by the Al-Sabeel Al-Gadidah
Company (Tanta, Al-Gharbia, Egypt). Poultry fat was produced from the processed waste
of poultry slaughterhouses (feathers, non-edible viscera, feet, head, blood, etc.) in a render-
ing unit with a batch-cooker and fat presser at the Fat Hanz Company (Tanta city, Egypt).
Poultry fat was assessed for Escherichia coli and Salmonella spp., and it was incorporated into
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the diets only after confirming the absence of these pathogens. Metabolizable energy, perox-
ide value, and fatty acids profile of SO and PF were determined according to the procedures
described by AOAC [15], Abd El-Moneim and Sabic [1], and Abd El-Moneim, et al. [16].
Values of the thrombogenic and atherogenic indexes were estimated following the equa-
tions of Ulbricht and Southgate [17]:

Atherogenic index =
C12 : 0 + 4 ∗ C14 : 0 + C16 : 0

Sum of unsaturated FAs
(1)

Thrombogenic index =
C14 : 0 + C16 : 0 + C18 : 0

0.5 ∗ OA + 0.5 ∗ (MUFA − OA) + 0.5 ∗ n6PUFA + 3 ∗ n3PUFA +
(

n3PUFA
n6PUFA

) (2)

where OA = oleic acid (C18:1), MUFA = monounsaturated FAs, PUFA = polyunsaturated FAs.

2.3. Experimental Design

A total of 480 one-day-old male Ross-308 broiler chicks (43 g) were allocated into
48 ground pens and distributed equally into four experimental groups (12 replicates each).
Pens, the stocking density of which was ten birds/m2, were equipped with an automatic
nipple cup drinker and a chain feeder system. The starter (0–10 d), grower (11–24 d), and
finisher (25–35 d) experimental diets (Table 1) were formulated to meet the recommendation
of Aviagen [18] for male broilers.

Table 1. Composition of the experimental starter (1–11 d), grower (11–24 d), and finisher (25–35 d) diets.

Ingredient, g/kg
Control PF25 PF50 PF100

Starter Grower Finisher Starter Grower Finisher Starter Grower Finisher Starter Grower Finisher

Yellow corn 536 586 646 533 585 645 535 585 644 534 582 641
Soybean meal, 46% 358 302 225 364 307 231 369 313 237 377 323 250

Corn gluten meal, 62% 40 42 55 37 38 50 30 32 45 23 25 35
Soybean oil 24.00 29.00 32.00 18.00 21.75 24.00 12.00 14.50 16.00 0.00 0.00 0.00
Poultry Fat 0.00 0.00 0.00 6.00 7.25 8.00 12.00 14.50 16.00 24.00 29.00 32.00

Dicalcium phosphate 16 15 15 16 15 15 16 15 15 16 15 15
Dl Methionine, 99% 2.1 2.0 1.4 2.1 2.0 1.4 2.1 2.0 1.4 2.1 2.0 1.4
l-Lysine HCl, 98% 3.4 3.7 4.6 3.4 3.7 4.6 3.4 3.7 4.6 3.4 3.7 4.6

l-Threonine 0.5 0.3 0.1 0.5 0.3 0.1 0.5 0.3 0.1 0.5 0.3 0.1
CaCo3 12 12 11 12 12 11 12 12 11 12 12 11
NaCl 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

Premix * 3 3 3 3 3 3 3 3 3 3 3 3
NaCo3 1.5 1.5 1.6 1.5 1.5 1.6 1.5 1.5 1.6 1.5 1.5 1.6
K2Co3 0.0 0.0 1.8 0.0 0.0 1.8 0.0 0.0 1.8 0.0 0.0 1.8

Chemical Analysis

Crude protein, % 23.22 21.14 19.00 23.23 21.14 19.01 23.21 21.15 19.02 23.21 21.15 19.02
AME kcal/kg 2967 3060 3165 2967 3061 3166 2967 3062 3167 2968 3062 3167

Ca, % 0.950 0.896 0.864 0.950 0.895 0.864 0.950 0.897 0.864 0.960 0.894 0.864
Available P, % 0.422 0.408 0.388 0.422 0.408 0.388 0.422 0.408 0.388 0.422 0.408 0.388
Crude fiber, % 3.444 3.547 3.333 3.786 3.992 3.909 4.311 4.327 4.334 5.444 5.131 5.509

Na, % 0.193 0.193 0.196 0.193 0.193 0.196 0.193 0.193 0.196 0.193 0.193 0.196
Cl, % 0.250 0.250 0.250 0.250 0.250 0.249 0.250 0.254 0.249 0.250 0.248 0.249

PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement of soybean oil by PF. Apparent
metabolizable energy (AME); Calcium (Ca); Available Phosphorus (Available P)l Sodium (Na); Chloride (Cl). * Composition of Hero mix®

premix. (per 1 kg): Vitamin A 4,000,000 IU, vitamin E 3334 mg, vitamin D3 833,000 IU, vitamin B1 250 mg, vitamin K3 500 mg, vitamin B6
500 mg, vitamin B2 1250 mg, vitamin B12 3.33 mg, folic acid 333.4 mg, biotin 16.7 mg, niacin 10,000 mg, pantothenic acid 3334 mg, iron
10,000 mg, zinc 16,700 mg, manganese 20,000 mg, selenium 33.4 mg, iodine 100 mg, copper 1334 mg, and cobalt 33.4 mg).

The first diet (basal diet; control) was formulated using soybean oil as a fat source. In
the second to fourth experimental diets, 25, 50, and 100% of the soybean oil were replaced
by poultry fat. Diets and freshwater were offered ad libitum to the birds. The feed trial took
place in a temperature-controlled chamber, started from 33 ± 1 ◦C and decreased by one
degree per 3 days until reaching 24 ± 1 ◦C and kept till 35 days of age, with a proportional
humidity between 50% and 70% and a 22:2 h light: dark cycle. Mortalities were recorded
throughout the experimental phases.
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2.4. Growth Performance and Organ Weights

Initial and final body weight and feed consumption were measured individually on a
pen basis. Feed conversion ratio (FCR) was calculated as a g feed:g gain. The European
production efficiency factor (EPEF) was calculated as liveability (%) × body weight (g)/FCR
× age (d). At the end of the trial (35 days), 48 birds (one bird/replicate; 12 birds/treatment)
were individually weighed, slaughtered by cutting the carotid artery, and dissected to
evaluate the relative weights of the thigh and breast muscles, abdominal fat, and liver [19].
Blood samples were collected with heparinized test tubes for blood biochemical analyses.

2.5. Nutrient Digestibility

At the end of the experiment (35 d), the twelve birds per group were weighed and
individually caged in metabolic pens for collecting their excreta for four days. Before the
commencement of this period, an adaptation period of 24 h had elapsed. Fresh water
and diets were offered ad libitum to all birds during the manure collection stage. The
approximate analysis of dry matter (#930.15), crude protein (#954.01), and crude fat (#920.29)
of dried excreta and diets were performed according to AOAC [15]. The trichloroacetic
acid procedure was used to estimate fecal nitrogen [20].

2.6. Plasma Biochemical Analysis

At 35 days, to separate plasma, collected blood samples were centrifuged (2500× g for
15 min at 4 ◦C). Plasma samples were kept at −20 ◦C pending analysis. Plasma high-density
lipoprotein (HDL), total cholesterol, aspartate aminotransferase (AST), total protein, and
albumin were calorimetrically evaluated using commercial kits and following the manufac-
turer’s instructions (Diamond Diagnostics, Cairo city, Egypt), using spectrophotometric
analysis (Spectronic 1201; Milton Roy, Ivyland, PA, USA).

2.7. Muscle and Liver Biochemical Analysis

The analysis of superficial pectoral muscle FAs was conducted on 48 birds (1 bird per
replicate; 12 birds per treatment) using gas-liquid chromatography (GLC) as described
by [21,22]. The concentrations of muscle vitamin E [23] and liver thiobarbituric acid-reactive
substances (TBARS) [24] were also determined.

2.8. Economic Efficiency

Average feed cost per bird was calculated as feed consumption per bird × cost of
one kg diet (0.53, 0.52, 0.51 and 0.50 US $ for control, PF25, PF50, and PF100, respectively,
considering the price of one kg of SO (1.47 US $) and PF (0.32 US $). Feed cost per kg
gain was estimated by multiplying the cost of a one kg diet by the FCR. Total costs were
measured by summing the feed cost/bird and all fixed costs, including housing labor,
vaccines, drugs, day-old chick, disinfectant, veterinary supervision, etc. Subtracting total
costs from the total return, considering the average price of the bird (1.72 US $ per one
kg live body weight), was considered the net return. Benefit/cost ratio (B/C ratio) was
estimated by the following equation: net return/total costs × 100 [25].

2.9. Statistical Analysis

Differences between the experimental groups were analyzed using one-way ANOVA
was applied to determine the effects of replacing SO with PF, in which pens were the
statistical units for performance parameters, birds for the carcass, organ weights, and
samples for biochemical and other parameters, the General Linear Model package of SPSS
(Version 19.0, Chicago, IL, USA). Tukey’s multiple range test was used to identify the
significant (p < 0.05) differences among means of experimental groups.

234



Animals 2021, 11, 2609

3. Results
3.1. Chemical Analysis of Fat Sources

The main difference between the FAs profile of SO and PF (Table 2) can be found in
the ratio of unsaturated FAs over-saturated FAs (U/S ratio). The U/S ratio of SO (3.84) was
1.7 times that of PF (2.28). Concentrations of polyunsaturated (PU) FAs in SO were higher
than that of PF, while the latter was richer in monounsaturated (MU) FAs. The PU/S ratio
of SO was 2.4 times that of PF, while the MU/PU ratio of PF was 2.2 times that of SO.

Table 2. Fatty acid profile and energy values of soybean oil and poultry fat.

Item Soybean Oil Poultry Fat

Myristic acid (C14:0), % 0.01 0.47
Palmitic acid (C16:0), % 14.69 21.83

Palmitoleic acid (C16:1), % - 3.14
Heptadecanoic acid (C17:0), % - 0.20

Stearic acid (C18:0), % 5.50 7.59
Oleic acid (C18:1 n-9), % 26.80 32.06

Vaccenic acid (C18:1 n-7), % - 1.79
Octadecanedioic acid (C18:2 n-4), % - 0.24

Linoleic acid (C18:2 n-6), % 44.90 29.26
Linolenic acid (C18:3 n-3), % 6.95 1.69

Arachidic acid (C20:0), % 0.35 0.20
Gadoleic acid (C20:1 n-9),% 0.31 0.20

Eicosatrienoic acid (C20:3 n-3), % - 0.20
Arachidonic acid (C20:4 n-6), % - 0.55

Non identified fatty acids 0.49 0.58
Saturated fatty acids 20.55 30.29

Unsaturated fatty acids 78.96 69.13
Monounsaturated fatty acids 27.11 37.19
Polyunsaturated fatty acids 51.85 31.94

Unsaturated fatty acids/Saturated fatty acids 3.842 2.282
Polyunsaturated fatty acids/Saturated fatty

acids 2.523 1.054

Monounsaturated fatty
acids/Polyunsaturated fatty acids 0.523 1.164

Atherogenic index 0.187 0.343
Thrombogenic index 0.354 0.762

Peroxide value, meq/kg 1.85 4.26
Gross energy, kcal/kg 8400 9460

Milliequivalents per kilogram (mEq/kg); Kilocalorie per Kilogram (kcal/kg).

3.2. Growth Performance and Organ Weights

The partial or full replacement of SO by PF did not alter the final body weight, feed
consumption, and FCR of broiler chickens at marketing age (Table 3). The EPEF of PF
groups was slightly higher than that of the control. The highest value of EPEF was recorded
in PF100. Additionally, the dietary inclusion of different lipid sources had no significant
impact on carcass percentage and the relative weight of thigh and breast muscles and liver
of 35-day-old broiler chicks. The abdominal fat percentage was increased (p < 0.01) in
PF100 and PF50 compared to control and PF25.
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Table 3. Effect of replacing soybean oil with poultry fat on growth performance and organ weights of broilers.

Item
Experimental Diets 1

SEM 2 p-Value
Control PF25 PF50 PF100

Initial body weight, g 43.11 43.00 43.20 43.02 0.032 0.896
Body weight 35 d, g 2131.7 2142.1 2148.3 2157.5 10.33 0.851

Feed consumption 35 d, g 3340.4 3335.0 3330.8 3324.6 10.04 0.957
FCR, g feed:g gain 1.60 1.59 1.58 1.57 0.041 0.188

Mortality, % 0.833 0.833 0.833 0.833 0.089 0.894
EPEF 377.6 382.2 384.9 388.9 3.228 0.664

Organ weights, %
Carcass 67.22 67.41 67.72 67.91 0.172 0.497

Breast muscle 23.13 23.27 23.43 23.62 4.243 0.279
Thigh muscle 16.52 16.54 16.22 16.32 0.068 0.262

Liver 2.24 2.28 2.14 2.31 0.028 0.152
Abdominal fat 1.31 b 1.47 b 1.90 a 1.93 a 0.055 0.002

1 PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement of soybean oil by PF. 2 SEM,
standard error of means. EPEF, European production efficiency factor; FCR, feed conversion ratio. a,b Means within the same row with
different superscripts differ. Gram (g).

3.3. Nutrient Digestibility

As presented in Table 4, digestibility coefficients of dry matter were improved (p < 0.01)
in PF50 and PF100 compared to the control. Digestibility coefficients of crude protein and
fat were not influenced by dietary replacement of PF instead of SO.

Table 4. Effect of replacing soybean oil with poultry fat on nutrient digestibility of broilers.

Item
Experimental Diets 1

SEM 2 p-Value
Control PF25 PF50 PF100

Dry matter, % 71.14 b 72.57 ab 74.27 a 74.80 a 0.491 0.022
Nitrogen, % 69.21 69.93 70.11 70.32 0.264 0.506

Fat, % 77.89 79.93 80.65 80.73 0.392 0.053
1 PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement of
soybean oil by PF. 2 SEM, standard error of means. a,b Means within the same row with different superscripts
differ.

3.4. Plasma Biochemical Analysis

The data presented in Table 5 shows the impact of partial or total replacement of
SO by PF on plasma biochemical parameters of broilers at marketing age. Total protein,
albumin, AST, HDL-cholesterol, and total cholesterol were not significantly affected by
dietary inclusion of PF compared to the control.

Table 5. Effect of replacing soybean oil with poultry fat on plasma biochemical parameters of broilers.

Item
Experimental Diets 1

SEM 2 p-Value
Control PF25 PF50 PF100

Aspartate
aminotransferase, mg/dL 232.3 225.4 234.9 221.2 3.960 0.607

Total protein, mg/dL 3.72 3.58 3.57 3.77 0.053 0.457
Albumin, mg/dL 2.05 2.03 2.11 2.13 0.038 0.743

Total cholesterol, mg/dL 160.2 157.0 146.3 149.3 2.441 0.155
HDL-cholesterol, mg/dL 80.17 81.00 84.75 85.83 1.071 0.169

1 PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement of soybean oil by PF. 2 SEM,
standard error of means. High Density lipoprotein (HDL-cholesterol); milligrams per decilitre (mg/dL).
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3.5. Muscle and Liver Biochemical Analysis

The fatty acid profile of the pectoral muscle was influenced by the type of dietary fat
source (Table 6). The main differences in the FAs profile of breast muscle can be found
in the concentrations of certain FAs and the PU/S ratio. Concentrations of palmitic acid
and docosahexaenoic acids were reduced (p < 0.01) in PF50 and PF100. However, levels of
oleic acid, linolenic acid, total unsaturated FAs, and PU/S ratio were elevated (p < 0.05)
in the pectoral muscle of birds fed 50% and 100% PF. Pectoral muscle concentration of
α-tocopherol and content of TBARS in the liver were not significantly affected by replacing
SO with PF (Table 6). However, numerical reduction in α-tocopherol and elevation in
TBARS levels in PF treated groups were observed.

Table 6. Effect of replacing soybean oil with poultry fat on fatty acids profile of broilers pectoral muscle.

Item
Experimental Diets 1

SEM 2 p-Value
Control PF25 PF50 PF100

Myristic acid (C14:0), % 1.39 1.38 1.38 1.37 0.035 0.981
Palmitic acid (C16:0), % 22.12 a 21.07 ab 20.05 b 20.02 b 0.270 0.008
Palmitoleic acid (C16:1), % 5.46 5.41 5.49 5.43 0.175 0.977
Stearic acid (C18:0), % 9.01 9.17 9.07 9.03 0.189 0.953
Oleic acid (C18:1 n-9c), % 41.55 b 43.23 ab 44.01 a 44.06 a 0.329 0.012
Vaccenic acid (C18:1 n-7), % 5.22 5.45 5.48 5.08 0.160 0.807
Linoleic acid (C18:2 n-6), % 9.37 9.26 9.48 9.89 0.132 0.363
Linolenic acid (ALA, C18:3 n-3), % 0.66 b 0.64 b 0.78 a 0.88 a 0.027 0.001
Arachidonic acid (AA, C20:4 n-6), % 2.32 2.89 2.56 2.62 0.104 0.304
Eicosapentaenoic acid (EPA, C20:5 n-3), % 0.064 0.068 0.062 0.064 0.002 0.811
Docosapentaenoic acid (DPA, C22:5n-3), % 0.32 0.319 0.317 0.318 0.009 0.916
Docosahexaenoic acid (DHA, C22:6n-3),% 0.979 a 0.990 a 0.809 b 0.872 b 0.022 0.002
Saturated fatty acids 32.53 31.62 30.51 30.43 0.356 0.109
Unsaturated fatty acids 65.94 b 68.24 ab 68.99 a 69.22 a 0.510 0.049
Monounsaturated fatty acids 52.23 54.08 54.99 54.57 0.438 0.114
Polyunsaturated fatty acids 13.71 14.16 14.00 14.65 0.154 0.182
Unsaturated fatty acids/Saturated fatty acids 2.032 b 2.160 ab 2.271 a 2.275 a 0.031 0.006
Polyunsaturated fatty acids/Saturated fatty acids 0.423 b 0.448 ab 0.461 a 0.482 a 0.007 0.027
Monounsaturated fatty acids/Polyunsaturated fatty acids 3.810 3.822 3.932 3.744 0.040 0.431
Atherogenic index 0.420 a 0.390 b 0.371 b 0.369 b 0.006 0.001
Thrombogenic index 0.853 a 0.804 ab 0.772 b 0.759 b 0.011 0.006
Vitamin E, mg/100 g muscle 0.327 0.312 0.288 0.285 0.067 0.224
Liver TBARS, nmol/g 18.33 18.67 19.50 21.50 0.478 0.126

1 PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement of soybean oil by PF. 2 SEM,
standard error of means. a,b Means within the same row with different superscripts differ. ThioBarbituric Acid Reactive Substances
(TBARS); milligrams per 100 g (mg/100 g).

3.6. Economic Efficiency

As presented in Table 7, economic parameters were greatly influenced by partial and
full replacement of SO by PF in broiler diets. Feed cost/bird, feed cost/kg gain, and total
cost/bird were decreased (p < 0.001) in PF25, PF50, and PF100 compared to the control.
Net return and benefit/cost ratio were increased (p < 0.001) in PF25, PF50, and PF100, and
the highest values were recorded in group PF100.
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Table 7. Effect of replacing soybean oil with poultry fat on the economic parameters.

Item
Experimental Diets 1

SEM 2 p-Value
Control PF25 PF50 PF100

Feed cost/bird, US $ 1.770 a 1.734 b 1.699 c 1.662 d 0.01 <0.001
Feed cost/kg gain, US $ 0.848 a 0.827 b 0.807 c 0.787 d 0.01 <0.001

Total cost, US $/bird 2.951 a 2.890 b 2.831 c 2.771 d 0.01 <0.001
Total return, US $/bird 3.592 3.610 3.621 3.637 0.02 0.850
Net return, US $/bird 0.642 c 0.720 b 0.790 b 0.866 a 0.03 <0.001

B/C ratio, % 21.73 d 24.89 c 27.90 b 31.21 a 0.61 <0.001
1 PF25, 25% of soybean oil replaced by PF; PF50, 50% of soybean oil replaced by PF; PF100, full replacement
of soybean oil by PF; B/C, benefit/cost. 2 SEM, standard error of means. a–d Means within the same row with
different superscripts differ.

4. Discussion

The analyzed composition of the lipids sources in the present study revealed that
PUFAs in SO were higher than that of PF while the MUFAs in PF were higher. The U/S
and PU/S ratios of SO were 1.7 and 2.4 times that of PF, while the MU/PU ratio of PF
was 2.2 times that of SO. These findings are almost similar to NRC [26] and previous
findings [8,27]. The predominant FA in PF was oleic acid followed by linoleic acid, while in
SO, it was linoleic acid followed by oleic acid. This revealed that the two fat sources were
rich in the unsaturated FAs with the superiority of SO by 12.5%, which may explain the
effects of these lipids on studied parameters.

Fats are a high-energy feedstuff commonly incorporated in the formulation of com-
mercial poultry diets. Results of earlier studies investigating the impact of dietary addition
of different lipid sources on poultry performance were equivocal. Several investigations
have reported that supplementation of vegetable oils to poultry feed can improve their
performance, carcass traits, and production efficiency by elevating the diet’s energy level
better than animal fat [28–30]. Others reported a synergistic effect between vegetable oils
and animal fat [6,11]. Nevertheless, some studies revealed non-significant differences
between animal fat and vegetable oils [9,10,27]. In the present study, no synergy effect
between PF and SO was noticed. We also found that partial and total replacement of SO
by PF in broiler diets had no significant impact on final body weight, FCR, EFEF, and
carcass traits except abdominal fat, which increased PF50 and PF100. A similar trend was
reported by Okur [31] and Sanz [32], who noticed an elevation in abdominal fat weight
when animal fats were used in broiler diets. The growth performance of broilers is greatly
influenced by dietary fat sources and their FA profiles, particularly essential FAs, such
as α-linolenic acid and linoleic acid, as their deficiency may retard broilers growth [33].
As our results revealed, the differences between SO and PF in these FAs were insufficient
to induce significant differences in birds’ growth performance. The lack of differences
in growth performance of birds fed diets with SO or PF could also be attributed to the
equilibrium ratios of energy-to-protein and energy-to-amino acid in these diets [27,31].
Additionally, Pesti et al. [27] reported that feeding on fat sources with high metabolizable
energy resulted in a high amount of fat being deposited. This might explain the increase of
abdominal fat in birds fed diets with high levels of PF.

In our study, replacing SO by PF improved dry matter digestibility while digestibility
of crude protein and crude fat was not affected. These results are in line with previous
findings [34,35]. Fatty acids chain length and U/S ratio greatly affect nutrient digestibility.
Fat sources such as tallow and palm oil characterized by a low U/S ratio showed drastic
negative impacts on nutrients digestibility [36,37]. Tancharoenrat et al. [35] noticed a
reduction in crude fat digestibility for broilers fed diets with fat sources with low U/S ratio
such as palm oil (U/S 0.93) and tallow (U/S 0.80) compared to SO (U/S 5.07).

In the present study, the difference between the U/S ratio of PF (2.28) and SO (3.84)
was lower than mentioned in the study of Tancharoenrat et al. [35], which might explain
the insignificant changes in fat and protein digestibility. Nevertheless, they did not observe
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a significant difference for crude fat digestibility between PF- (U/S 2.07) and SO-based
diets. The authors suggested that the changes in FAs composition of PF were not enough
to exert a drastic effect on crude fat digestibility. Furthermore, dietary addition of PF could
enhance nutrients’ digestion and absorption by reducing digesta rate of passage through
the gut, which might explain the improvement in dry matter digestibility [8].

To our knowledge, limited investigations have studied the impact of dietary addition
of fat sources on the blood biochemistry of poultry species. The majority of these studies
focused on the impact of fat types on the quality of animal products for human uses without
studying their effect on birds’ health status during production [38]. In the present study,
we evaluated the effect of replacing SO by PF on broiler chickens’ hepatic function and
blood lipids. No significant alterations were observed in all studied parameters among
experimental groups. Hu [9] noticed similar results who reported insignificant impact
of dietary SO and PF on HDL levels- and LDL-cholesterol and total cholesterol in the
serum of Cherry Valley ducks. Donaldson et al. [38] also noticed non-significant changes
in serum levels of AST, total protein, albumin, and cholesterol of Japanese quail-fed diets
with SO and lard. However, results of serum triglycerides as affected by various dietary
fat sources and levels were somewhat contradictory. Some studies reported significant
elevated serum triglycerides of humans and birds fed high dietary fat [39,40]. Others
reported non-significant changes [9,41], while some observed a significant reduction in its
level [38,42]. Donaldson et a. [38] attributed the decrease in serum triglycerides to a possible
reduction in de novo synthesis of FAs in the liver as large amounts of FAs were being
supplied to the birds via dietary fat sources. The lack of consistency between findings of
these studies suggests some differences in lipid handling pathways and multiple potential
mechanisms contribute to regulating serum concentrations of cholesterol and triglycerides
between different avian species, including postabsorptive lipid metabolism and/or hepatic
uptake of HDL-cholesterol.

Consumers have become more concerned about the nutritional aspects, including the
lipid profile and FA contents. Chicken meat with its low-fat and high-protein contents has
been characterized as the main source of PUFAs [43]. Functional and beneficial foods that
contribute to preventing chronic diseases, such as coronary heart disease and metabolic
disorders, are characterized by higher concentrations of PUFAs [44,45]. It has been docu-
mented that FAs and lipid profiles of chicken meat can be modified by changing broilers’
feed composition [46,47]. Reducing SFAs and elevation of PUFAs contents in chicken meat
would improve its nutritional value and quality [48]. Our results showed that pectoral
muscle levels of palmitic acid and docosahexaenoic acids decreased while concentrations
of oleic acid, linolenic acid, total UFAs, and PU/S ratio were elevated PF50 and PF100.
These findings are considered positive as the reduction in PU/S ratio, thrombogenic index,
and the atherogenic index, and the elevation of linolenic acid (n-3) are favorable in healthy
and functional food for human consumption. The added value of n-3 PUFAs to human
foods and their favorable impacts of on human health were investigated. Bostami et al. [47]
reported the health benefits of long-chain n-3 FAs to animals and humans, such as reducing
the risk of heart diseases and lowering the concentration of circulating cholesterol.

Moreover, Pinchasov and Nir [49] documented that PUFAs can inhibit the activity
of the 9-desaturase enzyme complex, which responsible for converting SFAs to MUFAs,
thereby downregulating the synthesis of MUFAs. Furthermore, the reduction in the
atherogenic and thrombogenic indexes in PF50 and PF100 is considered favorable, as
Ulbricht and Southgate [17] recommended the low values of these indexes in healthy
human diets. Generally, supplementation of PF in broiler diets instead of SO tends to
improve the lipid profile of breast meat.

Lipid oxidation, one of the major factors responsible for the deterioration of the qual-
ity of meat products, is primarily initiated in the UFAs of membrane phospholipids [17].
Vitamin E (α-tocopherol) plays a fundamental role in protecting these susceptible cellular
structures against oxygen-containing free radicals and reduces their content of TBARS [50].
The primary location of vitamin E is within the biological membranes, such as mitochondria
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and microsomes, which allow its effective function compared to other antioxidants [17].
Therefore, increasing the muscle membrane content of α-tocopherol by dietary manipula-
tion is required. Dietary fat sources generally contain high fat-soluble vitamins, including
α-tocopherol, but they vary among themselves. Vegetable oils and most plant-origin feed-
stuffs are rich in vitamin E, while their content is lower than most animal products [51–54].
In the present study, levels of α-tocopherol in pectoral muscle and TBARS in the liver did
not differ by replacing SO with PF. Numerical reduction in α-tocopherol and elevation
in TBARS levels in PF treated groups were observed. These findings agree with those of
Polycarpo et al. [55], who reported significant changes in hepatic contents of vitamins E
and A (fat-soluble vitamins) of broilers fed on corn-based diets with SO or beef tallow
as lipid sources. Lauridsen, et al. [56] also noticed that fat sources did not influence the
concentration of vitamin E in muscle membranes. Contrarily, Dänicke, et al. [56] and
Gatellier, et al. [57] observed higher hepatic vitamin A and muscular TBARS concentrations
in birds fed diets with SO compared with tallow. The lack of significance in α-tocopherol
concentrations in the present study might be attributed to the low incorporation levels of
SO and PF in broilers diet, eliminating the added value of vitamin E to the feed.

Furthermore, the insignificant differences in fat digestibility observed in this study
may be considered another explanation as absorption of fat-soluble vitamins depends on fat
digestibility and the emulsification process. Knarreborg, et al. [58] documented that good
conditions of micelle formation and emulsion increase the bioavailability of α-tocopherol.
The numerical reduction in α-tocopherol and increase in TBARS concentrations in the
breast and liver tissues of birds fed on PF may be due to the relatively high susceptibility
of broiler meat to lipid oxidation when fed diets incorporated with PF [59,60].

As expected, the economic efficiency and benefit-to-cost ratio were significantly im-
proved by dietary replacement of SO by PF in a dose-dependent manner. This effect is
due to the large difference between the prices of SO and PF; under our study’s condition,
the price of SO was 4.6 times that of PF. The differences in the prices of SO and PF are
reasonable; since SO is one of the most commonly used fat sources in poultry rations and
its various industrial uses. While PF is a cheap by-product of poultry slaughterhouses,
its utilization is affordable and reduces its adverse impacts on the environment. Several
studies have reported the economic benefits of using PF instead of SO [4,9,34,38].

5. Conclusions

The present study investigated the effect of partial or full replacement of SO by PF on
growth performance, nutrient digestibility, plasma lipids, and vitamin E and FAs contents
of the pectoral muscle of broilers. Neither a synergistic effect between SO and PF nor
effects of the dietary changes on broilers’ growth, carcass parts, and blood biochemistry
were noticed in the present study. Dietary supplementation of PF improved the FA profile
of breast muscle but did not affect muscle content of vitamin E and liver TBARS levels.
Economic efficiency was greatly improved in a dose-dependent manner by dietary addition
of PF. Therefore, this study revealed that PF can be used as a partial or total replacement of
SO in broilers’ nutrition without affecting their performance or physiological response to
improve their meat products.
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Simple Summary: Organic laying hen systems are considered welfare-friendly, because hens are
raised mainly outdoors under natural conditions. The notion is that eggs produced in those systems
are better in terms of quality. Research has found that aromatic plants and their extracts can tackle
many of the latter challenges when added to poultry diets due to their antioxidant and antimicrobial
effects. The current study investigated the effects of a dietary supplementation of Salvia officinalis L. in
organically raised laying hens during two experimental periods. The results showed improved oxida-
tive stability of the eggs and reduced microbial counts in the eggshells. The egg quality parameters
were partly affected, with the yolk weight showing the largest differences between treatments.

Abstract: Aromatic plants of Labiatae family are used in poultry diets because of their antimicrobial
and antioxidant activity. The notion is that hens raised in organic systems face several health and
environmental challenges. Hence, the objective here was to assess hens’ performances and the quality
of their eggs in such systems following a dietary supplementation of Salvia officinalis L. in powder
form. The experiments were conducted over two successive years (1 and 2). They lasted 16 weeks
each and involved 198 laying hens aged 40 weeks old randomly assigned to three groups: Con
(control diet), Sal-0.5%, and Sal-1.0% (diets supplemented with Salvia officinalis L. at 0.5% or 1.0%,
respectively). The malondialdehyde (MDA) levels in egg yolks in year 2 were lower in both Sal-0.5%
and Sal-1.0% compared to the Con (p < 0.05). The total number of Enterobacteriaceae in eggshells
were lower in Sal-1.0% compared to the Con (p < 0.05) in both years. The results suggest that a
dietary supplementation of Salvia officinalis L. at 1.0% improves the antioxidant status and reduces
the microbial load of eggs produced in organic systems.

Keywords: organic; aromatic plants; laying hens; Salvia officinalis L.; malondialdehyde (MDA);
Enterobacteriaceae

1. Introduction

Egg production systems have evolved because of continuous efforts to ensure the
health, balanced nutrition, and wellbeing of birds. Commercial egg production systems
comprise confined systems, free range, and organic. The latter are considered as the ones

244



Animals 2021, 11, 2502

providing the highest welfare status by both egg consumers and the public. Consumers’
knowledge and perception of egg production systems prioritizes animal welfare and
dictates their purchasing decisions [1]. The prevailing view is that laying hens in free-
range systems enjoy improved welfare compared to those housed indoors [2]. Free-range
systems provide birds’ natural conditions to express their behaviors [3], and their eggs
are considered as better in terms of quality [4]. However, it has been documented that a
major challenge in these systems is the management of health-related issues [5], while in
organic eggs, production welfare issues are under debate [6]. Furthermore, the evaluation
of microbial contamination is also used to assess the egg quality [7]. Eggshells derived from
alternative housing systems have been identified with a higher level of microorganisms
than the ones collected from cage systems [7]. Thus, there is a necessity to produce eggs
from organic systems with limited microbial contamination.

The ban of antibiotics as growth promoters (AGP) in animal feeds by the EU [8] forced
research to seek alternative methods to cater the need of improving animal performances in
livestock systems. The latter also became a priority in organic poultry production, seeking
alternatives to control diseases and improve bird performances [9]. Hence, phytogenic
feed additives, organic acids, and probiotics became the favorable nonantibiotic growth
promoters considering their established use in animal nutrition [10]. Probiotic supple-
mentation in organic laying hens’ diets influenced positively in the gut of hens the counts
of beneficial bacteria such as Lactobacillus spp. and Bifidobacterium spp. and reduced the
counts of harmful bacteria such as E. coli, clostridia, and staphylococci [11]. In the latter
study, however, the level of eggshell contamination was not evaluated.

Essential oils and botanicals could serve the same scope as feed ingredients [12]. There
is abundant evidence in the literature that aromatic plants and their extracts have antioxi-
dant [9,13] and antimicrobial effects [14–16] following their supplementation in poultry
diets. Moreover, such dietary supplements have a positive impact on the gastrointestinal
function and nutrient digestibility [17]. Aromatic plants of the Labiatae family have been
used in poultry diets due to their antimicrobial and antioxidant activity [9]. According
to Bozkurt et al. [18], Salvia officinalis L., thyme, and oregano are among the most promis-
ing plants of the Labiatae family. The supplementation of Salvia officinalis L. extracts in
roosters’ diets had positive effects on the quantity and quality of the sperm produced,
while it increased the testosterone levels [19]. The dietary supplementation of such an
extract reduced the Salmonella counts in the liver, spleen, and cecum of broilers infected
with Salmonella enteritidis [20]. Levkut et al. [21] and Farhadi et al. [22] showed that the
incorporation of Salvia officinalis L. extract in the broilers’ diet significantly improved their
average daily gain and other performance parameters, whereas, in another study, Ryzner
et al. [23] showed that it reduced the oxidative stress parameters evaluated in the red blood
cells and kidneys of broilers. Recently, the supplementation of Salvia officinalis L. aqueous
leaf extract in broilers’ diets enhanced the immunity response of broilers and significantly
reduced the ileal counts of E. coli [24]. Elsewhere, the supplementation of Salvia offici-
nalis essential oil in laying strain chicks’ diets showed that, when supplemented at lower
concentrations, the antioxidant defense mechanisms were improved by the induction of
antioxidant enzymes [25].

Considering the available literature, the evidence for the use of Salvia officinalis L. in
the diets of organic laying hens is limited. Hence, the objective of the present study was to
assess the egg quality parameters, oxidative stability of egg yolks, and microbial counts of
eggshells of organically raised laying hens following the dietary supplementation of Salvia
officinalis L. in powder form.

2. Materials and Methods
2.1. Animals and Housing

The experiment was conducted on a commercial organic laying hen farm located
in Vasilika Village of Thessaloniki Prefecture, Central Macedonia, Greece. The farm was
established in 1994 and started its commercial operation in 1996. Hy-Line Brown laying
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hens were housed under a free-range system in multiple buildings of the farm covering an
area of 1500 m2. All hens had outdoor access to a field of 25,000 m2 planted with olive trees.
The farm also had 200,000 m2 of cultivated land with cereals and other feeds following the
organic agriculture guidelines used in the hens’ diet. All the feeds were formulated and
produced in the mill of the farm. The farm organic registration code is 0EL54035. Organic
certification was provided and monitored by an independent organization, “Physiologike”
(https://physiologike.gr/; (accessed on 20 February 2021), according to EN ISO/IEC 17065.

2.2. Experimental Facility

Laying hens were housed in a designated chamber with the dimensions 6 m × 12 m,
covering a surface of 72 m2. The indoor facility was split into 6 compartments (dimensions
2 m × 4.2 m), each one covering a surface of 8.4 m2. The compartments were constructed
and separated using a portable wooden structure together with a plastic net. Each compart-
ment had an egg nest with 8 available places (1 place per 3 laying hens), a conic feeder with
a capacity of 25 kg, and a bell type drinker with a diameter of 38 cm (Plasson Livestock,
Maagan Michael, D.N. Menashe 3780500, Israel). To enable outdoor access for all laying
hens, each compartment had a specially constructed square pop hole with the dimensions
of 0.5 m × 0.5 m. Moreover, each compartment had a door to allow access to personnel
for the everyday husbandry practices, e.g., egg collection and feed renewal (Figure 1). The
designated chamber had 3 windows, with dimensions of 1.8 m length × 0.8 m height, to
ensure proper air circulation. The chamber walls and all equipment used were pressure
washed and disinfected before the start of each experiment. Sawdust was used for bedding.
An 8-h darkness period was set, with the duration of physical light about 6 h, on average.
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In each experiment, 198 Hy-Line brown laying hens approximately 40 weeks old were
used. The laying hens were randomly assigned to 3 experimental groups (n = 66 per group;
2 pens of 33 laying hens per group) as follows: (i) group Con: hens were fed the standard
organic diet and served as the control group, (ii) group Sal-0.5%: hens were fed the standard
organic diet supplemented with dehydrated Salvia officinalis L. in powder form at the level
of 0.5%, and (iii) group Sal-1.0%: hens were fed the standard organic diet supplemented
with dehydrated Salvia officinalis L. in powder form at the level of 1.0%. The study was
subdivided into two successive phases. The duration of each experimental phase was
16 weeks and started in July and ended in November of the same year. The weather data of
the area where the farm is located were collected from the Hellenic National Meteorological
Service (http://www.hnms.gr; accessed on 20 February 2021). The meteorological data
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analysis of the study period showed a higher average temperature and a lower average
precipitation rate during the first experimental period (year 1).

2.3. Ethics Approval Statement and Experimental Design

The research protocol of the study was part of a PhD project of DG and was approved
by the General Assembly of the Veterinary Faculty of Aristotle University of Thessaloniki.
The General Assembly of the Veterinary Faculty of Aristotle University of Thessaloniki
approved the specific PhD protocol in its decision: 55/27-5-2015.

2.4. Ingredient Sources, Diet Formulation, and Analysis

Salvia officinalis L., used in the present study, originated from plants that were culti-
vated in a field in Western Macedonia, Greece. The harvest was made each year at the
beginning of June after blossom. The harvested plants were placed in designated buildings
that allowed natural drying, a process that lasted approximately 15 days. Sprouts, leaves,
and flowers were subsequently ground into a powder form and stored for future use in the
experiment. Table 1 shows the main ingredients of the experimental diets and their nutrient
analysis. The proximate analysis and chemical composition of the diets are provided in
Table 2, whereas Table 3 shows the chemical composition (%) of the Salvia officinalis L.
extract used in the experiment. The essential oil of Salvia officinalis L. was analyzed at the
Laboratory of Pharmacognosy, School of Pharmacy, Faculty of Health Sciences, Aristotle
University of Thessaloniki. The dried and powdered leaves of the plant, which were
received by the company “DIOSKOURIDIS”, were subjected to water distillation for two
hours in a Clevenger apparatus according to Europaea Pharmacopeia and connected to a
modified refrigerated container of essential oils. Additional cooling was used in order to
reduce the byproducts of the heat treatment. After distillation, the essential oil was taken up
in 2 mL of pentane (GC grade) and filtered through anhydrous sodium sulfate to dehydrate
it. The obtained essential oil was kept at −4 ◦C until it was analyzed. The essential oil yield
was expressed in mL.100−1 g d.w. Essential oil analyses were performed on a Shimadzu
GC-2010-GCMS-QP2010 system operating at 70 eV. This was equipped with a split/spitless
injector (230 ◦C) and a fused silica HP-5 MS capillary column (30 m × 0.25 mm i.d., film
thickness 0.25 µm). The temperature program was from 50–290 ◦C at a rate of 4 ◦C/min.
Helium was used as a carrier gas at a flow rate of 1.0 mL/min. The injection volume of
each sample was 1 µL. The retention indices (RI) for all the compounds were determined
according to Van den Dool and Kratz [26], using n-alkanes as the standards. The identifi-
cation of the components was based on a comparison of their mass spectra with those of
NIST21 and NIST107 [27] and by comparison of their retention indices with the literature
data [28]. The essential oils were often subjected to co-chromatography with authentic
compounds (Fluka, Sigma).

The cultivated Salvia officinalis L. had a 2.37% extract concentration with the following
basic components:

- cis- or α-Thujone (33.80%),
- trans- or β-Thujone (6.97%),
- 1,8-Cineole (=Eucalyptol) (11.61%), and
- Camphor (24.54%).

Approximately 98.95% of the composition of the extract was identified, and of 36 active
substances, the concentration was analyzed (Table 3).
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Table 1. Gross ingredient composition (kg/1000 kg, as fed basis) of the experimental laying hen diets
Con (control diet), Sal-0.5%, and Sal-1.0% (diets supplemented with Salvia officinalis L. at 0.5% or
1.0%, respectively).

Ingredients
Treatments

Con Sal-0.5% Sal-1.0%

Corn 518 510 505
Soybean-44%CP 238 240 242

Barley 100 98 93
Limestone 104.4 104.4 104.4

Monocalcium Phosphate 9.5 9.5 9.5
DL-Methionine 1.5 1.5 1.5

Choline 0.5 0.5 0.5
1 Premix 2 2 2

Soybean oil 22 25 28
Salvia officinalis L. 0 5 10
Sodium carbonate 2.3 2.3 2.3

Salt 1.8 1.8 1.8
1 per kg of diet: vitamin A, 10,000 I.U.; vitamin D3, 2500 I.U; vitamin E, 30 mg; vitamin K, 4 mg; vitamin B1, 1 mg;
vitamin B2, 5 mg; vitamin B6, 3 mg; vitamin B12, 0.02 mg; vitamin B3, 30 mg; vitamin B5, 10 mg; folic acid, 1 mg;
biotin, 0.05 mg; vitamin C, 10 mg; choline, 400 mg; cobalt, 0.20 mg; copper, 10 mg; iodine, 1 mg; iron, 40 mg;
manganese, 120 mg; selenium, 0.30 mg, zinc, 100 mg.

Table 2. Proximate analysis and chemical composition of the experimental diets of experimental
laying hen diets: the Con (control diet), Sal-0.5%, and Sal-1.0% (diets supplemented with Salvia
officinalis L. at 0.5% or 1.0%, respectively).

Nutrients
Treatments

Con Sal-0.5% Sal-1.0%

Crude protein 15.6 15.6 15.6
Crude fat 4.69 4.97 5.24

Crude fiber 3.08 3.07 3.06
Total calcium 4.17 4.17 4.17

Total phosphorus 0.51 0.51 0.51
Available phosphorus 0.32 0.32 0.32

Metabolizable Energy (Kcal/kg) 2808 2805 2803
Lysine 0.83 0.83 0.83

Methionine 0.41 0.41 0.41
Methionine-Cystine 0.68 0.68 0.68

Threonine 0.6 0.6 0.6
Tryptophan 0.18 0.18 0.18

Sodium 0.15 0.15 0.15
Chloride 0.14 0.14 0.14

Table 3. Chemical composition (%) of Salvia officinalis L. essential oil used in the experiment.

Chemical Compounds RI a % Method b

Tricyclene 920 tr AI, MS
α-Thujene 926 tr AI, MS
α-Pinene 932 2.47 AI, MS, Co-GC

Camphene 946 2.46 AI, MS
β-Pinene 974 1.04 AI, MS, Co-GC
β-Myrcene 992 0.64 AI, MS, Co-GC

α-Phellandrene 1004 0.06 AI, MS
α-Terpinene 1016 0.11 AI, MS
p-Cymene 1024 0.51 AI, MS, Co-GC
Limonene 1028 1.54 AI, MS

1,8-Cineole (=Eucalyptol) 1030 11.61 AI, MS, Co-GC
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Table 3. Cont.

γ-Terpinene 1059 0.17 AI, MS
trans-Linalool oxide (furanoid) 1073 tr AI, MS

Terpinolene 1088 0.19 AI, MS
Linalool 1100 0.34 AI, MS, Co-GC
α-Thujone 1104 33.80 AI, MS
β-Thujone 1116 6.97 AI, MS

α-Campholenal 1126 tr AI, MS
Isothujol 1135 0.09 AI, MS

cis-Sabinol 1140 0.07 AI, MS
Camphor 1143 24.54 AI, MS

Neoisothujol 1150 0.07 AI, MS
trans-Pinocamphone 1161 0.10 AI, MS

Borneol 1165 2.93 AI, MS, Co-GC
Menthol 1173 0.08 AI, MS

Terpinen-4-ol 1177 0.56 AI, MS, Co-GC
p-Cymen-8-ol 1186 0.08 AI, MS
α-Terpineol 1191 0.28 AI, MS

Myrtenol 1197 0.14 AI, MS
Isobornyl acetate 1286 1.73 AI, MS

trans-Pinocarvyl acetate 1294 0.23 AI, MS
β-Caryophyllene 1421 0.39 AI, MS, Co-GC
α-Caryophyllene 1455 1.34 AI, MS, Co-GC

Caryophyllene oxide 1586 0.20 AI, MS, Co-GC
Viridiflorol 1594 3.07 AI, MS

Humulene epoxide 1612 0.96 AI, MS
a HP-5MS column. b Identification method: RI = Retention Index determined on a HP-5 MS capillary column
using a homologous series of n-alkanes (C9-C25), MS = mass spectrum, Co-GC = co-injection with authentic
compound, and tr = traces, concentrations <0.05.

2.5. Laying Hen Performance

During both experimental periods, the feed intake of laying hens was measured on a
weekly basis, and the average daily feed intake was calculated. The feed refusals and egg
weight were recorded on a weekly basis to have an estimation of the average daily feed
intake and egg mass production, respectively.

The daily egg production was also recorded for each experimental group by collecting
eggs every morning (between 9:00–10:00 a.m.). The weekly egg-laying rate was expressed in
% on a treatment basis. The feed conversion ratio was calculated by dividing the feed intake
with the average egg weight for the respective periods and was expressed as kg of feed
per kg of eggs produced. The individual body weight of hens was measured with a digital
balance (Supra: SS3242, precision 5 g, Dinaksa Pesaje Industrial, Arrigorriaga—Vizcaya,
Spain) at the start, the middle, and at the end of each experimental period.

2.6. Egg Quality

At weeks 2, 4, 6, 8, 10, 12, 14, and 16 of each experimental period, 12 eggs per treatment
were collected to assess the egg quality parameters. The eggs were collected randomly
from each treatment and weighed to calculate the average egg weight. The average egg
mass was calculated on a weekly and on a pen basis by multiplying the egg weekly laying
performance (%) with the average egg weight and dividing by 100: Egg mass = (Hen week
% egg production * Egg Weight)/100. The eggs were weighed with a digital balance with
0.1-g accuracy (Navigator TM, N2B110, OHAUS Corporation, Parsippany, NJ, USA). The
length and width of the eggs were measured with a digital caliper (EMC, LTD, China)
with 0.01-mm accuracy. The egg shape index was calculated using the formula: shape
index = (width/length) × 100. The eggshell color was measured with a reflectometer
(EQ Reflectometer, York Electronics Centre, York, UK), while the egg-specific gravity was
calculated using the method based on the Archimedes principle. The eggshell was washed
to remove the adhering albumen and air-dried. The thickness of the eggshell with the
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membranes was measured with a caliper (accuracy 0.001 in, AMES, Waltham, MA, USA),
while its weight was measured using a digital balance (Navigator TM, N2B110, OHAUS
Corporation, Parsippany, NJ, USA). The albumen weight was calculated by subtracting
the weights of the egg yolk and shell from the weight of the egg. The yolk color was
estimated using the Roche Colour Yolk Fan, while the Haugh units were measured using
designated equipment by the EQM York Electronics Center (Egg Quality Microprocessor,
Technical Services & Supplies Ltd., Dunnington, York, UK). The egg quality parameters
were measured at the Laboratory of Animal Husbandry, Faculty of Veterinary Medicine,
Aristotle University of Thessaloniki.

2.7. Oxidative Parameters Analysis
2.7.1. Iron-Induced Lipid Oxidation of Egg Yolk

The oxidative stability was assessed in 12 egg yolks from each treatment sampled
at the end of each experimental period (36 eggs/experimental period in total) following
iron-induced lipid oxidation. Twelve (12) yolks of each treatment were mixed to create
four mixtures of three yolks each. Four 1-g samples from each of the four mixtures were
weighed into 50-mL centrifuge tubes, and iron-induced lipid oxidation was carried out
with a modification of the method of Galobart et al. [29]. According to that, 0.5 mL of 5-mM
ferrous sulphate and 0.5 mL of 2-mM ascorbic acid were added to the yolk samples, and
the contents of the tubes were vortex-mixed vigorously for 15 s. Following incubation at
37 ◦C for either 0, 50, 100, or 150 min, all yolk samples were immediately submitted to
malondialdehyde (MDA) determination for evaluating the extent of lipid oxidation.

2.7.2. Evaluation of Lipid Oxidation in Egg Yolk

The evaluation of lipid oxidation was based on malondialdehyde (MDA) determi-
nation using the selective third-order derivative spectrophotometric method developed
by Botsoglou et al. [30]. According to this method, the yolk sample (12 egg yolks per
treatment) was mixed with 5 mL of 0.8% butylated hydroxytoluene (Sigma Chemical,
Co., St. Louis, MO, USA) in hexane and 8 mL of 5% aqueous trichloroacetic acid (Sigma
Chemical, Co., St. Louis, MO, USA). The mixture was homogenized (Ultra-Turrax, Janke &
Kunkel-IKA-Labortechnik, Staufen, Germany) for 30 s and centrifuged (Hettich Universal-
1200) for 3 min at 2000× g. The top hexane layer was discarded, and a 2.5-mL aliquot
of the bottom aqueous layer was mixed with 1.5 mL of 0.8% aqueous 2-thiobarbituric
acid (Sigma Chemical, Co., St. Louis, MO, USA). The mixture was incubated at 70 ◦C for
30 min and, following cooling under tap water, was submitted to third-order derivative
spectrophotometry (Shimadzu, Model UV-160A, Tokyo, Japan). The height of the peak at
521.5 nm was used for calculation of the MDA concentration in the yolk extracts based
on the slope and intercept data of the computed least-squares fit of a freshly prepared
standard calibration curve.

2.8. Microbiology Analysis

All samples were aseptically collected, placed in sterile bags, and transferred in cool
bags to the Laboratory of Microbiology and Infectious Diseases, School of Veterinary
Medicine, Aristotle University of Thessaloniki for bacteriological analyses. The detec-
tion of Campylobacter and Salmonella was performed according to ISO 10272-1 [31] and
ISO 6579-1 [32], respectively. The detection and enumeration of Enterobacteriaceae was
performed according to ISO 21528-2 [33]. For Campylobacter detection, three eggshells
were separated from their contents and were aseptically placed and weighted in a sterile
stomacher bag. A tenfold dilution was obtained by adding an enrichment medium Bolton
broth. After homogenization, the samples were incubated in a microaerophilic atmosphere
at 37 ◦C for 4 h and then at 41.5 ◦C for 24 h. From the enrichment culture, 10 µL were
transferred and spread in the selective mCCD agar (OXOID) and incubated at 41.5 ◦C
for 44 h in the above atmosphere. All plates were examined for the growth of suspected
Campylobacter colonies. For Salmonella detection, 25 g of both eggshells and contents (yolk
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and albumen) of 2 eggs were weighted and pre-enriched in 225 mL of buffered peptone
water (BPW; Biolife, Italy) at 37 ◦C for 18 h. Then, 100 µL were plated in 3 drops equally
spaced onto the surface of Modified Semi-solid Rappaport Vassiliadis agar (MSRV, OXOID)
and incubated at 41.5 ◦C for 24 h. Plates with no growth were additionally incubated for
24 h. All plates were examined for the growth of white grey colonies with a turbid zone
around the droplet. Moreover, 1 mL of the pre-enriched culture was transferred to 10-mL
Muller Kauffman tetrathionate/novobiocin broth (MKTTn-Biolife, Italian S.r.L, Milano,
Italy) and incubated at 37 ◦C for 24 h. Suspected colonies from the MSRV plates, as well
as a loop from MKTTn, was spread to XLD (Merck, Germany) and RAMBACH (Merck,
Germany) agar plates. After the incubation at 37 ◦C for 24 h, the growth of typical or
atypical Salmonella colonies was evaluated. For the detection and enumeration of Enterobac-
teriaceae, 10 g of the shell sample was transferred aseptically to 90 mL of diluent buffered
peptone water (BPW). After homogenization, 1 mL of the initial dilution was transferred to
9 mL of diluent in the tubes. This resulted in 10−2 and 10−3 dilutions. Double-row Petri
dishes (Ø 90 mm) were inoculated with a sterile pipette in 1 mL of the initial dilution, as
well as the next 2 decimal dilutions. Approximately 10 mL of the Violet Red Bile Glucose
agar (VRBG) substrate (Biolife, Italian S.r.L, Milan, Italy) was added to each plate. After
complete solidification of the material, approximately 10 mL of the VRBG agar covering
layer was added and incubated at 37 ◦C for 24 h ± 2 h. Pink to red or purple colonies were
counted as Enterobacteriaceae, while 5 colonies from each plate was subjected to further
biochemical identification according to the ISO methodology mentioned above.

2.9. Statistical Analysis

The data were analyzed using the Statistical Package for Social Sciences software
(SPSS 25.0 Version, Chicago, IL, USA). Statistical significance was considered at p < 0.05,
while a statistical trend was considered for those values between 0.05 < p < 1.0. The results
were presented as the mean ± standard deviation (SD) where appropriate. Parameters
were analyzed with one-way ANOVA, and post-hoc comparisons between treatments
were made by Tukey’s test. Treatment was included in the model as the fixed factor. In
accordance with the recently published study in organic laying hens by van der Heide
et al. [34], which consisted of a similar experimental layout as the current study, the laying
hen performance data were not subjected to statistical analysis due to a limited number of
repetitions (n = 2 per treatment), and thus, only descriptive data are presented for years
1 and 2. The combined laying hen performance data for years 1 and 2 were analyzed for
differences between the treatments. The egg quality data, egg lipid oxidation data and
eggshell microbiology data were analyzed statistically, considering the sample (egg) as the
statistical unit. The egg quality data and egg lipid oxidation were also analyzed with one-
way ANOVA. Data on the microbiology analysis of the eggshells and, specifically, of the
enumeration of Enterobacteriaceae were analyzed with a nonparametric Mann–Whitney test.

3. Results
3.1. Laying Hen Performance

The performance parameters during the first experimental period (year 1) are sum-
marized in Table 4. The laying% and egg mass were numerically higher in the Con and
Sal-1.0% groups compared to Sal-0.5%. The average daily feed intake (ADFI) was nu-
merically higher in Sal-1.0% than Sal-0.5% and intermediate in the Con group. The feed
conversion ratio (FCR) was numerically lower in the Con and Sal-1.0% groups than Sal-
0.5%. The body weight of laying hens did not differ either between treatments at the start
or at the end of the experimental period.
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Table 4. Effects of treatments on the performance parameters of laying hens during the 1st experi-
mental period (n = 2 per treatment for the laying performance (%), ADFI, egg mass, and FCR; n = 66
per treatment for the body weight measurements).

Parameter
Treatments

Con Sal-0.5% Sal-1.0% p-Value

Laying performance (%) 60.56 ± 6.780 51.95 ± 11.349 59.86 ± 7.197 na
ADFI (g/day) 104.17 ± 12.867 101.24 ± 11.791 105.17 ± 10.161 na
Egg mass (g) 38.25 ± 4.418 32.32 ± 6.657 38.45 ± 3.888 na

FCR 2.77 ± 0.277 3.25 ± 0.797 2.78 ± 0.368 na
Body weight start 1649.17 ± 166.24 1631.82 ± 159.65 1611.59 ± 167.90 0.424

Body weight 16th week 1766.78 ± 197.61 1725.77 ± 199.93 1755.59 ± 170.19 0.506
Con: hens fed the control diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of
Salvia officinalis L., Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L., and na:
not applicable.

The results of the performance parameters during the second experimental period
(year 2) are summarized in Table 5. The laying%, ADFI, and egg mass were numerically
higher in the Sal-0.5% compared to the other two groups. The body weights of laying hens
did not differ between treatments either at the start or at the end of the experimental period.

Table 5. Effects of treatments on the performance parameters of laying hens during the 2nd experi-
mental period (n = 2 per treatment for the laying performance (%), ADFI, egg mass, and FCR; n = 66
per treatment for the body weight measurements).

Parameter
Treatments

Con Sal-0.5% Sal-1.0% p-Value

Laying performance (%) 57.72 ± 4.366 62.89 ± 4.476 55.49 ± 5.441 na
ADFI (g/day) 111.62 ± 10.622 117.78 ± 7.294 110.46 ± 5.805 na
Egg mass (g) 37.75 ± 3.464 41.44 ± 3.691 36.51 ± 3.453 na

FCR 2.98 ± 0.364 2.86 ± 0.251 3.06 ± 0.402 na
Body weight start 1549.85 ± 191.46 1519.5 ± 169.11 1490.30 ± 138.80 0.128

Body weight 16th week 1832.69 ± 188.90 1840.00 ± 244.49 1789.83 ± 159.90 0.358
Con: hens fed the control diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of
Salvia officinalis L., Sal-1.0%: hens were fed the control diet supplemented with 1.0% of Salvia officinalis L., and na:
not applicable.

When investigating the results for both the experimental periods, it was revealed
that the egg mass was higher in the Sal-0.5% than the Con group, while, in the Sal-1.0%
group, it was intermediate (p = 0.008) (Table 6). The data on the FCR showed a better feed
conversion in the Sal-0.5%compared to the Con group (p = 0.031).

Table 6. Effects of treatments on the performance parameters of laying hens for both the 1st and 2nd
experimental periods (n = 4 per treatment).

Parameter
Treatments

Con Sal-0.5% Sal-1.0% p-Value

Laying performance (%) 58.67 ± 6.15 57.36 ± 10.08 58.25 ± 6.43 0.620
ADFI (g/day) 108.59 ± 11.59 109.21 ± 12.70 108.17 ± 7.36 0.928
Egg mass (g) 35.85 ± 6.37 a 39.60 ± 4.16 b 36.96 ± 3.58 ab 0.008

FCR 3.14 ± 0.80 a 2.77 ± 0.33 b 2.95 ± 0.38 ab 0.031
Con: hens fed the control diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of
Salvia officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis
L. a,b Values sharing different superscripts differ between them significantly at p < 0.05.
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3.2. Egg Quality Parameters

The treatment differences for the egg quality parameters were investigated sepa-
rately for each year and for each sampling timepoint—namely, weeks 2, 4, 6, 8, 10, 12,
14, and 16. The results presented here to the overall average values obtained in each
experimental period.

The results on the egg quality parameters during year 1 are summarized in Table 7.
The egg weights tended to be greater in the Sal-1.0% group than the Con (p = 0.087). The
yolk weight was higher in Sal-1.0% compared to Con, with the Sal-0.5% was intermediate
(p = 0.043). The shell weight and egg width tended to greater in the Sal-1.0% than the
other two groups (p = 0.060 and p = 0.067, respectively). The albumen and yolk pH were
significantly higher in the Sal-1.0% compared to the Con (p = 0.001 and p = 0.002), while
the yolk pH was also higher in the Sal-0.5% than the Con group.

Table 7. Effects of the treatments on the egg quality parameters during year 1 (n = 96 per treatment).

Parameter
Treatments

Con Sal-0.5% Sal-1.0% p-Value

Egg weight (g) 63.52 ± 5.818 x 63.99 ± 6.202 xy 64.82 ± 6.431 y 0.087
Yolk weight (g) 15.20 ± 1.660 a 15.30 ± 1.675 ab 15.50 ± 1.712 b 0.043
Shell weight (g) 5.99 ± 0.724 x 5.97 ± 0.682 x 6.11 ± 0.725 y 0.060

Albumen weight (g) 42.33 ± 4.671 42.72 ± 5.381 43.15 ± 5.152 0.268
Shell thickness (mm) 0.44 ± 0.039 0.43 ± 0.038 0.44 ± 0.036 0.143

Egg length (mm) 58.06 ± 2.552 58.38 ± 2.443 58.52 ± 2.381 0.138
Egg width (mm) 43.93 ± 1.421 x 43.96 ± 1.488 x 44.24 ± 1.550 y 0.067

Shape index 0.76 ± 0.028 0.75 ± 0.027 0.76 ± 0.027 0.363
Shell color 29.07 ± 4.927 29.41 ± 4.348 29.46 ± 4.964 0.653

Yolk weight 6.94 ± 0.988 6.99 ± 0.827 7.04 ± 0.792 0.546
Haugh units 90.45 ± 9.077 90.62 ± 10.140 89.28 ± 10.368 0.327
Albumen pH 8.62 ± 0.274 a 8.59 ± 0.291 a 8.68 ± 0.214 b 0.001

Yolk pH 6.13 ± 0.158 a 6.09 ± 0.101 b 6.10 ± 0.068 b 0.002
Yolk color 6.94 ± 0.988 7.00 ± 0.889 7.04 ± 0.792 0.466

Specific gravity 1.08 ± 0.007 1.08 ± 0.006 1.08 ± 0.006 0.655
Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of
Salvia officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L.
a,b Values sharing different superscripts differ between them significantly at p < 0.05. x,y Values sharing different
superscripts tend to differ between them at 1 > p > 0.05.

The results on the egg quality parameters during year 2 are summarized in Table 8.
The majority of the egg quality parameters evaluated were similar between the treatments,
and significant differences appeared only for the albumen and yolk pH. Albumen pH
was higher in the Sal-1.0% group compared to the other two groups and was higher in
the Sal-0.5% than the Con group (p < 0.001). The yolk pH was higher in both groups
supplemented with Salvia officinalis L. compared to the Con group (p < 0.001).

3.3. Oxidative Stability of Egg Yolk

The results of the extent of lipid oxidation (levels of malondialdehyde, MDA) for year 1
are presented in Table 9. No significant difference was detected between the treatments.
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Table 8. Effects of treatments on the egg quality parameters during year 2 (n = 96 per treatment).

Parameter
Treatments

Con Sal-0.5% Sal-1.0% p-Value

Egg weight (g) 65.37 ± 5.497 65.87 ± 6.411 65.84 ± 5.037 0.597
Yolk weight (g) 15.42 ± 1.226 15.58 ± 1.819 15.61 ± 1.468 0.362
Shell weight (g) 6.13 ± 0.649 6.16 ± 0.756 6.18 ± 0.594 0.695

Albumen weight (g) 43.82 ± 4.612 44.13 ± 5.089 44.04 ± 4.179 0.787
Shell thickness (mm) 0.44 ± 0.035 0.43 ± 0.034 0.44 ± 0.0316 0.428

Egg length (mm) 58.17 ± 1.958 58.42 ± 2.408 58.26 ± 2.087 0.493
Egg width (mm) 44.62 ± 1.409 44.70 ± 1.543 44.77 ± 1.218 0.586

Shape index 0.77 ± 0.025 0.77 ± 0.026 0.77 ± 0.025 0.471
Shell color 25.27 ± 5.384 25.80 ± 4.790 25.23 ± 3.987 0.349

Yolk weight 7.66 ± 0.979 7.77 ± 0.915 7.82 ± 0.852 0.231
Haugh units 91.77 ± 9.992 92.17 ± 8.034 90.41 ± 10.431 0.254
Albumen pH 8.40 ± 0.293 a 8.48 ± 0.232 b 8.52 ± 0.220 c <0.001

Yolk pH 6.01 ± 0.127 a 6.02 ± 0.109 a 6.06 ± 0.208 b 0.001
Yolk color 7.66 ± 0.979 7.77 ± 0.915 7.82 ± 0.852 0.212

Specific gravity 1.09 ± 0.006 1.09 ± 0.006 1.09 ± 0.007 0.711
Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of Salvia
officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L. a–c: Values
sharing different superscripts differ between them significantly at p < 0.05.

Table 9. Effects of the treatments on the oxidative stability of egg yolk during year 1 (n = 12
per treatment).

Time
Treatments

Con Sal-0.5% Sal-1.0% p-Value

T = 0 min 43.59 ± 7.749 56.23 ± 12.571 41.62 ± 6.538 0.107
T = 50 min 859.71 ± 424.689 951.88 ± 336.77 688.70 ± 104.288 0.521

T = 100 min 772.75 ± 247.486 780.29 ± 103.399 756.52 ± 295.707 0.989
T = 150 min 721.16 ± 272.843 628.99 ± 102.299 561.16 ± 132.086 0.497

Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of Salvia
officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L.

The results of the extent of lipid oxidation for year 2 are presented in Table 10. At
50 min and 100 min, the lipid oxidation was significantly lower in the Sal-1.0% group
compared to the control one, while it was intermediate for the Sal-0.5% group (p = 0.034
and p = 0.038, respectively). At 150 min, the lipid oxidation was lower in both the groups
supplemented with Salvia officinalis L. compared to the control one (p = 0.010).

Table 10. Effects of the treatments on the oxidative stability of egg yolk during year 2 (n = 12
per treatment).

Time
Treatments

Con Sal-0.5% Sal-1.0% p-Value

T = 0 min 45.78 ± 18.961 55.65 ± 21.167 62.61 ± 30.821 0.630
T = 50 min 582.03 ± 53.818 a 533.33 ± 59.482 ab 448.67 ± 66.819 b 0.034

T = 100 min 585.51 ± 38.917 a 553.62 ± 113.305 a 430.15 ± 48.732 b 0.038
T = 150 min 731.01 ± 168.776 a 513.04 ± 101.913 b 413.33 ± 33.73 b 0.010

Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of Salvia
officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L. a,b Values
sharing different superscripts differ between them significantly at p < 0.05.

3.4. Microbiological Analysis of Eggshells

The testing of both egg yolk and eggshell revealed the absence of Salmonella spp. and
Campylobacter spp. during the first experiment. For the colonies of Enterobacteriaceae,
their number per experimental group is presented in Table 11. The total number of
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Enterobacteriaceae was significantly lower in the Sal-1.0% group compared to the Con
(p = 0.032).

Table 11. Effects of the treatments on the total number of Enterobacteriaceae of eggshells collected
during year 1 (n = 12 per treatment).

Parameter
Treatments

Con Sal-0.5% Sal-1.0%

Enterobacteriaceae (N/g) 235.0 ± 147.16 179.0 ± 154.95 108.8 ± 130.71

p-Value
Con vs. Sal-0.5% Con vs. Sal-1.0% Sal-0.5% vs. Sal-1.0%

0.282 0.032 0.342
Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of Salvia
officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L.

Additionally, in year 2, the testing of both egg yolk and eggshell revealed the absence
of Salmonella spp. and Campylobacter spp. during the second experiment. For the colonies
of Enterobacteriaceae, their number per experimental group is presented in Table 12. The
total number of Enterobacteriaceae was significantly lower in the Sal-1.0% group compared
to the Con (p = 0.041) and tended to be lower in Sal-1.0% compared to Sal-0.5% (p = 0.087).

Table 12. Effects of the treatments on the total number of Enterobacteriaceae of the eggshells collected
during year 2 (n = 12 per treatment).

Parameter
Treatments

Con Sal-0.5% Sal-1.0%

Enterobacteriaceae (N/g) 233.3 ± 149.74 231.0 ± 184.89 123.3 ± 87.00

p-Value
Con vs. Sal-0.5% Con vs. Sal-1.0% Sal-0.5% vs. Sal-1.0%

0.863 0.041 0.087
Con: hens fed the control-standard diet, Sal-0.5%: hens were fed the control diet supplemented with 0.5% of Salvia
officinalis L., and Sal-1.0% hens were fed the control diet supplemented with 1.0% of Salvia officinalis L.

4. Discussion

The development in poultry production systems from traditional cages to enriched
cages, free-range systems, and organic systems resulted in multiple challenges for the health
and welfare of laying hens. The new systems also increased the efforts to maintain the high
performance and health of hens [35]. As asserted in the Introduction, the supplementation
of aromatic plants in the diet of laying hens has been a promising practice recently due
to their antimicrobial–bacteriostatic and antioxidant properties [10]. However, in organic
systems, there is limited evidence regarding the benefits of dietary supplementation of
aromatic plants in production output and the health of laying hens [9]. Hence, in the
present study, we chose to study the role of a common and distinctive aromatic plant,
Salvia officinalis L., on the performance and health of laying hens raised in a commercial
organic farm. The results showed that Salvia officinalis L. can improve certain egg quality
characteristics subject to several environmental parameters at the farm level that are
difficult to control in commercial farms [36]. Moreover, our intention was to avoid major
alterations in the daily practices of the farm.

The primary focus of the study was on the egg quality, yolk oxidative stability, and
eggshell microbiological counts. Although assessing the effects on the performance param-
eters was not within the main objectives, we presented performance data to provide more
conclusive information for the readers. The practical aspects of the experimental setup of
the study obliged us to split the 66 laying hens into two pens that were replicates of each
treatment and for each year, resulting in 33 hens per pen and with two pens per treatment.
Likewise, in a recent study with organic laying hens, each treatment comprised of two pens
with 35 hens in each pen [34]. Similarly, in a study investigating the effects of probiotic
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supplementation in organic laying hens, each treatment comprised three replicates with
20 hens in each replicate [11]. Due to the housing requirements for organic laying hens
for outdoor access, such an experimental setup for organic laying hens’ feed experiments
is inevitable, as housing hens individually in experimental battery cages is not possible.
Under these practical considerations, and in agreement with the study of van der Heide
et al. [34], we decided not to proceed with the statistical evaluation of the performance data
for years 1 and 2. Instead, we assessed the treatment differences for the performance data
of both years. Still, this approach enabled the inclusion of four replicate performance data
per treatment, which is not an optimum number of replicates for statistical comparisons.
Nevertheless, the descriptive results in year 1 showed that the performances of the hens
differed between the groups supplemented with Salvia officinalis L. at 0.5% compared to
the controls, with the laying percentage lower and feed conversion ratio higher. This may
be attributed to the increased feed intake in the specific group during the transition from
the summer to the autumn period [35,37]. It is plausible that the external factors may have
been more detrimental in this group compared to the other two groups. Mashaly et al. [38]
and Bozkurt et al. [39] reported increased feed intakes in birds during periods of lower
environmental temperatures following periods of higher temperatures. During the second
experimental period (year 2), the performance parameters were similar between the experi-
mental groups. However, the daily feed intake was higher for hens of all groups compared
to the first year. This could be due to the higher levels of humidity noticed during year 2.
Other factors could also be involved for the increased feed intake, especially in the groups
supplemented with the aromatic plant, i.e., a positive influence on the feed palatability
in the group supplemented with 0.5% of Salvia officinalis L. but not in that supplemented
with 1% [13]. Bölükbası et al. [40] showed that the inclusion of a 200-mg/kg extract of
Salvia sclarea L. reduced the feed consumption of laying hens. In the latter study, the feed
conversion was also improved in the hens supplemented with Salvia sclarea L., but there
was no effect on the body weight or laying performance. Moreover, the supplementation
of Salvia officinalis L. leaves at 2.5% in the laying hens’ diet did not improve any of the
performance parameters [41]. The supplementation of the extract of Salvia sclarea L. in
the diets of laying hens did not affect the body weight or laying percentage but improved
the feed conversion ratio [40]. The data on the overall experiment revealed that the hens
supplemented with 0.5% of Salvia officinalis L. showed an improved feed conversion com-
pared to the Con group, which corroborated with the previous findings. Meanwhile, a
favorable increase in the egg mass for the overall experiment was noted in the Sal-0.5%
compared to Con group, which can be attributed to the improvement of feed conversion in
this specific Salvia officinalis L.-supplemented group. According to Çabuk et al. [42], the
supplementation of a product containing extracts from various aromatic plants, including
Salvia triloba L., in laying hens’ diets increased the weight of hens and improved the feed
conversion ratio. Özek et al. [43] and Bozkurt et al. [39] used an extract also containing
Salvia triloba L. in their experiment but did not find any effects on the performance of laying
hens. It should be noted that the previous studies have been conducted in conventional
systems and not in organic ones. Laying hens in organic production systems show greater
feed conversion rates than those reared under conventional systems [44]. The latter dif-
ference is attributed to the greater level of activity and due to a greater variability of the
environmental temperature in organic systems [44,45].

In our study, the yolk weight was increased in eggs from hens supplemented with
1.0% Salvia officinalis L. in both experiments compared to the other two groups. This effect
could be attributed to the greater abundance of antioxidant substrates in a specific group,
which helped hens to tolerate thermal stress during the production of the yolk [46,47].
The improved digestion and absorption of nutrients in the groups supplemented with
Salvia officinalis L. could also have contributed to the higher yolk weight [48–50]. Similarly,
Bozkurt et al. [39] reported that the yolk weight was improved when the diets of laying
hens were supplemented with an extract containing, among others, Salvia triloba L. In the
latter study, the hens were subjected to thermal stress conditions, and the outcome was an
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increase in yolk weight with a concurrent reduction in albumen weight. In the past, other
have also investigated the effects of Salvia officinalis L. supplementation on the egg quality
characteristics. Loetscher et al. [41] showed that the dietary supplementation of leaves
of Salvia officinalis L. at 2.5% did not improve the egg quality parameters. On the other
hand, the supplementation of an extract of Salvia sclarea L. increased the egg weight and
Haugh units, while it reduced the yolk percentage [40]. Under thermal stress conditions,
the supplementation of an extract containing Salvia triloba L. increased only the egg Haugh
unit [42]. Elsewhere, aromatic plant supplementation of the family of Labiatae (oregano,
thyme, and rosemary) increased the egg yolk weight [51].

In the present study, it is plausible that laying hens were subjected to chronic heat
stress conditions. According to Akbarian et al. [52], chronic heat stress is a combination
of high ambient temperatures during a prolonged period. This was probably the case in
our study, with the average environmental temperatures being higher during the summer
months and especially during the first experimental period. It is known that chronic
heat stress induces a depletion of antioxidant reserves in poultry [52], and therefore, it
is necessary to replace them by dietary means. Phytochemicals are among those dietary
antioxidant ingredients beneficial in chronic heat-stressed poultry [52]. In our study,
based on the results of MDA in the egg yolks during year 1, it can be hypothesized that
chronic heat stress had a detrimental effect on the antioxidant mechanisms of laying hens
supplemented with Salvia officinalis L. However, during year 2, the MDA levels in egg
yolks were significantly lower in both groups supplemented with Salvia officinalis L. This
finding suggests that chronic heat stress was less pronounced compared to year 1 and that,
under these conditions, Salvia officinalis L. supplemented with either 0.5% or 1.0% was
able to counteract the oxidative stress conditions. Loetscher et al. [41], showed that the
supplementation of leaves of Salvia officinalis L. at a level of 2.5% improved the antioxidative
properties of egg yolks. Elsewhere, it was shown that the supplementation of an extract
also containing Salvia triloba L. resulted in a significant reduction of MDA in egg yolks
and increased the levels of liver enzymes involved in the antioxidative pathways [53]. It
is apparent that Salvia officinalis L. supplementation improves not only the antioxidative
properties of the eggs but also protects laying hens from pro-oxidative conditions.

The results also showed that the dietary supplementation of Salvia officinalis L. at
1% significantly reduced the counts of Enterobacteriaceae in eggshells compared to the
control group in both experimental periods. This effect could be attributed to the antibac-
terial properties of the Salvia officinalis L. components, such as α-thujone, which had a
concentration of 40% in the plants used in our study. Previous studies showed that the
supplementation of 200 mg/kg of extract of Salvia sclarea L. in laying hen diets reduced the
Enterobacteriaceae counts in the feces [40]. These findings are important, as eggs collected
from free-range systems were shown to be more contaminated with Enterobacteriaceae
counts than those eggs collected from conventional ones [54–56].

5. Conclusions

The supplementation of Salvia officinalis L. in powder form, especially at a level of
1%, can improve the oxidative stability of eggs produced by laying hens raised in organic
systems. The dietary treatments reduced significantly the counts of Enterobacteriaceae in
the eggshells. The potential of the use of Salvia officinalis L. in a powder form in organic
laying hens’ diets is promising and requires further investigation.
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Simple Summary: Protein is considered as the most expensive nutrient in animal diet and requires
exogenous proteolytic enzymes for proper digestion in all living organisms. Thus, the present study
evaluated different crude protein levels (CP) with or without exogenous protease in broilers diet
over 15–28 days on their growth and nutrient digestibility. Based on the obtained findings, it is
recommended a reduction in protein contents of diets from 21 to 19% when the protease enzyme is
supplemented, to produce a beneficial impact on the growth and digestibility of broilers and also to
reduce feeding costs.

Abstract: In this trial, a 3 × 2 factorial design with different dietary crude protein levels (CP, 17, 19
and 21%) and two levels of exogenous protease (0 and 30,000 IU/kg) was used. A total of 540 two-
week old broilers (Ross-308) was randomly allocated to experimental diets over 15–28 days of age.
The interaction between dietary protein levels and enzyme supplementation showed that body
weight gain was significantly (p < 0.05) higher in birds fed CP-19 (1114.7 g) and CP-21 (1108.8 g)
with enzymes supplementation. Feed intake was higher (p < 0.05) in broilers fed with CP-17 than
CP-19 with supplementation of the protease enzyme. Results also revealed that the feed conversion
ratio (FCR) was significantly (p < 0.05) improved in birds fed with CP-19 and CP-21 and protease
supplementation. Total tract N retention was lower (p < 0.05) in birds fed CP-17 with no enzyme
than the other dietary groups. Similarly, the gross energy (GE) was significantly (p < 0.05) lower
in birds fed CP-17 with or without the protease enzyme. Abdominal fat was higher (p < 0.05) in
CP-17 (0.96%) without the protease enzyme. It was concluded that a diet at 19% CP with the protease
enzyme improved the performance and nutrient digestibility in broilers over 15–28 days.

Keywords: broiler; protease; dietary protein; growth; nutrient utilization

1. Introduction

The inclusion of exogenous protease may be an effective nutritional tool to improve
growth and increase digestibility of crude protein and metabolizable energy in broiler
diet [1]. Endogenous enzymes are secreted in animal body, but their concentration is
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not always sufficient for efficient protein digestion [2], especially during the growing
phase, where feed intake substantially increases. Past experiments indicated that most
of the crude protein (CP) went undigested without being completely utilized [3,4]. This
undigested protein may be better utilized in the presence of the exogenous protease enzyme.
Therefore, it is speculated that exogenous supplementation of enzymes may optimize the
CP digestibility and growth performance of broiler chickens [5,6]. Previous studies have
also demonstrated that nutrient density is more important for optimum growth and feed
efficiency in broilers during the finisher phase than the starter phase [7–9].

To minimize the feed cost, a low-protein diet is recommended in broilers [10]; however,
there is likelihood of less chance to obtain sufficient amount of essential amino acids, which
may also compromise the conversion of non-essential amino acids [2]. Several exogenous
enzymes are commercially available and being used in SBM-based diets to improve the
growth of broiler chickens. Exogenous enzymes improve not only feed efficiency, but also
reduce proteolytic fermentation, nutrients excretion in feces and bacterial toxins [11]. More-
over, the protease enzyme cleaves anti-nutritional factors, such as trypsin inhibitors, thus
resulting in enhanced utilization of amino acids [2]. Earlier studies have also demonstrated
that protease supplementation increased ileal digestibility, resulting in improved growth
performance in broilers fed on low-protein diets [12]. In addition, little attention has been
given to the digestibility of energy of nutrients in protease-supplemented birds. Many
studies have documented inconclusive findings in broilers fed with different levels of
CP [9,11,12]. Law et al. [12] concluded that digestibility of nutrients was higher in broilers
fed with 19% CP than 16% co-supplemented with the protease enzyme during the finishing
phase. Jabbar et al. [13] reported best results in term of performance and digestibility of
nutrients in response to protease enzyme supplementation in broilers fed with 21% CP. An-
other study reported that exogenous protease supplementation in low energy-protein diets
is helpful in achieving enhanced growth performance and lower abdominal fat in broilers
in heat stress conditions [9]. In the published literature, discrepancies exist on the level of
CP in broilers diet. We hypothesized that addition of the protease enzyme could reduce the
level of CP with no compromise on the growth performance of broiler. Therefore, the objec-
tive of the present study is to evaluate different levels of CP with and without exogenous
protease in broiler diet over 15–28 days on their growth and nutrient digestibility.

2. Materials and Methods
2.1. Ethical Approval

The study was approved by the Committee on Ethical and Animal Welfare, Faculty of
Animal Husbandry and Veterinary Sciences, University of Agriculture, Peshawar.

2.2. Experimental Procedures

Day-old chicks were reared under standard protocol of feeding (CP 22%, 2700 Kcal/kg),
environment temperature (35 ◦C in initial week and gradual decrease in the following
week) and lighting (23:1 light and dark cycle). Wood shavings were used as bedding
material with ad libitum access to drinking water. Using a 3 × 2 factorial design having
three dietary protein levels (CP, 17,19 and 21%) and two levels of the protease enzyme
(0 and 30,000 IU/kg), a total of 540 day-old male broiler chicks (Ross-308) were randomly
allotted to 36 floor pens (n = 15 chicks/pen) from 15 to 28 days of age. There were six
replicate pens per crude protein-enzyme supplementation subgroups. All the diets (pellet
form) were isocaloric, having digestible amino acids level that met or exceeded the require-
ments [14]. The stocking density was 10 birds/m2. The house temperature was maintained
at 25 ± 2 ◦C and humidity was 61%. Feed supply and consumption were weighed during
the entire period. Weight gain in broilers was recorded on a weekly basis for each group at
the end of experimental period. The diet was mixed with the exogenous protease enzyme
(Pro Plus, Medixacell, Lahore, Pakistan) at two dose levels (0 and 30,000 IU/kg). Protease
was derived from Bacillus subtilis and capable to break down protein and anti-nutritional
factors in plants with the strength activity of 600,000 PROT units/kg. The protease activity
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of this enzyme was measured in PROT units, which was defined as the concentration of
enzyme that releases 1 µmol of ρ-nitroaniline from 1 µM of substrate/min at 37 ◦C and pH
of 9. Three diets having 17, 19 and 21% CP with same level of metabolizable energy were
prepared as reported in Table 1.

Table 1. Ingredients and chemical composition of diets over 15–28 days.

Ingredients (%) Diet 17% CP Diet 19% CP Diet 21% CP

Corn 62.45 59.62 57.18
Soybean meal (44% CP) 9.27 11.08 14.51

Canola meal 7.00 7.00 8.00
Sunflower meal 5.71 6.00 5.00

Gluten meal (60% CP) 4.50 2.50 3.00
Poultry by-products 2.00 3.00 3.00

Gluten meal (40% CP) 1.21 2.60 2.81
Vegetable oil 1.00 2.19 2.04

Bone meal 1.00 1.00 1.00
Dicalcium Phosphate 1.00 1.00 0.65

Limestone 1.00 0.86 1.02
Salt 0.45 0.45 0.45

VitaVit-minerals premix 1 0.12 0.12 0.12
L-Lys HCl 0.55 0.42 0.23

DL-Met 0.28 0.20 0.14
Valine 0.99 0.71 0.46

Threonine 0.72 0.66 0.34
Isoleucine 0.43 0.36 0.00
Arginine 0.32 0.22 0.00

Chemical composition
ME, kcal/kg 2950 2930 2920

Crude protein, % 17.00 19.00 21.00
Ca, % 1.00 1.00 1.00

Available P, % 0.45 0.45 0.45
Met + Cys, % 0.90 0.90 0.90

Methionine, % 0.59 0.56 0.53
Lysine, % 1.15 1.15 1.15
Valine, % 0.96 0.68 0.99

Threonine, % 0.83 0.72 0.89
Isoleucine, % 0.93 0.85 0.88
Arginine, % 1.19 1.09 1.21

1 Vitamin–mineral premix/kg contains the following per kg: vitamin A, 2,400,000 IU; vitamin D, 1,000,000 IU;
vitamin E, 16,000 IU; vitamin K, 800 mg; vitamin B1, 600 mg; vitamin B2, 1600 mg; vitamin B6, 1000 mg; vitamin
B12, 6 mg; niacin, 8000 mg; folic acid, 400 mg; pantothenic acid, 3000 mg; biotin 40 mg; antioxidant, 3000 mg; cobalt,
80 mg; copper, 2000 mg; iodine, 400; iron, 1200 mg; manganese, 18,000 mg; selenium, 60 mg; zinc, 14,000 mg.

2.3. Total Tract Digestibility Assay

Total tract N retention was determined on day 28 of the experiment using acid-
insoluble ash as digestibility marker. On day 25 of the experiment, the marker was mixed
in the experimental rations and fed to the birds (five birds per replicate), separated in
metallic cages, till the end of the trial. On day 28 of the experiment, excreta samples were
collected twice a day in plastic bags and stored at −20◦C. The grinded feed and excreta
samples were passed through a 0.5 mm sieve and stored at −20◦C. Nitrogen (N) was
determined through the Kjeldahl technique and multiplied by 6.25 to find out total tract N
retention. Gross energy (GE) was determined using a bomb calorimeter [13]. On day 28,
five birds per replicate were randomly selected to determine abdominal fat. Birds were
sacrificed (cut the neck with sharp knife) and defeathered and abdominal fat was removed
from around the abdominal organs and belly. Fat pads were weighed as percentage of live
body weight.
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2.4. Statistical Analysis

Data were analyzed by analysis of variance (ANOVA) using the general linear model
(GLM) procedure of the statistical analysis system of SAS [15] to identify the main effects
of diets, enzyme and their interaction by factorial design. When the interaction was found
to be significant, Tukey’s test was applied to separate the means. A p-value less than 0.05
was found to be statistically significant.

3. Results

Data regarding the effects of different dietary protein and protease on broiler chick’s
performance are presented in Table 2. The results show that body weight gain was signifi-
cantly (p < 0.05) lower in the group fed CP-17, with no significant (p > 0.05) difference in
feed intake. As a consequence, FCR was significantly (p < 0.05) higher in birds fed with
CP-17. Similarly, body weight gain was significantly (p < 0.05) higher in birds treated with
enzymes, while FCR was significantly (p < 0.05) lower in the same group. The interaction
between protein levels and enzyme supplementation showed that body weight gain was
significantly (p < 0.05) higher in birds fed with CP-19 and CP-21 with enzymes supple-
mentation. Feed intake was significantly (p < 0.05) higher in birds fed with CP-17 than
CP-19 with supplementation of protease enzyme. The results also revealed that FCR was
significantly (p < 0.05) lower in birds with protease supplementation.

Table 2. Body weight gain, feed intake and feed conversion ratio (FCR) of broilers fed different levels
of crude protein and protease enzyme over 15–28 days.

Item Body Weight Gain (g) Feed Intake (g) FCR (g/g)

CP 1

CP-17 938.0 b 1895.0 2.02 a

CP-19 1098.4 a 1857.1 1.69 b

CP-21 1096.0 a 1873.2 1.71 b

Pooled SEM 76.33 102.45 0.11

Enzyme 2

Without enzyme 1021.0 b 1867.2 1.84 a

CP + enzyme 1067.0 a 1883.1 1.77 b

Pooled SEM 45.66 124.00 0.12

CP × Enzyme
CP-170 899.0 d 1875.0 ab 2.08 a

CP-17E 977.3 c 1915.4 a 1.96 b

CP-190 1082.2 b 1858.0 ab 1.71 c

CP-19E 1115.0 a 1856.4 b 1.66 d

CP-210 1082.4 b 1869.0 ab 1.72 c

CP-21E 1109.00 ab 1877.4 ab 1.69 cd

Pooled SEM 78.33 106.55 0.11

p-Value
CP <0.001 0.1799 <0.001

Enzyme 0.0001 0.3301 0.0001
CP × Enzyme 0.0456 0.0383 0.0238

Means in the same column with different superscripts differ significantly (p < 0.05). 1 Diets containing different
levels of CP: CP-1 = 17% CP; CP-2 = 19% CP; CP-3 = 21% CP (all these diets were with or without protease
enzyme). 2 Protease enzyme at 30,000 UI/kg.

The effects of the different levels of protein and enzyme supplementation on digestibil-
ity indices and abdominal fat are given in Table 3. Results revealed that total tract N
retention was significantly (p < 0.05) higher in birds fed with CP-19 and CP-21. The GE was
significantly (p < 0.05) higher in the diet with CP-19 and CP-21 than CP-17. Abdominal fat
was significantly (p < 0.05) lower in CP-19 and CP-21 than CP-17. Protease supplementa-
tion significantly (p < 0.05) improved total tract N retention and GE; however, abdominal
fat (0.62%) was reduced (p < 0.05) in broiler chickens. The interaction showed that CP
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digestibility was lower (p < 0.05) in birds fed with CP-17 with no enzyme supplementation
than the rest of the groups. Similarly, GE was significantly (p < 0.05) higher in birds fed
with CP-19 and 21 plus protease supplementation than CP-17 without protease enzyme.
Further, abdominal fat was significantly (p < 0.05) higher in CP-17 without protease enzyme
than the other treatments.

Table 3. Total tract N retention, gross energy (GE) and abdominal fat of broilers fed different levels
of crude protein and protease enzyme over 15–28 days.

Item Total Tract N Retention (%) GE (Kcal/kg) Abdominal Fat (%)

CP 1

CP-17 66.00 b 2889.0 b 0.87 a

CP-19 68.00 a 2928.0 a 0.59 b

CP-21 68.25 a 2930.0 a 0.55 c

Pooled SEM 1.74 103.55 0.01

Enzyme 2

Without enzyme 66.08 b 2904.0 0.72 a

CP + enzyme 68.29 a 2927.1 0.62 b

Pooled SEM 2.42 203.45 0.01

CP × Enzyme
CP-170 62.71 d 2876.0 b 0.96 a

CP-17E 64.00 c 2902.0 ab 0.77 b

CP-190 67.00 b 2919.0 ab 0.63 c

CP-19E 68.19 ab 2936.5 a 0.55 d

CP-210 68.18 ab 2917.0 ab 0.57 d

CP-21E 68.36 a 2943.2 a 0.53 d

Pooled SEM 3.33 107.00 0.01

p-value
CP <0.001 <0.001 0.0348

Enzyme 0.0007 <0.001 0.0919
CP × Enzyme 0.0339 0.0009 0.0052

Means in the same column with different superscripts differ significantly (p < 0.05). 1 Diets contained different
levels of CP: CP-1 = 17% CP; CP-2 = 19% CP; CP-3 = 21% CP (all these diets were with or without protease
enzyme). 2 Protease enzyme at 30,000 UI/kg.

4. Discussion

Enzyme supplementation in broiler diet is well known for its economic, environmental
and nutritional advantages. In the present study, the body weight of birds was significantly
higher when fed with CP-19 plus protease enzyme, while FCR and abdominal fat were
significantly lower in the same group. In contrast, the growth performance, feed intake
and feed efficiency were severely affected in birds fed with CP-17 with or without enzymes.
This outcome was expected, since the lower CP accumulated body fat and resulted in
decreased feed efficiency and utilization. Our findings are partially similar to the previous
studies reporting that low CP diets negatively affect the performance and feed efficiency of
broilers [2,16]. In the present study, it was obvious that CP-19 with enzyme supplementa-
tion was superior in terms of higher growth performance in than CP-21 without enzyme
supplementation. There is also an economic aspect to these findings, since the broiler
producers would opt to use CP-19 with protease supplementation to reduce feed-cost.
Previous studies have attempted to decrease the CP content of broiler and ducks, which
resulted in some noxious effects [17,18]. In the present study, total tract N retention and
GE were significantly improved in birds fed with CP-19 with supplementation of protease.
Previously, it has been reported that protease enzyme supplementation improved CP
digestibility in broiler chickens [3,11,19,20]. Freitas et al. [21] reported that digestibility
of protein is higher in high-CP than low-CP diets, in response to the exogenous protease
enzyme. Although this behavior of the protease enzyme has resulted in inconsistent
growth performance in some of the experiments in broilers [22], this was not the case
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in our study. In this experiment, the improvement in the digestibility indices resulted
in a parallel increase in the growth performance of broilers. Furthermore, in the current
study, GE was the highest in birds fed a diet with CP-19 and CP-21 and protease enzyme.
Freitas et al. [21] reported improved digestibility of CP in broilers in response to low-CP
in the diet. Similar to our findings, Vieira et al. [23] reported improved CP digestibility in
protease-supplemented broilers, when compared with a low-CP diet. Moreover, Favero
et al. [24] also reported a 5% improved digestibility of energy in broilers in the highest level
of CP with protease supplementation. In contrast to our results, the metabolizable energy
was higher in birds given a low-CP diet [3].

In the current study, the highest fat percentage was found in broilers fed with CP-17
with no protease enzyme supplementation. It is clear from this study that low protein diet
promotes abdominal fat deposition. Abdominal fat of the carcass is an unfavorable trait
and its presence decreases the consumers’ acceptability. It is one of the major drawbacks
of the low-CP diet. In an experiment, fat content was reduced in broiler fed with low-CP
diet [9]. Previous studies have reported a significantly higher percentage of abdominal fat
in broiler at the end of experimental period fed with low protein diet [17,20], which has
been attributed to higher calorie: protein ratio. It is inferred that exogenous protease helps
to digest fats, thus increasing the availability of metabolizable energy, as recorded in the
current study and reported previously [5]. Thus, it seems that excess energy beyond protein
deposition is mainly accumulated as abdominal fat. In the current study, it was also clear
that there was a slight difference in growth and digestibility in CP-19 and 21, elucidating
that birds performed well under these two levels of CP when protease was supplemented
in the diets. Previous studies have recommended a slight reduction in protein contents of
the diets when the protease enzyme was supplemented to produce a beneficial impact on
the growth and digestibility of broilers [9,13]. Further, it is more economical for farmers to
use CP-19 than CP-21.

Therefore, based on the present findings, it was concluded that fed a diet at 19% CP
with the protease enzyme improved the growth performance and nutrients digestibility
during a trial period of 15–28 days.
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Simple Summary: The biological activity of quercetin is diverse, particularly antioxidant, antimicro-
bial, and antibacterial. The impacts of quercetin nutritional supplementations on growth performance,
humoral immunity, gut microbiota and mRNA in broiler chickens were recorded.

Abstract: Quercetin was fed to groups of broiler chickens at concentrations of 200, 400, and 800 ppm,
and a control group was supplemented with a basal diet. Results revealed that quercetin dietary
supplementation numerically improved the growth performance traits and significantly increased
(p < 0.05) the European production efficiency factor (EPEF) in the 200 ppm group. The total coliforms
and Clostridium perfringens were decreased (p < 0.05) in quercetin-supplemented groups. Conversely,
Lactobacillus counts were increased (p < 0.05), due to improvement of the gut microbiota environment
in quercetin-supplemented groups. Moreover, the mRNA expression of intestinal Cu/Zn-superoxide
dismutase (SOD1), glutathione peroxidase (GSH-Px) and nutritional transporters, including glucose
transporter 2 (GLUT2), peptide transporter 1 (PEPT1), and fatty acid synthase (FAS) genes, were
significantly upregulated in quercetin-supplemented groups. Quercetin enhanced intestinal mor-
phometry. We can suggest quercetin supplementation in broiler chickens by levels between 200 and
400 ppm to enhance their development and gut environment.

Keywords: antioxidant; broilers; growth performance; gut microbiota; quercetin

1. Introduction

The microbiome plays a major role in the gastrointestinal tract health, immune system,
and productivity of broiler chickens [1]. The link between intestinal health and overall
health is raised by the quality of feed consumed by broiler chickens [2]. Many studies
have been conducted to enhance the intestinal environment by adding herbs, probiotics,

268



Animals 2021, 11, 2302

and exogenous enzymes to the diet of broiler chickens to increase their efficiency and
productivity [3–8].

The global banning of antibiotic growth promotors has encouraged researchers to
find alternative solutions. Flavonols can regulate feed intake, contribute to eubiosis, and
exhibit antimicrobial, immunomodulatory, anti-inflammatory, and antioxidant properties
in monogastric animals [9]. Quercetin (3,3′,4′,5,7-pentahydroxyflavone) is a constituent
of flavonols, a sub-group of flavonoids that are present in some fruit (apples, berries, and
grapes), herbs, and some vegetables (onions and broccoli) [10]. Quercetin is a powerful,
anti-inflammatory, antimicrobial, anti-obesity, anti-hypercholesterolemic, antioxidant, anti-
aging, and anticancer agent [11]. Having antioxidative action is the primary core of
quercetin’s biological activities. Quercetin is generally one of the most commonly used
bioflavonoids for metabolic and inflammatory diseases [12].

Regarding the role of quercetin in broiler diets, the study of Goliomytis et al. [13]
stated that quercetin may extend the shelf-life of meat by decreasing the lipid oxidation rate
and may lead to enhanced animal health. Quercetin also increases the immune responses
in broiler chickens [14]. The current research examines the impact of various quercetin
supplementation concentrations on the performance, gut microbiota, humoral immunity,
and some mRNAs of broiler chickens.

2. Materials and Methods
2.1. Ethics Statement

The research was endorsed by the Local Experimental Animal Care Committee of the
University of Damanhour, Egypt, Faculty of Veterinary Medicine (VMD: 15/2018).

2.2. Animals, Management and the Experimental Design

One hundred and twenty-eight one-day-old Ross 308 chicks were obtained from a
commercial hatchery and randomly allocated into four equal groups of mixed-sex chicks
(32 birds of equal body weights per group (41 gm/chick)). Each group was subdivided
into four replicates (8 birds per replicate) with an equal number of males in each replicate
(2 males and 6 females) and raised on wire-floored cages of the same dimensions, and
numbers of nipple drinkers and feed hoppers. They received an experimental diet for five
consecutive weeks. The birds were allowed to consume feed and water ad libitum and were
kept under daily observation. The environmental temperature of the 1st week was 32 ◦C
and progressively reduced to 26 ◦C by the 3rd week of age, and the chicks were exposed to
23 h light. Chicks were allocated into control group 1 (control, fed on a commercial basal
diet); group 2 (Q200), group 3 (Q400), and group 4 (Q800) were fed a commercial basal diet
containing 200, 400, and 800 ppm quercetin (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA), respectively. The basal diets (corn–soybean based diet) were formulated according
to the nutrient requirements for broiler chickens (Ross 308) [15]. The nutrient content of
the ingredients was evaluated following the instructions of AOAC [16]. The ingredients’
percentage and calculated composition analysis of the basal diet are shown in Table 1.

Broiler chickens were vaccinated under the following program in all cages: inactivated
avian influenza subtype H5N1 vaccine (MeFluvac®, MEVAC, Cairo, Egypt) by subcu-
taneous injection, and bivalent live Newcastle disease and infectious bronchitis vaccine
(Nobilis® Clone 30 + Ma5, MSD, Boxmeer, The Netherlands) at 7 days of age; live Gumboro
intermediate plus (Bursine Plus® vaccine, Zoetis Inc., Florham Park, NJ, USA) at 14 days
of age, and finally vaccinated with live Newcastle disease (Nobilis® ND LaSota, MSD,
Boxmeer, The Netherlands) vaccine at 18 days of age. Eye drops were used to administer
all live vaccines.
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Table 1. Ingredients’ percentage and calculated composition analysis of the experimental starter and
grower diets (%, as-fed basis).

Ingredients % Starter (0–10 d) Grower (11–21 d) Finisher (22–35 d)

Yellow corn 54.78 58.88 63.90
Soybean meal (44%) 33.5 29.4 24
Corn gluten (60%) 5 5 5

Corn oil 2 2.65 3.15
Dicalcium phosphate 1.73 1.6 1.5

Lime stone 1.35 1 1
Salt 0.4 0.4 0.4

DL-methionine * 0.15 0.12 0.1
HCl-lysine ** 0.35 0.3 0.3

Vitamins and minerals
premix *** 0.3 0.3 0.3

Antimycotoxin 0.2 0.2 0.2
Sodium bicarbonate 0.1 0.1 0.1

Choline chloride 0.05 0.05 0.05
Calculated composition

ME, Kcal/Kg diet 3005 3100 3195
CP% 23 21.5 19.5
Ca% 1 0.87 0.82

Avail. P% 0.47 0.44 0.41
Methionine% 0.56 0.51 0.47

Lysine% 1.44 1.29 1.14
Meth. + Cyst.% 0.93 0.86 0.78

Na% 0.20 0.20 0.20
SBM = soybean meal, ME = metabolizable energy, CP = crude protein, Av. (P) = available phosphorous. * DL—
methionine 99% feed grade China. ** L—lysine 99% feed grade. *** Vitamin and mineral premix (Hero mix)
produced by Hero pharm and composed (per 3 kg) of vitamin A 12,000,000 IU, vitamin D3 2,500,000 IU, vitamin
E 10,000 mg, vitamin K3 2000 mg, vitamin B1 1000 mg, vitamin B2 5000 mg, vitamin B6 1500 mg, vitamin B12
10 mg, niacin 30,000 mg, biotin 50 mg, folic acid 1000 mg, pantothenic acid 10,000 mg, manganese 60,000 mg, zinc
50,000 mg, iron 30,000 mg, copper 4000 mg, iodine 300 mg, selenium 100 mg, and cobalt 100 mg.

2.3. Growth Performance

The performance parameters include the body weight (BW), feed intake (FI), body
weight gain (BWG), feed conversion ratio (FCR), and protein efficiency ratio (PER). The
viability percentage was assessed weekly over the whole experimental period. In addition,
the European production efficiency factor (EPEF) was evaluated at days 21 and 35 of the
study [17] and calculated according to the following equation:

EPEF = [(viability% × body weight per kg) ÷ (age per day× FCR)] × 100 (1)

2.4. Sample Collection

At days 21 and 35, fecal samples were collected and tested for total coliform, C.
perfringens and Lactobacillus counts. At the end of the experiment, day 35, blood samples
(n = 5) were collected from the wing vein without anticoagulant for serum separation. The
collected samples were centrifuged at 1435× g for 15 min at 4 ◦C to obtain clear sera for HI
test against avian influenza subtype H5N1. Five birds from each group were euthanized
through anesthesia with intravenous injection of sodium pentobarbital (50 mg/kg) and
immediately necropsied. Five intestinal (ileum) samples of 2 cm in length (5 cm proximal
to the ileo—cecal junction) for mRNA gene expressions and histological analysis were
taken from each group, processed, and analyzed as previously described [5].

2.5. Total Fecal Bacterial Count

The total coliform, C. perfringens, and Lactobacillus, counts were evaluated as previously
described [5].

Briefly, ten-fold dilutions (10 −1 to 10 −7) of each sample were performed with BPW
and directly inoculated on MacConkey’s agar for total coliform counting and incubated
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aerobically at 37 ◦C for 24 h. All red colonies within the range of 15–150 µm were selected
for counting.

C. perfringens were subcultured on Perfringens agar base (Oxoid; Table 2) mixed
with 400 mg of D-cycloserine per liter by the dilutions from 10 −1 to 10 −7 and incubated
anaerobically at 37 ◦C, using gas generating kits (Oxoid) for 48 h. Plates with black colonies
within the range of 25–250 µm were counted.

Table 2. Composition of Perfringens agar.

Ingredients Amount (g)

Tryptose 15.0

Soya peptone 5.0

Yeast extract 5.0

Sodium metabisulphite 1.0

Ferric ammonium citrate 1.0

Agar 19.0

Distilled water added to make 1 liter

The Lactobacillus count was conducted using Rogosa agar (Table 3) plates and cultured
by dilutions from 10 −1 to 10 −7, then incubated at 37 ◦C in 5% CO2. All whitish colonies
that appeared after 48 h of incubation were counted.

Table 3. Composition of Rogosa agar.

Ingredients Amount (g)

Tryptone 10.0

Yeast extract 5.0

Glucose 20.0

Sodium acetate, anhydrous 17.0

Ammonium citrate 2.0

Potassium dihydrogen phosphate 6.0

Magnesium sulfate 0.575

Manganese sulfate 0.120

Ferrous sulfate 0.034

Bacteriological Agar 20

Tween 80 1

Distilled water added to make 1 liter

2.6. Hemagglutination Inhibition (HI) Assay

Antibody titers for avian influenza subtype H5N1 were determined using a standard
H5N1 antigen; the positive titers were the highest dilutions of serum causing complete
inhibition of 4 hemagglutination units (4 HAU) of antigen [18,19].

2.7. RNA Extraction and RT-PCR

The total RNA was extracted and purified from intestinal samples (n = 5) of all groups
using QIAamp RNeasy Mini kit (Qiagen, GmbH, Hilden, Germany); then, RT-PCR was
done with QuantiTect SYBR Green PCR Master Mix (Qiagen, GmbH, Dusseldorf, Germany).
Primers are listed in Table 4 as previously practiced [5].
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2.8. Histology

The fixed samples were processed with the conventional paraffin embedding tech-
nique and stained with hematoxylin and eosin (H&E) as described by Bancroft and Lay-
ton [20]. Sectioning and slide preparation were done according to Saeed et al. [21]. Three
sections were utilized from each intestinal segment (one section from serial ten sections).
From every section, five well oriented complete villi were selected for the investigation. So,
fifteen values were estimated for each intestinal sample. Slides were examined under a
light microscope (Leica DM500) at 4× magnification, using a digital camera (Leica EC3,
Leica, Germany). Measurements of the villi height (VH), villi width in the middle of the
individual villus (VW), crypt depth (CD), and VH:CD ratio for each villus in the control
and supplemented groups were made by using ImageJ software (NIH, Bethesda, MD,
USA) [22].

2.9. Statistical Analysis

Statistical calculations were made with the SPSS programming tool (IBM SPSS. 20®)
(SPSS Inc., Chicago, IL, USA) using one-way ANOVA followed by Duncan’s multiple range
tests. Data of the HI assay, RT-PCR, and total fecal bacterial counts were analyzed with
one-way ANOVA and Tukey’s multiple range tests with Graphpad prism 5. All significant
deviations were based on p < 0.05.
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3. Results
3.1. Growth Performance and Survival Percentages

The initial live body weight between the distinct experimental groups non-significantly
varied (Table 5). In Q200, Q400, and Q800, growth was enhanced during the experimental
period by quercetin supplementation, compared with the control, by 3.27, 3.18, and 2.32%,
respectively, and feed intake values were similar to the control group. In comparison
with the control groups, the body weight gain, feed conversion ratios (FCR), and protein
efficiency ratio (PER) values were not substantially improved; however, the European
production efficiency factor (EPEF) was increased (p < 0.05) in Q200 as compared with the
control group. In addition, the quercetin-supplemented groups expressed no mortality,
compared to 3.13% of the control.

Table 5. Effect of dietary quercetin supplementation on growth performance and mortality rate
of broilers.

Control
Quercetin Supplementation

Q200 Q400 Q800 p-Value

Initial
weight, g 41.46 ± 0.47 41.67 ± 0.49 41.67 ± 0.49 41.67 ± 0.49 0.99
1 fBwt, g 1768.10 ± 31.56 1826.59 ± 35.88 1824.29± 31.97 1809.13 ± 25.77 0.54
2 BWG, g 1727.14 ± 31.36 1785 ± 35.58 1782.86 ± 31.60 1767.61 ± 25.45 0.54

BWG/day, g 49.35 ± 0.90 51 ± 1.02 50.94 ± 0.90 50.50 ± 0.73 0.54
3 FI, g 2887.24± 25.32 ab 2848.31 ± 28.45 b 2894.72 ± 6.11 ab 2926.58 ± 11.29 a 0.05
4 FCR 1.67 ± 0.03 1.60 ± 0.033 1.63 ± 0.03 1.66 ± 0.02 0.32
5 PER 2.80 ± 0.05 2.93 ± 0.06 2.87 ± 0.05 2.81 ± 0.04 0.27

6 EPEF 296.54 ± 10.12 b 331.06 ± 13.03 a 323.29 ± 11.54 ab 313 ± 8.32 ab 0.01
Mortality% 3.13 0 0 0

Note: Means within each column for each division with no common superscript letters are significantly different
(p ≤ 0.05). Abbreviations. 1 Final body weight. 2 Body weight gain. 3 Voluntary feed intake. 4 Feed conversion
ratio. 5 Protein efficiency ratio. 6 EPEF = [(viability % × body weight per kg) ÷ (age per day× FCR)]× 100.

3.2. Total Fecal Bacterial Count

Total coliform counts decreased significantly (p < 0.001) by 21 and 35 days in all
quercetin-supplemented groups (Q200, Q400, and Q800) (Figure 1A,B), compared with
the control group. Total Clostridium perfringens counts were decreased in all quercetin
supplements (p < 0.001) at 35 days of age (9.41 log10 CFU/g), compared with the control
(Figure 1C,D). Conversely, the total number of Lactobacillus in groups supplemented with
quercetin was enhanced (p < 0.001), compared with the control at both ages (21 and 35 days)
(Figure 1E,F).

3.3. Hemagglutination Inhibition Test

In the quercetin-supplemented groups and controls, no significant differences were
found among HI Titer values of the H5N1 avian influenza subtype; however, the titers of
Q200, Q400, and Q800 were below the control level at 5.4, 5.4, 5.8 vs. 6.4 log2, respectively
(Figure 2).

3.4. Antioxidant Enzymes’ Gene Expressions

As shown in Figure 3A, the expressions of the intestinal Cu/Zn-superoxide dismutase
(SOD1) in the Q400 and Q800 groups were significantly increased (p < 0.001), compared
with the control group, and were higher (p < 0.05 and p < 0.001, respectively) than Q200.
Moreover, the SOD1 gene expression was increased (p < 0.001) in Q800, compared with
Q400. Data in Figure 3B show the mRNA expression of glutathione peroxidase (GSH-Px);
the quercetin-supplemented groups had higher (p < 0.001) levels than the control. The fold
change of GSH-Px expression in Q800 and Q400 was increased (p < 0.001), compared with
Q200, while Q800 was also increased (p < 0.001) in comparison with Q400.
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Figure 1. Total coliform (A,B), C. perfringens (C,D), and Lactobacillus (E,F) counts in fecal samples.
** p < 0.01 and *** p < 0.001 vs. control. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. Q200. + p < 0.05,
++ p < 0.01, and +++ p < 0.001 vs. Q400. Statistical analysis was performed using one-way ANOVA
and Tukey’s post hoc test for multiple comparisons. Q200, birds fed 200 ppm. Q400, birds fed
400 ppm. Q800, birds fed 800 ppm.
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Figure 2. Antibody titer of H5N1 (log2). Statistical analysis was performed using one-way ANOVA
and Tukey’s post hoc test for multiple comparisons. Q200, birds fed 200 ppm. Q400, birds fed
400 ppm. Q800, birds fed 800 ppm.

Figure 3. RT-PCR validation of the SOD1 (A), GSH-Px (B), GLUT2 (C), PEPT1 (D), and FAS (E) genes.
** p < 0.01 and *** p < 0.001 vs. control. # p < 0.05 and ### p < 0.001 vs. Q200. +++ p < 0.001 vs. Q400.
Statistical analysis was performed using one-way ANOVA and Tukey’s post hoc test for multiple
comparisons. Q200, birds fed 200 ppm. Q400, birds fed 400 ppm. Q800, birds fed 800 ppm.
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3.5. Nutrients Transporter Gene Expressions

Figure 3C,D shows the expression of intestinal glucose transporter 2 (GLUT2) and
peptide transporter 1 (PEPT1), respectively. GLUT2 and PEPT1 expressions were increased
(p < 0.001) in quercetin-supplemented groups, compared with the control group. Addition-
ally, their expressions increased (p < 0.001) in Q800, compared with Q400 and Q200. The
same results were found for the intestinal fatty acid synthase (FAS) gene (Figure 3E) with a
significant increase (p < 0.001) in Q400, compared with the Q200 group.

3.6. Histology

The height and width of the villi in the quercetin-supplemented groups compared
with the control group significantly increased. The best supplementation for the villi
area was Q200. On the other hand, Q800 had the best effect on the crypt depth. Villi
height/crypt depth had the highest value in the Q200 group, due to the highest effect of
this supplementation on the villi (Figure 4).
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Figure 4. Light microscopic images of small intestine. (A) Control. (B) Q200 shows the highest villi
height and width and the lowest crypt depth. (C) Q400 shows the moderate villi height, width and
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Figure 4. Light microscopic images of small intestine. (A) Control. (B) Q200 shows the highest villi
height and width and the lowest crypt depth. (C) Q400 shows the moderate villi height, width and

Figure 4. Light microscopic images of small intestine. (A) Control. (B) Q200 shows the highest villi
height and width and the lowest crypt depth. (C) Q400 shows the moderate villi height, width and
crypt depth. (D) Q800 shows the lowest villi height and width and the greatest crypt depth. (E) Villi
height (µm). (F) Villi width (µm). (G) Crypt depth (µm). (H) Villi height/crypt depth. * p < 0.05
and *** p < 0.001 vs. control. # p < 0.05 and ### p < 0.001 vs. Q200. +++ p < 0.001 vs. Q400. Statistical
analysis was performed using one-way ANOVA and Tukey’s post hoc test for multiple comparisons.
Q200, birds fed 200 ppm. Q400, birds fed 400 ppm. Q800, birds fed 800 ppm. The black arrows refer
to villi. The black arrows’ heads refer to crypts. Scale bar = 400 µm.

4. Discussion

Quercetin is a bioavailable glycone in mammals. Quercetin glycosides can be hy-
drolyzed by lactase phlorizin hydrolase in the lumen or, once entered into the enterocyte
through the sodium dependent glucose transporter (SGLT1), quercetin–glucoside is hy-
drolyzed by β-glucosidase [27–29]. In addition, in chickens, Rupasinghe et al. [30] detected
seven quercetin metabolites in the excreta of quercetin-supplemented birds, indicating
that quercetin was absorbed and excreted. Alternatively, the presence of metabolites in
broiler chicken excreta could be due to the action of intestinal microbiota, rather than de
novo metabolism. Other studies confirmed the absorption of quercetin in pigs [31] and
horses [32].

Functional feeds are used to improve poultry efficiency by regulating pathogens and
improving beneficial bacteria in the intestines [33]. This results in improved weight gain,
FCR, and uniformity [34]. Here, quercetin improved performance parameters, such as
body weight (BW), body weight gain (BWG), FCR, PER, and EPEF, while voluntary feed
intake (VFI) in the quercetin-supplemented groups did not differ significantly from the
control group. In the Q200 group, EPEF increased noticeably, compared with the control
group. In the same context, Liu et al. [35] supplemented hens with varying quercetin levels
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and found an enhanced laying rate and FCR when hens were fed 0.2 and 0.4 g quercetin
per kg of body weight.

The improvement of performance parameters in our research was attributed to the
metabolic prebiotic effect of quercetin [35] with its ability to modulate gut microbiota
through increasing the number of beneficial bacteria as Lactobacilli and decreasing the
number of C. perfringens and total coliform counts (selective action) that beneficially affect
the broiler chickens’ health and performance. Quercetin induces their antibacterial activity
by acting as DNA gyrase on various cell targets [36], bacterial membrane and motility [37],
type II fatty acid biosynthesis (FAS II) pathway [38], and D-alanine:d-alanine ligase (Ddl)
enzyme inhibitor, acting as a bacteriostatic, preventing harmful bacterial growth [39].
Unfortunately, the fecal materials were collected without caecum voiding, so there was
no differentiation between fecal and cecal droppings [40]; however, this is a very critical
limitation point and it will be considered in future work.

Villus height and crypt depth from the jejunum of the quercetin fed birds increased,
compared with the control. The height of villi shows the gut’s absorbing ability [41]. The
supplemented treatment deviated significantly from the control in the villus height and
villus/crypt ratio in the jejunum at Q200, although the villus/crypt ratio of the birds fed
Q800 tended to be lower than other treatments, compared with the control. These results
indicate that feeding quercetin to broilers may boost intestinal morphology, which shows
elevated absorption and enhanced intestinal health. Similarly, in rats, the administration
of methotrexate-treated quercetin resulted in a higher villus height in the jejunum and
ileum crypts [42]. Moreover, quercetin dietary supplementation upregulated the expression
of nutrient transporter genes (GLUT2, PEPT1, and FAS), which play a vital role in the
nutrient’s metabolism. Intestinal GLUT2 is primarily a protein sensor for glucose and
glucose homeostasis [43]. In the absorption of small peptides, the intestinal PEPT1 plays a
key role [44], while the intestinal FAS retains the palmitoylation of the mucin 2, intestinal
mucus barrier, which prevents the bowel pathogen [45]. In addition, the status of the bowel
antioxidant is a key protection indicator for broiler chickens. In the present study, SOD1 and
GSH-Px mRNA expressions in quercetin-supplemented groups were significantly increased
dose-dependently, compared with the control. SOD enzymes catalyze the transformation
of superoxide anion into less dangerous free radical hydrogen peroxide (H2O2) [46], and
GSH-Px attacked the generated H2O2 [47]. These antioxidant effects of quercetin provided
the birds with a strong defense with a healthy intestinal environment [5]. Iskender et al. [48]
reported significant increases in antioxidant enzymes, including the activities of GSH-Px,
SOD1, and glutathione levels in erythrocytic lysates of laying hens fed a diet containing
0.5 g/kg quercetin.

Immune response to vaccination is a key method to show the well-functioning of the
immune system of broiler chickens [49]. Here, we investigated the impact of quercetin
supplementation on the healthy intestinal immunity and, accordingly, on the overall hu-
moral immune response, e.g., serological immune response to inactivated avian influenza
vaccine (H5N1) at the end of the experiment; the quercetin-supplemented groups did not
differ significantly in relation to controls. However, intestinal injury models are badly
needed in the future to explore the close relationship between the gastrointestinal tract
(GIT) microflora and development and/or maintenance of a functional intestinal immune
system during quercetin supplementation.

5. Conclusions

Quercetin dietary supplementation in broiler chickens of 200 and 400 ppm, but not
800 ppm, enhanced their growth, intestinal and gene expression in levels of antioxidant
enzymes and nutrient transportation. Quercetin is, therefore, regarded as a promising
natural feed additive to broiler chickens at levels below 800 ppm.
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Simple Summary: The importance of the gut in poultry can be explained by the microbiome action.
Prebiotics has gained attention as potential substances for improving gut health. The presence of
insoluble dietary fiber from a cheap source such as wood specially prepared by the steam explosion that
facilitates the depolymerization of hemicellulose could be an added advantage for microbial existence.
Heat stress (HS) has been known to have drastic effects on chickens. In this study, we investigated
the effect of dietary steam-exploded pine particle (SPP) supplementation and subsequent acute HS
on productive performance and cecum microbiome in broilers. The HS tends to decrease the percent
difference in body weight and rectal temperature. Metagenome analysis revealed similar richness and
diversity in microbial communities. Firmicutes and Bacteroidetes were the most abundant phylum
and were inversely correlated with each other. Furthermore, Firmicutes was also inversely correlated
with unfavorable bacterial phyla. Supplementation of SPP in diets helped by enhancing favorable and
reducing unfavorable bacterial genus in the cecum of the HS chickens. Although a clear advantage of
using SPP on production parameters in broilers was not revealed, this study provided useful information
to understand the modulation of microbiota during HS in dietary SPP supplemented chickens.

Abstract: The gut microbiome stimulates nutrient metabolism and could effectively generate heat
tolerance in chickens. This study investigates the effects of dietary steam-exploded pine particle (SPP)
supplementation and subsequent acute heat stress on productive performance and cecum microbiome
in broilers. Eight-day Ross 308 broilers were distributed in three groups with 0%, 1%, and 2% SPP in
diets. On the 41st day, forty birds were allocated to four groups with ten birds each. The treatments
were control diet at thermoneutral temperature (0% NT) and acute heat-stressed (HS) birds fed control
(0% HS), 1% (1% HS), and 2% (2% HS) SPP. Parameters recorded were body weight (BW), feed intake
(FI), rectal temperature (RT), relative organ weight, and metagenome analysis from cecum samples.
Percent difference in BW, FI, and RT was decreased in HS birds. Metagenome analysis revealed similar
richness and diversity in microbial communities. The relative abundance of the bacterial genus such
as Limosilactobacillus, Drancourtella, and Ihubacter was increased while that of Alistipes, Alkalibacter,
Lachnotalea, and Turicibacter was decreased in SPP supplemented HS birds. Concludingly, the production
performance of broilers is negatively influenced during HS, and 2% dietary SPP supplementation may
reduce the adverse effects of HS by modifying the microbiota in chickens.

Keywords: acute heat stress; broilers; cecum metagenome; insoluble fiber; performance; steam-
exploded pine
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1. Introduction

The consistent increase in the environmental temperature is a serious threat to livestock
production. Broiler production contributes significantly to the livestock industry and is
severely affected under high ambient temperature conditions. Heat stress (HS) leads to
drastic effects on the production performances and immunocompetence that enhances the
mortality rate in chickens [1,2]. Various dietary supplements have been utilized to attempt
to minimize the drastic effects of HS. However, due to the extensive competitive nature
of the poultry industry, it is critical to keep feed costs at the lower end. The utilization
of agricultural waste in the context of the cheap availability of additives could be one of
the strategies for selection. Furthermore, choosing a feed additive with heat mitigating
properties may provide extra benefits.

Prebiotics are non-digestible fibers that improve health by positively modifying the
favorable intestinal microflora [3]. Microorganisms present in the gut have a crucial role
in maintaining intestinal homeostasis [4]. Supplements that contribute to modulating the
microflora can be of great importance. In light of the above facts, using non-digestible fibers
from low-cost agriculture byproducts could be a good solution. Wood powder is rich in
non-digestible fibers and can act as the source for the growth of the good microorganisms
in the gut, and can be used as a prebiotic.

Further processing of wood powder from different sources such as pine trees may en-
hance its benefits. Thermal treatments may increase the utilization of insoluble dietary fiber
sources from wood. Among the different existing thermal treatments, steam explosion, for
example, is one of the most commonly used for the fractionation of biomass components.
Steam explosion pretreatment is a simple, low-cost, and environmentally friendly technol-
ogy that causes the depolymerization of hemicellulose and lignin into soluble oligomers,
taking advantage of its high-temperature profile [5]. Thus, steam explosion facilitates the
breakdown of lignocellulosic biomass structure [6,7] and has been used to apply their end
products to a variety of purposes such as feed [8–10].

The gut is a vital organ of the digestive system, and most of the undigested fibrous ma-
terial reaches the large intestine. It has previously been demonstrated that the breakdown
of fibrous material takes place in the cecum by anaerobic fermentation of undigested fibrous
material such as cellulose, starch, and other resistant polysaccharides through microbial
action [11]. Thus, the importance of evaluating the microbial load in the cecum is high.
Dietary supplementation of additives with prebiotic properties may help the proliferation
of useful microbes and simultaneously reduce the propagation of pathogens in the gut [12].
However, due to the scarce use of wood powder from a pine tree in chicken diets, little
information is available regarding its modulatory role on the gut microbiota of chickens,
especially under HS conditions.

The present study evaluated the effect of increasing amounts of dietary supplemen-
tation of pine tree (Pinus densiflora) particles on the performance and cecum microbiota
in acute heat-stressed broiler chickens. We hypothesize that birds fed on diets containing
pine tree particles may increase good bacteria, reduce the pathogenic load in the cecum
during HS conditions, and further help mitigate the harmful effects of HS on production
performances in chickens.

2. Materials and Methods

The present experiment was conducted at the animal research facility of the Gyeongsang
National University, Korea. The Animal Ethics Committee approved all the experimental
procedures of the Gyeongsang National University (GNU-200916-C0057).

2.1. Animal Housing and Treatments

In the study, 260-day-old straight run (mixed sex) Ross 308 broiler chicks were pro-
cured from a local hatchery (Ohsung Hatchery, Seongju, Korea) and raised in a controlled
environment with continuous lighting. For the first seven days, all chicks were distributed
in a total of thirteen cages, with 20 chicks in each cage. A commercial feed and water
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were supplied ad libitum. On the 8th day, each chick was weighed (n = 216) and assigned
to one of three different treatment groups containing twelve replicates of each treatment
and six birds in each cage. The experimental diets contained 0%, 1%, and 2% shredded,
steam-exploded pine particles (SPP) passing through a 10-mesh sieve replacing corn in
their feed ingredients. The selection of dosage was made based on the results of the previ-
ous studies [10]. The preparation of SPP was done by exploding the pinewood chips of
approximately 2 × 2 × 0.5 cm3 with steam at 200 ◦C for 11.5 min and stored at 20 ◦C until
use. On the 41st day of age, a total of 40 birds (0%: 20 birds, 1%: 10 birds, 2%: 10 birds) were
randomly selected and distributed into four groups of five replicates each treatment and
two birds per cage. One group (0% SPP) was kept at thermoneutral temperature (21.0 ◦C)
served as control while the other three groups (0, 1, and 2% SPP) were heat-stressed in a
separate room by gradually increasing the temperature of the room to 31 ◦C within the
first three hours and then maintained the same temperature for another 3 h. The total
HS period was 6 h (Figure 1). Finally, there were a total of four treatments: Control diet
(0% SPP) at thermoneutral temperature (0% NT); Control diet with acute HS (0% HS), 1%
SPP-supplemented diet at acute HS (1% HS), and 2% SPP-supplemented diet at acute HS
(2% HS).
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Figure 1. The temperature of thermoneutral control and heat stress rooms during the period of the
experiment.

2.2. Sampling and Data Collection

At the end of the experiment, all the birds were weighed using digital balance, and
rectal temperature (RT) was recorded by inserting a digital thermometer (HI 91610, Hanna
instruments Inc., Padova, Italy) to approximately 3 cm inside the cloaca. Residual feed
from each cage was also recorded to calculate the net feed intake. A total of 6 birds from
each treatment were randomly selected and euthanized using carbon dioxide on 41 days of
age. The liver, bursa of Fabricius, and spleen were dissected free, weighed, and presented
as absolute and relative to body weight (BW). Cecum samples were immediately collected
in sterilized 50 mL falcon tubes and stored at −80 ◦C.

2.3. Microbial Analysis

Total DNA containing the microbial communities from the cecum sample was ex-
tracted using a DNeasyPowerSoil Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions, followed by quantification using Quant-IT PicoGreen (Invitrogen,
Waltham, MA, USA). To evaluate the metagenome of the cecum DNA samples, a 16S
metagenomic sequencing library was constructed using a Herculase II Fusion DNA Poly-
merase Nextera XT Index Kit V2 (Illumina, San Diego, CA, USA) following manufacturer
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instruction. The library was then sequenced with the Illumina platform at Macrogen,
Inc. (Seoul, Korea). FASTQ files were created for each sample which was then subjected
to quality profiling, adapter trimming, and read filtering using fastp program [13]. The
paired-end reads were assembled into one sequence using FLASH (v1.2.11) software [14],
and the assembled sequences less than 400 bp and more than 500 bp were removed. The
number of operational taxonomic units (OTUs) was determined by de novo clustering
with a 97% sequence identity cutoff using the CD-HIT-EST program [15]. Each sequence
OTU was checked for its taxonomic similarity using BLAST+ (v2.9.0) program [16] against
the reference database (NCBI 16S Microbial), and the identical coverage of less than 85%
was identified as not defined. The microbial communities in each sample in terms of OTU
abundance and taxonomic information were analyzed using QIIME (v1.9) software. The
species diversity and homogeneity among the microbial community in a sample were
evaluated through Shannon, Goods Coverage, and Inverse Simpson Index. Alpha diver-
sity was presented through the rarefaction curve of the Chao1 and observed OTUs. Beta
diversity was evaluated using Weighted/Unweighted UniFrac distances.

2.4. Statistical Analysis

The data relating to animal studies such as growth performances, RT, absolute and
relative organ weights were analyzed using one-way ANOVA, followed by Duncan’s
multiple range test. Alpha diversity (community richness and diversity) and taxonomic
analysis (phylum and genus) were done using the Kruskal–Wallis test and adjusted with
Bonferroni correction. Differences were considered statistically significant at p < 0.05 unless
otherwise stated. All the data were expressed as mean ± standard error of the mean (SEM).
The beta diversity analysis includes principal coordinate analysis (PCoA), calculated by
weighted Unifrac and unweighted Unifrac. Spearman’s correlation was used to evaluate
the correlation among the bacteria of the phylum. Analysis was conducted using IBM SPSS
Statistics package 25.0 (IBM software, Chicago, IL, USA). Graph pad Prism software was
used to draw the graphs.

3. Results

There was no difference in the initial and final BW of chickens measured before and
after six hours of HS. The percent difference in BW was significantly affected, and HS birds
had a lower (p < 0.05) percent difference in BW irrespective of diets compared to birds kept
at control temperature. Feed intake was also decreased (p < 0.05) in dietary SPP (1% and
2% SPP) supplemented HS birds in comparison to birds kept at thermoneutral temperature
(Table 1).

Table 1. Effects of dietary steam-exploded pine particles supplementation on the growth perfor-
mances of thermoneutral and heat-stressed broiler chickens.

Treatments Initial BW Final BW % Difference in BW Feed Intake

0% NT 2689.5 ± 86.5 2721.5 ± 84.2 1.23 b ± 0.37 55.60 a ± 2.2
0% HS 2631 ± 111.2 2608.5 ± 109.8 −0.87 a ± 0.45 43.20 a,b ± 5.2
1% HS 2645.5 ± 39.7 2631.5 ± 39.5 −0.52 a ± 0.73 40.00 a ± 5.9
2% HS 2670 ± 50.7 2648.5 ± 49.7 −0.80 a ± 0.24 38.60 a ± 2.1
p-value 0.952 0.746 0.022 0.044

Chickens were fed with diets containing 0% (control), 1%, and 2% shredded, steam-exploded pine particles (SPP)
from 8th day to 41st day of age. On 41st day, birds were either kept at thermoneutral temperature (21.0 ◦C) and
provided control diet (0% NT) or heat-stressed at 31.0 ◦C for six hours and supplemented with 0% (0% HS), 1%
(1% HS) and 2% (2% HS) SPP in diets. Data show mean ± SEM (n = 10). a,b: different letters indicate significant
differences (p < 0.05). Abbreviations: BW, body weight; NT, normal temperature; HS, heat stress.

Compared with those in the birds kept at thermoneutral temperature, rectal tempera-
ture (RT) was significantly increased (p < 0.001) in HS birds having 0, 1, or 2% SPP in diets,
indicating an HS effect (Table 2).
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Table 2. Effects of dietary steam-exploded pine particles supplementation on the rectal temperature
of thermoneutral and heat-stressed broiler chickens.

Treatments
Rectal Temperature

Before After

0% NT 41.73 ± 0.03 41.88 a ± 0.05
0% HS 41.87 ± 0.04 43.75 b ± 0.25
1% HS 41.78 ± 0.05 43.52 b ± 0.23
2% HS 41.80 ± 0.04 43.30 b ± 0.20
p-value 0.157 0.001

Chickens were fed with diets containing 0% (control), 1%, and 2% shredded, steam-exploded pine particles (SPP)
from the 8th day to the 41st day of age. On 41st day, birds were either kept at thermoneutral temperature (21.0 ◦C)
and provided control diet (0% NT) or heat-stressed at 31.0 ◦C for six hours and supplemented with 0% (0% HS),
1% (1% HS) and 2% (2% HS) SPP in diets. “Before” and “After” indicates rectal temperature taken before starting
and after completing six hours of heat stress respectively. Data show mean ± SEM (n = 6). a,b: Different letters
indicate significant differences (p < 0.05). Abbreviations: NT, normal temperature; HS, heat stress.

The absolute and relative organ weights of the liver, bursa of Fabricius, and spleen
were similar, and no differences (p > 0.05) were observed among different treatments
(Table 3).

Table 3. Effects of dietary steam-exploded pine particles supplementation on the absolute organ weight
(g) and relative organ weight (% body weight) of thermoneutral and heat-stressed broiler chickens.

Treatments
Absolute Organ Weight (g) Relative Organ Weight (%)

Liver Bursa of
Fabricius Spleen Liver Bursa of

Fabricius Spleen

0% NT 65.0 ± 5.56 5.02 ± 0.44 2.92 ± 0.25 2.42 ± 0.18 0.19 ± 0.02 0.11 ± 0.01
0% HS 62.9 ± 2.92 4.18 ± 0.34 3.38 ± 0.61 2.46 ± 0.16 0.16 ± 0.01 0.13 ± 0.02
1% HS 62.3 ± 4.33 4.18 ± 0.63 3.44 ± 0.29 2.43 ± 0.16 0.16 ± 0.03 0.14 ± 0.01
2% HS 69.2 ± 3.60 4.57 ± 0.56 3.00 ± 0.46 2.59 ± 0.08 0.17 ± 0.02 0.11 ± 0.02
p-value 0.653 0.614 0.805 0.844 0.811 0.651

Chickens were fed with diets containing 0% (control), 1%, and 2% shredded, steam-exploded pine particles (SPP)
from 8th day to 41st day of age. On 41st day, birds were either kept at thermoneutral temperature (21.0 ◦C) and
provided control diet (0% NT) or heat-stressed at 31.0 ◦C for six hours and supplemented with 0% (0% HS), 1%
(1% HS) and 2% (2% HS) SPP in diets. Data show mean ± SEM (n = 6). Abbreviations: NT, normal temperature;
HS, heat stress.

A total of 24 cecum samples (six each treatment group) were used to generate 574,031
sequences ranging from 19,503 to 29,051 sequences for each sample after a 97% sequence
similarity and removal of chimeric reads for quality control. A total of 5522 operational
taxonomic units (OTU) were generated via clustering analysis with an abundance greater
than 0.005% ranged from 196 to 260 OTUs for each sample.

Rarefaction curves for chao1 and observed OTUs (Figure 2) became flattered to the
right and reached a plateau indicating that a reasonable number of reads were used in the
analysis and reveals most of the bacterial community in the cecum samples of chickens.

Community richness was analyzed using OTUs and Chao1 and is presented in
Figure 3. The OTUs and Chao1 were similar and were not affected among the treatment
groups. The diversity in the community was analyzed using Shannon, Inverse Simpson,
and Goods coverage and is presented in Figure 3. Shannon index has shown increasing
trend (p = 0.071) in 2% HS and 0% HS against its counterparts. No variation was observed
in Inverse Simpson and Goods coverage and was similar among the treatments group.
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four samples represented by different colored lines that belong to four treatment groups of six
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stressed room was raised to 31 ◦C within the first three hours and then maintained for another three
hours that made the total HS period of six hours.
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Figure 3. Effects of dietary shredded, steam-exploded pine particles (SPP) supplementation on
the community richness and diversity of cecum microflora in broiler chickens exposed to either
thermoneutral or heat stress conditions. The treatments were control diet containing 0% SPP at ther-
moneutral temperature (0% NT), control diet with acute heat stress (0% HS), 1% SPP-supplemented
diet at acute heat stress (1% HS), and 2% SPP-supplemented diet at acute heat stress (2% HS). The
thermoneutral birds were maintained at 21.0 ◦C while the temperature of the heat-stressed room was
raised to 31 ◦C within the first three hours and then maintained for another three hours that made
the total HS period of six hours.

The PCoA based on unweighted unifrac distances were similar, while weighted unifrac
distances showed scattered plots (Figure 4).
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Figure 4. The composition changes of cecum microbiota based on principal coordinate analysis
(PCoA) including unweighted (A) and weighted (B) unifrac distances in the dietary steam-exploded
pine particles (SPP) supplemented chickens kept at either thermoneutral or at heat-stress. The
treatments were control diet containing 0% SPP at thermoneutral temperature (0% NT), control diet
with acute heat stress (0% HS), 1% SPP-supplemented diet at acute heat stress (1% HS), and 2%
SPP-supplemented diet at acute heat stress (2% HS). The thermoneutral birds were maintained at
21.0 ◦C while the temperature of the heat-stressed room was raised to 31 ◦C within the first three
hours and then maintained for another three hours that makes the total HS period of six hours. The
red triangle indicates 0% NT, the blue triangle indicates 0% HS, the orange square indicates 1% HS,
and the green circle indicates 2% HS treated chickens.

The phylum microbiota of cecum samples from different treatments is presented in
Figure 5. At the phylum level the cecum microbiota was dominated by Firmicutes (0%
NT: 60.48%, 0% HS: 65.35, 1% HS: 70.40, 2% HS: 73.17) and Bacteroidetes (0% NT: 34.58%,
0% HS: 31.99, 1% HS: 27.62, 2% HS: 24.86) followed by Verrucomicrobia, Tenericutes,
Actinobacteria, Proteobacteria and Candidatus Melainabacteria.

The two predominant phyla, Firmicutes and Bacteroidetes are strongly correlated
inversely (Spearman R = −0.950, p = 0.001) in terms of their abundances (Figure 6). Similar
inverse correlation of Firmicutes was also observed with Verrucomicrobia (Spearman
R = −0.525, p = 0.008) and Proteobacteria (Spearman R = −0.366, p < 0.079). However,
Firmicutes was positively correlated (Spearman R = 0.397, p = 0.054) and Bacteroidetes was
inversely correlated (Spearman R = −0.427, p = 0.038) with Actinobacteria.

The Firmicutes to Bacteroidetes ratio has shown an increasing trend with increasing
concentration of SPP (Figure 7).

Figure 8 presents the cecum microbiota at the genus level in different treatment groups.
The analysis of genus microbiota revealed that Bacteroides, Faecalibacterium, and Blautia are
the most dominant genera followed by Limosilactobacillus, Alistipes, Lactobacillus.
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Figure 5. Effects of dietary steam-exploded pine particles supplementation to the chickens kept at
either thermoneutral or heat stress on the composition of cecum microflora at Phylum level. The
treatments were control diet containing 0% steam-exploded pine particles (SPP) at thermoneutral
temperature (0% NT), control diet with acute heat stress (0% HS), 1% SPP-supplemented diet at acute
heat stress (1% HS), and 2% SPP-supplemented diet at acute heat stress (2% HS). The thermoneutral
birds were maintained at 21.0 ◦C while the temperature of the heat-stressed room was raised to 31 ◦C
within the first three hours and then maintained for another three hours that makes the total HS
period of six hours.

Among the top five dominant genera, Alistipes and Limosilactobacillus were significantly
different among treatments. The relative abundance of Alistipes was decreased (p = 0.010),
and that of Limosilactobacillus (p = 0.042) was increased by 2% HS in comparison to 0%
HS (Figure 9). Five more genera were significantly modified by increasing the dietary
concentration of SPP and subsequent HS in the cecum of broiler chickens (Figure 9). For
instance, the abundance of Ihubacter was increased (p = 0.049) in 2% HS compared to 1%
HS while the abundance of Alkalibacter was decreased (p = 0.003) in 1% HS and 2% HS
in comparison to 0% NT. The abundance of Lachnotalea was increased (p = 0.049) in 0%
HS compared to 0% NT but was similar and showed numerically lower values in 2% HS
compared to 0% NT. The abundance of Drancourtella was increased (p = 0.039) in 2% HS in
comparison to 0% NT. The abundance of Turicibacter was increased (p = 0.042) in 0% HS in
comparison to 2% HS. However, not significant, but a numerically higher abundance of
Turicibacter was also seen in 0% HS than that of 0% NT.
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Figure 7. Effects of dietary steam-exploded pine particles supplementation on the Firmicutes to
Bacteroidetes ratio in broiler chickens kept at either thermoneutral or heat stress conditions. The
treatments were control diet containing 0% steam-exploded pine particles (SPP) at thermoneutral
temperature (0% NT), control diet with acute heat stress (0% HS), 1% SPP-supplemented diet at acute
heat stress (1% HS), and 2% SPP-supplemented diet at acute heat stress (2% HS). The thermoneutral
birds were maintained at 21.0 ◦C while the temperature of the heat-stressed room was raised to 31 ◦C
within the first three hours and then maintained for another three hours that makes the total HS
period of six hours.
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Figure 9. Effects of dietary steam-exploded pine particles supplementation and subsequent heat stress on the significantly
modified genus of the cecum in broilers. The treatments were control diet containing 0% steam-exploded pine particles
(SPP) at thermoneutral temperature (0% NT), control diet with acute heat stress (0% HS), 1% SPP-supplemented diet at
acute heat stress (1% HS), and 2% SPP-supplemented diet at acute heat stress (2% HS). The thermoneutral birds were
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then maintained for another three hours that makes the total HS period of six hours. * indicates a significant difference
(p < 0.05).
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4. Discussion

Broilers are meat-type chickens and are mostly reared for livestock production. There-
fore, continuous improvement in the performance of broilers is the prerequisite of the
poultry industry. Several stressors were identified that negatively influence broiler per-
formances. HS is among the environmental stressors known to have drastic effects on
production performance in chickens. The present study was conducted to evaluate the
adverse effect of acute HS and to identify if supplementation of SPP during HS can lead to
overcoming some adverse effects of HS. Although no effect was observed on the initial and
final BW of the broilers among the treatment groups, a decrease in the percent difference
in BW in the HS birds suggested the harmful effects of HS on chickens. A decrease in the
percent difference in BW could be attributed to a reduction in feed intake. An increase in
respiration rates [17] due to the absence of sweat glands may reduce the feed intake of birds.
Furthermore, secretion of anorexic hormone under HS could also result in decreasing feed
intake [18]. The present study also reported a decrease in feed intake in HS (1 and 2% SPP)
birds. This corroborates the previous studies where acute HS resulted in decreasing the BW
gain and feed intake when birds were exposed to 31 ◦C for ten h [19]. Contrary to this, in
the present study, no variation was found in the feed intake of birds kept at thermoneutral
or HS when fed a 0% SPP diet. The difference in the results could be attributed to the time
of HS for which it was conducted.

High ambient temperature tends to increase the RT in chickens. In the present study,
RT was increased in birds exposed to HS in comparison to birds kept at thermoneutral
temperatures. Our results are consistent with the previous reports where the HS challenge
at 35 ◦C even for 1.5 and 3 h enhances RT in chicken [20]. An increase in the RT could
be related to respiration rates. Due to the absence of sweat glands, chickens are less able
to dissipate heat in the surroundings, thus increasing respiration rates [17], which may
further increase RT.

Different organs have specific roles in the body. The liver is vital for nutrition and
metabolism in the body, whereas the bursa of the Fabricius and spleen are mainly responsi-
ble for imparting immunity in chickens. Stress is known to induce modulation in organ
development, but inflection in weight will depend on the severity of stress to which the
chickens are exposed. The weights of the liver, bursa of Fabricius, and spleen were similar
and not affected among the treatment groups. These results correlate with the previous
study where lymphoid organ weights (thymus, spleen, and bursa of Fabricius) were not
affected when birds were exposed to 31 ◦C for 10 h [19]. Contrary to this, a decrease in the
lymphoid organ weight was reported when birds were exposed to 31 ◦C or 36 ◦C for ten h
from 35 days to 41 days of age [1]. Together, the difference in the results could be related to
the time of exposure and the intensity of HS.

The progression of microbes in the gut starts as early as after hatch and may be
influenced by many factors such as diets and other environments. It has been suggested
that dietary prebiotic supplementation may influence growth performance by positively
modifying the gut microbiota in chickens [21]. Since prebiotics cannot be absorbed or
digested in the upper gastrointestinal tract (GIT), it passes to the lower GIT where it acts
as a source of food for the good bacteria reducing the pathogenic bacteria attachment.
However, HS has been associated with the degradation of intestinal integrity and GIT
impairment, leading to the penetration of pathogenic microbes in chickens [22]. It is
expected that dietary SPP supplementation as a source of prebiotic may help in reducing
the adverse effect of HS due to the growth of beneficial bacteria and reduction of pathogenic
bacteria.

To analyze the community richness, OTUs and Chao1 estimators were evaluated, and
no difference was observed among the treatment groups. This suggests that the number of
species in all the treatment groups was similar and was not affected by either HS or SPP
supplementation. A similar trend was also observed in estimating the community diversity
as Inverse Simpson, and Goods coverage was not affected among the treatment groups.
However, the Shannon index did show an increasing trend in 2% HS and 0% HS treatments.
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The SPP acts as a prebiotic and may help in increasing the abundance of beneficial bacteria
in the gut [12], thus showing increasing trends of microbial diversity in 2% HS treatment.
The increasing trend of Shannon diversity in 0% HS treatment could be attributed to the
invasion of pathogenic microbes due to challenged intestinal gut integrity under HS [22].

In general, unweighted and weighted unifrac distances are used in microbial ecol-
ogy, accounting for the presence or absence of observed organisms and their abundance,
respectively. The PCoA based on unweighted unifrac distances showed scattered plots
indicating similar microbiota. However, for weighted unifrac distances, dimension one
contributed 48.04% of the inertia while dimension two contributed 18.69%, cumulatively
contributing to almost 66% variability in caecum microbiota of SPP supplemented ther-
moneutral and heat-stressed chickens. Higher variability in weighted unifrac distances
could be attributed to the addition of SPP-containing fiber in diets which may enhance
the abundance of microflora in the cecum in a concentration-dependent manner. In the
present study, Firmicutes and Bacteroidetes were found to be the most abundant micro-
biota in the chicken cecum, which was similar to the previous studies [23]. Furthermore,
our results also showed that these two most abundant phylum microbiotas are inversely
correlated with each other, and the Firmicutes percentage increases while Bacteroidetes
percentage decreases with increasing concentration of dietary SPP supplementation. This
could be related to the negative correlation of Bacteroidetes with BW along with higher
cecum Firmicutes to Bacteroidetes ratio in obese hosts [24]. Although we did not find any
significant differences in BW and Firmicutes to Bacteroidetes ratio, increasing Firmicutes to
Bacteroidetes ratio trends with increasing concentration of dietary SPP supplementation
indicates fattening of chicken due to the prebiotic effects. The reason behind the nonsignifi-
cant results could be related to the short term of HS. Long-term HS has been associated
with growth retardation in chickens [1]. Higher differences with significantly positive
variations in the SPP treatment groups could be expected if HS persists for an extended
period of time and opens the way for future studies. The Bacteroidetes phylum was also
found to be inversely correlated with another phylum of Actinobacteria. The exact reason
behind this not clear. However, it could be due to the positive trend among the correlation
between Firmicutes and Actinobacteria. A similar trend was also reported in chickens on
the 9th and 18th day of age after hatching [25].

The bacteria of phylum Verrucomicrobia are known to possess mucin degrading abil-
ity and, if found in abundance, are associated with several diseases [26]. Proteobacteria is
another gram-negative bacteria from the phylum that has been associated with pathogenic-
ity and inflammation [27]. Verrucomicrobia was found to be negatively correlated with the
Firmicutes in the present study, and its number was decreased with the increasing concen-
tration of SPP supplementation in HS birds. A similar negative correlation trend was also
observed among Firmicutes and Proteobacteria. However, a numerically higher number
of Firmicutes was found with increasing SPP supplemented chickens. This indicates that
SPP supplementation may help in maintaining gut health by reducing the colonization of
bacteria associated with the degradation of intestinal barrier integrity and thus reducing
the penetration of pathogenic microbes.

Due to a lack of information about the specific role of Alistipes in chickens, Biasato and
his group suggested importance for its characterization, but they looked upon its increased
abundance in their treatment group as a positive effect [28]. Parker and his group discussed
the protective effects of Alistipes against liver fibrosis, colitis, cancer immunotherapy, and
cardiovascular disease and suggested its pathogenic effects in colorectal cancer and mental
depression [29]. However, in the present study, the relative abundance of Alistipes was
decreased by 2% HS in comparison to 0% HS. However, the exact reason behind this is not
clear since Alistipes belongs to phylum Bacteroidetes which has shown a decreasing trend
with increasing dietary SPP concentration in the present study and could be the reason for
the significant reduction of Alistipes.

Limosilactobacillus reuteri produces antimicrobials, including organic acids, ethanol,
and reuterin, obstructing the pathogenic microbial colonization [30]. Numerically lower
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values of Limosilactobacillus in 0% HS in comparison to 0% NT might be due to the enhanced
penetration of pathogens under HS. Furthermore, a significant increase in the Limosilac-
tobacillus abundance in 2% HS in comparison to 0% HS proposes the beneficial effects of
SPP supplementation under HS conditions. The presence of higher Limosilactobacillus may
toughen the intestinal barrier and reduces the chances of pathogen penetration.

Gut microbiota has been associated with the production of trimethylamine N-oxide
(TMAO), having a protective effect against adverse conditions such as temperature, salinity,
and hydrostatic pressure [31]. Although its increased levels have been associated with the
adverse effect on cardiovascular health in humans [32], it has an important physiological
role in lower animals [31]. In chickens, the preferred level of TMAO is not yet evaluated and
its adverse effects on cardiovascular health are yet to be determined. Ihubacter massiliensis
is one of the critical bacteria responsible for the production of TMAO [33]. In the present
study, the abundance of Ihubacter was numerically higher in 2% HS against its counterparts
(0% NT and 0% HS) and was significantly increased in 2% HS compared to 1% HS. We
assume that SPP supplementation may have a protective effect on heat-stressed chickens by
modifying the abundance of TMAO producing Ihubacter. We did not evaluate the TMAO
levels in chicken, however, its correlation with Ihubacter to modify heat tolerance capacity
could be interesting for future studies.

The abundance of Alkalibacter was significantly decreased in dietary SPP supplemented
chickens (1% HS and 2% HS) in comparison to 0% NT. Prebiotic selectively stimulates
the growth of beneficial bacteria, enhancing the production of short-chain fatty acids
and lactic acid as fermentation products, reducing the intestine’s pH [34,35]. Alkalibacter
being alkaliphilic might be reduced in the cecum of SPP supplemented chickens due to its
prebiotic effect. Although the effect of HS in decreasing the abundance of Alkalibacter in
this study could not be ignored, the relationship between the increase in temperature with
pH is yet to be established.

High ambient temperature produces oxidative stress and is associated with ROS
generation [22]. Malondialdehyde (MDA) is the secondary product generated after the
degradation of lipids during lipid peroxidation [36]. Thus, the MDA is expected to be
increased under HS. However, the increase in MDA differs in tissues and depends on many
factors such as intensity, time, and temperature of HS exposure. The abundance of Lachno-
talea glycerini is positively correlated to serum MDA in mice [37]. An increase in Lachnotalea
in 0% HS in comparison to 0% NT indicates the effect of HS. Furthermore, decreasing trend
with numerically lower abundance of Lachnotalea in the 2% HS in comparison to 0% HS
suggested the role of SPP supplementation to recover from HS.

Drancourtella has been isolated from fresh human stool [38] and its role is not clear;
however, an increase in its abundance in 2% HS in comparison to 0% NT indicates its
beneficial effects in reducing the harmful effect of HS in the chicken cecum. Due to lack of
information, future studies are warranted to confirm its role in the chicken gut.

Turicibacter is considered harmful for health due to its inverse correlation with tight
junction in mice [39]. The presence of Turicibacter in monogastric animals may cause
subclinical infection and can negatively modulate the microbiota of the gut [40]. The
contagious activity of Turicibacter may perhaps be due to the intestinal damage caused
by the pathogenic invasion. The increment in the abundance of Turicibacter in Salmonella
infected chickens also supports the above notion [4]. The association of challenged gut
health under HS conditions has already been explained previously [22]. The present study
shows a numerically higher abundance of Turicibacter in 0% HS in comparison to 0% NT
indicates the occurrence of pathogenic bacterial invasion due to the intestinal injury under
HS. Significant reduction in the Turicibacter abundance in 2% HS treatment confirms the role
of SPP supplementation as prebiotics to retain intestinal health and maintaining microbial
homeostasis.
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5. Conclusions

In conclusion, acute HS negatively influences broiler chickens’ production perfor-
mance and rectal temperature. HS tends to increase the Shannon diversity index indicating
pathogenic microbial filtration. Nevertheless, increased Shannon diversity index in dietary
SPP supplemented chickens along with fewer pathogenic phylum indicates improved gut
health. An increase in the abundance of the favorable genus such as Limosilactobacillus and
Ihubacter while decreasing unfavorable genus such as Lachnotalea and Turicibacter in SPP
supplemented diets during HS suggested its role in modifying gut health.
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Simple Summary: The present study aimed to investigate the beneficial effects of zinc nanoparticles
(ZnNPs) and curcumin nanoparticles (CurNPs) as well as Bacillus licheniformis (Bl) supplementation
on broiler growth, chemical blood indices, and cecal microbes. The results showed considerable
antimicrobial activity against pathogenic bacteria and fungi with ZnNPs and CurNPs supplemen-
tations. At the same time, ZnNPs, CurNPs, and Bl improved broiler performance, carcass traits,
meat quality traits, and some blood indices. Therefore, the inclusion of ZnNPs, CurNPs, and Bl is
recommended for broiler feeding regimens to improve the performance and health status.

Abstract: The current study aimed to investigate the influence of dietary zinc nanoparticles (ZnNPs),
curcumin nanoparticles (CurNPs), and Bacillus licheniformis (Bl) on the growth, carcass, blood metabolites,
and the count of some cecal microorganisms of Indian River (IR) broilers. Chicks were allotted into
seven experimental groups: control group, 1st, 2nd and 3rd groups were given diets enriched with
ZnNPs, CurNPs and Bl (3.0, 5.0 and 2.0 cm3/kg diet, respectively). The 4th, 5th and 6th groups were
given diets supplemented with ZnNPs (3.0) + Bl (2.0) (ZP); ZnNPs (3.0) + CurNPs (5.0) (ZC) and ZnNPs
(3.0) + CurNPs (5.0) + Bl (2.0) (ZCP) cm3/kg diet, respectively. The results revealed that ZnNPs and
CurNPs exhibited a considerable antimicrobial activity against pathogenic bacteria and fungi. They
also inhibited the growth of microbes in a range of 50–95 µg/mL. The diet supplemented with ZnNPs,
CurNPs, and Bl increased the body weight compared to the control after five weeks of age. Additionally,
values of daily feed intake increased in these groups; however, the feed conversion ratio decreased. All
values of carcass traits were better than that of the control. The treatments led to decreased abdominal
lipids compared to the control. The activity of liver enzymes and malondialdehyde (MDA) activity
decreased in the treated groups. In a converse trend, the levels of oxidative enzymes, amylase, protease,
lipase and immunoglobulin were higher than that of the control. Meat quality properties were improved
and cecal microbial counts were decreased. In conclusion, the ZnNPs, CurNPs, and Bl improved the
broiler’s weights, carcass traits, meat quality traits, as well as some blood indices and cecal microbial
load. Therefore, the inclusion of ZnNPs, CurNPs, or Bl is recommended for broiler feeding regimens to
improve the performance and health status.

299



Animals 2021, 11, 1878

Keywords: ZnNPs; CurNPs; Bacillus; broilers; growth; microbial aspects

1. Introduction

In the poultry industry, the main goal is to supply safer feed to enhance performance
and health [1]. In 2006, the European Union banned the addition of antibiotics to farm
animal diets to avoid microbial resistance to antibiotics [2]. The use of natural feed additives
in broiler diets such as plants and their derivatives and the study of their effect on the
quantity and quality of poultry are now global trends [3–7].

Nanoparticles (NPs) can be synthesized using physical, chemical, and biological meth-
ods. The biological synthesis is safe, clean, biocompatible, eco-friendly, and accomplishes
fast reduction of metal ions at room temperature, unlike physical or chemical methods
that consume extensive energy or use toxic solvents, respectively [8–10]. Microbes are
potent eco-friendly nano-factories and can control the size and shape of biological nanopar-
ticles [11]. Nanoparticles offer excellent properties, such as a large surface area, increased
catalytic activity, and powerful adsorption capacity [12]. There are signs that nanoparticles
can raise the absorption of nutrients [13].

Zinc (Zn) is an important microelement that affects many biological processes in birds,
i.e., carbohydrates, protein and fat metabolism, immunity, hormone building, DNA and
protein synthesis, and antioxidant properties [14]. According to the National Research
Council (NRC), poultry needs 40 ppm of zinc per day [15]. On a commercial scale, feed
industrialists add an extra amount of zinc ranging from 100–120 ppm to their feed to obtain
rapid development in chicks’ growth [16]. This increase in zinc leads to a rise in feed
production costs and an increase in the Zn excretion in feces, which leads to environmental
pollution. It affects the balance of other microelements and reduces vitamins. However,
increasing the bioavailability of zinc may fix these problems, and zinc bioavailability
increases when it is present in nano form. Recently, nano-zinc has been used as a feed
additive because of the beneficial effects on the metabolism and health of birds. It improves
immunity through its antibacterial activity [17–19]. Various studies stated that utilizing
ZnNPs as a feed supplement enhances the following properties: body weight gain, feed
conversion ratio, meat quality, and egg quantity. Additionally, it was also observed that it
affected cecal microbiota and enhanced the immune system [20,21].

Curcumin has many pharmacological activities in treating various diseases [22]. It
also increases the activity of digestive enzymes [22] and inhibits lipid oxidation [23].
Curcumin has antioxidant activity and controls the cecal microbiota. Curcumin alleviates
oxidative liver injury by modulating the disruption of the cecum microbiota and lipid
metabolism induced by ochratoxin A. Curcumin is recommended as a prophylactic measure
to prevent ochratoxin A (OTA)-induced hepatic oxidative injury [24]. The nano form of
curcumin increases its beneficial influences. It is easy for the nanoparticles to pass into the
cell membranes and interact with the cell contents [25]. Hence, curcumin nanoparticles
(CurNPs) increase the availability and the intake of curcumin [26]. A significant positive
effect on chick’s performance was observed in the diet supplemented with CurNPs [27].
Sayrafi, et al. [28] stated that reducing liver enzyme activity after CurNPs addition might be
due to its antioxidant properties. Moreover, Partovi, et al. [29] reported that supplementing
300 mg of CurNPs/kg diet was a useful nutritional source, which can improve carcass
parameters, protein content, redness and oxidative stability of broiler chicken breast meat
infected with Eimeria species and decrease drip loss and cooking loss while did not have
negative effect on texture profile of the chicken broiler meat.

The use of probiotics in poultry diets has steadily increased across the years because
of the highest demand for antibiotic-free poultry [30]. The probiotic market in 2018 had
a profit of 80 million United States Dollar (USD) and the addition of probiotics in the
poultry diet maintains the global probiotic market, as its profits are expected to reach
125 million USD by 2025, with an annual increase of 7.7% [30]. Probiotics in broiler diets
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increase the growth and laying outcomes, reduce pathogenic bacteria in the gut, and
raise beneficial microbiota and immunity [31]. Bacillus sp. microbes are among the most
extensively used, direct-fed growth promoters. These bacteria serve as an alternative to
antibiotics. A broiler diet supplemented with B. licheniformis can significantly improve
BWG and FCR despite C. perfringens infection [32,33]. These effects are mainly attributed
to B. licheniformis can enhance nutrient digestion and utilization in broilers by producing
several enzymes, such as lipase, protease, and amylase. Recently, Abou-Kassem, et al. [34]
found that all of the growth and carcass aspects were significantly influenced by dietary
probiotic addition compared to the control group in quail. Some previous studies have
used single chemical and physical synthesized nanoparticle additives in broiler feed to
assess their effects on broiler performance; other studies that included more than one
feed additive reported synergistic effects due to their active components on different
parameters of broiler performance [3,7]. Here, we hypothesized that the novel combination
of biological synthesized nanoparticles and probiotics and their combinations might lead to
promising and synergetic effects on most broiler performance traits. Thus, this study aimed
to evaluate the antimicrobial activity of ZnNPs, CurNPs, and probiotic (B. licheniformis)
and their synergetic effects on growth performance, carcass properties, blood indices, meat
quality, and cecal microbial load.

2. Materials and Methods
2.1. Nanoparticles Biosynthesis and Antimicrobial Properties
2.1.1. Bacterial Isolates, Biosynthesis and Characterization of ZnNPs and CurNPs

Bacillus subtilis LA4 and Bacillus subtilis AM12 were used in biosynthesize curcumin
nanoparticles (CurNPs) and zinc nanoparticles (ZnNPs). These bacterial strains were
isolated from soil samples collected from different regions in Zagazig city, Egypt [9,35–37].
The CurNPs were fabricated as follows, 40 mL of Bacillus subtilis LA4 supernatant was
mixed with 60 mL of curcumin (0.27 mmol) in a 250 mL screw bottle then placed in a
shaking incubator (160 rpm) at 30 ◦C for 72 h, pH 6, and nutrient broth media (NB) [25].
Other bottles containing 40 of NB and 60 mL of curcumin were incubated under the
same conditions to prove the curcumin biotransformation occurred by Bacillus subtilis
LA4 supernatant by the differences in color observation [25]. On the other hand, ZnNPs
were produced by mixing 10 mL of Bacillus subtilis AM12 supernatant with 90 mL of zinc
nitrate (1 mmol), pH 7, then was incubated in a shaking incubator (130 rpm) at 30 ◦C for
72 h. Zinc nitrate in NB was used as a control. Visible changes in the colorless mixture
to white color indicate the biotransformation of zinc nitrate to ZnNPs by Bacillus subtilis
AM12 supernatant [18]. Several methods were used to investigate the behavior of ZnNPs
and CurNPs. The size, shape, and aggregation were assessed using transmission electron
microscopy (TEM), the hydrodynamic size distribution was measured using dynamic
light scattering (DLS), and the stability of the surface charge was estimated using zeta
potential [38–41]. The obtained CurNPs were of spherical shape with a mean diameter of
65–80 nm measured by transmission electron microscopy (TEM) (JEOL 1010, JEOL Ltd.,
Tokyo, Japan), and had a negative charge of −25.3 mV by zeta potential analysis (Nano Z2
Malven, Malvern Hills, UK). The obtained ZnNPs were spherical with a mean diameter of
22–43 nm measured by TEM and a negative charge of −28.7 mV by zeta potential analysis
(Figure 1).
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Figure 1. Characterization of zinc nanoparticles (ZnNPs) and curcumin nanoparticles (CurNPs); (A–C) shape, charge,
and size of ZnNPs accessed by TEM, zeta potential, and zeta sizer, respectively. (D–F) shape, charge, and size of CurNPs
accessed by TEM, zeta potential, and zeta sizer, respectively.

2.1.2. Antimicrobial Activity of CurNPs and ZnNPs

The bacterial isolates (Bacillus cereus, Listeria monocytogenes, and Staphylococcus
pyogenes as gram-positive bacteria, Escherichia coli, Salmonella typhi, and Pseudomonas
aeruginosa as gram-negative bacteria), and fungal isolates (Alternaria alternate, Aspergillus
flavus, Fusarium oxysporum, Aspergillus niger, Penicillium solitum, and Penicillium
crustosum) were used in this study to determine the antimicrobial activity of CurNPs and
ZnNPs and obtained from Agricultural Microbiology department, Faculty of Agriculture,
Zagazig University, Egypt. The antimicrobial activity of CurNPs and ZnNPs were estimated
by the disc diffusion method [18,25,36]. Mueller Hinton agar (MHA) plates were inoculated
with 0.1 mL of fresh bacterial inoculum and spread on the plate surface. Sabouraud dextrose
agar (SDA) plates were inoculated with fungal mycelium disc in the plate center. The
inoculated MHA and SDA plates were loaded with paper discs previously saturated with
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different concentrations of CurNPs and ZnNPs (100, 150, 200, 250, and 300 µg/mL). The
paper discs were put on the sides of the plates. The MHA plates were incubated at 37 ◦C
for a day and SDA plates at 28 ◦C for five days. The obtained inhibition zones diameters
(mm) were measured [42,43].

The minimum inhibitory concentration (MIC) was estimated by the micro-dilution
broth assay described in European Committee on Antimicrobial Susceptibility Testing [44].
In brief, tubes containing 9 mL of Muller Hinton broth (MHB) for bacteria or Sabourad
dextrose broth (SDB) for fungi were inoculated with 0.1 mL of bacterial inoculum or
standard fungal spore suspension (3 × 103 CFU/mL), then 0.05 mL of CurNPs and ZnNPs
at different concentrations (100, 150, 200, 250, and 300 µg/mL) were added. Free CurNPs
and ZnNPs tubes were used as controls. The MHB and SDB tubes were incubated at 37 ◦C
for a day and 28 ◦C for five days, respectively. The MIC was the lowest concentration
of CurNPs and ZnNPs that inhibited bacterial and fungal growth. On the other hand,
minimum bactericidal concentration (MBC) and minimum fungicidal concentration (MFC)
were estimated according to CLSI [45]. A loop of MIC tubes were spread over new MHA
or SDA plates and incubated at previous conditions, then observed the bacterial or fungal
growth. The lowest concentration that kills the bacterial or fungal growth was considered
(MBC) or (MFC) [46,47].

2.2. Birds, Experimental Design and Diets

This study was performed in Poultry Research Farm, Department of Poultry, Faculty
of Agriculture, Zagazig University, Zagazig, Egypt. All procedures were carried out fol-
lowing the guidelines of the local committee for experimental animal care and confirmed
by the ethics of the Institutional Council of the Poultry Department, Faculty of Agriculture,
Zagazig University, Zagazig, Egypt. A total of 420 unsexed—one week old Indian River (IR)
broilers with an initial body weight of 104.40 ± 0.12 g were used in a completely random-
ized design experiment involving seven groups with 60 birds per group six replicates of
10 animals each. Chicks were purchased from a commercial hatchery. Chicks were housed
in floor pens with clean pine shavings-based litter (50 cm rise × 100 cm wide × 100 cm
height; 10 chicks each) and exposed to near-continuous photoperiod length a 23 L:1D with
rotation [48]. The ZnNPs, CurNPs (500 mg/L), and BL (1.5 × 108 CFU/mL) were ob-
tained from the Department of Agricultural Microbiology, Faculty of Agriculture, Zagazig
University, Zagazig, Egypt and B. licheniformis was tested as probiotic bacteria [49]. The
experimental groups were: the control group which was fed the basal diet. The first, second
and third groups were given diets supplemented with ZnNPs, CurNPs and probiotics at 3.0,
5.0 and 2.0 mL/kg feed. The fourth, fifth and sixth groups were fed a diet supplemented
with a combination of ZnNPs (3.0) + B. licheniformis (Bl) (2.0) (ZP); ZnNPs (3.0) + CurNPs
(5.0) (ZC) and ZnNPs (3.0) + CurNPs (5.0) + B. licheniformis (BL) (2.0) (ZCP) mL/kg feed,
respectively. Firstly, the nanoparticle of zinc and curcumin was added to the diet, then we
did the pelletization process, after that, we top-dressed the probiotics on the pelletized feed
to avoid the inactivation process of bacteria. The basal diets were formulated to meet the
nutritional specifications of Indian River® Broiler Management guide [50]. All chicks were
given the diets in the pellets form for 1–5 weeks of age, as shown in Table 1. The diets were
given in two stages: starter (1–3 weeks) and finisher (3–5 weeks). All chicks were managed
in the same ecological, managerial and hygienic conditions.
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Table 1. Composition and chemical analysis of the starter and finisher basal diets (as fed).

Items Starter (1–3 Weeks) Finisher (3–5 Weeks)

Ingredients %

Yellow corn 55.89 57
Soybean meal 44% 31.5 29.5
Gluten meal 60% 6.5 4.83

Dicalcium phosphate 1.7 1.7
Limestone 1.24 1.15

Vit-min Premix * 0.3 0.3
NaCl 0.3 0.3

DL-Methionine 0.13 0.0
L-Lysine HCl 0.24 0.18
Choline 50% 0.2 0.2
Soybean oil 2.0 4.84

Total 100 100

Calculated analysis:

Dry matter % 91.72 90.43
Crude protein % 23.00 20.94

Metabolizable energy
(kcal/kg diet) 2996.30 3150.70

Calcium % 1.00 0.96
Phosphorous (Available) % 0.44 0.44

Lysine % 1.3 1.17
Methionine + Cysteine % 0.90 0.70

Crude fiber % 3.52 3.38
* Vitamin-mineral premix provided per kg diet: vitamin A, 12,000 IU; vitamin D3, 5000 IU; vitamin. E, 16.7 g;
vitamin K, 0.67 g; vitamin B1, 0.67 g; vitamin B2, 2 g; vitamin B6, 0.67 g; vitamin B12, 0.004 g; nicotinic acid, 16.7 g;
pantothenic acid, 6.67 g; biotin, 0.07 g; folic acid, 1.67 g; choline chloride, 400 g; Zn, 23.3 g; Mn, 10 g; Fe, 25 g; Cu,
1.67 g; I, 0.25 g; Se, 0.033 g and Mg, 133.4 g.

2.3. Traits Measured
2.3.1. Performance, Carcass, and Blood Biochemical Parameters

The parameters were measured once a week. Average day feed intake (FI), body
weight gain (BWG), and feed conversion ratio (FCR) were calculated. Forty-two chicks
were randomly selected from different pens within each treatment (one bird from each
replicate within the group) and slaughtered at 35 days. The carcasses were weighed,
and the edible parts (liver, gizzards, and hearts) and spleen, bursa, and abdominal fat
were weighted as g/kg of the slaughter weight (SW). Carcass and dressed weights were
expressed as (dressed weight = carcass weight + edible weight)/live body weight. The
mortality rate was recorded weekly for each group and cumulatively calculated for the
entire period of the experiment (1–5 weeks).

Blood sampling was performed during slaughtering from six birds randomly selected
from different pens within each treatment (one bird from each replicate within the group).
Samples were immediately centrifuged (Janetzki, T32c, 5000 rpm, Wall-hausen, Germany)
at 2146.56× g for 15 min. The obtained serum was then frozen at −25 ◦C till the biochemical
tests [51,52]. Hematological parameters (WBCs: white blood cells; LYM: lymphocytes;
GRA: granulocytes; RBCs: red blood cells; HGB: hemoglobin; HCT: hematocrit; MCV:
Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; PLT: Platelet count)
were measured according to Salvaggio et al. [53]. The levels of total protein, albumin,
glucose, alkaline phosphatase (ALP), alanine amino-transferase (ALT), aspartate amino-
transferase (AST), uric acid, creatinine, urea-N were measured as [53,54] triglycerides (TG),
total cholesterol (TC), low-density lipoprotein (LDL), very-low-density lipoprotein (VLDL)
and high-density lipoprotein (HDL) were measured using kits according to the protocol
provided by the manufacturer (Spinreact, Ctra.Santa Coloma, Spain) [55]. Commercial kits
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from Biodiagnostic Company (Giza, Egypt) determined the immunity parameters IgG, A
and M., antioxidant enzymes: glutathione (GSH), malondialdehyde (MDA). The activities
of glutathione reductase (GSR), glutathione S-transferase (GST), superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx) were measured by a colorimetric
method using kits according to the protocol provided by the manufacturer (Cell Biolabs
Inc., San Diego, CA, USA).

2.3.2. Breast Meat Quality and Sensory Evaluation

The color parameters [L* (lightness), a* (redness), and b* (yellowness)] of raw and
cooked meat samples (cubes, 2 cm) (n = 6/treatment) were measured by Hunter Lab
colorimeter (Color Flex EZ, Reston, VA, USA) following the procedure described in [56,57].
The shear force value of cooked meat cubes of 2 cm was measured by a texture analyzer
(Compac-100 model, Sun Scientific Co., Tokyo, Japan) equipped with a cross head and
a load cell. The speed of the cross head was set at 240 mm/min and a load cell of 10 kg
was used. The cutting force was vertically applied to the meat fibers. The peak value
profile of shear force was reported as the value of shear force. The lipid oxidation was
measured by a 2-thiobarbituric acid test (TBA) [58]. Total volatile bases nitrogen (TVBN)
was estimated according to Botta et al. [59]. The pH value of minced meat samples was
assessed using a pH meter (pH 211 HANNA instruments Inc., Woonsocket, RI, USA). The
chemical composition of meat was also estimated [57]. Moisture content was determined
by oven method [60]; protein was determined by Kjeldahl method [60]; fat was estimated
by the Soxhlet apparatus method [60]; a muffin assessed ash at 600 ◦C [60].

Sensory evaluation: the cooked meat samples (n = 6/treatment) were cut into cubes
(2 cm) [61]. Eight experienced panelists have received meat samples in foam plate coded
with random 3-digits. The sensory panel followed the descriptive sensory assessment
carried out using a variation of the Sow and Grongnet [62] and Zhuang and Savage [63]
process. The panelists have evaluated the following attributes (color, flavor, appearance,
and juiciness) using a 7-point hedonic scale, where 1 = strongly dislike and 7 = strongly
like. Tap water was provided between sessions to alter the mouth feel.

2.3.3. Microbial Count in Diet and Cecal Samples

The dietary samples (n = 6/treatment) were microbiologically examined at intervals of
0, 7, 14, and 21 days. Dietary samples were mixed with sterile saline peptone water (1 g/L
peptone and 8.5 g/L NaCl) at a screw bottle and homogenized for ten minutes. Different
media were used to enumerate the microbial count. Total bacterial count (TBC) was counted
at plate count agar after incubation at 30 ◦C for two days. The total yeasts and molds count
(TYMC) were estimated on Rose Bengal Chloramphenicol agar after incubation for five
days at 25 ◦C. Total coliforms were counted on Violet Red Bile Agar (Biolife, Italy) after
incubation at 37 ◦C for 24 h [64]. Escherichia coli were counted at Tryptone Bile Glucuronide
Agar after incubation at 37 ◦C for 24 h. Additionally, the microbial count in broiler cecum
was estimated as in diet. Five cecal samples were obtained from each group randomly
and then were homogenized in a sterilized screw bottle with sterile saline peptone water
(1 g/L peptone and 8.5 g/L NaCl). Decimal serial dilutions up to 107 were prepared. The
different microorganisms in this study were counted on specific media [51,65–67]. The total
bacterial count was enumerated as per Sheiha et al. [68] and Reda et al. [25] on Plate Count
Agar (PCA) after incubation at 30 ◦C for two days. Violet Red Bile Agar (Biolife, Italy) was
used for counting coliform after incubation at 37 ◦C for 24 h. Escherichia coli was counted
at Tryptone Bile Glucuronide Agar after incubation at 37 ◦C for 24 h [69]. Salmonella spp.
was counted on S.S. agar as per Edwards and Hilderbrand [70]. The yeasts and molds
were enumerated as per Kurtzman et al. [71]. MRS-medium was used to count Lactic acid
bacteria, according to Argyri et al. [72]. Enterococcus spp. was counted on Chromocult
enterococci agar; red colonies indicated that it was found [73].
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2.4. Statistical Analysis

The SPSS v 20 (IBM Corp., Armonk, NY, USA) and one-way ANOVA test were used
to analyze the replicated data using GLM procedures. The statistical model used was:

Yij = µ + Ti + eij (1)

where Yij = observed value; µ = overall mean; Ti = treatment effect (control, and 1–6);
and eij = random error. Differences among recorded means were estimated by the test
of Student–Newman–Keuls. The SEM and mean values were reported. The differences
between groups are considered significant at p < 0.05.

GLM model analyzed the data of the antimicrobial activity according to the follow-
ing model:

Yaijk = µ + Ma + Ni + Cj + Ni*Cj + eaijk (2)

where Yijk = observed value; µ = overall mean; Ma = fixed effect of microorganism (bacteria
or fungal), Ni = nanoparticle effect (zinc and curcumin), Cj = concentration of nanoparticles
(100, 150, 200, 250 and 300 µg/mL for each nanoparticle type); Ni*Cj = the interaction be-
tween nanoparticles and the dose of the nanoparticles; eaijk = random error. The differences
between means were compared by LSD at 5% level of probability.

GLM model analyzed the data of the microbiological activity of dietary samples at
intervals according to the following model:

Yijk = µ + Ti + Sj + Ni*Sj + eijk (3)

where Yijk = observed value; µ = overall mean; Ni = treatment effect (control, and 1–6),
Sj = day of sampling (0, 7, 14, and 21 days); Ti*Sj = the interaction between treatment and
the days of sampling; eijk = random error. The differences between means were compared
by LSD at 5% level of probability.

3. Results
3.1. Antimicrobial Activity of CurNPs and ZnNPs

Table 2 showed the antibacterial effect of CurNPs and ZnNPs against six bacterial
isolates. The inhibition zones diameters (IZDs) of CurNPs and ZnNPs were increasing
in concentration-dependent manner. The results showed that CurNPs exhibited more
antibacterial activity than ZnNPs; the CurNPs IZDs were in the range of 13.7–25.6 mm,
the ZnNPs IZDs were in the range of 12.7–24.5. The largest IZD was observed against S.
pyogenes with 25.6 and 24.5 for CurNPs and ZnNPs. Therefore, S. pyogenes was the most
sensitive Gram-positive bacteria to the tested nanoparticles. On the other hand, P. aeruginosa
was the most resistant Gram-negative bacteria to CurNPs and ZnNPs concentrations.
Likely; the CurNPs had higher IZDs against tested fungi in a range of 17.9–30.2 mm
compared to ZnNPs. A. niger was the most sensitive fungi to nanoparticles and P. crustosum
was the most resistant. The CurNPs and ZnNPs inhibited the tested microbial growth with
MIC values of 45–90 and 50–95 µg/mL, respectively. No microbial growth was detected at
concentrations between 85–155, and 90–170 µg/mL for CurNPs, and ZnNPs. on the other
hands, the combination between CurNPs and ZnNPs increased the antimicrobial activity
achieving no bacterial or fungal growth in the range of 80–140 µg/mL (data not shown).
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3.2. Growth Performance

The effects of CurNPs, ZnNPs and Bl on live body weight (LBW) and BWG of chicks
are shown in Table 3. Tests of variance offered a remarkable (p < 0.001) impact of treatments
on LBW, BWG and FI over the various experimental groups at the starter (1–3 weeks),
finisher (3–5 weeks) and only effects on LBW and BWG at the whole cycle (1–5 weeks)
compared to the control, respectively. For the whole cycle, the best LBW was for T5 and T6;
and the best BWG was for all the groups with ZnNPs (T1, T4, T5 and T6).

Table 3. Live body weight (g), body weight gain (g), feed intake (g), feed conversion ratio and mortality rate (%) of broilers
as affected by dietary supplementation of ZnNPs, CurNPs, and Bl. (n = 60/treatment).

Items
Treatments

SEM p-Value
Control 1 2 3 4 5 6

Starter period (1–3 weeks)

LBW (g) 667.41 b 642.36 d 645.36 d 652.45 c 668.18 b 665.95 b 683.73 a 4.03 0.038
BWG (g/day) 40.53 a 36.40 b 33.15 c 35.04 bc 38.02 b 37.25 b 40.12 a 0.59 <0.001

FI (g/day) 70.74 a 55.42 b 53.53 b 54.13 b 56.87 b 57.52 b 58.08 b 1.33 <0.001
FCR 1.74 a 1.52 c 1.61 b 1.55 c 1.50 c 1.54 c 1.45 d 0.02 0.004

Finisher period (3–5 weeks)

LBW (g) 1843.30 e 2161.91 b 2062.36 de 2084.15 d 2143.43 c 2177.60 a 2190.54 a 26.26 <0.001
BWG (g) 81.05 c 117.61 a 112.38 ab 109.27 b 112.30 ab 118.72 a 114.54 ab 2.74 <0.001

FI (g) 116.48 d 148.56 a 150.57 a 131.66 c 136.11 c 150.47 a 141.66 b 3.13 0.007
FCR 1.44 a 1.26 c 1.34 b 1.20 d 1.21 d 1.27 c 1.24 c 0.02 0.034

Whole cycle (1–5 weeks)

LBW (g) 1843.30 e 2161.91 b 2062.36 de 2084.15 d 2143.43 c 2177.60 a 2190.54 a 26.26 <0.001
BWG (g/day) 56.08 c 65.22 a 61.69 b 63.05 b 64.87 a 65.52 a 66.28 a 0.78 <0.001

FI (g/day) 87.69 89.84 84.65 84.02 86.88 90.63 88.31 0.75 0.133
FCR 1.56 a 1.39 b 1.40 b 1.35 c 1.35 c 1.39 b 1.33 c 0.02 0.001

Mortality rate
(%) 2.30 2.72 2.72 0.00 1.82 2.72 0.00 0.82 0.542

Basal diet (Control); T1: basal diet + 3.0 cm3 ZnNPs; T2: basal diet + 5.0 cm3 CurNPs; T3: basal diet + 2.0 cm3 BL; T4: basal diet + 3.0 cm3

ZnNPs + 2 cm3 BL; T5: basal diet +3.0 cm3 ZnNPs + 5.0 cm3 CurNPs and T6: basal diet +3.0 ZnNPs + 5.0 CurNPs + 2.0 cm3 BL. Live body
weight (LBW); body weight gain (BWG); feed intake (FI); feed conversion ratio (FCR). SEM: standard error mean. a–e, Different letters
within one row are significantly different (p < 0.05).

The FI decreased significantly in all treated groups compared to control broilers at the
starter period (1–3 weeks), while FI increased significantly in T1, T2, and T5 compared to
other treated and control birds at the finisher period (3–5 weeks). On the other hand, FI did
not exhibit any significant differences between all treated and control groups throughout
the cycle (1–5 weeks) (Table 3).

The influences of biological ZnNPs, CurNPs and BL on FCR are illustrated in Table 3.
Generally, diets supplemented with ZnNPs, CurNPs and B. licheniformis (Bl) gave a better
FCR than the control. The T6 group showed the best FCR at the started period, whereas T3
and T4 presented the best FCR in the finisher period. Regarding the whole cycle T3, T4
and T6 presented the best FCR values.

3.3. Carcass Traits

As shown in Table 4, all carcass traits were significantly (p < 0.05) impacted by the
dietary treatment except for % of the bursa. The best carcass and dressing values are for T6
and T4. However, the lowest value for carcass was for control, and the lowest for dressing
was control and T2. All dietary treatments, except for T2 (increased), reduced abdominal
fat percentage compared to control.

308



Animals 2021, 11, 1878

Table 4. Carcass traits (%) of broilers as affected by dietary supplementation of ZnNPs, CurNPs and Bl. (n = 6).

Carcass Traits (as a % of Pre-Slaughter Weight) Items

Bursa Spleen Abdominal
Fat Dressing Giblets Carcass Pre-Slaughter

Weight

0.10 0.12 b 1.11 b 77.29 d 3.28 e 74.00 d 2010.00 bc Control
0.12 0.08 c 0.81 d 78.69 b 4.20 a 74.49 c 2047.50 b T1
0.08 0.09 c 1.32 a 77.51 d 3.88 b 73.63 e 1960.00 c T2
0.14 0.12 b 0.38 e 78.85 b 3.76 c 75.09 b 1995.00 bc T3
0.13 0.16 a 0.94 c 79.19 ab 3.60 d 75.58 a 2240.00 a T4
0.15 0.12 b 0.84 d 78.08 c 3.76 c 74.32 c 2020.00 bc T5
0.17 0.12 b 0.79 d 79.55 a 3.71 c 75.85 a 2075.00 b T6
0.01 0.01 0.07 0.23 0.11 0.71 21.45 SEM

0.135 0.017 0.002 0.006 <0.001 0.010 0.001 p-value
Basal diet (Control); T1: basal diet + 3.0 cm3 ZnNPs; T2: basal diet + 5.0 cm3 CurNPs; T3: basal diet + 2.0 cm3 BL; T4: basal diet + 3.0 cm3

ZnNPs + 2 cm3 BL; T5: basal diet + 3.0 cm3 ZnNPs + 5.0 cm3 CurNPs and T6: basal diet + 3.0 ZnNPs + 5.0 CurNPs + 2.0 cm3 BL. SEM:
standard error mean. a–e Different letters within one column are significantly different (p < 0.05).

3.4. Blood Biochemical Indices

Compared to the control group; the dietary supplementation of CurNPs, ZnNPs,
and B. licheniformis (Bl) combination in T5 and T6 significantly increased hemoglobin
content, MCH, MCV, MCHC, RBCs count, monocytes %, albumen content and IgA level
as well as GSH, GSR and SOD enzymes. T6 resulted in significant increase in PCV, blood
platelets count, and percentages of lymphocytes, neutrophils, basophils, and eosinophils.
Moreover, a significant increase in calcium level and GST, duodenal amylase, protease and
lipase enzymatic activity was reported compared to the control group. Additionally, lipid
indicators and parameters were significantly lower in the T6 group than in the control and
other groups. A significant increase in SOD and GSH, immunoglobulins, and hydrolysis
enzymes were observed in the T6 group compared with the control group and other groups
(Table 5).

3.5. Meat Quality

Data in Table 6 reported that the addition of CurNPs, ZnNPs, and Bl (5:3:2 cm3/kg) to
the broiler diet significantly increased meat moisture (T5 and T6), protein content (T6) and
pH (T6) compared to control group. Moreover, the lipid content of meat was significantly
lower in T6 compared to other treated and control groups. Furthermore, the T6 significantly
enhanced the yellowness (b*), juiciness, tenderness and taste of the meat compared to the
control group.

3.6. Microbial Count in Diet and Cecal Samples

Generally, the microbial count was significantly (p ≤ 0.05) lower in the treated groups
than that of the control. However, the interaction effect showed that T6 excelled the other
treatment groups in reducing the microbial count in diet samples with a relative decrease
of 35% in total bacterial count (TBC), 45% in total yeasts and molds count (TYMC), 63%
in E. coli count and 50% of coliform count compared to control. The microbial count
increased with feeding period. The T6 followed T5 in the microbial count reduction
(Table 7). Additionally, total bacterial count, total yeasts and molds, coliform, E. coli,
Salmonella spp., Enterococcus spp., and lactic acid bacteria were counted in the cecum. Data
in Table 8 showed that the T6 group followed by T5 caused a significant reduction in all
microbial counts in the broiler’s cecum with a relative decrease of 18–30%. Conversely, the
count of lactic acid bacteria was higher than the control by 25%. Salmonella did not exist in
the cecum of the treated groups. The different treatments significantly reduced the count
of Enterococcus spp.

309



A
ni

m
al

s
20

21
,1

1,
18

78

Ta
bl

e
5.

B
lo

od
he

m
at

ol
og

y,
bi

oc
he

m
ic

al
pa

ra
m

et
er

s,
se

ru
m

an
ti

ox
id

an
ts

,d
uo

d
en

al
en

zy
m

es
an

d
im

m
un

it
y

of
br

oi
le

rs
as

af
fe

ct
ed

by
d

ie
ta

ry
su

pp
le

m
en

ta
ti

on
of

Z
nN

Ps
,C

ur
N

Ps
,a

nd
Ba

ci
llu

s
lic

he
ni

fo
rm

is
.(

n
=

6)
.

Se
ru

m
Pa

ra
m

et
er

s
C

on
tr

ol
T

1
T

2
T

3
T

4
T

5
T

6
SE

M
p

V
al

ue

H
em

at
ol

og
ic

al

H
em

og
lo

bi
n

(g
/d

L)
6.

90
bc

7.
00

b
7.

20
ab

7.
00

b
7.

00
b

7.
20

ab
7.

30
a

0.
05

1
<0

.0
00

1
M

C
H

(P
/g

)
22

.9
0

c
23

.0
0

bc
23

.8
0

b
23

.0
0

bc
22

.9
0

c
24

.0
0

ab
25

.1
0

a
0.

27
9

<0
.0

00
1

M
C

V
(F

l)
63

.0
0

d
63

.5
0

c
64

.0
0

bc
63

.8
0

c
64

.5
0

b
65

.0
0

ab
66

.5
0

a
0.

40
5

<0
.0

00
1

M
C

H
C

(g
/d

)
33

.2
2

cd
33

.9
0

c
34

.5
0

b
34

.0
0

bc
33

.5
0

c
35

.1
0

ab
35

.5
0

a
0.

28
5

<0
.0

00
1

PC
V

(%
)

22
.2

5
c

22
.5

0
bc

25
.2

0
ab

21
.5

0
cd

23
.0

0
b

24
.5

0
b

25
.9

0
a

0.
57

9
<0

.0
00

1
R

BC
(×

10
6 /U

L)
3.

30
b

3.
40

b
3.

60
ab

2.
50

c
3.

40
b

3.
50

ab
3.

80
a

0.
14

4
<0

.0
00

1
W

BC
(×

10
3

j/
L)

4.
00

a
4.

00
a

3.
25

c
2.

10
d

3.
50

b
3.

12
bc

4.
10

a
0.

25
1

<0
.0

00
1

Pl
at

el
et

s
(1

03
j/

L)
21

0
cd

21
2

c
21

5
bc

19
9

e
21

9
b

20
5

d
22

5
a

3.
02

7
<0

.0
00

1
Ly

m
ph

oc
yt

es
(%

)
72

.0
0

bc
67

.1
0

d
73

.1
0

b
72

.1
0

bc
72

.1
2

bc
70

.3
1

c
75

.1
2

a
0.

87
7

<0
.0

00
1

N
eu

tr
op

hi
ls

(%
)

21
.0

0
d

21
.1

0
d

27
.1

2
b

25
.6

0
c

29
.1

2
ab

23
.1

0
cd

30
.1

2
a

1.
28

6
<0

.0
00

1
Ba

so
ph

ils
(%

)
0.

00
0.

00
0.

00
1.

10
b

1.
20

b
0.

90
bc

1.
50

a
0.

22
8

<0
.0

00
1

M
on

oc
yt

es
(%

)
0.

30
d

0.
40

d
1.

90
bc

0.
90

c
2.

30
b

2.
50

ab
2.

80
a

0.
36

3
<0

.0
00

1
Eo

si
no

ph
ils

(%
)

4.
30

b
4.

50
ab

3.
80

c
4.

30
b

4.
50

ab
4.

10
c

5.
13

a
0.

13
5

<0
.0

00
1

Bi
oc

he
m

ic
al

G
lu

co
se

(m
m

ol
/L

)
6.

12
bc

6.
11

bc
6.

22
bc

6.
30

ab
6.

10
b

6.
50

a
6.

01
bc

0.
06

9
<0

.0
00

1
To

ta
lp

ro
te

in
(g

/d
L)

4.
50

d
4.

90
d

5.
80

b
6.

50
a

5.
12

c
5.

10
c

6.
30

ab
0.

26
6

<0
.0

00
1

A
lb

um
in

(g
/d

L)
3.

20
cd

3.
50

c
4.

10
b

4.
10

b
4.

00
b

4.
20

ab
4.

50
a

0.
15

3
<0

.0
00

1
G

lo
bu

lin
(g

/d
L)

2.
10

d
2.

50
c

2.
60

c
2.

40
cd

2.
50

c
3.

05
b

3.
60

a
0.

17
1

<0
.0

00
1

C
hl

or
id

e
(m

m
ol

/L
)

10
5

a
99

d
95

d
10

0
c

10
3

b
10

0
c

90
.0

0
e

1.
75

5
<0

.0
00

1
C

al
ci

um
(m

m
ol

/L
)

2.
20

c
2.

40
c

3.
50

a
3.

20
ab

3.
05

b
3.

05
b

3.
50

a
0.

17
7

<0
.0

00
1

A
ST

(U
/I

)
23

.1
2

c
25

.4
2

bc
25

.1
2

bc
35

.1
2

a
27

.0
5

b
34

.2
2

ab
20

.1
0

c
1.

94
8

<0
.0

00
1

A
LT

(U
/I

)
20

.1
4

c
16

.1
0

d
19

.0
1

c
25

.2
2

ab
23

.2
3

b
26

.1
4

a
18

.1
0

cd
1.

30
9

<0
.0

00
1

U
re

a
(m

m
ol

/L
)

5.
12

a
4.

20
b

3.
90

c
5.

01
a

4.
25

b
3.

99
c

4.
10

bc
0.

16
1

<0
.0

00
1

Tr
ig

ly
ce

ri
de

s
(m

m
ol

/L
)

1.
20

a
1.

10
ab

0.
90

c
1.

05
b

1.
01

b
0.

98
bc

0.
70

c
0.

05
6

<0
.0

00
1

C
ho

le
st

er
ol

(m
m

ol
/L

)
4.

10
ab

4.
20

a
4.

05
b

4.
20

a
4.

04
c

4.
15

bc
4.

12
c

0.
03

0
<0

.0
00

1
LD

L
(m

m
ol

/L
)

3.
40

ab
3.

50
a

1.
70

c
3.

40
ab

1.
70

c
2.

40
b

1.
60

c
0.

31
0

<0
.0

00
1

V
LD

L
(m

m
ol

/L
)

0.
44

ab
0.

45
a

0.
30

b
0.

28
c

0.
17

0.
32

ab
0.

25
c

0.
03

5
<0

.0
00

1

310



A
ni

m
al

s
20

21
,1

1,
18

78

Ta
bl

e
5.

C
on

t.

Se
ru

m
Pa

ra
m

et
er

s
C

on
tr

ol
T

1
T

2
T

3
T

4
T

5
T

6
SE

M
p

V
al

ue

O
xi

da
ti

ve
en

zy
m

es

G
SH

1.
10

d
1.

30
c

1.
30

c
1.

20
cd

1.
50

b
1.

70
ab

1.
80

a
0.

09
1

<0
.0

00
1

G
SR

1.
30

d
1.

50
cd

1.
60

c
1.

35
cd

1.
80

b
1.

90
ab

2.
00

a
0.

09
5

<0
.0

00
1

G
ST

1.
40

cd
1.

60
c

1.
60

c
1.

31
cd

1.
80

b
2.

00
b

2.
30

a
0.

12
1

<0
.0

00
1

SO
D

1.
50

e
1.

70
d

1.
80

cd
1.

90
c

2.
40

b
2.

50
ab

2.
70

a
0.

16
0

<0
.0

00
1

M
D

A
17

.9
0

a
17

.1
0

ab
16

.8
0

b
16

.2
0

bc
16

.2
0

bc
14

.5
0

c
13

.1
0

d
0.

57
5

<0
.0

00
1

D
uo

de
na

lE
nz

ym
e

ac
ti

vi
ty

A
m

yl
as

e
28

30
g

29
35

f
30

40
e

31
45

d
37

50
c

40
22

b
41

55
a

19
2.

42
<0

.0
00

1
Pr

ot
ea

se
13

0
fg

14
0

f
17

0
e

18
0

d
19

0
c

22
5

b
23

4
a

13
.7

2
<0

.0
00

1
Li

pa
se

95
.0

0f
10

0
e

11
1

de
12

0
d

13
0

c
14

0
b

14
5

a
6.

75
<0

.0
00

1

Im
m

un
og

lo
bu

lin
le

ve
l

Ig
A

7.
50

cd
7.

80
c

7.
90

bc
8.

00
bc

8.
50

b
9.

70
ab

10
.2

0
a

0.
36

2
<0

.0
00

1
Ig

M
2.

50
cd

2.
90

c
3.

00
cd

3.
10

cd
3.

50
c

3.
90

b
4.

50
a

0.
23

7
<0

.0
00

1
Ig

G
13

.0
0

cd
14

.3
0

c
15

.9
0

bc
16

.0
0

bc
16

.0
0

bc
17

.0
0

b
18

.9
0

a
0.

65
8

<0
.0

00
1

Ba
sa

ld
ie

t(
C

on
tr

ol
);

T1
:b

as
al

di
et

+
3.

0
cm

3
Z

nN
Ps

;T
2:

ba
sa

ld
ie

t+
5.

0
cm

3
C

ur
N

Ps
;T

3:
ba

sa
ld

ie
t+

2.
0

cm
3

Bl
;T

4:
ba

sa
ld

ie
t+

3.
0

cm
3

Z
nN

Ps
+

2
cm

3
BL

;T
5:

ba
sa

ld
ie

t+
3.

0
cm

3
Z

nN
Ps

+
5.

0
cm

3
C

ur
N

Ps
an

d
T

6:
ba

sa
ld

ie
t+

3.
0

Z
nN

Ps
+

5.
0

C
ur

N
Ps

+
2.

0
cm

3
B

l.
M

C
H

:m
ea

n
co

rp
us

cu
la

r
he

m
og

lo
bi

n;
M

C
V

:m
ea

n
co

rp
us

cu
la

r
vo

lu
m

e;
M

C
H

C
:m

ea
n

co
rp

us
cu

la
r

he
m

og
lo

bi
n

co
nc

en
tr

at
io

n;
PC

V
:p

ac
ke

d
ce

ll
vo

lu
m

e;
R

B
C

s:
re

d
bl

oo
d

ce
lls

;W
B

C
s:

w
hi

te
bl

oo
d

ce
lls

;A
ST

:a
sp

ar
ta

te
am

in
ot

ra
ns

fe
ra

se
;A

LT
:a

la
ni

ne
am

in
ot

ra
ns

fe
ra

se
;L

D
L

:l
ow

-d
en

si
ty

lip
op

ro
te

in
;V

L
D

L
:v

er
y

lo
w

-d
en

si
ty

lip
op

ro
te

in
;G

SH
:g

lu
ta

th
io

ne
;G

SR
:

gl
ut

at
hi

on
e

re
du

ct
as

e;
G

ST
:g

lu
ta

th
io

ne
-S

-t
ra

ns
fe

ra
se

;S
O

D
:s

up
er

ox
id

e
di

sm
ut

as
e;

M
D

A
:m

al
on

de
al

de
hy

de
.I

gA
:i

m
m

un
og

lo
bu

lin
A

;I
gM

:i
m

m
un

og
lo

bu
lin

M
;I

gG
;i

m
m

un
og

lo
bu

lin
G

.S
EM

:s
ta

nd
ar

d
er

ro
r

m
ea

n.
a–

g
D

iff
er

en
tl

et
te

rs
w

it
hi

n
on

e
ra

w
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t(

p
<

0.
05

).

311



A
ni

m
al

s
20

21
,1

1,
18

78

Ta
bl

e
6.

C
he

m
ic

al
,c

ol
or

pa
ra

m
et

er
s,

an
d

ra
w

an
d

co
ok

ed
(s

en
so

ri
al

)m
ea

tq
ua

lit
y

of
br

oi
le

r
af

fe
ct

ed
by

di
et

ar
y

su
pp

le
m

en
ta

ti
on

of
Z

nN
Ps

,C
ur

N
Ps

,a
nd

Ba
ci

llu
s

lic
he

ni
fo

rm
is

.(
n

=
6)

.

Q
ua

li
ty

Pa
ra

m
et

er
s

C
on

tr
ol

T
1

T
2

T
3

T
4

T
5

T
6

SE
M

p-
V

al
ue

C
he

m
ic

al

M
oi

st
ur

e
65

.9
cd

64
.3

0
d

68
.0

0
b

68
.2

0
b

67
.1

0
c

70
.0

0
ab

71
.0

0
a

0.
80

3
<0

.0
00

1
Pr

ot
ei

n
19

.4
5

d
20

.1
2

c
21

.4
0

c
22

.0
0

b
21

.2
0

c
21

.2
2

c
23

.0
0

a
0.

40
8

<0
.0

00
1

Li
pi

d
14

.1
ab

15
.0

0
a

10
.2

0
c

9.
30

cd
11

.5
0

b
9.

00
d

6.
00

e
1.

08
7

<0
.0

00
1

A
sh

0.
89

b
1.

10
a

0.
90

b
1.

00
ab

1.
00

ab
0.

80
c

0.
30

d
0.

09
2

<0
.0

00
1

pH
5.

5
de

6.
00

c
5.

80
d

6.
10

c
6.

30
b

6.
20

bc
6.

80
a

0.
14

3
<0

.0
00

1
TB

V
N

6.
4

a
5.

90
b

5.
90

b
5.

60
bc

5.
50

bc
5.

10
c

4.
80

cd
0.

18
7

<0
.0

00
1

T
BA

0.
60

a
0.

60
a

0.
5

ab
0.

4
b

0.
3

b
0.

2
c

0.
2

c
0.

06
1

<0
.0

00
1

C
ol

or

L*
60

.1
0

ab
58

.2
0

c
60

.2
0

ab
60

.0
0

ab
59

.6
0

b
59

.0
bc

61
.2

0
a

0.
33

4
<0

.0
00

1
a*

6.
00

bc
6.

50
ab

6.
00

bc
6.

00
bc

6.
70

a
6.

40
b

5.
80

c
0.

11
6

<0
.0

00
1

b*
15

.0
0

bc
15

.0
0

bc
15

.9
0

b
14

.1
0

cd
14

.8
0

c
14

.2
0

cd
16

.1
0

a
0.

26
8

<0
.0

00
1

Se
ns

or
ia

l

Ju
ic

in
es

s
4.

20
bc

4.
05

c
4.

35
b

4.
30

b
4.

4
b

4.
56

ab
4.

80
a

0.
08

5
<0

.0
00

1
Te

nd
er

ne
ss

4.
90

b
4.

75
bc

4.
70

c
4.

95
ab

4.
70

c
4.

96
ab

5.
20

a
0.

06
3

<0
.0

00
1

Ta
st

e
4.

35
c

4.
20

cd
4.

44
b

4.
34

c
4.

20
cd

4.
56

ab
4.

80
a

0.
07

5
<0

.0
00

1
A

ro
m

a
4.

50
ab

4.
35

c
4.

50
ab

4.
55

ab
4.

56
ab

4.
46

b
4.

70
a

0.
03

7
<0

.0
00

1
Ba

sa
ld

ie
t(

C
on

tr
ol

);
T1

:b
as

al
di

et
+

3.
0

cm
3

Z
nN

Ps
;T

2:
ba

sa
ld

ie
t+

5.
0

cm
3

C
ur

N
Ps

;T
3:

ba
sa

ld
ie

t+
2.

0
cm

3
Bl

;T
4:

ba
sa

ld
ie

t+
3.

0
cm

3
Z

nN
Ps

+
2

cm
3

BL
;T

5:
ba

sa
ld

ie
t+

3.
0

cm
3

Z
nN

Ps
+

5.
0

cm
3

C
ur

N
Ps

an
d

T6
:b

as
al

di
et

+
3.

0
Z

nN
Ps

+
5.

0
C

ur
N

Ps
+

2.
0

cm
3

Bl
;T

V
BN

:t
ot

al
vo

la
til

e
ba

si
c

ni
tr

og
en

;T
BA

:t
hi

ob
ar

bi
tu

ri
c

ac
id

;L
*:

lig
ht

ne
ss

;a
*:

re
dn

es
s;

b*
:y

el
lo

w
ne

ss
.S

EM
:s

ta
nd

ar
d

er
ro

r
m

ea
n.

a–
e

D
iff

er
en

tl
et

te
rs

w
ith

in
on

e
ra

w
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t(

p
<

0.
05

).

312



A
ni

m
al

s
20

21
,1

1,
18

78

Ta
bl

e
7.

D
ie

ta
ry

m
ic

ro
bi

ot
a

(t
ot

al
ba

ct
er

ia
,

ye
as

t
an

d
m

ol
d

s,
E

.c
ol

i,
an

d
co

lif
or

m
)

p
re

se
nt

ed
(L

og
C

FU
/

m
L

)
in

br
oi

le
r

d
u

ri
ng

fe
ed

in
g

p
er

io
d

of
0–

21
d

ay
s

as
af

fe
ct

ed
by

d
ie

ta
ry

su
pp

le
m

en
ta

ti
on

of
Z

nN
Ps

,C
ur

N
Ps

,a
nd

Ba
ci

llu
s

lic
he

ni
fo

rm
is

.(
n

=
6)

.

Sa
m

pl
es

/M
ic

ro
bi

al
C

ou
nt

T
B

C
p

V
al

ue
T

Y
M

C
p

V
al

ue

Fe
ed

in
g

Pe
ri

od
(d

ay
)

0
7

14
21

0
7

14
21

C
on

tr
ol

5.
80

a,
D

6.
01

a,
C

6.
33

a,
B

6.
70

a,
A

<0
.0

01
3.

81
a,

D
4.

00
a,

C
4.

30
a,

B
4.

82
a,

A
<0

.0
01

T1
5.

54
ab

,D
5.

72
b,

C
6.

12
ab

,B
6.

51
ab

,A
<0

.0
01

3.
52

ab
,D

3.
72

ab
,C

4.
03

ab
,B

4.
55

b,
A

<0
.0

01
T2

5.
20

bD
5.

41
bc

C
5.

93
bB

6.
22

b,
A

<0
.0

01
3.

14
b,

D
3.

51
b,

C
3.

82
b,

B
4.

12
bc

,A
<0

.0
01

T3
4.

86
c,

D
5.

14
c,

C
5.

50
bc

,B
5.

90
bc

,A
<0

.0
01

2.
82

bc
,D

3.
14

c,
C

3.
44

c,
B

3.
84

c,
A

<0
.0

01
T4

4.
60

d,
D

4.
95

cd
,C

5.
32

c,
B

5.
74

c,
A

<0
.0

01
2.

58
c,

D
2.

90
cd

,C
3.

15
cd

,B
3.

69
cd

,A
<0

.0
01

T5
4.

22
d,

D
4.

72
d,

C
5.

11
cd

,B
5.

38
cd

,A
<0

.0
01

2.
30

cd
,D

2.
71

d,
C

2.
82

d,
B

3.
33

d,
A

<0
.0

01
T6

3.
93

e,
A

4.
11

e,
C

4.
85

d,
B

5.
09

d,
A

<0
.0

01
2.

10
d,

D
2.

42
de

,C
2.

68
de

,B
3.

15
de

,A
<0

.0
01

SE
M

0.
25

0.
27

0.
61

0.
44

0.
46

0.
64

0.
09

0.
14

p
va

lu
e

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

Sa
m

pl
es

/M
ic

ro
bi

al
C

ou
nt

E.
co

li
pV

al
ue

C
ol

if
or

m
pV

al
ue

Fe
ed

in
g

Pe
ri

od
(d

ay
)

0
7

14
21

0
7

14
21

C
on

tr
ol

2.
22

a,
C

2.
56

a,
B

2.
92

a,
A

B
3.

12
a,

A
<0

.0
01

2.
91

a,
D

3.
33

a,
C

3.
62

a,
B

4.
02

a,
A

<0
.0

01
T1

2.
01

ab
,D

2.
32

ab
,C

2.
62

ab
,B

2.
81

ab
,A

<0
.0

01
2.

72
ab

,D
3.

05
ab

,C
3.

43
ab

,B
3.

81
ab

,A
<0

.0
01

T2
1.

88
b,

D
2.

11
b,

C
2.

31
b,

B
2.

54
b,

A
<0

.0
01

2.
44

b,
D

2.
84

b,
C

3.
11

b,
B

3.
51

b,
A

<0
.0

01
T3

1.
56

bc
,D

1.
92

c,
C

2.
15

bc
,B

2.
37

bc
,A

<0
.0

01
2.

21
bc

,D
2.

58
bc

,C
2.

94
bc

,B
3.

23
c,

A
<0

.0
01

T4
1.

34
c,

C
1.

73
c,

B
1.

96
c,

A
2.

08
c,

A
<0

.0
01

1.
94

c,
C

2.
11

c,
C

2.
77

c,
B

3.
07

cd
,A

<0
.0

01
T5

1.
12

cd
,D

1.
54

cd
,C

1.
64

cd
,B

1.
82

cd
,A

<0
.0

01
1.

66
cd

,C
1.

84
d,

C
2.

52
cd

,B
2.

88
d,

A
<0

.0
01

T6
0.

85
d,

C
1.

29
d,

B
1.

48
d,

A
1.

53
d,

A
<0

.0
01

1.
48

d,
D

1.
62

de
,C

2.
29

d,
B

2.
57

e,
A

<0
.0

01
SE

M
0.

21
0.

23
0.

59
0.

40
0.

42
0.

60
0.

07
0.

10
p

va
lu

e
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01
<0

.0
01

<0
.0

01

M
ea

ns
fo

llo
w

ed
by

d
if

fe
re

nt
lo

w
er

ca
se

in
th

e
sa

m
e

co
lu

m
n

in
d

ic
at

e
si

gn
ifi

ca
nt

d
if

fe
re

nc
e

(p
<

0.
05

),
d

if
fe

re
nt

u
pp

er
ca

se
le

tt
er

s
in

sa
m

e
ra

w
w

it
hi

n
ea

ch
pa

ra
m

et
er

in
d

ic
at

e
si

gn
ifi

ca
nt

d
if

fe
re

nc
es

(p
<

0.
05

);
T

1:
ba

sa
ld

ie
t+

3.
0

cm
3

Z
nN

Ps
;T

2:
ba

sa
ld

ie
t+

5.
0

cm
3

C
ur

N
Ps

;T
3:

ba
sa

ld
ie

t+
2.

0
cm

3
Bl

;T
4:

ba
sa

ld
ie

t+
3.

0
cm

3
Z

nN
Ps

+
2

cm
3

Bl
;T

5:
ba

sa
ld

ie
t+

3.
0

cm
3

Z
nN

Ps
+

5.
0

cm
3

C
ur

N
Ps

an
d

T
6:

ba
sa

ld
ie

t+
3.

0
Z

nN
Ps

+
5.

0
C

ur
N

Ps
+

2.
0

cm
3

B
l;

T
B

C
;T

ot
al

ba
ct

er
ia

lc
ou

nt
;T

Y
M

C
:t

ot
al

ye
as

t-
m

ol
d

co
un

t;
E.

co
li:

Es
ch

er
ic

hi
a

co
li;

SE
M

:s
ta

nd
ar

d
er

ro
r

m
ea

n.
a–

e,
A

–D
:D

iff
er

en
tl

et
te

rs
w

it
hi

n
on

e
co

lu
m

n
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t(

p
<

0.
05

).
SE

M
:s

ta
nd

ar
d

er
ro

r
m

ea
ns

.

313



Animals 2021, 11, 1878

Table 8. Cecal microbiota (total bacteria, yeasts and molds, E. coli, coliform, Salmonella spp., Enterococcus spp., and lactic acid
bacteria) are represented (Log CFU/g) broiler during feeding as affected by dietary supplementation of ZnNPs, CurNPs,
and Bacillus licheniformis. (n = 5).

Samples Total Bacteria Total Yeasts
and Molds E. coli Salmonella

spp.
Enterococcus

spp. Coliform Lactic Acid
Bacteria

Control 9.20 a 3.92 a 5.70 a 1.58 5.82 a 6.70 a 4.51 d
T1 8.40 b 3.59 ab 5.50 ab ND 5.60 b 6.51 ab 4.81 cd
T2 7.83 bc 3.52 b 5.30 b ND 5.50 b 6.23 b 5.20 c
T3 7.65 c 3.41 bc 5.11 c ND 5.21 bc 6.25 c 5.42 c
T4 7.40 cd 3.21 c 4.82 cd ND 5.12 c 5.84 c 5.62 b
T5 7.25 d 3.00 cd 4.62 d ND 4.90 c 5.55 cd 5.81 ab
T6 6.50 e 2.80 d 4.44 d ND 4.71 d 5.26 d 6.18 a

SEM 0.17 0.22 0.14 0.20 0.30 0.19 0.20
p value 0.001 0.004 0.001 0.001 0.012 0.021 0.002

Basal diet (Control); T1: basal diet + 3.0 cm3 ZnNPs; T2: basal diet + 5.0 cm3 CurNPs; T3: basal diet + 2.0 cm3 Bl; T4: basal diet + 3.0 cm3

ZnNPs + 2 cm3 BL; T5: basal diet +3.0 cm3 ZnNPs + 5.0 cm3 CurNPs and T6: basal diet + 3.0 ZnNPs + 5.0 CurNPs + 2.0 cm3 Bl; E. coli:
Escherichia coli; SEM: standard error mean. a–e: Different letters within one column are significantly different (p < 0.05).

4. Discussion

The antimicrobial and antioxidant activities of CurNPs and ZnNPs are attributable
to their small size and their phenolic compounds content on the surface of nanoparticles
(NPs) [74]. These active compounds may be the reason for the beneficial effects of NPs
additive on the growth, carcass properties, biochemical blood indicators, meat quality and
microbial status of birds and the combination between CurNPs and ZnNPs increased the
antimicrobial and antioxidant activities. For the antimicrobial activity of curcumin nanopar-
ticles against tested pathogenic bacteria, Bhawana, et al. [75] confirmed the antibacterial
activity of CurNPs on S. aureus, B. subtilis, E. coli, and p. aeruginosa. The authors added that
the effect of CurNPs was more effective on Gram-positive than Gram-negative bacteria.
Additionally, Narayanan, et al. [76] reported that the IDZs of ZnONPs (40 µg/mL) against
S. aureus and E. coli were 19 and 14 mm, respectively. The IDZ of ZnONPs (50 µg/mL) on
these bacteria were 18 and 16 mm [77]. These results are in agreement with the obtained
results. Sirelkhatim, et al. [78] and Hassani Sangani, et al. [79] showed that the MIC and
MBC values of ZnONPs were in the range of 158–325 µg/mL against 15 isolates of p. aerug-
inosa as well. The MIC was 50 µg/mL against E. coli, Bacillus subtilis, and Staphylococcus
aureus and 25 µg/mL against Vibrio cholera and Clostridium botulinum.

The CurNPs and ZnNPs exhibited broad-spectrum antifungal activity in the current
study. Arciniegas-Grijalba, et al. [80] found that zinc oxide nanoparticles in vitro antifungal
activity against Erythricium salmonicolor causal of pink disease was through inhibiting the
fungal mycelia. Additionally, Alnashi and Fattah [81] revealed that curcumin nanoparticles
produced by turmeric methanolic extract have antifungal activity against Candida albicans
ATCC 10,231 and Geotricum candidum NRRL Y-552 and mold strains, including: Aspergillus
niger ATCC 102, Aspergillus flavus ATCC 247 and Fusarium moniliform ATCC 206 with MIC
range of 15–25µg/mL. No available studies discussed the combination between CurNPs
and ZnNPs. The beneficial impacts of probiotics on bird’s performance may occur via
changing the gut medium and raising the immunization of helpful gastric microorganisms.
The competitive action reduces the harmful bacteria and the excitation of the immune
system [31,82]. Probiotics settle the beneficial bacteria in the intestine and the competition
with pathogenic bacteria leaves no area for hurtful bacteria to live in or set up. Additionally,
probiotics stimulate the digestive enzyme secretion such as β galactosidase, α amylase,
etc., which helps enhance the performance of animals [83].

The combinations of both NPs (T5) and the triple combination in the study (T6)
presented the best LWG among groups, whereas all treatments supplemented with ZnNPs
showed the best BWG values (T1, T4, T5 and T6) throughout the whole cycle. This positive
effect may be due to the role of ZnNPs in raising the intestinal absorption ability by
increasing the mucosal efficiency [84]. The higher adsorption capacity of Zn nanoparticles
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improves Zn bioavailability [21,85]. Previous studies indicated that utilizing ZnNPs as
feed additives could improve LBW and FCR, reduce gut microbial populations, and boost
the immunity system [20,21]. Our results agree with Mahmoud, et al. [86], who reported
that ZnNPs (10 ppm) safely improved the body weight gain and FCR in broilers. As
well, Fathi, et al. [87] observed that birds fed diets supplemented with nano-ZnO had
higher (p< 0.05) body weight gain and lower FCR than the control. Several studies assured
that diets supplemented with zinc increased growth rate and improved feed efficiency in
broilers [21,88–90]. The different combinations between ZnNPs and Bl (T4), ZnNPs and
CurNPs (T5), or ZnNPs, CurNPs, and Bl (T6) gave a reasonable growth rate compared to
the control. This finding may depend on the role of each additive and their synergistic
effect after combination. As reported in Table 3, the best growth performance (LBW, BWG,
and FCR) was given by the T6 group, which had the triple combinations (ZnNPs, CurNPs,
and Bl).

The nano form of curcumin increases its bioavailability and can raise its absorp-
tion [91], therefore, CurNPs can be applied as a safe and natural feed supplement [29]. The
administration of CurNPs in chicks drinking water has also been reported to develop body
weight and FCR. It has been reported that curcumin enhances the excretion of bile acids and
stimulates protease, lipase, amylase, trypsin and chymotrypsin enzymes [92]. Therefore,
the beneficial impact of curcumin on broiler growth may be due to the raised secretion of
these enzymes. Recently, Reda et al. [25] showed that nano curcumin improved (p < 0.0001)
LBW, BWG and FCR of growing quails at 5 and 1–5 weeks of age. The authors added
that the FI (p < 0.0001) was reduced in birds fed CurNPs rations (0.1, 0.3, and 0.4 g/kg)
compared to the control from 1 to 5 wks. The enhancements in the broiler performance
given a diet supplemented with curcumin was probably due to improvements in the in-
testinal morphology of the broiler [27]. The considerable impact of curcumin might belong
to its antibacterial, antioxidant and anti-inflammatory activities [93]. The method of using
CurNPs in broilers’ diets has been recently examined. It may have a potential pathway to
activate the physiological and health status of broilers.

For carcass traits, the enhancement in some carcass traits in birds received T6 diet may
be attributed to the antimicrobial activity of ZnNPs that reduces the pathogenic microbes’
load and improves gut health [94]. Previous investigations showed that dietary ZnNPs
(40 to 90 ppm) supplementation increased dressing percentage and carcass yield [5,93,95].
Moreover, Mahmoud et al. [86] confirmed that relative weights of spleen and bursa in birds
fed diets supplemented with 10, 20, or 40 ppm of ZnNP’s were higher (p < 0.05) than the
untreated groups. However, Abdel-Moneim et al. [96] found no statistical differences in
carcass traits of broilers fed bifidobacteria administrated groups.

The results obtained from Tables 5–8 showed an essential impact for feed supplemen-
tation concerning the biochemical indices, enzyme secretion, immunity status, increasing
beneficial microorganisms, and reducing pathogenic bacteria, that achieving the best health
and performance. No available studies investigate the beneficial impact of a similar combi-
nation; however, the findings of the current study were similar to the obtained results in a
single addition Premavalli, et al. [97] and Abdel-Moneim, et al. [98] on growing Japanese
quail and Jin, et al. [99] and Abd El-Moneim et al. [96] on broilers. The latter authors
showed the valuable action of probiotics on bird’s viability and healthy digestive tract.
Zinc oxide nanoparticles can impact the birds’ metabolic potency and health status due
to their anti-bacterial and immune-modulation properties [18,19]. In addition, various
studies revealed that higher dosages of ZnNPs such as 30–80 ppm [20,90] could enhance
the broiler performance [85]. This is because zinc is an important microelement and a
portion of more than 300 enzymes participating in controlling nucleic acid and protein
metabolism [100,101]. Furthermore, ZnNPs can adjust the broiler’s metabolism by raising
the actions of insulin and growth hormone genes [102]. El-Katcha, et al. [103] mentioned
that dietary addition of ZnNPs at 15 ppm enhanced the weight gain of broilers. In line,
Zhao et al. [21] found that ZnNPs have beneficial effects on enhancing broiler performance.
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The increasing in immunoglobulin levels in blood and cells in T6 may be attributed to
synergistic effects of the triple combinations of ZnNPs, CurNPs and Bacillus licheniformis
through the additivity of their antioxidant properties that resulted in the enhancement of
the immune systems of birds. The antioxidant activity of CurNPs has a modulating effect
on blood indices. The addition of CurNPs to the broiler’s diet lowered AST levels in the
blood [28]. Conversely, increased LDH levels and improved liver functions were reported in
broilers fed a diet supplemented with turmeric (5 g/kg) [104]. Previous reports confirmed
that feed supplemented with CurNPs (400 mg/kg diet) significantly decreased the lipid
profile and reduced blood cholesterol as a diagnostic marker of lipid metabolism [105–107].
Emadi and Kermanshahi [104] observed a decrease in HDL levels and increased LDL levels
in chickens that consumed a diet supplemented with turmeric. This led to improved liver
function because of the inhibition of the HMGCR enzyme responsible for TC production
in hepatic tissues [108]. Curcumin is a powerful antioxidant [109]. It reduces oxidative
stress by modifying hepatic nuclear transcription factors and reducing lipid peroxidation
in serum and muscles [110].

Diet supplemented with turmeric roots increased the levels of SOD, GSH and de-
creased levels of MDA [111]. Dietary curcumin supplementation reduced blood MDA and
increased CAT, SOD, and GSH levels compared to controls [110,112]. It has been proven
that the turmeric plant activates the immune cells (B and T) [113]. On the other hand, the
addition of ZnNPs to broiler’s diet led to an increase in the levels of blood lipids according
to Fathi et al. [87]; Al-Daraji and Amen [114]. The latter authors also stated that a diet
supplemented with ZnNPs (20 mg/kg) led to increased blood cholesterol. This increase is
due to the role of zinc as the main part of many lipid enzymes. However, it stimulates SOD
activity to scavenge free radicals [21]. Probiotics did not affect serum parameters except
serum calcium and glucose Alkhalf, et al. [115].

The obtained results showed that ZnNPs, CurNPs, and Bl combinations gave the
best improvements in meat quality. It increased the moisture and protein content and
increased the tenderness and juiciness of the meat. Likewise, adding some natural extracts
such as green tea extract and grape seeds to cooked beef patties did not affect the meat’s
sensory properties [116,117]. Additionally, the triple combination had an increased pH
value that may differ due to the basic nature of the combination among ZnNPs, CuNPs,
and Bl. However, TBVN and TBA values were significantly decreased, indicating the
inhibitory effect of this combination against lipid oxidation and protein deterioration of
meat by microbial enzymes [21].

The intestinal microbial load plays an important role in poultry health. The addition
of CurNPs to the broiler diet modified the microbial balance in the intestine by increasing
lactic acid bacteria count and reducing the pathogenic bacteria count, i.e., S. aureus and
E. coli compared to the control [118,119]. Gupta, et al. [120] found that turmeric extracts
inhibit pathogenic bacteria. Moreover, they reduce the intestinal bacterial count [121].
On the other hand, the diet supplemented with biological ZnNPs (100 mg/kg) caused
increased bacterial count except for E. coli and Enterococcus spp. While the dietary addition
of 200 and 400 mg ZnNPs/kg diet significantly decreased the bacterial count except for the
intestinal bacteria. The concentration of 300 mg ZnNPs/kg diet significantly increased the
bacterial load except for Salmonella spp.

The combination of (ZnNPs+ CurNPs+ Bl) achieved synergism, and their production
was economic-effective. The synergism resulted in improving growth performance, blood
indices, meat quality, and antioxidants parameters. The combination between CurNPs,
ZnNPs, and BL exhibited more antimicrobial activity than the individual additions. Sequen-
tially, the pathogenic microorganism reduced and increased lactic acid bacteria compared to
single additions. Conclusively, the cost of production of biologically-synthesized CurNPs
and ZnNPs is very low compared to the other methods (chemical or physical) with higher
safety levels. In our study, the nanoparticles were used in very small doses compared
to the original additives of the curcumin and zinc in broiler feed used in higher doses,
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which is very cost-effective. Additionally, BL is considered a very safe and cheap probiotic
compared to other feed additives included in broiler feed, such as antibiotics.

5. Conclusions

The results of the current study assured a considerable antimicrobial activity against
pathogenic bacteria and fungi with ZnNPs and CurNPs supplementation. The combination
of (ZnNPs+ CurNPs+ Bl) achieves synergistic effects on enhancing the broiler’s weights,
performance, carcass traits, digestive enzymes, meat quality traits, blood indices, and cecal
microbial load and the antioxidants capacity. Therefore, the inclusion of ZnNPs, CurNPs,
Bl, and their combinations is recommended for broiler feeding regimens to improve the
performance and health status with economic benefits.
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Simple Summary: Enhancing production of broilers in hot climates is essential to overcoming high-heat
problems. High temperature during the summer season is one of the most influential factors affecting
poultry production. Heat stress has long been identified as dampening growth performance and increasing
vulnerability to diseases. Several methods have been used to alleviate the adverse effects of heat stress.
One of these is the dietary fortification of betaine. Betaine (Trimethylglycine) naturally occurs in various
plants, and it can be extracted from beetroot. The current experiment examined the effects of dietary
betaine fortification on broiler chickens at 1–40 days of age. At 18 days of age, half of the birds were kept
under thermos-neutral temperature (22–24 ◦C), while the other half were kept under high temperature
(35 ◦C). The production efficiency factor was best (p < 0.05) for birds that received 0.10% betaine. Betaine
fortification improved the growth, feed utilization, and production index. Betaine fortification at 0.1%
betaine supplementation with an 84 g increase in growth, 4.6 points improvement in feed utilization, and
24 points enhancement in production index compared with no betaine fortification. Betaine fortification
(0.1%) during heat stress reduced the negative impact on performance and improved production efficiency,
suggesting that betaine may be as a practical tool for improving poultry production in hot regions.

Abstract: Improving broilers’ production in the hot region is essential to overcome heat-stress challenges.
The current experiment examined the effects of betaine’s fortification (0.0, 0.075, 0.10, and 0.15%) to
broiler chickens during days 1–40 of age. The growth period was divided into the starter (1–18 d) and
growing-finishing (19–40 d). During the starter period, there was no heat challenge, and all birds were
kept under the same conditions. At 18 days of age, half of the birds were kept under thermos-neutral
temperature (TN, 22–24 ◦C), while the other half were kept under high temperature (HT, 35 ◦C). However,
the production efficiency factor (PEF) was the best (p < 0.05) for birds that received 0.10% betaine. Betaine
fortification improved (p < 0.05 and 0.01) body weight gain (BWG), feed conversion ratio (FCR), and
production efficiency factor (PEF) in the cumulative finisher heat-stress challenge period (19–40 d). The
best performance was achieved at 0.1% betaine fortification with 84 g gain, 4.6 points improvement in
FCR, and 24 points improvements in PEF as compared to no betaine fortification. The heat-stressed group
consumed less feed (239 g), gained less weight (179 g), converted feed less efficiently (2.6 points), and,
as a result, had lower FEF (29 points) as compared to the TN group. Conclusively, heat challenge had a
powerful effect on growth performance, meat characteristics, and blood parameters, especially during
the grower-finisher period. Betaine fortification (0.1%) during heat stress reduced the negative impact on
performance and improved production efficiency, suggesting that betaine is a useful nutritional tool under
stress conditions that deserves further investigation.

Keywords: broilers; heat stress; betaine; performance; meat quality; blood constituents
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1. Introduction

Recently, poultry production’s husbandry and feeding protocols have become crucial
issues for farmers, particularly in hot areas, as they can lessen the comparative heat bur-
den [1–5]. High temperature during the summer season is one of the most significant factors
affecting poultry production [6–8]. Heat stress has long been identified as dampening
growth performance and egg production and increasing vulnerability to diseases [4,9–11].

Given the substantial importance of poultry products and high-quality and affordable
animal protein to consumers, there is an urgency to study the factors that hinder poultry
production. One of the major factors that influence poultry production is heat stress,
particularly in desert regions with scorching climates, such as Saudi Arabia, which has an
average annual temperature of about 43.4 ◦C.

Several approaches have been used to alleviate the adverse effects of heat stress [2–8,10].
One of these is the dietary fortification of betaine [12–16]. Betaine (Trimethyl glycine) natu-
rally occurs in various plants, and it can be extracted from beetroot [12]. It is a key source
of the methyl group (CH3) in poultry additives [1,17], and it is created by choline and
glycine in cell mitochondria [12,16]. Betaine plays two valuable roles in the metabolism of
the animals [18,19]. Its initial role is to provide methyl activists, and its other role is linked
to its zwitterionic feature of Osmo protectant or osmolyte, which aids in preserving cell
water homeostasis [20,21] without influencing cell metabolism. Osmolytes, which act as
chaperones, stop or postpone stress-induced denaturation and aid previously denatured
proteins [22,23]. Additionally, the methyl group is fundamental in the metabolism of
poultry species, as they cannot create the methyl group and therefore require it in their
diets [18,24]. Betaine is known to amplify patient sensitivity to hypertonic heat stress and
reduce the demand for inducible heat-shock protein expression [17,23]. The recommended
dose of betaine for broiler chickens is disputed in the literature and requires further verifi-
cation, particularly under normal and heat-stress conditions. Therefore, this study aimed
to determine the effect of different dietary betaine fortifications on performance, carcass
traits, meat quality, blood biochemistry, and hematology of broilers exposed to various
temperature patterns after 18 days of age.

2. Materials and Methods
2.1. Study Ethics and Area

The research was conducted according to the ethics and guidelines of the King Ab-
dulaziz City for Science and Technology under project no. LGP—35-269 at the Research
Station of the King Abdulaziz City for Science and Technology, Al-Muzahmiyya, which is
about 50 km away from Riyadh City, Suadi Arabia.

2.2. Birds and Experimental Design

During the starter period, a total of 480 1-day-old broiler chicks (Ross 308) were
allotted to 96 cages (60 W × 50 D × 40 H cm), with five animals per cage. Isocaloric
and isonitrogenous starter (1–18 d) and grower-finisher (19–40 d) diets, in mashed form,
were formulated according to the Ross 308 recommendation guide (Table 1). During the
starter period (1–18 d), the animals were divided into four experimental groups, with each
consisting of 24 replicates of five chicks each: the control group feed was a supplemented
basal diet, while the other three groups received increasing levels of betaine (0.075%, 0.10%,
and 0.15%). Betaine is an anhydrous betaine (96%), and it is a product of Selko feed
additives, which is a part of Trouw Nutrition, belonging to Nutreco Company, Rotterdam,
the Netherlands. Selko’s recommended dose of betaine is 1–2 g/kg for complete feed.

At 18 days of age and until the slaughter age (40 d), birds were placed in two different
rooms with 48 cages per room and 12 cages per group in each room. One room was set
as thermoneutral (TN), and the other was that of high-temperature (HT) treatment. For
the first week, both rooms were on a 24 h light schedule. Then, they were maintained
on a light–dark cycle of 20 h: 4 h. An HT cycle was applied in the HT room. The daily
temperature of the HT room fluctuated between 24 and 35 ◦C. However, the TN room
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temperature was kept at 24 ◦C during the remaining part of the tested period. The HT
chicks were exposed to 35 ◦C between 8:00 to 15:00. Then, the temperature was gradually
decreased to 24 ◦C. The average outdoor temperature and relative humidity during the
experimental period were 35 ± 4 and 31 ± 5, respectively.

Table 1. Dietary ingredients and chemical composition of starter (1–18 days of age) and finisher
(19–40 days of age) diets.

1–18 d 19–40 d

Ingredients Basal
Starter

Basel
Finisher

%
Corn 59.105 62.00

Soybean meal 27.15 25.35
Corn gluten meal 6.70 4.275

Corn oil 2.53 3.72
Dicalcium phosphate 2.20 2.03

Limestone 0.70 0.57
Salt 0.40 0.40

VM Mix 1 0.50 0.50
DL-Methionine 0.20 0.76

Lysine-HCL 0.33 0.24
Threonine 0.135 0.105

Choline chloride 0.05 0.05
Total 100 100

Calculated 1 and determined 2 composition
ME, kcal/kg 1 3050 3150

Crude protein, % 2 22.0 21.3
Crude fat,% 2 35.3 34.6

Crude fiber,% 2 35.5 46.2
Crude ash,% 2 60.3 54.2

Lysine, % 1 1.22 1.10
Sulfur amino acids, % 2 0.89 0.80

Threonine, % 2 0.80 0.72
Calcium, % 2 0.94 0.85

Phosphorus, % 2 0.45 0.42
1 Vitamin–mineral premix contains the following per kg: vitamin A, 2,400,000 IU; vitamin D, 1,000,000 IU; vitamin
E, 16,000 IU; vitamin K, 800 mg; vitamin B1, 600 mg; vitamin B2, 1600 mg; vitamin B6, 1000 mg; vitamin B12, 6 mg;
niacin, 8000 mg; folic acid, 400 mg; pantothenic acid, 3000 mg; biotin 40 mg; antioxidant, 3000 mg; cobalt, 80 mg;
copper, 2000 mg; iodine, 400; iron, 1200 mg; manganese, 18,000 mg; selenium, 60 mg, and zinc, 14,000 mg; 25%
lysine; 32% methionine; 2 Determined values.

Thus, during the growing period, the experimental groups of 12 replicates of five birds
each received one of the following eight treatments as 4 betaine levels x 2 temperatures
factorial arrangement in a completely randomized design. The treatments were as follows:
control diet in the TN room, control diet in the HT room, control + 0.075% betaine in the
TN room, control + 0.075% betaine in the HT room, control + 0.10% betaine in the TN
room, control + 0.10% betaine in the HT room, control + 0.15% betaine in the TN room, and
control + 0.15% betaine in the HT room.

2.3. Measurements
2.3.1. Performance Measurements

Body weight gain (BWG) and feed intake (FI) per cage/replicate were recorded every
6 days, while the feed conversion ratio was adjusted in accordance with mortality and
computed using the feed intake and BWG of each cage. The production efficiency factor
(PEF) was calculated weekly by using the following formula: PEF = ((Livability × Live
body weight (kg))/((Age in days × FCR)) × 100.

2.3.2. Carcass and Meat Characteristic Measurements

At day 40, 12 birds were randomly selected per treatment to represent all treatment
replicates (a total 96 birds) for measuring carcass characteristics and meat quality traits after
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being fasted overnight. After euthanasia, the jugular vein was cut, and the heads, feathers, nicks,
and shanks were cut. Then, the left parts of the carcasses were cut into two quarters of leg and
breast, and they were eventually weighed. The yield percentage of each section was obtained on
a dressed weight basis. For the small-intestine measurements, the entire empty gastrointestinal
tract was removed aseptically, the ceca and small intestine were firstly weighed, and their total
length was determined. After that, the small intestine was separated into the jejunum, ileum,
and duodenum, and their lengths and weights were determined. The intestine percentage was
determined as the ratio between the total intestinal weight (g) and dressed weight (g).

The right and left breasts from each bird were used to determine meat quality. The
breast muscle’s pH was measured at 10 min and 24 h postmortem by a microprocessor
pH-meter (Model pH 211; Hanna Instruments, Woonsocket, RI, USA). The breast muscle
temperature was measured at 15 min postmortem, using a portable digital thermocouple
(EcoScan Temp JKT; Thermo Scientific, Waltham, MA, USA). Using a chroma meter (CR-400;
Konica Minolta, Tokyo, Japan), the L* (lightness), a* (redness), and b* (yellowness) classes
for the breast muscles were determined at 15 min and 24 h after slaughtering fin accordance
with the Commission International de l’Eclairage (1976) [25]. The breasts were later stored
at −80 ◦C, till analysis, to determine broilers’ meat quality traits. The frozen muscles were
thawed overnight, at 4 ◦C, before the examination. Then the myofibril fragmentation index
(MFI) of the breast muscle was determined [26], as well as the water-holding capacity
(WHC) [27] and its modification [28]. Cooking loss (CL) was measured [29]. Cooked meat
samples were then used to evaluate shear force (SF) by following Wheeler et al. [30].

Blood samples were taken via brachial venipuncture from 12 randomly chosen chicks
from each treatment and placed into plain tubes for analysis at 35 d of age. The samples
were then centrifuged at 5 ◦C and 3000 rpm for 10 min, and the serum was collected and
stored at −80 ◦C until further analysis. Albumin, protein, globulin, triglycerides (TGs),
cholesterol, and glucose analysis was conducted by using enzymatic colorimetric kits that
were bought from Bio-diagnostic, Cairo, Egypt. The globulin concentration was recorded
as the difference between albumin and protein concentrations.

Hematological parameters were assessed by following Attia and Hassan [2] and
Attia et al. [3]. One hundred leukocytes were counted per slide for each bird. The ratio of
heterophile to lymphocyte was determined by using differential counts between heterophils
and lymphocytes and the respective percentages of each cell.

2.4. Statistical Analysis

Data for the starter period were analyzed by using analysis of variance (ANOVA)
in a completely randomized design, using the general linear model (GLM) procedure
in Statistical Analysis System (SAS) software [31]. When the means were significantly
different t p < 0.05, Tukey’s test was applied to separate means. For the finisher period, all
data were analyzed by using the SAS [31] for a 2 × 4 factorial experiment. The replicate
was the experimental unit. Percentage data were log10 transformed before conducting
ANOVA. Before running the statistical analyses, the normality of both the error and data
distributions were tested by using the Shapiro–Wilk test of normality in SAS® [31]. The
ANOVA assumptions were validated according to the random selection of the samples and
normal error distribution, and the data distribution and variance homogeneity.

3. Results
3.1. Experimental Diets, and Performance during the Starter Period

The basal experimental diets fed during the starter and finisher periods are displayed
in Table 1. The diets were isocaloric and iso nitrogenous and supplemented with different
betaine levels 0, 0.075, 0.10 and 0.15%. The diets meet the nutritional requirements of
broiler chickens, depending on the starter and finisher periods.

The cumulative FI, BWG, FCR, and PEF of Ross 308 for the starter period are shown
in Table 2. No significant differences in FI, BWG, and FCR were found for the cumulative
period. However, the PEF was highest (p < 0.05) for birds that had received 0.10% betaine
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compared with their counterparts. The result indicated a little benefit of supplementing
the chicken diets with betaine during the starter period when there was no heat stress.

Table 2. Cumulative feed intake (FI), body weight gain (BWG), feed conversion ratio (FCR), and
production efficiency factor (PEF) of broiler chickens given experimental diets at 0–18 days of age.

Performance

Treatment Betaine
Added

FI
(g)

BWG
(g)

FCR
(g:g) PEF

1 0.0% 761 577 1.320 267 b

2 0.075% 761 581 1.311 270 b

3 0.10% 772 601 1.286 285 a

4 0.15% 748 576 1.299 271 b

SEM 8.96 8.21 0.009 4.92
p value NS NS NS *

a,b Means within a column within the same factor with different superscript letters differ significantly (* p < 0.05,
NS: not significant). NS, not significant; SEM, standard error of the mean.

3.2. Performance during the Grower-Finisher Period

Performance data for the grower-finisher period (19–40 d) are presented in Table 3.
Betaine fortification caused significant differences (p < 0.05 and 0.01) in BWG, FCR, and
PEF. Birds that received 0.10% betaine gained 84 g of body weight, and their FCR and PEF
improved by 4.6 and 24 points, respectively, compared with birds without betaine fortification.
The temperature had an evident effect on all performance parameters over the cumulative
grower-finisher period. Broilers in the TN treatment consumed more feed (239 g), gained
more weight (179 g), converted feed more efficiently (2.6 points), and showed higher FEF
(29 points) than those in the HT treatment (Table 3). However, the interaction effect between
betaine and temperature was insignificant on the growth performance indices.

Table 3. The cumulative effect of betaine fortifications and a heat challenge of 35 ◦C on feed intake
(FI), live weight gain (BWG), feed conversion ratio (FCR), and production efficiency factor (PEF) of
broiler chickens during 19–40 days of age.

Performance

Treatment Betaine Temperature FI
(g)

BWG
(g)

FCR
(g:g) PEF

Interaction between betaine and temperature
1 0.0% TN 2981 1851 1.611 373
2 0.0% HT 2704 1658 1.635 346
3 0.075% TN 2887 1853 1.559 384
4 0.075% HT 2706 1705 1.589 363
5 0.10% TN 3004 1917 1.570 397
6 0.10% HT 2781 1758 1.583 370
7 0.15% TN 2972 1906 1.561 393
8 0.15% HT 2697 1690 1.597 352

SEM± 35.84 30.05 0.014 7.76
Betaine average

0.0% 2843 1754 b 1.623 a 359 b

0.075% 2797 1779 ab 1.574 b 374 ab

0.10% 2893 1838 a 1.577 b 383 a

0.15% 2834 1798 ab 1.579 b 372 ab

Temperature average
Temperature average

TN 2961 a 1882 a 1.575 a 387 a

HT 2722 b 1703 b 1.601 b 358 b

Statistical probabilities
Betaine NS * ** *

Temperature *** *** * ***
Betaine × Temperature NS NS NS NS

a,b Means within a column within the same factor with different superscripts differ significantly (* p < 0.05, **
p < 0.01, *** p < 0.001; NS, not significant). SEM: standard error of the mean.
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3.3. Body Parts and Meat Characteristics

The mean percentage yield of carcass parts in different treatments at 40 d of age is
documented in Table 4. The betaine level did not cause any differences in the percentage
yield of carcass parts. However, temperature affected the breast yield (p < 0.01) and fat
percentage (p < 0.05). The broilers that were exposed to TN had higher breast yields and
lower fat percentage than the HT group. A two-way interaction (Betaine x Temperature)
was significant (p < 0.05) for the relative intestine weight (IRW). For the TN treatment, the
0.10% betaine level significantly decreased the IRW compared with the unsupplemented
TN group. Under HT conditions, betaine fortifications did not affect IRW. In the 0.10%
betaine and HT treatment, the IRW was significantly higher than TN treatment.

Table 4. Effect of betaine fortifications and temperature on carcass part yields as percentages of
broiler dressed weight of 40-day-old broiler chickens.

Dressing Breast Leg Fat Liver IRW

Treatment Betaine Temperature (%) (%) (%) (%) (%) (%)

Interaction between betaine and temperature
1 0.0% TN 72.5 39.5 29.9 1.7 2.3 3.8 a

2 0.0% HT 72.9 38.4 30.5 2.3 2.2 3.5 ab

3 0.075% TN 72.9 39.5 30.2 1.7 2.2 3.6 ab

4 0.075% HT 72.9 38.5 30.1 1.9 2.3 3.7 a

5 0.10% TN 73.5 40.0 28.9 1.8 2.3 3.4 b

6 0.10% HT 72.9 38.0 30.8 1.7 2.1 3.8 a

7 0.15% TN 73.1 40.4 29.8 1.7 2.2 3.6 ab

8 0.15% HT 73.3 40.1 29.6 2.0 2.0 3.5 ab

SEM± 0.38 39.5 0.52 0.16 0.10 0.11
Betaine average

0.0% 72.7 38.9 30.2 2.0 2.3 3.6
0.075% 73.0 39.0 30.1 1.8 2.2 3.7
0.10% 73.2 39.0 29.8 1.7 2.2 3.6
0.15% 73.2 40.3 29.7 1.8 2.1 3.5

Temperature average
TN 73.0 39.9 a 29.7 1.7 b 2.2 3.6
HT 73.0 38.7 b 30.3 2.0 a 2.1 3.6

Statistical probabilities
Betaine NS NS NS NS NS NS

Temperature NS ** NS * NS NS
Betaine × Temperature NS NS NS NS NS *

a,b Means within a column within the same factor with different superscripts differ significantly (* p < 0.05, **
p < 0.01; NS, not significant). SEM: standard error of the mean.

3.4. Breast Quality Characteristics

Betaine did not affect the pH value when measured 10 min postmortem (Table 5).
However, the temperature did: chicken breasts from the TN group had a higher pH (6.57;
p < 0.01) than those from the HT group (6.49). Breast temperature was altered (p < 0.001) by
the betaine level, temperature, and their interaction. Higher temperatures were obtained
from the breast meat of HT-exposed broilers fed 0.10% and 0.15% betaine, while the lowest
temperature was found for the unsupplemented HT group.

Yellowness (b*) and lightness (L*) values of the breast changed (p < 0.05) with tem-
perature 10 min postmortem (Table 5). Higher (b*) and (L*) values were obtained for the
TN group than the HT group. The values of a* (redness) were impacted (p < 0.05) by the
betaine x temperature interaction. The results showed that the redness of meat was higher
for the breast of HT-exposed broilers fed 0.15% betaine, while the lowest redness score
was found for the unsupplemented, 0.15% betaine-supplemented TN group, and 0.075
betaine-supplemented HT group. The (L*) score was higher (p < 0.05) for the TN group
than the HT group 24 h postmortem (Table 5).
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Betaine did not affect the pH value when measured at 24 h postmortem (Table 5).
Breasts from the TN group had a higher pH (6.39) than the HT group (6.36). The pH value
at 24 h was influenced (p < 0.01) by the betaine x temperature interaction. After 24 h, the
breast pH was higher for NS-exposed broilers fed an unsupplemented diet than most of
the experimental groups, except for the TN group fed a 0.010% betaine-supplemented diet.
Betaine supplementation at 0.10% decreased the breast pH of the HT group compared with
the TN group.

The WHC was not influenced by the examined factors. However, the MFI increased in
the 0.075% and 0.15% betaine treatments compared with the other groups. The percentage
CL was highest (p < 0.01) for the control group breasts (Table 5). Additionally, the CL was
higher (p < 0.05) in the TN group than the HT group. The lowest SF has observed in the
breasts of birds fed 0.075% betaine, while the highest SF was obtained for the chickens that
consumed 0.0% and 0.10% betaine (Table 5).

3.5. Blood Biochemical and Hematological Parameters

Table 6 shows the effect of the applied treatments on some serum biochemical pa-
rameters of broilers. Betaine supplementation changed (p < 0.05) only TGs and albumin
concentrations. All serum biochemicals, except albumin, varied by temperature (p < 0.05),
and all previous parameters were lower in the TN group than the HT group, except for
glucose. The two-way interaction (Betaine × Temperature) was only significant (p < 0.05)
for glucose concentration (Table 6). The results showed that betaine supplementation at
0.15% to the HT group increased the serum glucose level compared with the other groups.

Table 6. Effect of betaine fortifications and temperature on pooled blood parameters of 35-day-old broiler chickens.

Glucose TGs 1 Cholesterol TP 2 Albumin Globulin
A:G 3

Treatment Betaine Temperature (mg/dL) (mg/dL) (mg/dL) (g/dL) (g/dL) (g/dL)

Interaction between betaine and temperature
1 0.0% TN 191.0 c 78.9 95.0 2.9 1.7 1.2 1.6
2 0.0% HT 218.4 b 71.2 102.0 3.1 1.8 1.3 1.6
3 0.075% TN 210.2 bc 72.6 89.5 2.7 1.7 1.0 1.9
4 0.075% HT 221.6 b 63.2 92.4 3.1 1.5 1.6 1.1
5 0.10% TN 202.6 bc 68.2 90.6 3.0 1.7 1.3 1.5
6 0.10% HT 198.7 bc 64.2 95.8 3.1 1.8 1.3 1.4
7 0.15% TN 198.7 bc 73.3 92.0 3.0 1.7 1.3 1.5
8 0.15% HT 242.9 a 63.3 95.5 2.9 1.5 1.5 1.2

SEM± 8.3 3.33 3.02 0.09 0.08 0.11 0.19
Betaine average

0.0% 204.7 75.0 a 98.5 3.0 1.8 a 1.2 1.6
0.075% 215.9 67.9 b 91.0 2.9 1.6 ab 1.3 1.5
0.10% 200.6 66.2 b 93.2 3.1 1.7 ab 1.3 1.5
0.15% 220.8 68.3 b 93.8 2.9 1.6 b 1.4 1.3

Temperature average
TN 200.6 b 73.3 a 91.8 b 2.9 b 1.7 1.2 b 1.6 a

HT 220.4 a 65.5 b 96.0 a 3.1 a 1.6 1.4 a 1.3 b

Statistical probabilities
Betaine NS * NS NS * NS NS

Temperature ** ** * * NS ** *
Betaine × Temperature * NS NS NS NS NS NS

a,b,c Means within a column within the same factor with different superscripts differ significantly (* p < 0.05, ** p < 0.01; NS, not significant).
SEM, standard error of the mean; 1 TGs, triglycerides, 2 TP, total protein, 3 A:G ratio, albumin to globulin ratio.

However, the lowest glucose level was for the TN group’s unsupplemented control.
Within betaine levels, HT increased the glucose level in the unsupplemented control and
the 0.15% betaine-supplemented group. There were no changes in serum glucose within
the other betaine levels due to temperature.

330



Animals 2021, 11, 1555

Table 7 shows the effect of the different treatments on the studied hematological
parameters of the broilers. Heterophils, lymphocytes, and their ratio (H:L ratio) were
altered (p < 0.001) by the HT treatment. The number of heterophils and the H:L ratio were
lower in the TN group than the HT group, while the number of lymphocytes was higher in
the HT group. There were no changes in the hematological blood characteristics due to the
interaction between temperature and dietary betaine levels.

Table 7. Effect of betaine fortifications and temperature on pooled blood parameters of 35-day-old
broiler chickens.

Hetophile Lymphocyte H:L 1

Treatment Betaine Temperature (%) (%) Ratio

Interaction between Betaine and temperature
1 0.0% TN 12.0 88.0 0.14
2 0.0% HT 27.0 71.0 0.42
3 0.075% TN 14.0 86.0 0.16
4 0.075% HT 29.0 70.0 0.44
5 0.10% TN 15.0 85.0 0.18
6 0.10% HT 28.0 71.0 0.42
7 0.15% TN 12.0 87.0 0.14
8 0.15% HT 25.0 73.0 0.36

SEM± 2.10 2.33 0.05
Betaine average

0.0% 20.0 79.0 0.28
0.075% 21.0 78.0 0.30
0.10% 21.0 78.0 0.30
0.15% 19.0 80.0 0.25

Temperature average
TN 13.0 b 86.0 a 0.16 b

HT 27.0 a 71.0 b 0.41 a

Statistical probabilities
Betaine NS NS NS

Temperature *** *** ***
Betaine × Temperature NS NS NS

a,b The means within a column within the same factor with different superscripts differ significantly (*** p < 0.001;
NS, not significant). SEM, standard error of the mean; 1 H:L ratio, heterophil to lymphocyte ratio.

4. Discussion

Alleviating heat stress improves broiler performance, and determining the effective-
ness of using dietary betaine supplementation to alleviate heat stress was the primary
goal of the present trial. Through the first 18 days of age, in the absence of heat stress,
dietary supplementation of betaine at 0.10% improved the PEF without affecting the FI,
BWG, and FCR, which agrees with Uzunoğlu and Yalçin [16]. We found that 0.10% be-
taine supplementation was adequate for broiler chickens of 1–18 days of age. It should
be mentioned that the experimental diets fed containing adequate nutrients, particularly
methionine and choline, to avoid nutritional deficiency and declare the impact of betaine
without, confound results with methyl donor agents (1).

It should be mentioned that, although several studies have been reported previously
in the same topic, confirmation studies are needed in different parts of the world due to
different enviromental conditions among various regions of the world. In our study, heat
stress impaired growth performance and caused several changes in the metabolic and
antioxidants status of the chickens, as also indicated for other poultry species [2–6]. It is
known that the response to heat stress is influenced by exposure time, the temperature-
humidity index, strain, and breed [4,7,8,10,32]. The current work exhibited reduced FI
and impaired FCR in the HT group during the grower-finisher period, demonstrating
that the birds did not adapt to temperatures that were above optimal. Heat stress is
augmented by radiating temperature loss through the relocation of blood from the center
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to the periphery of the body, where it can be released to the environment [2–7]. This
relocation of the blood during heat stress possibly causes hypoxia and tissue harm inside
the gastrointestinal tract [22], influencing the digestive and absorptive system of the body
and possibly compromising feed efficiency. Additionally, damage to the intestinal barrier
can cause a gateway for pathogens, increasing the risk of disease [33,34].

One chief outcome of the current work was that betaine supplementation at 0.10%
enhanced BWG, FCR, and PEF in broilers exposed to heat stress, suggesting that betaine
may be a useful antistress nutritional tool. It should be noticed that betaine performs a
fundamental function by controlling the cellular osmotic atmosphere during heat stress,
reducing dryness by intensifying the WHC of the cell, and improving antioxidant bal-
ance [21,22,35]. Furthermore, betaine acts as a methyl group contributor, which is beneficial
for the creation of protein in the body [1,17,23]. As an osmolyte, betaine lets proteins pre-
serve their conformational steadiness in the existence of high uric acid levels and variations
in cell salinity. Numerous tissues rely on betaine as an osmolyte, and it is found in the
kidneys, brain, liver, intestines, and leukocytes [12].

Dietary betaine supplementation at three different concentrations (0.10%, 0.15%, and
0.20%) significantly improved FI, BWG, and FCR in heat-stressed broilers, especially at
higher betaine levels [36]. Dietary betaine supplementation augmented BWG and enhanced
FCR during 21–42 days of age, and they had no significant impact on the FI of broilers, as
indicated by Shakeri et al. [22]. In growing rabbits, betaine enhanced BW and significantly
boosted the FCR [37] in heat-stress environments. The incorporation of betaine in broiler
feeds was efficient at advancing their performance [12,19]. However, Nutautaitė [17]
reported that dietary betaine supplementation could not change BW and BWG, but it
altered FCR in broilers. In contrast to our results, Uzunoğlu and Yalçin [16] showed
that betaine dietary supplementation did not affect the growth performance indices of
broilers, which could be due to different experimental conditions and the supplemented
dose of betaine between the two studies. Different experimental results suggested the need
for further experiments to escape the gap in contradictory results due to different levels
of betaine used, animal species and environmental conditions, and composition of the
experimental diets.

Our results showed that betaine supplementation did not affect broiler carcass traits,
but heat stress decreased breast-meat percentage and increased fat percentages. It was
imagined that dietary betaine would affect carcass weight and the relative weights of
different carcass parts depending on its methyl group. This would boost methionine and
cystine availability for protein synthesis [1,38] and glycine for protein creation. Similarly, it
would contribute to decreasing fat precipitation in the body across numerous metabolic
means [12]. However, this mode of action was not recorded herein, which agrees with
Nutautaitė [17] and is contradictory to Nofal et al. [39]. In this regard, Attia et al. [32]
stated that heat stress decreased the percentage of dressed carcasses, liver, and giblets. The
same authors suggested that supplementing diets with 1 g betaine/kg caused complete
retrieval of the adverse consequences. In contrast, El-Shinnawy [19] revealed that broilers
that consumed betaine-supplemented diets had increased carcass and carcass part yield
percentages.

In our study, the HT treatment decreased breast muscle colors L* and b*, CL, and pH
after 24 h. Betaine supplementation changed the MFI, CL, and shearing force, but it did
not affect the WHC and breast pH after 24 h. These findings contrast with those by Zhang
et al. [40], who reported that breast meat from broilers raised under high temperature
exhibited greater L* and CL than those reared under normal temperatures. The latter
authors demonstrated that high temperatures could encourage rigor mortis, causing a
quicker pH decline and higher L* value, leading to whitish, exudative meat traits [40].
Comparable results were also reported by Attia et al. [32], who indicated that heat stress
and dietary betaine supplementation did not affect meat pH and color. In contrast, betaine
addition at 0.5 g/kg diet lessened the WHC when compared with the control group, which
could be due to increased water retention and osmolality of the cells. Nutautaitė et al. [17]
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showed that betaine dietary supplementation did not influence breast-muscle colors L*, b*,
and the WHC in broilers. Additionally, broilers fed diets supplemented with 0.10% and
0.20% betaine had the highest CL, while birds consuming the control diet had the highest
SF [17]. Additionally, Liu [41] found comparable findings to ours. In their trial, which
aimed to reduce the impacts of transport stress on broilers, Chen et al. [24] reported that
carcasses of broilers fed diets supplemented with betaine (0.05% or 0.10%) showed similar
results for pH and CL compared with the control. Moreover, Al-Tamimi et al. [23] found
that betaine addition did not alter the pH, CL, and shearing force of broiler carcass meat.

The escalation in blood albumin attributable to betaine incorporation was linked with
its capability as a methyl group contributor, which is necessary for protein metabolism [1,36]
and its role in improving immunity [16]. Similar outcomes were observed by Uzunoğlu
and Yalçin [16], who stated that dietary betaine supplementation significantly reduced TGs
without affecting the other blood parameters studied. Attia et al. [32] found that there
was a decline in plasma glucose and total protein due to heat stress, although their results
for plasma TGs were contradictory. Additionally, it was found that supplementing 1 g
of betaine/kg diet resulted in complete relief in plasma glucose and incomplete relief in
TGs and total protein [32]. Attia et al. [42] concluded that plasma glucose decreased in
laying hens that were raised under heat-stress conditions and consumed a diet with no
supplementation compared with their counterparts. Furthermore, El-Shinnawy [19] indi-
cated that broilers fed diets supplemented with betaine had higher levels of TGs than those
in the control group. In the present results, heat-stress impacted levels of glucose, TGs,
cholesterol, and total protein. Similar findings were also reported by Ghasemi and Nari [42],
who found significant differences in these biochemicals due to heat stress. They stated
that dietary betaine supplementation did not impact the investigated blood biochemicals,
except TGs [43].

Hematological parameters were negatively affected by the HT treatment, showing
an increased number of heterophils, decreased number of lymphocytes, and an increased
stress index (heterophil/lymphocyte ratio). However, there was no interaction between
heat stress and betaine, which agrees with Abdelsattar et al. [44], who showed that betaine-
supplemented diets in growing lambs receiving saline water did not cause a change in
lymphocyte numbers.

The results of the heat-stress period (19–40 days of age) revealed that the heat chal-
lenge of 35 ◦C had a powerful effect on performance, meat characteristics, and blood
parameters. Betaine fortification during days 19–40 of age during heat challenge reduced
the negative impact on performance and improved production efficiency. This indicates
that the supplementation of 0.10% betaine during the heat challenge was adequate for
broilers. Further studies are required to test betaine’s ability, especially with different
levels of methionine and choline, to reduce methionine supplementation and make betaine
supplementation cost-effective.

Among the four tested levels of betaine, the practical level was found to be 0.1%,
suggesting that betaine may be a useful nutritional tool under different stress conditions
that deserve further investigation.

5. Conclusions

The best performance was achieved at 0.1% betaine fortifications with 84 g gain,
4.6 points improvement in FCR, and 24 points improvement in PEF compared to no betaine
supplementation. The heat-stressed group consumed less feed (239 g), gained less weight
(179 g), converted feed less efficiently (2.6 points), and, as a result, had lower FEF (29
points) as compared to the TN group. Conclusively, heat challenge had a powerful effect
on growth performance, meat characteristics, and blood parameters, especially during
the grower-finisher period. Betaine fortification (0.1%) during heat challenge reduced the
negative impact on performance and improved production efficiency. As an antistress
agent, the role of betaine should be addressed in further research and explore its application
benefits.
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Simple Summary: Our results showed that constant heat stress could affect the expression of
myostatin and related factors involved in skeletal muscle protein breakdown in growing broilers,
resulting in a decrease in muscle protein deposition. These findings suggest a new strategy for
regulating muscle protein breakdown in growing broilers, which could benefit the modern broiler
industry in combating constant heat stress.

Abstract: Heat stress has an adverse effect on the development of poultry farming, which has always
aroused great concern. This study was carried out to investigate the protein breakdown mechanism
responsible for the suppressive effect of constant heat stress on muscle growth in growing broilers.
A total of 96, 29-day-old, Arbor Acres male broilers were randomly divided into two groups, a
thermoneutral control (21 ± 1 ◦C, TC) and a heat stress (31 ± 1 ◦C, HS) group, with six replicates
in each group and eight birds in each replicate. The trial period lasted for 14 d, and the trial was
performed at 60 ± 7% relative humidity, a wind speed of <0.5 m/s and an ammonia level of <5 ppm.
The results showed that the average daily feed intake and average daily gain in the HS group were
distinctly lower than those in the TC group (p < 0.05), whereas the HS group showed a significantly
increased feed conversion ratio, nitrogen excretion per weight gain and nitrogen excretion per feed
intake compared to the TC group (p < 0.05). In addition, the HS group showed a significantly reduced
breast muscle yield and nitrogen utilization in the broilers (p < 0.05). The HS group showed an
increase in the serum corticosterone level (p < 0.05) and a decrease in the thyroxine levels in the broiler
chickens (p < 0.05) compared to the TC group, whereas the HS group showed no significant changes
in the serum 3,5,3′-triiodothyronine levels compared to the TC group (p > 0.05). Moreover, the HS
group showed increased mRNA expression levels of myostatin, Smad3, forkhead box O 4, muscle
atrophy F-box and muscle ring-finger 1, but reduced mRNA expression levels of the mammalian
target of rapamycin, the protein kinase B and the myogenic determination factor 1 (p < 0.05). In
conclusion, the poor growth performance of birds under constant heat stress may be due to an
increased protein breakdown via an mRNA expression of myostatin and related factors.

Keywords: chicken; high temperature; regulatory factors; protein degradation; growth

1. Introduction

Heat stress (HS) is a recognized long-term problem in the poultry farming industry,
and its effect on poultry production performance is a common challenge in tropical and
subtropical climatic conditions and even during the summer in temperate regions [1].
It is well known that HS can decrease the production of birds [2–5]. According to the
United States Department of Agriculture’s statistics, global chicken consumption reached
101.486 million tons in 2018. Poultry meat has seen a rise in its global demand because of its
relatively high nutritional value, its low price and the lack of cultural or religious obstacles
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for its consumption [6]. Almost 50% of a broiler’s total body mass is skeletal muscle, which
exhibits a strong metabolic activity as the largest protein source in the body [7]. Heat stress
has a significant effect on the growth of breast muscle, which can greatly reduce the breast
muscle yield [8–12] and result in a substantial economic loss.

The essence of muscle growth is the accumulation of protein, and the balance between
the rates of protein synthesis and protein breakdown influences the muscle mass [13]. At
present, studies on protein synthesis are mainly focused on the insulin-like growth factor-1
(IGF-1)/protein kinase B (Akt) pathway in mammals and birds [14–16]. One of the principal
protein degradation systems in skeletal muscle is the ubiquitin–proteasome pathway [17].
Forkhead box O (FoxO) transcription factors play an important role in muscle wastage
through the regulation of ubiquitin E3 ligases, muscle atrophy F-box (MAFbx) and muscle
ring-finger 1 (MuRF1) [14].

Myostatin, a transforming growth factor-beta family member, is a potent negative
regulator of skeletal muscle growth [18]. Many previous in vitro studies have revealed
that myostatin affects mammalian muscle growth. For example, blocking the myostatin
activity in mice has applications in the promotion of muscle growth [19], and myostatin
can inhibit the Akt activation in human skeletal muscle cells [20]. In addition, McFar-
lane et al. (2006) reported that in cultured C2C12 muscle cells, myostatin treatment blocked
the IGF-1/phosphatidylinositol 3-kinase/Akt pathway and activated FoxO1, leading to
an increased expression of MAFbx and MuRF-1. Smad3 transcription factors are found
downstream of myostatin type II receptors and can be activated by the interaction of
myostatin with its receptors [21].

In birds, a recent study revealed that myostatin significantly increased the phospho-
rylation rate of Smad2 and the mRNA levels of MAFbx in a chick’s embryonic myotubes
cultured at 37 ◦C for 2 h in vitro [22]. Several previous studies of broilers have shown
that HS affected muscle growth via the expression of several genes. Acute (24 h) HS
decreased the expression of the IGF-1 and phosphatidylinositol 3-kinase R1 genes in
the liver and increased the cathepsin L2 and MAFbx gene expression in male broilers
(Cobb 500) [23]. Chronic HS decreased the muscle protein synthesis in Arbor Acres male
broilers by downregulating the IGF-mammalian target of rapamycin (mTOR) signaling
pathway [16]. Furukawa et al. (2016) [24] reported that short-term (0, 0.5 and 3 d) HS treat-
ment induced a superoxide production in the muscle mitochondrial of Ross male broilers
as well as a MAFbx gene expression and affected the signaling pathway governing the
FoxO3 activity and expression. Zuo et al. (2015) [1] reported that constant HS reduced the
skeletal muscle protein deposition in broilers by decreasing the IGF-1, phosphatidylinositol
3-kinase and p70S6 kinase expression and increasing the MuRF1 and MAFbx expression.
However, whether the myostatin and related factors involved in skeletal muscle protein
breakdown in growing broilers are affected by constant HS remains unclear. Therefore, the
present study aimed to investigate the effects of constant HS on the growth performance,
breast muscle yield, nitrogen utilization and mRNA expression of myostatin and related
factors in growing broilers.

2. Materials and Methods
2.1. Birds and Treatments

One-day-old male Arbor Acres broilers were kept in one-tier cages and were main-
tained with administrative procedures and a standard corn–soybean-meal diet consistent
with the Nutrient Requirements of Poultry (1994) for Arbor Acres broilers. At 29 d old, a
total of 96 healthy Arbor Acres male chicks with similar BWs (1000 ± 70 g) were selected
and randomly divided into two groups, the thermoneutral control (TC) and the HS group,
which were raised in two environmentally controlled chambers. There were 6 cages (one-
tier, 0.80 m × 0.80 m × 0.40 m) with 8 birds per cage in each environmentally controlled
chamber (each cage served as a replicate). From the age of 29 to 42 d, the birds in the TC
group were reared at a constant temperature of 21 ± 1 ◦C, whereas those in the HS group
were reared at a constant temperature of 31 ± 1 ◦C. The two chambers were maintained at
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60 ± 7% RH with a wind velocity of <0.5 m/s, an ammonia level of <5 ppm and a 24-h
light. All broilers had ad libitum access to feed and water.

2.2. Sampling Collection and Chemical Analysis

Growth performance and breast muscle yield. At 42 d of age, 12 broilers from each
group (two sampled birds per replicate) were randomly selected and euthanized by cervical
dislocation. Their feed intake was recorded daily to calculate the average daily feed intake
(ADFI). Their average daily gain (ADG) was calculated as the difference between the
values of the body weight of all the birds at the beginning (29 d) and the end (42 d) of the
experiment. The feed conversion ratio (FCR) was calculated as the ratio of the ADG to the
ADFI. The breast muscle yield was expressed as the ratio of the breast muscle mass to the
eviscerated carcass weight.

2.2.1. Nitrogen Utilization and Nitrogen Excretion

The randomly selected feed from the two groups was mixed, reduced to 200 g using
the quartering method and crushed. Then, the feed was placed in a sealed bag prior to
being tested to detect its nitrogen intake. The excreta of all the birds in each cage was
collected (each cage was a replicate) on the 14th day of the experiment (every 4 h for a total
of 6 times) to detect nitrogen in the excreta. Sundries in the excreta were removed, and the
excreta was weighed and then nitrogen-fixed with 10 mL of 10% H2SO4 per 100 g excreta
sample. Finally, the excreta collected from one cage was mixed and 200 g of the excreta was
selected using the quartering method, dried at 65–70 ◦C until it reached a constant weight,
collected and crushed. The content of nitrogen in the feed and the excreta was determined
using the Kjeldahl method [25]. The following equations were used for the calculation:

Nitrogen utilization (%) = [(nitrogen intake-nitrogen excretion)/nitrogen intake] × 100 (1)

Nitrogen excretion per weight gain (%) = (nitrogen excretion/daily gain) × 100 (2)

Nitrogen excretion per feed intake (%) = (nitrogen excretion/daily feed intake) × 100 (3)

2.2.2. Blood Measurements

Serum samples were obtained by blood centrifugation at 3000× g for 20 min at 4 ◦C,
and then stored at −20 ◦C until the analysis took place. The serum corticosterone, 3,5,3′-
triiodothyronine (T3) and thyroxine (T4) levels were measured by radioimmunoassay
using a gamma radioimmunoassay counter (GC-2010, Anhui Ustczonkia Scientific In-
struments Co., Ltd., Anhui, China). All procedures were conducted by following the
manufacturer’s instructions.

2.2.3. Regulatory Factors Gene Expression

Breast muscle samples were collected and stored at −80 ◦C for further analysis. Total
RNA was isolated from each breast muscle sample using a TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) as described in the manufacturer’s instructions. A real-time quanti-
tative PCR was carried out using a LightCycler 96 system (LightCycler 96 system, Roche,
Basel, Switzerland) according to a common real-time quantitative PCR method. The mRNA
levels of myostatin, Smad3, MAFbx, MuRF1, mTOR, FoxO4, myogenic determination factor
1 (MyoD) and Akt in the breast muscle were examined. The primers for the target genes
were designed and confirmed based on the sequences described in GenBank, which are
listed in Table 1. The β-actin gene was used as an internal control for normalization. The
mRNA expression data were analyzed using the 2−∆∆Ct method [26].
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Table 1. Primers used for quantitative RT-PCR.

Primer Name 1 Primer Sequence 2 5′-3′ Product Size (bp) GenBank Accession Number

β-actin F: TGCTGTGTTCCCATCTATCG
150 NM_205518R: TTGGTGACAATACCGTGTTCA

mTOR
F: AAGGATGCTGACAAACGCTATGGA

225 XM_417614R: ACTGACTGACTGGCTGAGTAGGAG

myostatin F: TACCCGCTGACAGTGGATTTC
153 NM_001001461R: GCCTCTGGGATTTGCTTGG

MyoD F: GGAGAGGATTTCCACAGACAACTC
113 NM_204214R: CTCCACTGTCACTCAGGTTTCCT

Akt
F: GCTGGCATTGTTTGGCAAGATGT

215 NM_205055R: GCGGTTCCACTGGCTGAATAGG

FoxO4
F: GCTCTTCTCACACCTGGCTCTC

186 XM_015278657R: TGGTTCTGCCTGCTGCTCTG

Smad3
F: GCGTTCTGGTGCTCCATATCCTAC

192 NM_204475R: TCCTCTTCCGATGTGCCGTCTC

MAFbx
F: CAGTGAGCCAGCCTCTTGTGATG

114 NM_001030956R: TTCAGCCAGTGTGACAGTCTCAGT

MuRF1
F: GCGAGCAGGAGGACAAGACAAG

240 XM_424369R: CAAGACTGACTGTGAAGGCATCCA
1 β-actin, beta-actin; mTOR, mammalian target of rapamycin; MyoD, myogenic determination factor 1; Akt, protein kinase B; FoxO4,
forkhead box O 4; MAFbx, muscle atrophy F-box; MuRF1, muscle ring-finger 1. 2 F, forward; R, reverse.

2.3. Statistical Analysis

The data from the present study were analyzed using a one-way ANOVA by SAS 9.2
(SAS Institute Inc., Cary, NC, USA). The ADG, ADFI, FCR, nitrogen utilization, nitrogen
excretion per weight gain and nitrogen excretion per feed intake were analyzed using the
cage as the experimental unit, and other indexes were analyzed by determining the mean
of two sampled birds per replicate as the experimental unit (n = 6). The data are expressed
as the means ± SD. Statistical significance was indicated at p < 0.05.

3. Results
3.1. Growth Performance, Breast Muscle Yield, Nitrogen Utilization and Nitrogen Excretion

During the trial period, none of the birds suffered from clinical diseases, and there was
no mortality. As shown in Table 2, the ADFI and ADG in the HS group were significantly
lower than those in the TC group (p < 0.05), and the HS group had a significantly increased
FCR compared to the TC group (p < 0.05). As shown in Figure 1A, the nitrogen utilization
in the HS group was significantly lower than that in the TC group (p < 0.05), whereas the
nitrogen excretion per weight gain (Figure 1B) and the nitrogen excretion per feed intake
(Figure 1C) in the HS group were significantly higher than those in the TC group (p < 0.05).
As shown in Figure 2, compared to those in the TC group, the broilers in the HS group
showed a significantly reduced breast muscle yield (p < 0.05).

Table 2. Effects of heat stress on the growth performance of broilers 1.

Items TC 2 HS 2 p-Value

ADFI (g) 153.30 a ± 1.17 127.30 b ± 1.76 0.02
ADG (g) 82.08 a ± 0.53 62.07 b ± 1.01 <0.01

FCR 1.87 b ± 0.01 2.05 a ± 0.01 <0.01

ADFI = average daily feed intake; ADG = average daily gain; FCR = ADFI/ADG. 1 All the means are reported
as the means ± SD (n = 6). 2 TC, thermoneutral control group; HS, heat stress group. a,b Values with different
superscripts differ significantly at p < 0.05.
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Figure 1. Effects of heat stress on the nitrogen utilization (A), nitrogen excretion per weight gain (B)
and nitrogen excretion per feed intake (C) of broilers. TC, thermoneutral control group; HS, heat
stress group. Each bar presents the means ± SD (n = 6). a,b Values with different superscripts differ
significantly at p < 0.05.

Figure 2. Effects of heat stress on the breast muscle yield of broilers. TC, thermoneutral control
group; HS, heat stress group. Each bar presents the means ± SD (n = 6). a,b Values with different
superscripts differ significantly at p < 0.05.

3.2. Blood Biochemical Indexes

We tested the effects of HS on the blood biochemical indexes of broilers, and the results
of the serum corticosterone, T4 and T3 levels in broilers are presented in Figure 3. As
shown in Figure 3A, the serum corticosterone levels in the broilers in the HS group were
significantly higher (p < 0.05) than the serum corticosterone levels in the broilers in the TC
group, whereas the levels of T4 in the serum from the broiler chickens in the HS group
were significantly less than the serum T4 levels in the TC group (p < 0.05, Figure 3B). No
significant differences in the levels of T3 were observed between the TC and HS groups
(p > 0.05, Figure 3C).
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Figure 3. Effects of heat stress on the serum corticosterone (A), thyroxine (T4) (B) and 3,5,3′-
triiodothyronine (T3) (C) levels in broilers. TC, thermoneutral control group; HS, heat stress group.
Each bar presents the means ± SD (n = 6). a,b Values with different superscripts differ significantly at
p < 0.05.

3.3. Regulatory Factors Gene Expression

The gene expression of breast muscle growth-related regulatory factors in broilers
exposed to constant HS was determined, and the results of the myostatin, Smad3, FoxO4,
MAFbx, MuRF1, Akt, MyoD and mTOR mRNA expression levels are presented in Figure 4. As
shown in Figure 4, the HS group showed significantly increased mRNA expression levels
of myostatin compared to the TC group (p < 0.05), and the HS group showed significantly
increased mRNA expression levels of Smad3, FoxO4, MAFbx and MuRF1 as well, whereas
the HS group showed significantly reduced mRNA expression levels of Akt, MyoD and
mTOR (p < 0.05).

Figure 4. Effects of heat stress on the mRNA expression of breast muscle growth-related regulatory
factors in broilers. TC, thermoneutral control group; HS, heat stress group. Each bar presents the
means± SD (n = 6). a,b Values with different superscripts differ significantly at p < 0.05. FoxO4 = fork-
head box O 4; MAFbx = muscle atrophy F-box; MuRF1 = muscle ring-finger 1; Akt = protein kinase B;
MyoD = myogenic determination factor 1; mTOR = mammalian target of rapamycin.
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4. Discussion

Previous studies indicated that HS could affect productivity, reduce the body weight
and feed intake, and increase the FCR expression of broilers [2,9,27,28]. The data in the
present study revealed that the HS group showed significantly reduced ADFI and ADG
values and increased FCR values compared to the TC group. These results were consistent
with the findings of previous studies. HS significantly decreased nitrogen utilization and
increased the nitrogen excretion per weight gain and nitrogen excretion per feed intake
in this study, which revealed that HS reduced protein utilization. Kumar et al. (2017) [29]
reported that a reduced nitrogen excretion is a result of an increased digestibility of protein
and an increased deposition of protein in broilers. A significant increase was observed in
the nitrogen excretion per weight gain and the nitrogen excretion per feed intake, showing
that HS directly led to muscle protein degradation. The breast muscle is a main part of
the total body, and HS directly impairs broiler production. It has been reported that HS
decreased the proportion of breast muscle [10,30,31]; as expected, our results were the same
as those of previous studies and indicated that HS significantly reduced the breast muscle
yield of broilers. Muscle growth is the result of a rate of protein synthesis greater than the
rate of protein breakdown; in heat-stressed broilers, both protein synthesis and breakdown
are affected by heat exposure [32]. Based on the decreases in the ADFI, ADG, breast muscle
yield and nitrogen utilization and the increases in the FCR, nitrogen excretion per weight
gain and nitrogen excretion per feed intake, HS reduced protein deposition and promoted
protein breakdown in the broilers. Lin et al. (2004) [33] pointed out that the reduced growth
rate was related to the proteolysis that was induced by corticosterone, which could cause a
reduction in animal body weight gain. T3 and T4 are the major hormones that are required
to support normal growth and are known to impact almost every physiological process in
chickens [34]. Studies have shown that HS reduced the plasma concentrations of T4 and
T3 [35]; based on the present results, HS significantly increased serum corticosterone levels
but reduced the levels of T4, as observed in previous studies [36–38]. HS has no effect on
serum T3 levels, probably because the effect of HS on thyroid hormones is determined by
many factors [39]. These endocrinological changes, which are consistent with the changes
in growth performance caused by HS, could accelerate protein hydrolysis in vivo.

Many studies have reported that a high ambient temperature decreases muscle protein
content [10,16,40], and Yunianto et al. (1997) [8] demonstrated that HS decreases muscle
protein synthesis and accelerates protein breakdown. In the past few years, the IGF-1-
phosphatidylinositol 3-kinase-mTOR signaling pathway, which is responsible for regulating
the protein synthesis pathways, has been defined and studied [15,41]. Ma et al. (2018) [16]
reported that chronic heat stress decreased muscle protein synthesis by downregulating
the IGF–mTOR signaling pathway. Akt can phosphorylate a series of protein substrates to
activate its downstream mTOR channels once it is activated [1]. The mammalian target of
rapamycin can mediate protein synthesis through its downstream targets, and the mTOR
pathway is known as a key signaling pathway that regulates the muscular hypertrophy pro-
cess in vivo [42]. It has been reported that a member of the transforming growth factor-beta
superfamily, myostatin, has a dramatically negative effect on muscle growth by binding to
Akt in order to elicit its biological effects [18]. Forbes et al. (2006) [43] indicated that the
R-Smads, Smad2 and Smad3, could be activated by myostatin to transduce signaling, which
could cause the formation of complexes in the nucleus to regulate the expression of target
genes through interactions with transcription coactivators or repressors. In normal chicken
myotubes cultured in vitro, Smad controlled the myostatin expression [22]. The present
study showed an increase in Smad3 mRNA levels in growing broilers under constant
heat stress, indicating that there is a relationship between Smad3 and myostatin expres-
sion changes under constant HS, but the specific molecular changes remain to be further
studied. Intracellular protein degradation occurs mainly through the ubiquitin–protein
enzyme (proteasome) process, which is associated with FoxO transcription factors and two
muscle-specific ubiquitin ligases (E3s), MAFbx and MuRF1 [1,44]. The FoxO transcription
factors play an important role in muscle atrophy. Sandri et al. (2004) [14] showed that
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the decreased activity of the Akt signaling pathway seemed to lead to an increase in the
hypophosphorylated active forms of the FoxO transcription factors, and the FoxO tran-
scription factors resulted in skeletal muscle atrophy by regulating atrophy-related genes,
including MAFbx. In the current study, the HS group showed increased mRNA expression
levels of myostatin, FoxO4, MAFbx and MuRF1, and reduced mRNA expression levels of
mTOR and Akt. These data implied that HS may decrease broiler breast muscle growth
by increasing the activity of myostatin and related factors, thus promoting muscle protein
degradation. The myogenic determination factor 1 is involved in myoblast differentia-
tion and is required for fast fiber formation [45,46]. Moreover, it has been reported that
myostatin negatively regulates MyoD expression in muscle [47]. In the present study, we
found that the mRNA expression levels of MyoD in breast muscle were reduced in the HS
group, which indicated that HS affected breast muscle differentiation and hypertrophy,
and thereby inhibited muscle growth.

5. Conclusions

The change in myostatin mRNA expression in growing broilers exposed to constant
HS was preliminarily studied for the first time in this experiment. Therefore, we speculated
that in growing broilers under high temperature conditions, protein deposition may be
affected not only by the IGF-1-Akt signaling pathway, but also by myostatin and related
factors involved in skeletal muscle protein breakdown. Moreover, further studies are
required to clarify the molecular mechanism of myostatin and related factors in growing
broilers under constant HS.
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Simple Summary: In the summer, heat stress is a main factor that causes poor performance in
broilers. Broilers are more susceptible to high temperature environments than mammals due to their
lack of sweat glands and being covered in feathers. Heat stress can alter the regulation of glycolipid
metabolism, which is manifested by unstable levels of blood glucose, insulin, total cholesterol, and
triglyceride. Heat stress also affects the structure of gut microbes and gastrointestinal peptides.
However, the relationship among microbiota, gastrointestinal peptides, glycolipid metabolism, and
production performance under heat stress is still unclear. Moreover, exploring these mechanisms
can help in the development of strategies that alleviate the negative effects of performance by heat
stress. Our results suggest that the poor production performance of broilers under heat stress
may be related to short chain fatty acids fermented by intestinal microbiota involved in regulating
metabolic disorders.

Abstract: This paper investigated the effects of heat stress on gut-microbial metabolites, gastroin-
testinal peptides, glycolipid metabolism, and performance of broilers. Thus, 132 male Arbor Acres
broilers, 28-days-old, were randomly distributed to undergo two treatments: thermoneutral control
(TC, 21 ◦C) and high temperature (HT, 31 ◦C). The results showed that the average daily gain (ADG),
average daily feed intake (ADFI), and gastric inhibitory polypeptide (GIP) concentration in the
jejunum significantly decreased the core temperature, feed conversion ratio (FCR), and ghrelin of
the hypothalamus, and cholecystokinin (CCK) in jejunum, and serum significantly increased in the
HT group (p < 0.05). Exploration of the structure of cecal microbes was accomplished by sequencing
16S rRNA genes. The sequencing results showed that the proportion of Christensenellaceae and Lach-
nospiraceae decreased significantly whereas the proportion of Peptococcaceae increased at the family
level (p < 0.05). Ruminococcus and Clostridium abundances significantly increased at the genus level.
Furthermore, the content of acetate in the HT group significantly increased. Biochemical parameters
showed that the blood glucose concentration of the HT group significantly decreased, and the TG
(serum triglycerides), TC (total cholesterol), insulin concentration, and the insulin resistance index
significantly increased. Nonesterified fatty acid (NEFA) in the HT group decreased significantly.
In conclusion, the results of this paper suggest that the poor production performance of broilers
under heat stress may be related to short-chain fatty acids (SCFAs) fermented by intestinal microbiota
involved in regulating metabolic disorders.

Keywords: heat stress; microbial metabolites; gastrointestinal peptides; glycolipid metabolism

1. Introduction

Chicken meat is considered an important source of dietary protein worldwide. As
per the Food and Agriculture Organization (FAO), total global chicken production was
118.0 million tons in 2019, accounting for a large proportion of the whole meat production.
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Broilers are severely affected by heat stress; it can cause slow growth rate, low feed intake,
and decreased immunity, leading to economic losses [1,2]. Studies have shown that heat
stress leads to glucolipid metabolism disorder [3–5]. Heat stress accelerates decomposition
of glycogen and inhibits glycogen production [6]. When ambient temperature is higher than
the tolerable limit of broilers, the energy produced cannot meet the needs, resulting in in-
sulin resistance and glucolipid metabolism disorders [7]. Previous studies investigated the
impacts of heat stress on broilers, which was found to cause blood glucose instability [3,8,9],
decrease insulin sensitivity [10], serum cholesterol, and triglycerides [11], increase body fat
in the abdomen, and decrease plasma non-esterified fatty acid (NEFA) concentrations [12].
Recently, several studies have shown that heat stress affects the metabolites and structures
of the intestinal microflora [13,14] and gastrointestinal peptide [15] in broilers. However,
to date, there are no specific studies on the effects of heat stress on broiler microflora and
its metabolites, gastrointestinal peptide, glycolipid metabolism, and the association among
the three.

Multiple studies were conducted on the associations among bacterial metabolites,
gastrointestinal peptides, and glucose and lipid metabolism on metabolic disorders in
mice and humans. Intestinal microbiota are involved in metabolic processes and energy
homeostasis [16]. Previous studies have shown that heat stress can alter the gut microbiota
of mice [17]. The Firmicutes to Bacteroidetes ratio decreased significantly under 30 ◦C [18].
Short-chain fatty acids (SCFAs) are metabolites formed by gut microbes from complex
dietary carbohydrates. Researchers found that SCFAs stimulated mouse L cells to produce
glucagon-like peptide 1 (GLP-1), peptide YY (PYY), and other intestinal anorexia hormones,
reducing appetite [19]. GLP-1 and GIP are related to insulin secretion, and approximately
70% of β-cell insulin secretion is controlled by GIP and GLP-1 [20]. Insulin secretion
disorders lead to metabolic disorders, such as diabetes and obesity [21]. As mentioned
above, heat stress causes metabolic disorders in broilers. However, the association between
metabolic disorder and microbiota under heat stress is still unclear in mice and humans.

Thus, the purpose of this study was to investigate the effects of heat stress on the
microbiota and its metabolites, gastrointestinal peptides, and glycolipid metabolism in
broilers, and explore the relationship among them to provide a scientific basis for recon-
structing the intestinal flora, to alleviate the decline in production performance caused by
heat stress.

2. Materials and Methods
2.1. Animals and Experimental Design

A total 132 male, one day old, Arbor Acres broilers were purchased from commer-
cial hatcheries and housed in three-layer (8400 cm2 per layer) metal cages at ambient
temperatures that decreased with age. All birds had free access to feed and water (room
temperature) ad libitum. The broilers were fed on crumble diets (Table 1). Then, birds were
divided into a thermoneutral control group (TC, 21 ◦C) or a high temperature group (HT,
31 ◦C), with six biological replicates per group, 11 birds per replicate, at 21 days old. Birds
were transferred to the environmental temperature control chamber, while maintaining a
temperature of 21 ◦C, a humidity of 60%, for 7 days. The experiment started at 28 days
old. Temperature control was adjusted by an artificial environmental control chamber
developed by the Institute of Animal Science of the Chinese Academy of Agricultural
Sciences (CAAS). There was no significant difference in the initial body weight of broil-
ers in the two groups. The temperature of the two groups was constant and humidity
remained at 60% until the end of the experiment, which lasted for 21 days. The lighting
program was continuous throughout the experimental (fluorescent light, 40 W). To reduce
stress, irrelevant personnel were prohibited from entering the artificial environment control
chamber. This program was approved by the Experiment Animal Welfare and Ethical at
the Institute of Animal Science of CAAS.
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Table 1. Composition and nutrient levels of the basal diet.

Items Content (%)

Ingredients
Corn 56.51

Soybean meal 35.52
Soybean oil 4.50

Na Cl 0.30
Limestone 1.00
Ca HPO4 1.78
d L-Met 0.11

Premix (1) 0.28
Total 100.00

Nutrient levels (2)
ME/(MJ/Kg) 12.73

CP 20.07
Ca 0.90
AP 0.40
Lys 1.00
Met 0.42

Met + Cys 0.78
(1) Premix provided the following per kg of the diet: VA 10,000 IU, VD3 3400 IU, VE 16 IU, VK3 2.0 mg,
VB1 2.0 mg, VB2 6.4 mg, VB6 2.0 mg, VB12 0.012 mg, pantothenic acid calcium 10 mg, nicotinic acid 26 mg, folic
acid 1 mg, biotin 0.1 mg, choline 500 mg, Zn(ZnSO4·7H2O) 40 mg, Fe(FeSO4·7H2O) 80 mg, Cu(CuSO4·5H2O)
8 mg, Mn(MnSO4·H2O) 80 mg, I(KI) 0.35 mg, Se(Na2SeO3) 0.15 mg. (2) Calculated values.

2.2. Sample and Data Collection

During the experiment, we used an 0.01 g sensitive electronic body weight scale
(manufacturer: Mettler Toledo, PL2002) to record the initial feed weight, final feed weight,
and body weight of the bird replicates, then calculated the average feed intake, average
body weight, average daily weight gain, and feed efficiency for each replicate. This
experiment used a rectal probe thermometer to measure the body core temperature of one
bird replicate, which was randomly selected from each replicate, and measured four times
a day during the experiment. At the end of the experiment, one bird, after 12 h fasting, was
randomly selected from each replicate for insulin and blood glucose determination. Feed
then continued for two hours, and one bird was randomly selected from each replicate
to collect samples. The blood was immediately collected through the wing vein into
heparinized tubes and centrifuged at 10,000× g for 4 min at 4 ◦C. Then the plasma was
collected and stored at −20 ◦C until the analysis of the concentrations of PYY, ghrelin,
CCK, GIP, and GLP-1. Immediately after the blood samples were obtained, the birds were
humanely sacrificed, and the tissues of the cecum contents, intestinal mucosa, pancreas,
and hypothalamus were collected. The samples were placed in a cryopreservation tube
and stored in a −80 ◦C refrigerator.

2.3. Determination of Gastrointestinal Peptides

The concentrations of CCK, Ghrelin, GLP-1, GIP, and PYY in the intestinal mucosa
and serum were determined by the enzyme-linked immunosorbent assay (ELISA). The
intestinal mucosa needed to be grinded, weighed, diluted with PBS buffer at 1:9, and
centrifuged for 20 min (2000–3000 rpm). The supernatant was then carefully taken for
testing. The standard wells were set up, the samples added (diluent and enzyme label
reagent in sequence), and were incubated for 60 min. The ELISA plate was washed with a
washing solution for more than five times, and the color reagent and stop solution were
added. Finally, an enzyme-labeled instrument was used to measure the absorbance of each
well (OD value). The contents of each peptide in the sample were calculated through the
standard curve.
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2.4. DNA Extraction and PCR Amplification

Microbial community genomic DNA was extracted from cecal content samples us-
ing the E.Z.N.A.® soil DNA Kit (Omega BioTek, Norcross, GA, USA) according to the
manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA
concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). The hypervariable region V3-V4 of the bacterial
16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGG-CAGCAG-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT -3′) by an ABI GeneAmp® 9700 PCR
thermocycler (Applied Biosystems, Carlsbad, CA, USA). The PCR amplification of 16S
rRNA gene was performed as follows: initial denaturation at 95 ◦C for 3 min, followed
by 27 cycles of denaturing at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s and extension at
72 ◦C for 45 s, and single extension at 72 ◦C for 10 min, and end at 10 ◦C. The PCR mixtures
contain 5 × TransStart FastPfu buffer 4 µL, 2.5 mM dNTPs 2 µL, forward primer (5 µM)
0.8 µL, reverse primer (5 µM) 0.8 µL, TransStart FastPfu DNA Polymerase 0.4 µL, template
DNA 10 ng, and finally ddH2O up to 20 µL. PCR reactions were performed in triplicate.
The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), according to manufacturer’s
instructions, and quantified using Quantus™ Fluorometer (Promega, Madison, WI, USA).

2.5. Illumina MiSeq Sequencing

Purified amplicons were pooled in equimolar and paired-end sequences on an Illumina
MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, CA, USA), accord-
ing to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

2.6. Processing of Sequencing Data

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by
fastp version 0.20.0 [22] and merged by FLASH version 1.2.7 [23] with the following criteria:
(i) the 300 bp reads were truncated at any site receiving an average quality score of <20
over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded.
Reads containing ambiguous characters were also discarded. (ii) Only overlapping se-
quences longer than 10 bp were assembled according to their overlapped sequences. The
maximum mismatch ratio of overlap region was 0.2. Reads that could not be assembled
were discarded. (iii) Samples were distinguished according to the barcode and primers,
and the sequence direction was adjusted, exact barcode matched, and two nucleotides
mismatched in the primer matching. Operational taxonomic units (OTUs) with 97% simi-
larity cutoff [24,25] were clustered using UPARSE version 7.1 [24], and chimeric sequences
were identified and removed. The taxonomy of each OTU representative sequence was
analyzed by RDP Classifier version 2.2 [26] against the 16S rRNA database using confidence
threshold of 0.7.

2.7. Determination of SCFAs

We accurately weighed 1 g of cecal content, added 5 mL of ultra-pure water, shook,
and mixed for 30 min, overnight at 4 ◦C, then centrifuged at 10,000 rpm for 10 min, and
transferred the supernatant to a 10 mL cuvette. We added 4 mL of ultra-pure water to
the precipitation, shook and mixed for 30 min, then centrifuged at 10,000 rpm to transfer
the supernatant into a 10 mL cuvette for constant volume. We transferred the liquid in
the colorimetric tube to a 10 mL centrifuge tube, centrifuged at 12,000 rpm for 15 min,
and then transferred the supernatant to a 2 mL centrifuge tube, according to V:V = 9:1
(900 µL supernatant + 100 µL 25% metaphosphoric acid), mixed well, and let it stand at
room temperature for 3–4 h centrifugation, 45 um microporous membrane (nylon series)
filtration. We added the machine bottle (more than 600 µL) to be tested. Chromatographic
conditions: db-ffap column, 30 m * 250 µm * 0.25 µm; carrier gas: high purity nitrogen
(99.999%), flow rate: 0.8 mL/min; auxiliary gas: high purity hydrogen (99.999%), detector
FID temperature: 280 ◦C, injection port temperature: 250 ◦C, split ratio: 50:1, injection
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volume: 1 µL; temperature programming: initial temperature: 60 ◦C, the temperature rose
to 220 ◦C at the rate of 20 ◦C/min, and held for 1 min.

2.8. Determination of Serum Biochemical Parameters

The concentrations of blood glucose, serum insulin, triglycerides, total cholesterol,
and NEFA were measured using the kits provided by Nanjing Jiancheng Bioengineering
Institute (Jiangsu, China). The insulin resistance index was calculated using a formula as
previously described: insulin resistance index = insulin/(22.5e-lnglucose) [27].

2.9. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 8 software (GraphPad
Software, Inc. La Jolla, CA, USA). An independent sample t-test (unpaired Student’s t test
and Mann–Whitney test) was used for the comparison of the two treatments. Replicate
served as the experimental unit. The confidence interval was 95%, and p < 0.05 indicated a
significant difference in the treatment effect; values were expressed as the mean ± SEM.

3. Results
3.1. Effect of High Temperature on Performance

The effect of heat stress on performance is shown in Table 2. Compared with the
TC group, ADG and ADFI in the HT group decreased significantly (p < 0.05). Compared
with the TC group, the core temperature of birds and FCR in the HT group significantly
increased (p < 0.05).

Table 2. Effects of thermal environment on performance indices of broilers during experiment period.

Treatments

Item TC HT SEM p Value

IABW (g) 1427.31 1432.10 19.35 >0.05

FABW (g) 2840.22 a 2567.78 b 24.32 <0.05

ADG (g/d) 80.58 a 70.70 b 5.03 <0.05

ADFI (g/d) 157.51 a 148.95 b 7.16 <0.05

FCR (g/g) 1.95 b 2.11b a 0.11 <0.05

CT (◦C) 41.49 b 42.66 a 1.28 <0.05
Values are means ± SEM. TC, thermoneutral control group; HT, high temperature group; IABW, initial average
body weight (29 d); FABW, final average body weight (43 d); ADG, average daily gain; ADFI, average daily feed
intake; FCR, feed conversion rate; CT, core temperature. a,b Means within the same line with different superscript
differ significantly.(p < 0.05).

3.2. Effects of High Temperature on Gastrointestinal Peptide

The effects of heat stress on the neuropeptides of gut and hypothalamus concentra-
tions in six-week-old chickens were examined and the results are presented in Figures 1–3.
Compared with the TC group, GIP concentration in the jejunum of the HT group signif-
icantly decreased (p < 0.05). The concentration of CCK in the jejunum and serum and
ghrelin of the hypothalamus in the HT group was significantly higher than that in the TC
group (p < 0.05). The GLP-1 in the ileum, PYY in the pancreas, and ghrelin in the jejunum
in the HT group were not significantly different from that of the TC group.
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3.3. Effects of High Temperature on Cecal Microbial Composition

The intestinal microbial community of broilers is mainly concentrated in the cecum; it
is the main place where microorganisms participate in the regulation of body metabolism.
Therefore, we analyzed the composition of the caecal flora of two groups of broilers at
the levels of phylum, family, and genus. The compositions of cecal microbiota at phylum,
family, and genus levels are provided in Table 3. At the phylum level, the two groups of
flora were mainly composed of Firmicutes, Bacteroides, and Actinomycetes; however, there
was no significant difference in abundance. At the family level, the dominant bacteria
were mainly Ruminococcaceae; the proportion of Christensenellaceae and Lachnospiraceae de-
creased significantly, and increased the proportion of Peptostreptococcaceae (p < 0.05). It may
show that heat stress significantly affects the dominant intestinal flora at the family level.
At the genus level, the dominant bacteria were mainly Faecalibacterium, Romboutsia. Ru-
minococcus and Clostridium abundances significantly increased, indicating that the thermal
environment significantly increased the proportion of them.
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Table 3. Effects of the thermal environment on cecum digesta microbiota composition.

Level Species Name
Treatments

SEM p Value
TC HT

Firmicutes (%) 89.33 87.49 2.18 >0.05

phylum Bacteroides (%) 5.69 5.18 0.74 >0.05

Actinomycetes (%) 3.78 6.50 1.12 >0.05

family
Ruminococcaceae (%) 51.32 51.14 1.25 >0.05

Lachnospiraceae (%) 18.68 a 10.15 b 0.80 <0.05

Christensenellaceae (%) 1.20 a 0.51 b 0.07 <0.05

Peptococcaceae (%) 0.21 b 0.54 a 0.05 <0.05

Faecalibacterium (%) 28.32 31.63 1.18 >0.05

genus

Romboutsia (%) 6.91 11.29 0.45 >0.05

Ruminococcus (%) 0.08 b 0.15 a 0.02 <0.05

Clostridium (%) 2.55 b 5.16 a 0.40 <0.05

Faecalibacterium (%) 28.32 31.63 1.18 >0.05

Values are means ± SEM. TC, thermoneutral control group; HT, high temperature group. a,b Means within the
same line with different superscript differ significantly (p < 0.05).

3.4. Effects of High Temperature on SCFAs Concentration

The concentration of short chain fatty acids in cecal contents of the two treatment
groups is shown in Table 4. Compared with the TC group, the content of acetate in the HT
group significantly increased, but there was no significant difference in propionic acids
and butyric acids.

Table 4. Effects of thermal environment on the content of SCFAs in the cecum.

Item
Treatments

SEM p Value
TC HT

acetate (µg/mL) 572.9 b 741.1 a 16.79 <0.05
propionic acids (µg/mL) 56.45 63.96 5.89 >0.05

butyric acids (µg/mL) 262.9 252.7 29.71 >0.05
Values are means ± SEM. SCFAs, short chain fatty acids; TC, thermoneutral control group; HT, high temperature
group. a,b Means within the same line with different superscript differ significantly. (p < 0.05).

3.5. Effects of High Temperatures on Serum Parameters

The blood glucose, insulin, insulin resistance index, TG, TC, and NEFA concentrations
are shown in Figure 4. Compared with the TC group, the blood glucose and NEFA con-
centrations in the HT group significantly reduced, the insulin, TC, and TG concentrations
significantly increased. Compared with the TC group, the insulin resistance index of
broilers under heat stress increased significantly, resulting in severe insulin resistance.
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4. Discussion

Thermal environment severely impairs the performance [28,29], changes the composi-
tion of gut microbiota [30], and affects glycolipid metabolism [31] of broilers. However,
previous studies have not been able to account for the associations among them. The
present study clearly established a significant outcome of a thermal environment on perfor-
mance, gut microbiota, gastrointestinal peptides, and glycolipid metabolism in broilers,
and developed a preliminary understanding of the relationship among them.

Significant elevations were detected in the core temperatures of the birds, meaning
that heat stress was produced. Previous literature demonstrated that heat stress could
negatively impact ADFI, ADG, and FCR in broilers [2,29,32–34]. The present study showed
that ADFI, ADG, and FCR were seriously affected by high temperatures of 31 ◦C compared
with the 21 ◦C group, which agreed with the results of previous studies [2,35]. These results
are widely accepted, they imply that heat exposure will directly impair productive perfor-
mance of birds. In general, the reason for the decline in productive performance is largely
due to the lower feed intake; birds reduce feed intake to minimize excess metabolic energy
production to keep themselves cool [36]. Another important reason for the weight gain re-
duction observed in birds experiencing heat stress would be metabolism disorder. Previous
studies have shown that thermal environment can disrupt metabolic homeostasis, accel-
erating protein catabolism [37], increasing abdominal fat deposition [38], changing blood
glucose levels, decreasing insulin sensitivity, and causing a negative energy balance [39].
Birds suffering from heat stress may choose to use more energy to resist the damage caused
by high temperatures rather than to grow or reproduce. Therefore, the underlying cause of
poultry production performance degradation may be metabolic disorder. The current study
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observed that heat stress led to elevated levels of insulin, serum triglycerides, and total
cholesterol, and a reduction in serum blood glucose and NEFA. Changes in blood glucose
in broilers exposed to high temperatures showed mixed results, as there was evidence for
it to increase [3], decrease, or remain unchanged [9]. Numerous factors influence blood
glucose and the reasons for the differences include different physiological statuses and ex-
perimental designs. The results of elevated levels of insulin [40], serum triglycerides, total
cholesterol, and reduced NEFA [41] in this study are consistent with previously reported
studies. It is possible that insulin levels were elevated due to compensatory secretions
to maintain glucose tolerance. The increased basal insulin levels may explain the lack of
an increase in basal NEFA levels because insulin is a potent antilipolytic hormone. We
also calculated that the insulin resistance index increased significantly, meaning insulin
resistance occurs under heat stress. In summary, these observations imply that heat stress
alters carbohydrate and lipid metabolism, leading to metabolic disorder.

Gut microbes have previously been susceptible to heat stress in both mice and livestock.
The present study found that heat stress changed the colony composition at the family
level, reduced the proportions of Christensenellaceae and Lachnospiraceae, and increased the
proportion of Peptococcaceae. It was reported that Christensenellaceae is related to healthy
glucose metabolism and reduces the risk of obesity [42]. A previous study reported
gut dysbiosis in mice that underwent chronic water avoidance stress; in particular, the
abundance of Lachnospiraceae declined [43]. Similar results were obtained in this paper.
The increase of Peptococcaceae was mainly related to histopathological infection, indicating
that heat stress increased the threat factors of gut health. At the genus level, heat stress
increased the proportion of Ruminococcus and Clostridium. In addition, our results showed
that heat stress increased the content of acetate in cecal contents. Since Ruminococcus and
Clostridium are the main acetate-producing microorganisms, the increase of acetate content
in cecal contents may be associated to the increase of Ruminococcus and Clostridium.

Gastrointestinal peptides are mainly secreted by intestinal endocrine cells, including
ghrelin, CCK, GIP, PYY, GLP-1, which are directly involved in the regulation of gastroin-
testinal peristalsis, sensation, and secretion. They have the dual functions of promoting the
secretion of neurotransmitters and hormones, and regulating feeding behavior, nutrient
absorption, energy metabolism, intestinal peristalsis, and emptying [44]. The results we
obtained show that heat stress significantly increased CCK concentration in the jejunum
and circulation—similar to the results obtained by a previous study [45]. CCK proved to be
an anorexic hormone in various poultry studies, which can gather short-term post-eating
satiety signals and inhibit broiler feeding [46]. It was reported that exogenous injection of
CCK could significantly reduce the feed intake of poultry [47]. Therefore, the significant
decrease in feed intake of broilers in the HT group may be due to the large amount of CCK
secreted by the intestines. Several studies have shown that a certain dose of ghrelin is
injected into the cerebral ventricle of chicks, and the results are found to strongly inhibit
the feed intake of chicks [48,49]. In the HT group, a significant increase in hypothalamic
ghrelin levels was observed, which is consistent with the results of a previous study [36].
There were no significant changes in other peptides except for ghrelin in the hypothalamus;
no significant changes in PYY, ghrelin, and GLP-1 were observed in the intestinal tract and
circulation. This is consistent with previous research [50]. It was found that heat stress
significantly reduced the plasma GIP concentration of poultry and pigs [51]. The present
study found that heat stress significantly reduced the GIP concentration in the jejunum
of broilers, and the serum GIP concentration had a decreasing trend. This is supported
by previous results. The decreased GIP concentration may be caused by the decreased
number of intestinal K cells or the decreased GIP expression in K cells. Another possible
explanation for this is that blood glucose was significantly reduced because GIP secretion
is glucose-dependent [52].

The gut microbiota participating in host metabolism is frequently reported on [53–55].
According to various studies, such a process is associated with bacterial metabolites, such
as SCFAs [56,57]. In the current study, the proportion of acetate-producing bacteria, such
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as Ruminococcus and Clostridium, increased, leading to an increase in acetate production.
Studies have found that oral prebiotics may affect the secretion of related gastrointestinal
hormones, such as GLP-1 and ghrelin, through the short-chain fatty acids produced by
microbiota fermentation [55]. SCFAs have also been shown to cross the blood–brain barrier,
directly into the brain, to control feed intake [58]. Furthermore, it was reported that SCFAs
can stimulate mouse intestinal L cells to secrete PYY, CCK, and ghrelin, by activating
G protein coupled receptors, such as Gpr41 [59]. A recent study suggested that SCFAs
inhibit the secretion of GIP by activating the FFAR3 receptor of K cells [60]. This evidence
implies that the increased CCK and decreased GIP relate to the SCFAs in the current study.
Therefore, it is not surprising that the increase in CCK secretion by L cells and the decrease
in GIP secretion by K cells may be due to the increased acetate content in the cecal contents.

5. Conclusions

This paper argues that the poor production performance of broilers under heat stress
may be related to SCFAs fermented by gut microbiota involvement in regulating metabolic
disorders. Our data will provide valuable insight for future studies on humans in tropical
environments who suffer from metabolic disorders, such as diabetes and obesity.
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Simple Summary: Broilers must be reared under thermoneutral conditions and comfort zones;
therefore, any deviation from the neutral thermal zone causes stress and a consequent disturbance
in the turnover or the metabolism of nutrients. This review addressed the biosynthesis of amino
acids and/or protein metabolism under normal conditions and heat stress conditions. In addition,
hormonal responses to stress and the role of endocrine hormones in protein metabolism have been
reviewed. In addition, the aim of this review is to summarize the studies related to the assessment
of heat stress, the physiological stress regulation mechanism, and the nutritional strategies for the
prevention of heat stress in poultry.

Abstract: This review examined the influence of environmental heat stress, a concern facing modern
broiler producers, on protein metabolism and broiler performance, as well as the physiological
mechanisms that activate and control or minimize the detrimental impacts of stress. In addition,
available scientific papers that focused on amino acids (AA) digestibility under stress conditions were
analyzed. Furthermore, AA supplementation, a good strategy to enhance broiler thermotolerance,
amelioration, or stress control, by keeping stress at optimal levels rather than its elimination, plays an
important role in the success of poultry breeding. Poultry maintain homeothermy, and their response
to heat stress is mainly due to elevated ambient temperature and the failure of effective heat loss,
which causes a considerable negative economic impact on the poultry industry worldwide. Reduced
feed intake, typically observed during heat stress, was the primary driver for meat production
loss. However, accumulating evidence indicates that heat stress influences poultry metabolism and
endocrine profiles independently of reduced feed intake. In conclusion, high ambient temperatures
significantly reduced dietary AA intake, which in turn reduced protein deposition and growth in
broilers. Further studies are required to determine the quantity of the AA needed in warm and hot
climates and to introduce genetic tools for animal breeding associated with the heat stress in chickens.

Keywords: amino acids; broiler; heat stress; heat tolerance; protein metabolism

1. Introduction

Poultry meat is an essential source of dietary protein, and the industry has developed
high grade poultry because of improved farming techniques, automation equipment,
and comprehensive and balanced feeding, and other new technologies [1]. In the past
decade, broiler production has increased rapidly in tropical and subtropical areas and is
expected to sustain robust growth in the future. However, according to a review [2], high
environmental temperatures are one of the greatest challenges of poultry and live stock
performance, leading to the decline in production efficiency in these countries. Furthermore,
modern commercial broilers are more sensitive to heat stress than previous generations
due to their higher performance, growth rate, and feed conversion efficiency [3]. Indeed,
commercial poultry strains can reach a high production yield, but their body metabolism,
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being comparatively accelerated, has poor thermoregulation and is poorly adapted to the
living environments compared to native backyard chickens [1]. The higher growth rate
of broilers has several consequences, such as higher feed consumption and metabolism
and elevated production of internal heat. To reduce the heat load and avoid heat-induced
mortality in birds, heat loss and/or lowering heat production could be achieved through
reduced feed consumption, resulting in a depressed growth rate and lower final body
weight, reduced breast meat weight, and lower egg quality, size, and rate in hens. In
addition, the decreased feed consumption could result in nutrient deficiency, such as
proteins, AA, and energy [4–6].

Among the environmental factors, heat stress negatively affects feed consumption,
body weight gain [7], and carcass characteristics [2]. Additionally, HS may cause oxidative
stress in the body and develop many free radicals, stimulating membrane lipid perox-
idation, and hence the degradation of DNA and protein membranes [8,9]. In poultry,
mitochondrial superoxide production as oxidative stress was observed on exposure to
HS [9]. Besides the role of AA as protein and peptide components, some AA (e.g., glu-
tamine, cysteine, leucine, arginine, tryptophan, and proline) are involved in the regulation
of metabolic pathways, thereby affecting growth, protein accumulation, maintenance,
immunity, and health [10].

The ambient temperature impacts the protein turnover rate in broiler skeletal mus-
cle [11]. Not only protein anabolism, but also protein catabolism are energetically expensive.
The growth depression of heat-exposed chickens showed lower protein gain and retention.
High protein sources have beneficial effects through the improved growth of heat-stressed
broilers [12]. They indicated that protein synthesis in broilers was more affected than
protein breakdown with HS, resulting in reduced protein deposition in the skeletal muscles.
A review [11] showed that the high ambient temperatures and dietary protein consump-
tion affected muscle protein turnover in broilers. In broiler chickens, HS alters muscle
protein and AA metabolism and accelerates liver gluconeogenesis for energy supply [13].
Dietary approaches, such as modifications of energy and protein content of the diet, are
the most practical and preferred ways to alleviate heat distress in poultry and enhance
broiler performance under these conditions [14,15]. Improving the overall equilibrium of
the dietary AA was more effective than increasing total protein consumption [16].

Limited studies are available that address the effects of HS on protein metabolism in
broilers. Therefore, it is necessary to detect mechanisms or methods that allow producers to
effectively reduce the detrimental influences of environmental HS on broilers, in particular
on protein metabolism via protein accretion or degradation of muscle. The present review
will focus on the effects of environmental heat stress on protein metabolism and broiler
performance, as well as the physiological mechanisms and nutritional strategies that
mitigate the negative effects of heat stress, particularly the role of AA in reducing HS in
stressed broilers.

2. Amino Acid and/or Protein Metabolism

AA are required for most biological activities. The AA transport into the apical mem-
brane and out of the lateral basal membrane of enterocytes. Their transport relies on sodium-
dependent symporters, proton-motive forces, antiporters, and the gradient of other AA. The
metabolic fate of absorbed AA mainly depends on nutrient availability [17]. AA moving
through catabolic pathways ultimately serve as precursors of gluconeogenesis [13] and
contribute to 40% of the total AA loss in fasted animals. Proteins are synthesized from
free AA, which become available either from dietary (the end product of digestion) or
from metabolic origins as the result of AA biosynthesis within the body. These AA, either
circulating via the blood or accumulating within tissues, form pools. The AA concentrations
within these pools are based on the equilibrium between gains and losses [18]. Dietary
AA are used to build protein for muscle growth, membrane glycoproteins, and enzymes
involved in numerous biochemical processes, and act as precursors for the synthesis of
DNA/RNA [10]. The AA catabolize in the liver to integrate into protein, which supplies
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peripheral tissues [13]. Protein turnover refers to the equilibrium between the anabolism
and catabolism of protein. The metabolic utilization of AA is equally diverse. Anabolism
or protein synthesis facilitates dietary AA to fuse into proteins, or biosynthesize in the
body tissues. Catabolism occurs through the breakdown of proteins to build amino groups
that produce urea or further protein. In addition, to produces carbon skeleton molecules
for glucose production (glucogenesis) or fatty acids (lipogenesis), carbon dioxide, and the
release of energy. The role of endocrine hormones in protein metabolism is shown in Table 1.

Table 1. Role of endocrine hormones in protein metabolism and summary of potential methods for assessing stress.

Hormones Protein Synthesis Proteolysis

Insulin Stimulated Inhibited
Glucagon Inhibited Stimulated

Epinephrine Inhibited Stimulated
Glucocorticoids: ACTH *, CS, and Cortisol Inhibited Stimulated (gluconeogenesis)

Thyroid hormones T4 and T3 Accelerated skeletal muscle protein turnover and heat production under the hot conditions
Growth hormone Stimulated Inhibited

Potential Methods for Assessing Stress

Behavioral/Physiological Endocrine Metabolic Systems

Activity/sleep patterns Catecholamines Immune function
Posture/stereotypes ACTH/CRH, glucocorticoids Disease state

Feed and water intake Gonadotrophin/sex steroids Growth performance
Heart rate and blood pressure Endorphin (β), renin and prolactin Reproductive performance

* abbreviations: ACTH: adrenocorticotropin, CS: corticosterone, CRH: Corticotropin-releasing hormone, T3: triiodothyronine, and T4: thyrox-
ine, adapted from [19,20].

Nitrogen excretion can be used to determine protein balance through the measurement
of nitrogen losses during protein catabolism or recycling [18]. Endogenous or dietary
proteins hydrolyze the previous absorption. The tissue proteins of birds are renewed
frequently with the liberation of endogenous AA. Furthermore, there are many metabolic
reactions converting metabolites into nonessential AA [18].

Recently, AA are applied not only as signaling molecules of the cell and the protein
phosphorylation cascade, but also as regulators of gene expression. Moreover, AA are
fundamental precursors for hormone synthesis and other nitrogenous elements that have
considerable biological significance. Normal levels of AA and their metabolites, such as
glutathione, polyamines, taurine, nitric oxide, serotonin, and thyroid hormones are needed
for their functions. Nevertheless, elevated levels of AA and their metabolites, such as am-
monia, asymmetric dimethylarginine, and homocysteine are considered pathogenic for the
body, and lead to oxidative stress, and cause diseases and disorders of the cardiovascular
and neurological systems. Therefore, an ideal balance of AA in the feed and bloodstream
is crucial for the homeostasis of the body. AA not only have a role as the building blocks
of polypeptides and proteins, but also regulate the fundamental metabolic routes that
are essential for growth, maintenance, immunity, and reproduction. These functional AA
include glutamine, leucine, proline, arginine, cysteine, and tryptophan [10].

3. Biosynthesis of Amino Acids

Birds and all vertebrates, dissimilar to plants and many bacteria, are unable to syn-
thesize some AA, so these are termed essential AA and are required for tissue renewal
through protein synthesis. Thus, essential AA must be supplemented in the diet. For
protein synthesis, all AA are similarly essential owing to the absence of any AA interfere
with the anabolic processes. However, nutritionally AA are classified into three groups [18].
Essential AA must be provided by feed and may be classified into two groups. One group
is strictly essential because they cannot be synthesized, even from AA metabolic inter-
mediates, such as glucogenic that yield intermediates of glycolysis pathway or ketogenic
that yield intermediates of acetyl-CoA or acetoacetate. The transaminases of that group
are absent, for instance methionine, lysine, tryptophan, threonine, and phenylalanine.
The other group may be insufficiently synthesized from their precursors, for example,
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glycine, leucine, isoleucine, valine, arginine, histidine, and proline. Semiessential AA may
be synthesized from essential AA. Tyrosine and cysteine originate from phenylalanine
and methionine, respectively. Cysteine is synthesized from serine (nonessential AA) and
methionine (essential AA). Nonessential AA are easily synthesized from intermediary
metabolites or similarly nonessential AA: alanine, serine, aspartic and glutamic acids in
the former group; and asparagine and glutamine in the latter group [18].

4. Effect of HS on Protein Metabolism or Turnover

Heat as a stress factor affects protein metabolism during the postabsorptive stage
as muscle breakdown and changes in the quantity of lean tissue may occur in different
species [21]. In the muscle protein, the RNA/DNA synthesis capacity is reduced by HS [22].
During environmental hyperthermia, muscle tissue catabolism is increased due to increased
plasma markers during muscle breakdown. In lactating cows, HS increases plasma urea
nitrogen concentration [23]; however, whether this elevation stems from reduced plasma
volume, increased protein degradation, or other reasons remains unknown. Thus, blood
urea nitrogen (BUN) is used as an indicator of muscle catabolism or breakdown, because
tissue degradation results in an increase in BUN [21]. A review [24] reviewed that uric acid
excretion is increased in stressed poultry owing to corticosterone -driven gluconeogenesis.
Other indicators or measures of protein breakdown (muscle catabolism) include increased
plasma creatinine, Nt-methyl histidine, creatine, and creatine kinase (CK) concentrations.
An increase in these markers has been detected during heat load in chickens, turkeys [25],
cows [26], pigs [27], and humans [28]. The increased level of these parameters indicates
enhanced muscle protein catabolism.

Insulin stimulates protein synthesis or accretion. However, during heat-load, increased
muscle protein degradation causes the liver to utilize available AA as gluconeogenic
substrates from the carbon skeleton through the gluconeogenesis pathway [19]. Under
stress conditions, the corticoid hormones (CS, ACTH) suppress the synthesis of tissue
proteins and boost proteolysis, as catabolic action is elevated in the blood stream. Glycerol
produced from lipid degradation is one of the gluconeogenic substrates and accounts for
20% of the glucose production. Therefore, the other products of protein catabolism are used
as substrates for glucose production. First, not only the heart and lung tissue proteins are
enhanced by the catabolic transformations of protein composition, but also all tissues except
for the nervous system. The muscle tissues (muscle protein) that have the highest body
nitrogen content are more sensitive to corticosterone administration, resulting in decreased
muscle mass and growth retardation in stressed chickens [29]. A study [30] found that feed
deprivation reduced protein synthesis in the liver of starved chickens, as well as plasma
albumin and total protein levels. A study [31] indicated that the depletion of plasma free
AA, elevated blood uric acid concentration, reduced protein synthesis possibly reflected
reduced N retention and more active protein catabolism in broilers challenged by very short-
term high temperatures. However, chronic exposure to HS decreased protein digestion,
decreased feed digestibility, reduced protein breakdown, reduced protein synthesis in
the muscles, and decreased most plasma free AA (especially branched-chain AA and
sulfur) [32], whereas the serum levels of glutamic acid, aspartic acid, and phenylalanine
increased [33]. It was found that protein synthesis and N deposition were depressed and
proteolysis increased during HS [34]. AA catabolism was enhanced under chronic HS [13];
thus, all plasma free AA concentrations decreased, except for glutamic acid, aspartic acid,
and phenylalanine. Based on these studies, protein breakdown may increase rapidly in
very short-term HS, resulting in a decrease in protein synthesis and an increase in plasma
uric acid levels, but then decrease protein breakdown and maintain uric acid levels around
normal concentrations as the thermal stress continues.

Two previous studies, one on chickens and the other on turkeys, found that heat stress
reduced uric acid levels in the blood, which could be attributed to a lower level of total
protein as a result of hypotonic overhydration [25]. Although no sodium concentration
was determined in these studies, water intoxication due to excessive water intake causes
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overhydration when the amount of water intake exceeds that of water excretion in the
kidney. As a result, the sodium level in the blood is diluted, resulting in hyponatremia.
As a result, hyponatremia is the most common electrolyte disorder that must be carefully
managed [35].

There is little knowledge about the renal function of broilers in hot climates, especially
in terms of compensating for water and electrolyte loss. During acute heat exposure, there
were variable changes in urinary electrolyte excretion in chickens. Reduced glomerular
filtration rates (GFR), tubular sodium reabsorption rates, and filtered water amounts may
help heat-acclimated birds reduce the metabolic heat load associated with active solute
recovery from the glomerular ultrafiltrate. When heat-acclimated birds consume excessive
water intake to support evaporative cooling, these changes in kidney function are thought
to reduce urinary fluid and solute loss [36]. More research is needed, however, to better
explain how various factors may contribute to this evidence.

In addition, a study [37] demonstrated increased uric acid levels in heat stressed
chickens. Hence, the application of high-protein diets in HS broilers leads to increased
blood plasma uric acid and relieved oxidative stress. Furthermore, the activity of enzymes
during AA or protein metabolism under stress conditions has been analyzed. Aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) are intracellular enzymes
produced in the liver, skeletal muscles, and heart of poultry, and used as indicators of the
liver, muscle, and heart damage [38].

The rate of protein accretion is always a constant balance between breakdown (protein-
lysis) and synthesis (protein-genesis) [18]. The reduction in protein accretion under con-
ditions of chronic HS is because the rate of protein-genesis is more greatly affected than
the rate of proteolysis [33]. Protein synthesis was reduced more in the breast muscles
than that in leg muscles; this may be related to higher oxidative metabolism of the leg
muscles and increased glycolytic metabolism of the breast muscle [39]. Increasing dietary
protein content from 20% to 25% at 32 ◦C did not affect the rate of protein synthesis but
did increase muscle protein deposition, possibly by reducing protein breakdown [33]. The
authors of [40] suggested that energy for protein synthesis at the molecular level may be
limited at high temperatures; glucose supplementation improves the growth rate at high
ambient temperatures. The effects of HS on protein turnover are controversial but may be
related to the magnitude and duration of the heat load producing either a detrimental or
therapeutic effect. Both HS and pair feeding reduced the muscle mass of rats; however,
pair-fed animals had higher protein degradation, leading to a more severe loss of skeletal
muscle that might be attributed to protein preservation triggered by heat exposure [41].

5. Heat Shock Proteins

Heat stress produces the over-expression of heat shock factors and heat shock proteins
(HSP) in bird tissues. HSP regulate multiple molecular pathways in cells in response to
stress conditions and change the homeostasis of cells and tissues [1]. HSP affect mediators
of inflammation and infection. HSP are molecular chaperones during increased heat,
and offer defense. HSP possess mediated responses to endotoxin stimulated synthesis of
cytokine, and [42] reviewed that HSP 70 overlap with NFκB transcription, leading to the
deactivation of the inflammatory response. Intestinal permeability offers new targets for
HS remedy. A study [43] reported that when any living organisms are exposed to HS, the
synthesis of most proteins is delayed; however, a group of highly conserved proteins, HSP,
is rapidly synthesized. HS causes an increase in HSP synthesis, and are also known as
stress proteins [44].

A study [45] indicated that HS and subsequent elevated HSP might inhibit muscle
mass increase, even with unchanged feed intake. Glutamine seems to have a protective
effect on heat-shocked skeletal myotubes by inhibiting protein degradation [46] and this
effect might be mediated by HSPs (primarily HSP70 and HSP25/27), independently of
glutamine metabolism based on a nonsufficient-metabolizable glutamine analog to mimic
the HSP enhancing effect [47]. Additionally, a review [48] reported that increased HSPs
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defend cells from damage and protect them from apoptosis. HSP 70 is the most common
family of HSPs and considered the most conservative, and is plentiful in most living
organisms and increases synthesis after cell stress [49]. Glutamine supplementation has
been found to increase HSP expression and improve the stress response [47].

6. Physiological Mechanism of Stress Regulation in Poultry

According to a review [50], physiological stress regulation mechanisms are classified
into three stages: alarm reaction (neurogenic system), resistance or adaptation (endocrine
system), and exhaustion. Under HS in fowls, heat generation and metabolizable energy
(ME) intake are decreased, which might be owing to reduced thyroid hormones and corti-
costerone concentration since those endocrine hormones are related to protein turnover
acceleration in muscle and thermogenesis [51]. During HS in birds, abnormal pathways
occur, including gluconeogenesis, and as protein catabolism increases the efficiency of
energy absorption is decreased because of the increased energy retention. Therefore, during
periods of stress, it is possible for decreases in growth to be accompanied by increases in
body fat deposition [52]. Poultry’s normal body temperature is around 41–42 ◦C, and the
thermoneutral temperature for maximum growth is between 18–21 ◦C [53]. The environ-
mental temperature, the thermal neutral zone, and the influence of the ambient temperature
on heat production and body temperature are shown in Figure 1.
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Figure 1. Feed and water intake, and body temperature production related to ambient temperature.
Modified after [54].

Poultry produce heat through muscular activity and metabolic processes. The op-
timum or ideal temperature for performance is 19–22 ◦C in laying hens, and 18–22 ◦C
in broilers [55]. Heat produced in the body is lost through conduction, convection, ra-
diation, evaporation, and fecal excretion. Heat loss falls into two main categories. First,
sensible heat loss occurs through convection, conduction, and radiation when hens are
in a comfortable environment of 21–25 ◦C, and show optimum growth rate, egg quality
and size, quality of egg shell, egg production, and hatchability. Second, insensible heat
loss occurs through panting (evaporative heat loss), and begins when the temperature
reaches 26.67 ◦C [56]. In addition, birds can increase respiration rates up to 10× normal.
Additionally, chickens diminish heat by raising and spreading their wings and separating
themselves from others. HS has a negative impact on both physiological and behavioral
activities. Monitoring these criteria during rearing is critical for identifying HS properties
and taking appropriate actions to mitigate the effects of HS while developing high-quality
poultry through physiological and management strategies such as heat stress acclimation
and poultry housing facilities.
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7. Hormonal Responses to Stress and the Hormonal Control of Protein Metabolism

Hormone signaling plays a vital role in regulating homeostasis, which includes growth,
metabolism, reproduction, and immunity. The overall responses to stress shown in Figure 2.
Rapid endocrine responses are mediated by the sympathetic nervous system activation
of the adrenal medulla (SA system). However, the long-term effects are due to the activa-
tion of the hypothalamic–pituitary–adrenal cortex axis (HPA axis) and the production of
glucocorticoids for long time.
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The effects of stress on growth performance and reproduction through stress hormonal
axis, the reproductive axis, and their interaction are shown in (Figures 3 and 4). The effects
of HS on appetite and reproductive hormones are negative. Monitoring appetite and
reproductive hormone regulation during rearing are critical for mitigating the negative
effects of HS and developing high-quality poultry through hormonal strategies.
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axis include CRH: Corticotropin-releasing hormone; ACTH: Adrenocorticotropic hormone; corti-
costeroids contain glucocorticoids and mineralocorticoids; POMC: pro-opiomelanocortin; LUC-NE:
locus ceruleus neurons which secrete noradrenaline; reproductive hormone axis includes GnRH
Gonadotropin-releasing hormone; LH: luteinizing hormone; gonad steroid: testosterone, estradiol,
progesterone; ⊥: inhibition. Modified after [20].
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Figure 4. Behavioral and physiological adjustments of chickens at high ambient temperatures and its effects on nutrient
intake and utilization. Modified after [57].

8. Assessment of Stress

HS has a negative impact on production performance, intestinal health, body tem-
perature, immune responses, appetite hormone regulation, and oxidative properties. It is
critical to monitor these criteria during rearing in order to identify HS possessions and take
timely action to mitigate the negative effects of high ambient temperature. Stress can be
an assessment by three potential methods through behavioral/physiological, endocrine,
and metabolic systems measurements. These have been suggested as possible indicators of
animal well-being (Table 1) [20]. In addition, neuropeptide Y (NPY) expression is increased
in heat-exposed chick brains. NPY has a hypothermic action through the body temperature
and heat stress regulation in chicks [58].

9. Nutritional Strategies for Preventing HS in Poultry

Nutritional strategies targeted to alleviate and overcome the adverse effects of HS
in domestic fowl [59], include preserving feed consumption, electrolytes, water balance,
or even by adding vitamins (as ascorbic acid) and minerals [4,5]. Primary strategies in
changing the diet formulation of broilers under constant or cycling high-temperature
conditions include the suitable use of protein-rich ingredients (AA and crude protein) [12].
It is necessary to ensure the balance of certain AA, especially, the arginine: lysine ratio,
and the supplementation synthetic methionine to correct any nutritional shortages [60].
A review [61] found that when protein is the source of energy, the heat increment or
specific dynamic action is much greater than when fat or carbohydrate are the sources of
energy. Consequently, there are concerns regarding diet-induced heat production related
to protein in hyperthermic broilers. Some authors have mentioned the harmful effects
of feeding high protein diets [62], leading to the recommendation of a reduced protein
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diet to control further higher thermogenesis [63]. However, higher dietary crude protein
(CP) can compensate reduced AA consumption in stressed broilers, thus it seems to
be beneficial in hot conditions, resulting in an improved growth rate [64]. In addition,
a review [65] reported that limited protein supplementation decreased water drinking
under HS and limits broilers’ performance. Therefore, the AA balance plays a chief role
in the scientific conflict regarding the proteins needed for hyperthermic poultry, and it is
necessary to determine the AA required for thermoneutrality. Additionally, the protein
needed can change gradually after HS exposure, depending on the time exposed. Moreover,
a study [66] found lower protein degradation with HS could be normalized with thyroxine
supplementation.

Dietary supplementation with one or a mixture of functional AA (glutamine, leucine,
proline, arginine, cysteine, and tryptophan) is possibly beneficial. First, for ameliorating
or reducing health threats during different periods of the life cycle, such as the metabolic
syndrome, fetal growth limitation, weaning-associated wasting syndrome and intestinal
dysfunction, neonatal morbidity and mortality, diabetes, obesity, infertility and cardiovascu-
lar disease. Second, for improving or optimizing the efficiency of metabolic transformations
to boost muscle development, meat and egg quality, and milk production, and reducing
adiposity by inhibiting excess fat deposition. Thus, AA has important functions in both
health and nutrition [10].

Dietary glutamine supplementation alleviates heat stress, resulting in improved per-
formance and humoral immune response in poultry [67]. In addition, glutamine minimizes
the HS effects in heat-stressed chickens in the first weeks of life [68]. Besides it plays several
roles in the metabolism and homeostasis of tissues. A study [69] reported that glutamic
acid and glutamine supplementation, as a conditionally essential AA in broilers under
stress conditions, could be beneficial in improving the growth performance and health.
For optimal broiler performance, the use of a high-fat diet (fat is less thermogenic than
carbohydrates) with adequate levels of essential AA [70] has been suggested. However,
high lysine or Arg:Lys ratio during HS did not reduce the adverse effects of heat stress or
even improve the growth rate. Consequently, there is a further challenge to determine the
best nutrient during feeding in many fowls during HS [6]. The addition of appropriate
feed additives may be beneficial in improving intestinal absorption and minimizing the
negative effects of HS. The addition of active substances during incubation is the most
recent advancement. By instilling thermotolerance in newly hatched birds, these methods
are expected to have an impact on the poultry industry. The physiology, production, and
immunological response of broilers under heat stress are all affected by the feeding regi-
men, which should be tailored to the Ross-308 and Cobb-500 strains [71]. It is necessary
to monitor nutritional strategies during nutrition applications in order to prevent HS and
produce healthy and comfortable poultry with maintaining feed consumption, dietary ad-
justments, and appropriate diet formulation. For example, dietary protein-rich ingredients,
AA balance, or dietary supplementation with one or a combination of functional AA are
all important. Electrolytes, vitamins (such as ascorbic acid), and mineral drinking water
supplementation, as well as acid–base balance, are also suggested.

10. Effect of HS on Amino Acids

The breakdown of dietary protein results in highly elevated heat generation than that
of the catabolism of carbohydrates and fats in poultry under a thermoneutral zone (Table 2).

Table 2. The biochemical efficiency of absorbed nutrients for ATP and lipid synthesis; reviewed in [72].

Nutrients Calorific Value (kJ/g) ATP Production (%) Lipid Synthesis (%)

Starch 17.7 68 74
Protein 23.8 58 53

Fatty acids 39.8 66 90
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A study [73] found that feeding broilers more protein than their nutrient requirements
did not improve performance at 33 ◦C. Low protein diets, on the other hand, had a negative
impact on broiler performance at high ambient temperatures [64]. A study [74] attributed
these effects to lower feed consumption, decreased consumption of AA, and therefore poor
body weight gain and feed efficiency. According to a review [75], HS reduced AA levels in
the birds including citrulline in chicks’ plasma and leucine in the embryonic brain and liver.
As a result, oral L-citrulline increased thermotolerance and decreased body temperature
in layer chicks. A review [72] reported that under HS conditions, broilers aged 21 d–49 d
should be fed diets containing 90 to 100 percent of the National Research Council (NRC) [76]
recommended levels of AA and protein in diets containing 13.4 MJ ME/kg. According
to previous studies, nutritionists did not compensate for diminished consumption in the
hot ambient temperature by elevating protein and AA levels. Therefore, the final impact
on growth relies on optimal or ideal protein quantity. The ideal AA composition for the
maintenance or production varies with ambient temperature and among species, which
can be attributed to metabolic stress alterations (Table 3).

Table 3. Estimated ideal protein ratio for a starting hen, broiler, and pig, expressed as a lysine needed
percentage [70].

Amino Acid Hen Turkeys Broiler Chicken Pigs

Lysine 100 100 100
Methionine + Cystine 59 72 60

Threonine 55 67 65
Valine 76 77 68

Arginine 105 105 NA1

Histidine 36 31 32
Isoleucine 69 67 60
Leucine 124 100 111

Phenylalanine + Tyrosine 105 105 95
Tryptophan 16 16 18

NA1 = not available.

The optimal or ideal AA for maintenance varies from the ideal AA for production.
Birds require higher methionine and cystine, threonine, and fewer leucines than turkeys
and pigs, relative to lysine. Some authors reported that greater lysine or Arg:Lys ratios
in broiler diets have a beneficial impact, whereas others showed an adverse effect at
HT on gain and breast yield [72]. Therefore, dietary AA influenced heat generation [77]
and improved broiler performance under high temperatures while decreasing nitrogen
excretion by 21% between 28 and 49 days of age [78].

11. Future Perspectives and Conclusions

In conclusion, this review discusses the impact and consequences of HS in poultry.
In addition, previous work was summarized, and some recommendations for developing
high-quality and comfortable poultry through physiological (including HSP regulation),
hormonal, and nutritional strategies were provided. Although the influence of HS on
protein metabolic conversions in poultry can be concluded from this review, the scientific
and medical evidence is inconclusive. Thus, further molecular studies are necessary to
determine efficient HS regulation strategies, to better clarify the mechanisms involved in
HS tolerance, to understand the HSP family as a useful biomarker for detecting HS. Then,
for improved production efficacy in poultry, it is necessary to manage heat stress optimally.
Recently, researchers interested in exploring a new generation of genetic tools that are
capable of clarifying the molecular pathways associated with the heat stress in chickens,
are offering new perspectives for the use of these tools in animal breeding.
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Simple Summary: The demand and price of feed/feed stuffs was greatly altered after the COVID-19
crisis, showing great interest on depends on local feed stuffs and a decrease in the imported ones.
Date palm (Phoenix dactylifera L.) is a common crop in arid and semiarid regions for production of
date fruits. This updating review provides the recent knowledge on the use of date palm by-products
and improving their utilization in poultry rations. This article focuses on the chemical composition,
amino and fatty acids, mineral content, growth performance, economic aspects and nutritional
potential in comparison with widely used corn and barley grains in poultry.

Abstract: Several by-products, such as whole cull dates, date stones (also called pits, seeds, kernels),
sugar-extracted date pulp, are produced from date fruit processing industries. These by-products,
particularly date stone meal represent 10 to 20% of the whole dates are wasted, causing environmental
issues. However, the date stone is rich in various nutrients, such as nitrogen-free extract, fiber, fat,
and minerals, which could be used as an alternative feed source in poultry nutrition. However, the
high fiber content in date stone meal restricts its use in poultry diets. Whole date wastes and date
pulp have lower protein, fiber and fat content than those in date stone meal. Several studies have
investigated the use of date stone meal and other by-products as a replacement of dietary corn and
barley on feed intake, growth, feed efficiency, and nutrient utilization in poultry. The compilation of
results obtained from different studies indicates that date fruit by-products, particularly date stone
meal, could be incorporated up to 10% levels, replacing corn or barley grains without hampering
production performance, and this could reduce the production cost. Moreover, the use of date stone
meal at lower levels (5–10%) sometimes shows better growth performance, probably due to the
presence of bioactive principles such as antioxidants and phenolic compounds. The use of date
stone meal in poultry diets may be practically important under certain circumstances not only under
the COVID-19 crisis due to the lockdown of airports, dry ports, ports and traffic restrictions, but
also in countries with a limited supply of classical feed resources and which depend on imported
ones. Finally, it can recommend that using date stone meal (DSM) up to 5–10% in poultry diets
positively affect the productive performance. Due to the variability in the nutritive value of the DSM,
developing a formula for metabolizable energy (ME) of DSM = a (intercept) − b (slope) × crude fiber
(CF) content should be considered to improve the precision of feed formula for poultry. However,
the nutritional value of DSM might not only depend on crude fiber but also on other compounds.
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1. Introduction

Several agricultural and agro-industrial by-products are produced during the produc-
tion or processing of fruits and vegetable crops, which may cause environmental pollution.
These by-products were of great interest during the COVID-19 crisis due to lockdown,
close of dry borders and ports and traffic restrictions [1,2]. The use of alternative feedstuffs
and locally available feed ingredients would improve a possible solution. Date by-products
are the best-known by-products that are produced from the arid and desert regions, which
are sometimes used in livestock and poultry diets.

In arid and semiarid regions of the world, date palm (Phoenix dactylifera L.) constitutes
one of the main crops. In countries of the Middle East, date cultivation is common, as it is
where about 70% of the world date production occurs [3]. The world date production has
been reported to have increased from 1.8 million tons in 1961 to 2.8 million tons in 1985 and
to 5.4 million tons in 2001 [4]. The fruit of date palm is comprised of a fleshy pericarp and
an inedible seed. A number of date by-products, such as whole cull dates, date stones (also
called date pits, seeds, kernels or pips), sugar-extracted fruit date pulp and pressed cakes
from date processing are available for date industries [5]. The date stone is a hard oblong
body, ventrally grooved and present in the midst of the date fruit, and its length ranges from
12 to 36 mm, while the width ranges from 6 to 14 mm. The weight of the seeds represents
10–20% of the date fruit [6]. The size and weight of the seeds depend upon the variety,
maturity and growing conditions. At the back of the seeds, there is a micropyle, where
the embryo is located. The embryo is a small oblong body surrounded by the endosperm.
The latter is a group of cells inside their walls. The hemicellulose is accumulated, giving it
thickness and hardness. Date stone meal (DSM) is rich in carbohydrates and fat along with
crude protein content compared to barley and corn grains depending upon the varieties
of date palm, which is used as a feed ingredient for livestock feeding. However, DSM
contains high amounts of crude fiber, which is the constraint for its use in the diets of
monogastric animals, especially for poultry [7]. Tabook et al. [8] pointed out that date
fiber can be included at a level of 5% in a broiler diet without affecting the performance of
broiler chickens. On the other hand, Slominski [9] reported that enzyme supplementation
improved nutrient digestibility and nutrient utilization and allowed use of the agro-industry
by-product in poultry nutrition. Moreover, DSM also has functional properties due to the
presence of mannans, phenolic compounds and antioxidant activity [5]. A number of studies
have been conducted to utilize date fruit by-products as a feed ingredient of poultry diets.
The DSM can give a potential alternative for energy source in diet ingredients of poultry.
Dietary inclusion of DSM significantly improved the performance and feed utilization of
poultry [3,10]. These low-cost feed ingredients have emerged as potential alternatives in
poultry that can reduce the cost of rations, but the effects of these by-products on production
performance varied among the studies. Therefore, this review was undertaken to compile
the findings of the experiments on date fruit by-products for the chemical composition,
nutritive values, growth performance, carcass traits and economic aspects in comparison
with widely used corn and barley grains in poultry.

2. Chemical Composition and Feeding Values of Date Waste
2.1. Proximate Analysis

The proximate analysis of DSM was studied by several investigators and is shown
in Table 1. The chemical composition (%) ranges widely between 88.2 and 92.0, 5.27 and
10.5, 2.89 and 9.43, 8.22 and 28.9, 58.0 and 72.4 and 0.98 and 9.08 for dry matter (DM),
crude protein (CP), ether extract (EE), crude fiber (CF), nitrogen free extract (NFE) and ash,
respectively. Additionally, the DSM contains 3.3 MJ/kg DM true metabolizable energy
(TME) for poultry. Based on the chemical composition of DM, the nutritional value is very
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low for TME, due to the very high fiber content and the low protein content, resulting in
metabolizable energy levels as low as 2.9 MJ/kg. It can be used in poultry diets provided
that this low energy level is taken into account in diet formulation and compensated by
supplementation of oil or fat [11].

The chemical composition of dried date press cake (excluding the pits) varies, particu-
larly for CF, CP and NFE depending upon the sources and varieties of dates but are within
the range of 87.7 to 95.2 for DM, 4.4 to 8.1 for CP, 9.1 to 21.8 for CF, 1.8 to 2.7 for EE, 2 to 3.5
for ash and 55.3 to 72.7 for NFE on a dry matter basis [5]. The chemical composition of date
wastes is usually close to the chemical composition of corn and barley, except for CF values
which are higher than those of corn and barley (8.22–16.6 vs. 2.3 and 5.0%, respectively).
Higher fiber content is present in DSM or whole date fruit due to the presence of greater
fiber content in the outer layer of the date seeds. The pulp of the dates has less fiber, low
CP and higher NFE. The sugar extracted date fruit pulp was reported to contain 5.5% CP,
11.8% CF, 0.4% EE, 79.6% NFE and 2.7% ash [12]. Thus, pulp can be added to broiler diets
at levels up to 20%. As date pulp contains less CP, whole date wastes have a low CP (2.9%),
which is much lower than for DSM, maize and barley [13]. The fruit flesh is rich in NFE
(76.2%), which is closer to values of barley (79.0%) but greater than that of DSM. The amino
acid in flesh, mainly methionine (0.06%) and lysine (0.10%) are lower than those in the
DSM, maize and barley due to lower CP concentration in the flesh [14].

Date is found to be low in protein and fat but highly rich in sugars, especially glucose
and fructose [15]. Date is a good source of energy, where 100 g of date can provide about
1.31 MJ. In addition, minerals were reported, such as selenium, potassium, copper, and
magnesium. The daily consumption of 100 g can cover about 15% of the recommended
requirement of these minerals. Date contains about 8.0 g/100 g date, but insoluble dietary
fiber is the major part of dietary fiber in this fruit. Regarding the vitamin content, vitamins
C and B-complex are the major vitamins in dates. It is also a good source of antioxidants,
mainly phenolic compounds and carotenoids. The seeds of date contain considerable
concentrations of fat (9.0 g/100 g) and protein (5.1 g/100 g) when compared to the flesh.
Additionally, seeds are high in phenolics (3942 mg/100 g), dietary fiber (73.1 g/100 g), and
antioxidants (80,400 mmol/100 g) [16].

Shaba et al. [17] reported that date palm fruits contain low amounts of anti-nutritional
factors, such as oxalate, tannin, saponin, alkaloid and cyanide. This indicates that the date
seeds can be used effectively as the anti-nutritional composition is low and there would
be no interference with the nutrient-like minerals and protein in the body. Depending on
different varieties of date by-products, date pits contain significant amounts of micronutri-
ents and macronutrients, but all varieties are excellent sources of fiber and maybe used as
important sources of functional foods [18–20].

Table 1. Chemical composition (%) of different varieties of date stone meal compared with yellow
corn and barley.

References Variety DM CP EE CF NFE Ash TME (MJ/kg DM)

[19] Sewi 91.4 6.44 8.16 14.2 70.2 0.98 ND
[21] ND 90.9 10.5 9.43 8.60 69.5 2.01 ND
[22] ND 90.5 6.4 6.70 28.9 58.0 1.9 3.30

Yellow corn * - 88.0 7.7 3.8 2.3 84.8 1.4 ND
Barley * - 88.0 11.9 2.00 5.00 78.8 2.3 ND

* Central laboratory of food and feed, CLFF; ND: not defined or not determined; DM = dry matter; CP = crude
protein; EE = ether extract; CF = crude fiber; NFE = nitrogen free extract, TME = true metabolizable energy.

2.2. Digestion Coefficients and Feeding Values of Date Waste

The digestibility values of CP, CF and NFE, in general, were lower than those of barley
and corn, while the digestion coefficient of EE was better than those of barley and corn
(Table 2). Metabolic energy values of DSM were lower than that of corn (14.14 MJ/kg). More
studies in this regard revealed the nutritional value of DSM. For example, Sawaya et al. [23]
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reported that the protein digestibility and calculated protein efficiency ratios were 64.1,
1.67 for Ruzeiz, 62.9, 1.65 for Sifri date, respectively, with an average of 63.5, and 1.65 for
Ruzeiz and Sifri compared to 90.0 and 2.50% for casein. Attia and Al-Harthi [12] evaluated
date waste in broiler chickens fed at 0 to 200 g/kg diet replacing wheat bran containing
similar energy and protein concentration and observed that digestibility of nutrients was
not affected except decreased CP digestibility at 200 g/kg. In addition, El-Deek et al. [24]
reported that inclusion (0 to 150 g/kg diet at 6 levels) of inedible date waste (85% fruit
and 15% pits) in broiler chickens did not affect nutrient digestibility. Al-Homidan [3]
reported ME values of 7.23 and 4.71 MJ/kg, respectively, for broiler chickens. In future,
developing a formula for ME of DSM = a − b × CF seems essential due to variability in the
nutritive value of DSM to improve the accuracy of feed formula for poultry. Nonetheless,
the nutritional value might not only depend on crude fiber but also on other compounds.

Table 2. Digestion coefficients (%) and metabolizable energy (ME, MJ/kg) of different varieties of
date stone meal compared with yellow corn and barley.

References Species Variety DM OM CP CF EE NFE ME, MJ/kg

[14] Broiler Sewi 45.0 44.2 42.9 3.45 84.2 49.7 9.57
DM = dry matter; OM = organic matter; CP = crude protein; EE = ether extract; CF = crude fiber; NFE = nitrogen
free extract; ME = metabolizable energy.

2.3. Fiber Fractions

Fiber fractions of DSM as reported by several workers, compared with yellow corn
and barley, are shown in Table 3. The values ranged from 39.6 to 57.5, 51.6 to 75.0, 12.0
to 17.5, 26.1 to 42.5 and 7.21 to 11.0 for acid detergent fiber (ADF), neutral detergent fiber
(NDF), hemicellulose, cellulose, and lignin, respectively, which were higher than those of
both corn and barley. Fiber fractions of DSM were reported to be 57.6, 46.4 and 13.7 for
NDF, ADF and ADL, respectively [25]. These results indicated that the low-energy values
of DSM compared with corn and barley could be due to higher fiber fractions [11].

Table 3. Fiber fractions (% of dry matter) of date stone meal compared with yellow corn and barley.

Fiber Fraction Date Stone Meal [5] Yellow Corn *** Barley ***

ADF * 57.5 2.20 6.00
NDF ** 75.0 9.00 17.0

Hemicellulose 17.5 ND ND
Cellulose 42.5 2.00 4.00

Lignin 11.0 1.00 2.00
* Acid detergent fiber (cellulose + lignin); ** Neutral detergent fiber (hemicellulose + cellulose + lignin); *** Central
Laboratory of food, CLFF [22]; ND: Not defined or not determined.

2.4. Fatty Acid Content

Oil extracted from date seeds is a pale yellowish–green in color and has a pleasant
odor [5,26,27]. Abdel-Nabey [19] reported that the crude oil extracted from date pits has a
pale-yellow color and is semi-solid at refrigerated temperature (−40 ◦C). The main median
characteristics are as follows: an acidity value of 1.11, 0.96% unsaponifiable matter, a
refracted index of 1.46, an iodine value of 49.7 and a saponification value of 219.6. The
date seed oil is a natural source of medium-chain fatty acids (MCFAs) such as lauric acid
(10.36–35.31%) and capric acid (0.2–0.8%). These MCFAs are effective against a wide range
of microorganisms in chicken intestines and can improve the growth performance and
immunity of poultry [28].

The values (% of fat) ranged between 12.20 and 23.06, 9.70 and 11.30, 10.11 and 12.70,
1.56 and 3.56, 35.1 and 45.80, 8.10 and 11.00, and 0.37 and 0.80 for lauric, myristic, palmitic,
stearic, oleic, linoleic and linolenic acids, respectively. The values were close to the corn,
except for myristic and oleic fatty acids, which were higher than those of corn were. Corn
contained higher linoleic and linolenic than DSM (51.5 and 1.7% vs. 8.10 to 11.0% and
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0.08 to 0.37%, respectively). Abdel-Nabey [19] reported that date pit oil has a very low
content of linolenic acid (0.37) in comparison with many vegetable oils, i.e., cottonseed,
sunflower and maize oils. The ratio of unsaturated to saturated fatty acids varies from
1.10 to 1.20 with an average of 1.17 because the total amount of unsaturated fatty acids is
slightly higher than those of saturated fatty acids. This ratio, however, is lower than those
of the common edible vegetable oils in which their degree of unsaturation is quite high.

2.5. Amino Acid Content

Amino acid content of DSM as indicated by several studies, compared to corn and
barley, are shown in Table 4. The highest amino acid contents of DSM are almost close to
those of corn grain, while they are lower than those of barley, except for arginine which is
higher than that of corn and close to that of barley (0.36–0.60 vs. 0.17 and 0.52%).

Table 4. Amino acid content (% of dry matter) of date stone meal compared with yellow corn and barley.

Amino Acid
[29] [30]

Date Stone Meal Barley

Aspartic 0.52 ND
Threonine 0.17 0.37

Serine 0.20 0.46
Glutamic 0.98 ND
Proline 0.19 ND
Glycine 0.27 0.44
Alanine 0.25 ND
Valine 0.28 0.52

Methionine 0.09 0.18
Isoleucine 0.20 0.37
Leucine 0.33 0.76
Tyrosine 0.06 0.35

Phenylalanine 0.20 0.56
Histidine 0.12 0.27

Lysine 0.27 0.40
Arginine 0.60 0.52
Cystine 0.10 0.24
Protein 5.70 11.0

ND: not determined.

2.6. Mineral Content

Studies showing both major and trace elements of DSM in comparison to corn and
barley are presented in Tables 5 and 6. Date stone meal contents of Mg, K and Na are close
to those of both corn and barley. The level of P is close to that of corn, but lower than that
of barley, while the content of Ca is higher than those of both corn and barley. The trace
elements (Zn, Cu, Mn and Fe) of DSM are in general higher than those of corn but close to
those of barley. Calcium and phosphorus levels (0.76 and 0.52%, respectively) are present
in higher amounts than in maize and barley. The protein content (8.1%) in DSM is higher
than that of whole date but is nearly close to that of maize grains (8.6%) [14].

Table 5. The major mineral element content (% of dry matter) in different varieties date stone meal
compared with yellow corn and barley.

References Variety
Major Elements

Ca P Mg K Na

[30] Amhate 0.046 0.085 0.145 0.471 0.025
Yellow corn [31] - 0.02 0.28 0.12 0.30 0.02

Barley [31] - 0.03 0.36 0.14 0.48 0.04
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Table 6. The trace element content (mg/kg of dry matter) of different varieties of date stone meal
compared with yellow corn and barley.

References Variety
Major elements

Zn Cu Mn Fe

[30] Amhate 24.5 5.50 5.7 191
Yellow corn [31] - 18.0 3.00 7.00 45.0

Barley [31] - 30.0 10.0 18.0 78.0

3. Effect of Date Waste on Poultry
3.1. Effect of Date Waste on Growth Performance

Several studies recommended that DSM up to 10% in broiler diets can be incorporated
without negative effects on growth performance [1,4]. El-Deek et al. [24] tested six levels
(0 to 150 g/kg diet) of inedible date waste (85% fruit and 15% pits) in broiler chickens and
noted that body weight, feed intake and feed efficiency were similar at all levels of date
waste. Date palm pollen is used to improve fertility and ovulation in men and women
due to it contains fatty acids, amino acids, saponins, flavonoids and sterols. Egg mass, egg
weight and egg production of laying hens treated with different levels of date palm pollen
were increased when compared to the control [32]. Jaffer and Jassim [33] used 0, 5, 10 and
15 of % date by-product with or without enzyme instead of maize and they found body
weight, feed intake, and feed conversion as well as economic feasibility were not affected
by this by-product.

As DSM contains high fiber content, which limits its use in poultry diets, some pro-
cessing of DSM has been performed to improve feed utilization efficiency and performance
of chickens. For example, Al-Saffar et al. [34] conducted two experiments to investigate the
effect of phytase and/or multienzymes (xylanase, β-glucanase, cellulase, hemicellulose,
protease and amyloglucosidase) on improving the utilization of DSM in laying hens. In
experiment 1, DSM completely replaced corn in isocaloric and isonitrogenous diets, but
with added phytase (500, units of phytase (FTU)/kg) and/or multienzymes (0.1%). In
experiment 2, DSM was added at 0, 15, and 30% in isocaloric and isonitrogenous diets,
and diets containing DSM were fed without or with phytase and/or 0.1% multienzymes.
In experiment 1, laying performance and eggshell quality of hens reduced significantly
due to complete substitution of corn, but hatchability and fertility were not influenced.
Supplementation of phytase and multienzymes did not restore the laying performance
compared to the control level. In experiment 2, the results showed that DSM could be
included in diets up to 30% when supplemented with multienzymes without affecting the
laying performance of hens.

Hussein and Alhadrami [35] used date pits at 0, 10, 15, and 20% with or without
enzyme supplementation (Avizyme 1500) to the starter and finisher diets, while grower
diets contained 10% uncooked or cooked date pits. The results showed that adding date
pits with or without enzyme to the starter and finisher broiler diet had no effect on broiler
performance. Body weight gain of birds who received 10% uncooked date pits were
significantly higher compared to the control group birds. Groups fed a diet containing 10%
date pits had no effects on feed intake or feed conversion ratio. Barreveld [5] reported that
date stone could successfully replace 10% barley in chick diets. The increased live gain
over the control is related to more feed intake and may be due to the existence of a growth
promoting substance in date stone. Similarly, date waste (0 to 200 g/kg diet replacing
wheat bran containing similar energy and protein concentration) fed to broiler chickens
did not affect body weight gain up to 200 g/kg diet [36].

Al-Homidan [3] determined the effect of adding date waste (whole date waste meal
and date pits meal) in starter and finisher broiler diets. Seven levels of date waste repre-
senting 0, 8, 16, 24% date waste meal and 5, 10, and 15% date pits meal were used in the
starting period, while 0, 8, 16, 24% date waste meal and 6, 12 and 18% date pits meal were
used during the finishing period. Results indicated that body weight and daily gain were
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improved when chicks were fed diets containing 8% date waste meal or 10% date pits meal
during the starting period (0–4 weeks). During the finishing period (5–7 weeks), chicks fed
a diet containing 8% and 16 date waste meal or 18% date pits meal had better body weight
and daily gain than the control. Feed conversion improved significantly when the level
of date pits meal was 10% during the growing period. During the finishing period, feed
conversion was better when diets included 18% date pits meal compared with the control.

In broiler chickens, date waste (0 to 200 g/kg diet replacing wheat bran) reduced
feed intake and improved feed efficiency and European feed production efficiency at
50 g/kg, whereas these variables in other date waste levels were similar to the control [12].
Kamel et al. [14] fed diets containing date pits at 5, 10 and 15%, and whole zahdi dates at 5,
10, 30 and 47.7% to broiler chicks. They found that the incorporation of 47.7% whole date
as a total replacement of corn resulted in a slight decrease in feed conversion of chicks.

In some studies, the use of DSM improved production performance when used at
low levels compared with the corn or barley grains, which is attributed to the presence of
bioactive compounds present in it [34–37]. In addition, DSM may be effective against the
aflatoxicosis. Abdel-Sattar et al. [36] reported that the inclusion of DSM (2 and 4%) in diets
of broiler chickens ameliorated the negative effects of aflatoxins and provided a partial
protective effect against aflatoxicosis, which was dose-related as 2% supplementation
provided better protection than 4% supplementation. Moreover, supplementation of DPS
in the diets reduced malondialdehyde content in muscle.

El-Far et al. [37] conducted a study on broiler chickens fed diets containing 2, 4 and
6% DSM. Results indicated that DSM significantly increased serum reduced glutathione
content for all DSM, and interferon-gamma and interleukin-2 levels were significantly
higher in chicks fed 2% DSM. Therefore, the authors concluded that increase growth
performance, immunity, and antioxidant status of chickens due to DSM supplementation
might be related to the antioxidant and immune-stimulant constituents in DSM.

The productivity and qualitative traits of eggs of laying hens were not adversely affected
by the inclusion of date pits in the diets [38]. Hermes and Al-Homidan [39] clarified that
the best performance was seen when 16% date waste meal or 10% date pits meal could be
replaced by yellow corn without any adverse effect on productive performance, egg quality.
Up to 20% date seeds was tested without an adverse effect on egg production and feed
efficiency, but it decreased egg quality [40]. Al-Harthi et al. [41] recommended that using
date pits as alternative feedstuff enhanced maturity of Lohmann pullets and reproduction
performance of layers. Ghasemi et al. [42] stated that date pits at the level of 10% could be
partly used as alternative feedstuffs in laying hens’ diets, without negatively affecting the
productive and health parameters but more than 10% feed intake was reduced due to the
presence of non-starch polysaccharides which increase the viscosity of gut contents.

Generally, the age of the bird affects the benefit from adding dates to the diets, as old
birds benefit from the fibers more than young birds. Due to the high percentage of fiber in
date wastes, it should be added to finisher diets with a higher percentage than the starter
diets. Additionally, ducks and laying hens benefit from the diets containing date waste
more than broiler chickens. Finally, from the previous studies that were reviewed, it can be
concluded that using DSM up to 5–10% in diets of poultry (broiler, laying hen, ducks, quail
or turkey) positively affects the productive performance. We summarized effects of date
by-products on performance of poultry in Table 7.
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Table 7. Effects of Date by-products on performance of poultry.

Sources and Levels Species Results Reference

Date pits (0, 10, 20, 30 and 40%), Broiler chicks
Adding date pits at 10% had no effect on

broiler performance.
carcass characteristics and blood parameters.

[43]

DW (0 to 200 g/kg diet) Broiler chicks No effect on BWG [36]

In the starting period: DWM (0, 8, 16,
24%) and DPM (5, 10, and 15%)

In the finishing period: DWM (0, 8, 16,
24%) and DPM (6, 12 and 18%)

Broiler chicks

In the starting period, BW and BWG were improved
when chicks were fed diets containing 8% DWM or 10%

DPM, and 10% DPM improved FCR.
In the finishing period, chicks fed a diet containing 8%

and 16 DWM or 18% DPM had better BW and BWG
than the control. 18% DPM improved FCR

[3]

DW (50 and 200 g/kg diet) Broiler chicks DW (50 g/kg diet) reduced FI and improved feed
efficiency and European feed production efficiency. [12]

Date pits (5, 10 and 15%) and whole
zahdi dates (5, 10 and 47.7%) Broiler chicks 47.7% whole date as a total replacement of corn resulted

in a slight decrease in FCR [14]

DW = date waste; DWM = date waste meal; DPM = date pits meal; BW = body weight; BWG = body weight gain; FCR = feed conversion
ratio; FI = feed intake.

3.2. Effect of Date Waste on Carcass Traits

Kamel et al. [14] fed broiler chicks with diets containing date pits at 0, 5, 10 and 15%
or whole Zahdi dates at 0, 5, 10, 30 and 47.7%. The gross examination of various internal
organs (liver, heart, spleen, pancreas and intestines) in both date by-products revealed
abnormalities. The weight of inedible parts (including feather) of carcass as well as their
proportional weight showed an insignificant response to the effect of date seeds levels [4].
The absolute and percentage weights of total edible meat differed significantly between 5%
date seeds (1188 g) and the control group (1347 g). Differences for carcass weight between
the 5% group (1077 g) and the control group (1229 g) were also significant, while differences
between 5% and other groups were not significant. Percentage of carcass weights of the
control group (66.4%) was higher than the other groups except 10% (67.2%). In addition,
giblet weights were not significant for all groups.

Osman et al. [44] studied the extent of using DSM in starter and grower Pekin duckling
diets. The results indicated that dressing percentage was not significantly affected by the
level of DSM in the diets, but gizzard percentage increased when increasing the level of
DSM in the diets. Moreover, there were pronounced trends for increased absolute and
relative digestive tract weight and length of digestive tract and caecum when increasing
level of DSM in the diets. This could be attributed to the gritty nature and to the high
fiber content of DSM. Such increase in gizzard percentages may be an adaptation of the
birds to digest the gritty and fibrous feed at the high levels of DSM. In addition, both small
intestine and caecum length increased gradually with the increasing of DSM, but fasting
body weight, carcass, liver and heart percentages were not affected by the level of DSM in
the broiler diets.

Al-Homidan [3] determined the effect of addition of date wastes (whole date waste
meal, and date pits meal) to starter and finisher broiler diets containing 0, 8, 16 and 24%
whole date waste meal, or 5, 10 and 15% date pit meal in the starting period and 0, 8, 16
and 24% whole date waste meal and 6, 12 and 18% date pit meal during finishing period.
Results indicated that the corresponding values for dressing percentage ranged between
68.7 and 70.5%, while ready to cook (hot carcass weight and giblets weight) percentages
ranged between 73.3 and 75.6%, without significant differences among the levels.

Attia and Al-Harthi [12] reported that date waste in broiler chickens fed at 0 to 200 g/kg
diet did not affect dressing percentage, weight (%) of liver, gizzard, but altered many other
carcass traits such as weight (%) of heart, spleen, pancreas and intestine. Similarly, inedible
date waste up to 150 g/kg diet of broiler chickens did not affect dressing percentage,
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chemical composition of meat along with water holding capacity, pH, tenderness, and
color, but weight (%) of heart, pancreas and spleen differed among the inclusion levels [37].

3.3. Effect of Date Waste on Mortality

Regarding mortality, Kamel et al. [14] found no effect due to DSM levels on broiler
mortality. They reported that there was no link between chick mortality and the use of
date pits in the diets. The effect of using DSM as a substitute for yellow corn in chickens
quail diets up to 24% levels on the mortality rate of Japanese quails was studied [36]. These
studies reported that up to 10% DSM can be fed to chickens without affecting growth
performance. Al-Homidan [3] found no significant effect on broiler mortality rate (the
mortality rate was 2.2% during total experimental period of 0 to 7 weeks) due to using date
waste (0, 8, 16, 24% whole date waste meal) or (5, 10, and 15% DSM) during the starter
period, or (0, 8, 16, and 24% whole date waste meal) and (6, 12 and 18% DSM) during
the finishing period. Date waste up to 200 g/kg diet replacing wheat bran did not affect
mortality of chickens [37].

3.4. Effect of Date Waste on Feed Cost and Economic Efficiency

The net profits in broilers fed 0%, 1%, 2%, 3% and 4% of date palm kernel were
27.01, 32.77, 36.78, 43.47 and 44.51 (Rs.) per broiler, respectively. It was reported that the
maximum net profit (44.51/bird) was recorded from the birds fed 4.0% date palm kernel,
closely followed by those birds fed 3.0% date palm kernel (43.47/bird) [45]. Furthermore,
in broilers, the feed cost per kg live weight gain was statistically less in birds fed date palm
kernel with or without enzymes compared to the basal diet [46].

Al-Homidan [3] found that using date wastes (whole date waste meal and DSM) at 5,
10 and 15% in broiler diets reduced the cost of the diet compared with the control group.
Application and beneficial uses of date by-product and wastes in poultry nutrition are
illustrated in Figure 1.
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dens, but also improve animal production and health [47,48]. Similarly, phytochemical
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or nutraceutical prosperities of date pit or waste have been explored or attempts have
been made to improve them using solid state degradation by Trichoderma reesei L. and their
utilization in animal feeds [49–53]. Alyileili et al. [49] reported that solid state degradation
of date pit with T. reesei enhanced mannan oligosaccharide content, phenolic (142 g gallic
equivalent/kg) and flavonoid (117 g rutin equivalent/kg) content of degraded date pits
and antioxidant activities. Due to the presence of probiotic, phenolics and flavonoids along
with high antioxidant activities, the degraded date pits might provide beneficial impacts
on gut health and barrier function [54,55]. Therefore, extra-nutritional effects of T. reesei-
mediated solid state degraded date pit were explored in poultry [56,57]. The inclusion of
10% degraded date pits (phenolics, flavonoids and mannan–oligosaccharide) in the diets of
broiler chickens increased catalase, superoxide dismutase and glutathione peroxidase activ-
ities in the serum, liver, and intestine, and decreased malondialdehyde content compared
to the control group [50]. It also increased pancreatic enzyme activities, the villus length,
and the villus/crypt ratio, and decreased the crypt depth of the intestine [51]. The number
of pathogenic bacteria such as Escherichia coli, Enterobacteriacea, Salmonella, and Shigella were
reduced, but beneficial bacteria such as Bifidobacterium and Lactobacillus were increased in
the gut of poultry by 10% degraded date pits [52]. Additionally, immunoglobulin A and G
content in serum and intestinal tissue, gene expressions of mucin-2, cathelicidin-1, beta
defensins, and liver expressed antimicrobial peptide-2 (which prevents the attachment of
invading pathogens in intestinal epithelia) in jejunum of chickens fed degraded date pits
were increased [52]. However, body weight, feed intake, and feed conversion ratio were not
influenced by 10% degraded date pits compared with the control [52]. Alyileili et al. [53]
compared 5 and 10% non-degraded date pits vs. degraded date pits in chickens. The
populations of Escherichia coli, Salmonella, Campylobacter and Shigella spp. were reduced in
both degraded and non-degraded date pit-diets compared with the control, but degraded
date pit diets had a stronger effect than the non-degraded date pit diets. Body weight
gains were not affected, but feed conversion ratio was higher for non-degraded date pits
diets than control and degraded date pit diets. European production efficiency index
was greater with 5% and 10% degraded date pits than non-degraded date pits and the
control [53]. Overall, these results suggested that date pits can improve gut health by
reducing pathogenic bacteria, enhancing beneficial bacteria, gene expressions of antimi-
crobial peptides in the jejunum, and immunoglobulin concentrations in the intestine and
serum while degraded date pits likely have greater effects than the non-degraded date
pits. Future studies may also investigate the gut barrier and electrophysiological functions
such as mRNA expressions of tight junction proteins, permeability, especially during a
pathogenic microbial challenge models due to the presence of plant bioactive principles
(such as phenolics and flavonoids) in non-degraded or degraded date pits because these
plants bioactive have been shown to improve the gut barrier function in animals including
in poultry [56,57].

Dates by-products are currently used in the feeding of animals, poultry and fish
industries. Due to the presence of a large amount of total fiber, they are considered to
have potential health benefits for human as prebiotics [58]. The dietary fiber concentrate
of date seeds/kernels presented the potential to be used as a novel source of prebiotic
feed additives, by increasing the numbers of Lactobacillus paracasei as probiotics [58]. Fiber
concentrate of date fruit has been converted into another product rich in antioxidant soluble
fiber by enzymatic hydrolysis [59].

Based on the nutritional values and chemical composition of the protein, carbohydrate,
fat and minerals content in the date kernels, it has been reported that they could be used
as a novel source of functional products with interesting technological functionalities
that could also be applied as an excellent source of prebiotic due to the high content of
dietary fiber [16,60]. All the above information will enhance the value of date by-products,
fruits, seeds, etc. as excellent and cheap sources of a natural diet that can act as bioactive
and nutritive ingredients in the pharmaceutical industries, food sector, and for other
aspects [61,62].
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5. Conclusions

Date fruit by-products, particularly DSM, have good nutritional values in poultry
diets. The date has high concentrations of oleic acid and lysine and methionine content
which are comparable to the corn and barley grains. Considering variability in the nutritive
value of the DSM, developing a formula for ME of DSM = a (intercept) − b (slope) × crude
fiber content should be considered to improve the feed formula accuracy. However, the
nutritional value might not only depend on crude fiber but also on other compounds.

The results obtained from different studies indicate that date fruit by-products, par-
ticularly DSM, could be incorporated up to 5–10% levels, replacing corn or barley grains
without hampering feed intake, growth, feed efficiency and nutrient utilization in poultry
(broiler, laying hen, ducks, quail and turkey), and this could reduce the production cost.
Maximum levels of DMS should be 5% in young birds and 10% in grower–finishers. Higher
levels could be acceptable in slow-growing birds due to low-nutritional requirements. It
also seems that young birds are less tolerant of DSM than older birds. In layers, up to
20% DMS was evaluated without any adverse effect on feed efficiency and egg production,
but it decreased egg quality. The balance of protein and energy in the diet should always
be established carefully. These agriculture-by-products become important if circularity
becomes more important, not only in the Covid-19 crisis, but also in countries with a
limited supply of classical feed resources and dependence on imported ones.
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Simple Summary: The research showed the influence of the gender of geese on some slaughter value
traits and meat quality of geese slaughtered at the age of 17 weeks. It was found that ganders had a
greater body and carcass weight than females but no significant differences in slaughter yield nor in
carcass element share were observed. Gender did not have an effect on the majority of the studied
breast meat quality traits. The studied feeding model did not have a significant influence on goslings’
body weight; however, the birds fed hybrid rye had a lower slaughter yield as compared with those
fed oats, but their meat had better physical and chemical characteristics (lower fat content, lower
drip loss, higher protein content and, in the female goslings, also better sensory quality). Hybrid rye
may be used in geese feed because it does not have a negative effect on pre-slaughter body weight
and has a positive effect on some meat quality traits as compared with feeding geese oats.

Abstract: The aim of the study was to determine the effect of feeding Zatorska variety geese hybrid
rye, oats, or a mixture of both grains (1:1) on slaughter value and meat quality. At 14 weeks old, the
birds were separated into three feeding groups (n = 12) and were fed between 15 and 17 weeks of age
with hybrid rye, oats, or a mixture of these two grains. The research proved the effect of gender and
feeding on some slaughter value traits and meat quality of the goslings’ breast meat. It was found
that the ganders had a 10% to 15% higher body and carcass weight than the females. No significant
differences were observed between the genders within the majority of the physical and chemical
characteristics as well as the sensory traits. The feeding type did not have a significant effect on
the goslings’ body weight and carcass element share. The birds fed hybrid rye had a 2 percentage
points lower slaughter yield than those birds fed oats which was combined with a lower share of
subcutaneous fat (measured as the weight of the tissue coming from dissection) in birds fed hybrid
rye. The meat of the birds fed hybrid rye had some better physical, chemical characteristics and, in
the female goslings, also better sensory quality. The results indicated that hybrid rye may be used in
feeding goslings at the end of the growing period, because it did not cause any negative effects on
the pre-slaughter body weight and had a positive effect on some meat quality traits, such as better
sensory estimation results, higher protein content, and lower drip losses.

Keywords: geese; feeding; rye; oats; slaughter value; quality traits

1. Introduction

The share of geese in the poultry production sector in Poland is at a low level, amount-
ing to just 1.5%. Approximately 95% of the geese population in mass production are the
White Kołudzka geese bred in the Experimental Center of the National Research Institute
of Animal Production in Kołuda Wielka [1–4], originating from the white Italian geese.
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Purebred animals may still be found on some breeding farms especially in the flocks under
the protection program.

The results of many studies have proven that genotype has a significant influence on
tissue content of carcass and chemical content of meat, as well as the muscle structure [3,5].
For instance, geese from rare breed flocks have a lower body weight, better musculature,
and a lower fat content as compared with the popular white Kołudzka geese [2,3,5,6].

The Zatorska variety geese, kept in the Experimental Center of the Agricultural
Academy in Cracow, belong to the Southern varieties which are used in the protection
program.

In a study by Kapkowska et al. [7], the results of fattening the Zatorska and white
Kołudzka geese by feeding oats between 14 and 17 weeks were compared, proving that the
Zatorska geese body weight (both sexes) in the 17th week of age (5648 g) was significantly
lower than the white Kołudzka geese body weight (6814 g). Moreover, the Zatorska geese
had a lower slaughter yield and higher thigh and shank muscle share. Gomułka et al. [8]
estimated the microstructure of the pectoralis superficalis and biceps femoris muscles and
determined the technological parameters of the birds’ meat at the age of 17 weeks after
fattening by feeding oats. The muscle microstructure seemed to be similar in the Zatorska
and white Kołudzka geese apart from the higher content of type I muscle fibres in the M.
pectoralis superficialis in the Zatorska geese. Similar values for the majority of the physical
traits for the muscles of both groups of geese were observed [8].

Geese fed oats have been the subject of many studies and publications [9–12]. Rye is
traditionally regarded as a grain of limited suitability in poultry feeding especially in young
slaughter birds. The reason for these limitations is the negative impact on the digestive
system because of higher food content viscosity, the lower speed rate of the movement of
intestinal digestion, and the lower digestibility of nutrients. Such observations may lead
to negative effects in terms of poultry production and welfare factors [11]. In recent years
hybrid varieties of rye have appeared on the market such as Brasetto which has better
agrotechnical features. Furthermore, hybrid rye has a lower anti-nutritional substance
content especially with low starch polysaccharides (NPS). NPS present in grains are among
others pentosans (xylans and arabinians) as well as beta glucan. Rye grain is especially
rich in arabinoxylans (AX) that are not digested by monogastric animals due to the lack of
suitable enzymes [13,14]. The AX structure varies because of many factors, i.e., the grain
type and variety. The various AX structures have an impact on the functional features and
anti-nutritional effect level [13,14].

The research of Świątkiewicz and Arczewska-Włosek [14] showed that the Brasetto
hybrid rye grain can be used in the feeding of young chickens, since it is a useful energy
and protein source. Introducing 15–20% rye into the feeding mixture for older birds (from
22 days of age) contributed to obtaining the desired production results, while introducing
Brasetto rye added to the feed mixture for smallest chickens (1–21 days) had a negative
effect on daily gain [13].

The aim of this study was to determine the effect of gender and feed mixture on
slaughter value and physical, chemical, and sensory traits of the meat of birds fed hybrid
rye, oats, or a mixture of these two grains.

2. Material and Methods
2.1. Experimental Material

The experiment was performed according to the guidelines issued by the Ethics
Commission (Regulation 22/2016 of 20 January 2016r ILKE in Cracow). The experiment
was performed on the Zatorska variety geese. This is a Polish rare breed meat type that is
under the genetic resource protection program.

The geese were hatched from hatching eggs (Brinsea Ova-Easy 380) that belonged
to the Experimental and Education Centre of WHBiZ UR (Faculty of the Animal Science
University of Agriculture, Cracow, Poland). The experimental flock was made up of
300 young geese that were reared according to the slaughter geese rearing regulations in
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Poland. Geese reared in Poland in the last 3 weeks of fattening are fed only oats and water.
Oats, due the specific chemical composition, characterized by a high fat content and the
profile of fatty acids profitable for human health, increase the value of goose meat and
fat [2].

After hatching on 18 July 2017 and after gendering, the young geese were moved to a
nursery where they were kept on straw bedding with natural light and with additional
artificial lighting for 24 h in the first week of life.

For the first 3 weeks, the geese did not have access to pasture and the density was
7 geese per m2. The temperature in the nursery was lowered from 28 ◦C to 22 ◦C within
this period and the relative humidity ranged between 65–70%.

2.2. Feeding

The plan of the experiment is presented in Table 1 below.

Table 1. The experimental plan of the Zatorska geese breed fed different kinds of cereals.

Weeks of Being Reared Sample Size (n) Feeding Method

1 to 3 100 nestlings Feed and water ad libitum, composition of the
concentrate and its nutritive value is shown in Table 2

4 to 14 100 birds

Feed and water ad libitum, access in pasture for at least
8 h per day, composition of the concentrate and its

nutritive value is shown in Table 2, at the end of 14th
week the birds were weighed and divided into 3 feed

groups of males and 3 groups of females.

15 to 17 Group A, males n = 12 and females n = 12 Fed only hybrid rye Brasetto cultivare, birds fed ad
libitum with access to straw aviary

Group B, males n = 12 and females n = 12 Fed oats, birds fed ad libitum with access to straw aviary

Group C, males n = 12 and females n = 12
Concentrate of oats and hybrid rye Brasetto cultivare
(1:1, by weight), birds fed ad libitum with access to

straw aviary

Table 2. Composition of concentrates and chemical composition of feed used in geese feeding (%).

Feeding Component %
Feeding Period

0–3 Weeks 4–14 Weeks

Feed phosphate 1.0 1.0
Limestone 1.8 1.2

Maize 40.0 35.0
Premix 1.2 1.1
Wheat 27.5 24.2

Wheat bran - 10.0
Soy bean meal 28.5 23.5

Sunflower extracted meal - 4.0
Crude protein 19.5 19.2

Crude fibre 2.8 3.8
Vegetable oils and crude fat 2.5 2.6

Crude ash 5.4 5.1
Lysine 0.97 0.91

Methionine 0.48 0.40
Calcium 0.94 0.73
Sodium 0.17 0.17

Available phosphorus 0.36 0.44
Metabolic energy, MJ/kg feed 11.50 10.20

387



Animals 2021, 11, 672

For the first 3 weeks, the geese had access to feed and water through the adjusted to
their age troughs and semi-automatic drinking bowls. The geese were fed dry complete
feed of the proper content and nutrients which are presented in Table 2.

Between the 4th and 14th week of age, the geese were kept on straw bedding with
3.6 goslings/m2 stocking density in a building with windows. The geese had access to
pasture, with 12.5 m2 space for each bird, and they stayed on the pasture for at least 8 h
a day. The temperature in the nursery building was 20–22 ◦C and the relative humidity
ranged between 65–70%. Between the 4th and 14th week of age, the geese were fed a
mixture similar to the feed provided to geese between 0–3 weeks of life but additionally
enriched with sunflower meal and wheat bran (Table 2).

After reaching 14 weeks, the birds were weighed and divided into groups according
to gender and randomly divided into 3 feeding groups for each sex (n = 12). The birds of
each group were fed ad libitum with grains according to the following schemes:

Group A: Brasetto hybrid rye with the chemical composition according to Świątkiewicz
and Arczewska Włosek [13];
Group B: Oats, according to the composition and nutritional recommendations for
geese [14,15];
Group C: A mixture of the Brasetto hybrid rye and oats (1:1 by weight).

The fattening was performed in pens of 1 bird/m2 density on the floor system, in
a building with windows, on straw bedding, with 8 h access to straw pasture (stocking
density 1.2 m2/bird). The temperature in the building was 12–18 ◦C. and the relative
humidity ranged between 65–70%.

In the 17th week of life after being fattened by feeding grain, the birds were marked
and not fed for 10 h because emptying the intestines has an impact on the quality and
shelf life of carcasses during storage. After no food for 10 h, each bird was weighed
individually, and then slaughtered in the commercial slaughter plant. The carcasses, after
gutting, were chilled using the blowing and spraying method. Then, each carcass was
weighed individually. The slaughter yield was calculated according to the following
formula: MT/MC × 100%, where MT is a weight of chilled carcass and MC body weight
before being slaughtered.

2.3. Dissection

The cut-up of the carcasses was performed according to the Ziołecki and Doru-
chowski [16] method for determining yield of the following parts: breast muscles, leg
muscles, skin with fat, abdominal fat (from the bottom part of the abdomen), neck with fat
(cut between the last cervical vertebrae and the first thoracic vertebrae), and wings (cut at
the shoulder joint). Each carcass part was weighed and its share in the total chilled carcass
was calculated.

2.4. Physical and Chemical Characteristics of Breast Muscles

Twenty-four hours after slaughter, the pH was measured using a Mettler Toledo
1140 type pH meter with a Mettler Toledo electrode (Mettler Toledo, OH 43240, D.C.,
US). The meat colour was determined on the muscle cross-section using a Konica Minolta
Chroma CR 400 tool (Konica Minolta, Tokyo, Japan). Colour was classified according to the
CiE lab determining L* (lightness), a* (redness), and b* (yellowness), with the following
measurement parameters: light source D65; observer 2◦; measuring head slot 8 mm; and
calibration on the white tile L* = 97.83, a* = 0.45, and b* = 1.88.

The samples of the final products were taken for lab analysis. The water content was
measured according to the ISO 1442 (2000) [17]. Approximately 3 g of the minced meat was
put on a weighing dish, weighed, and dried at a temperature of 105 ◦C up to the moment
when the stable mass was reached. The water content expressed in % was calculated as a
difference between the sample weight before and after drying.

The intramuscular fat content was established according to the ISO 1444 (2000) pro-
cedure [18]. The dried and weighed sample was placed in an extraction tube and the fat
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substances were extracted with paraffin oil in a Soxtherm device produced by the Gerhardt
Laboratory System (Gerhard GmbH & Co, Konigswinter, Germany). The fat content was
calculated as the difference between the sample weight before and after extraction. The pro-
tein content was established according to the Polish norm PN/A-04018 [19] with a Kjeltec
System 1002 Distilling Unit (Foss, Hilleroed, Denmark), according to the manufacturer’s
instructions. The sodium chloride in the final products was established according to the
ISO 1841-2 (2002) procedure.

Apart from measuring the colour with a device it was also determined visually using
a pattern with a 1 to 5 scale (1, light pink colour to 5, dark red colour) [20].

Similarly, meat marbling was estimated on the muscle cross-section according to a
pattern with a 1 to 5 scale (1, slight fat content to 5, high fat content [20].

Drip loss was determined as follows: A muscle sample of approximately 100 g was
weighed, placed in a plastic bag, and left in a refrigerator at a temperature of 4 ◦C for 48 h.
The drip loss was calculated and based on the weight difference before and after storage.

Cooking loss was determined as follows: A muscle sample of approximately 150 g
was weighed. Next, it was heated in water up to a temperature of 75 ◦C in the geometric
sample centre. After cooling, the sample was weighed, and the weight loss was calculated
based on the difference between the weights before and after cooking [21].

2.5. Sensory Test

A sensory test of cooked meat was performed by a team of 5 people trained in
terms of sensory sensitivity with the Baryłko-Pikielna and Matuszewska method [21].
The estimation was performed in daylight at room temperature. Meat flavour, juiciness,
tenderness, and palatability were determined using a 5-point scale [22]. In the cooked meat
samples, meat tenderness was measured by using the Warner–Bratzler shear force method
in a Zwick Roell Z 0.5 device (Zwick Roell, Ulm, Germany) with 500 (Kilonewton—kN)
force and 100 mm/min of head movement.

2.6. Statistical Analyse

The results were statistically developed by calculating mean values (x) and standard
error of the arithmetic mean (SEM). The statistical significance of the differences between
the mean values of groups was verified by using a two factors variance analysis according
to Anova procedure using the Statistica program Version 13 (StatSoft Hamburg, Germany).

3. Results

The geese body weight before slaughter in all of the feeding groups was at a similar
level (Table 3). Clear differences were found between the genders (p ≤ 0.01). The ganders
reached a higher body weight than the young female geese (by approximately 10–15%). A
similar effect was observed for carcass weight, but the effects of feeding was confirmed
here in the group of young female geese that were heavier in the group fed oats than in
the group fed hybrid rye (p ≤ 0.05). A significantly lower slaughter yield was observed
in both genders fed hybrid rye than those fed oats and the difference between the groups
was over 2 percentage points (pp). The slaughter yield of those geese fed a mixture of both
grains did not differ significantly as compared with the birds that were fed hybrid rye or
oats only.

The weight and the percentage share of the basic carcass parts are presented below in
Table 4. The weight of these parts was significantly different between the sexes (p ≤ 0.01),
except for body frame weight in the oats group. The higher weight of the other parts was
observed in the ganders due to their higher carcass weight. The feeding method had a
significant impact on the leg weights of the young female geese which were heavier in
the group fed oats than those fed hybrid rye and a mixture of both grains (p ≤ 0.01). The
carcass parts yield did not depend on the gender and the feeding method, except for the
higher share of wings in the ganders fed hybrid rye.

389



Animals 2021, 11, 672

Table 3. Mean of the slaughter traits of geese fattened by feeding hybrid rye or oats.

Specification
Fattening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Pre-slaughter weight (g)
Males 5341.25 5444.58 5460.42 70.25 0.764 0.597

Females 4617.92 4905.00 4715.00 57.14 0.105
SEM 109.38 102.56 100.92

p-Value for sex 0.000 0.006 0.000
Carcass weight (g)

Males 3368.80 3580.00 3500.20 54.88 0.292 0.800
Females 2931.50 b 3226.30 a 3036.80 47.35 0.031

SEM 74.06 82.43 63.41
p-Value for sex 0.001 0.028 0.000

Dressing percentage (%)
Males 63.02 B 65.64 A 64.12 0.35 0.006 0.949

Females 63.43 b 65.68 a 64.60 0.39 0.039
SEM 0.34 0.48 0.34

p-Value for sex 0.561 0.963 0.505

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A, B, C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group.

Table 4. Weight and the proportion of parts in geese carcasses.

Specification
Fattening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Neck with skin (g)
Males 209.90 212.9 211.10 4.52 0.963 0.992

Females 172.80 177.1 175.70 3.22 0.867
SEM 6.07 6.05 6.26

p-Value for sex 0.001 0.001 0.002
Neck with skin (%)

Males 6.23 5.95 6.02 0.09 0.417 0.758
Females 5.91 5.49 5.78 0.08 0.108

SEM 0.12 0.09 0.11
p-Value for sex 0.180 0.001 0.284

Wing (g)
Males 537.80 538.80 536.10 8.68 0.992 0.677

Females 451.60 475.90 457.20 6.53 0.289
SEM 12.97 12.18 11.72

p-Value for sex 0.000 0.007 0.000
Wing (%)

Males 15.98 b 15.09 a 15.30 0.15 0.040 0.718
Females 15.40 14.79 15.06 0.11 0.089

SEM 0.13 0.19 0.15
p-Value for sex 0.022 0.435 0.436

Legs (g)
Males 687.40 730.80 682.40 12.97 0.253 0.808

Females 578.70 b 640.50 ac 567.3 b 10.89 0.009
SEM 18.28 16.67 17.49

p-Value for sex 0.001 0.004 0.000
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Table 4. Cont.

Specification
Fattening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Legs (%)
Males 20.39 20.46 19.52 0.25 0.236 0.933

Females 19.79 19.94 18.67 0.28 0.135
SEM 0.31 0.32 0.33

p-Value for sex 0.350 0.431 0.202
Body frame (g)

Males 839.30 885.20 861.80 20.22 0.665 0.921
Females 724.90 783.30 734.30 15.90 0.281

SEM 21.48 28.31 24.79
p-Value for sex 0.005 0.071 0.007

Body frame (%)
Males 24.92 24.79 24.59 0.44 0.957 0.970

Females 24.74 24.24 24.24 0.40 0.847
SEM 0.37 056 0.60

p-Value for sex 0.812 0.635 0.777

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A,B,C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group. Additionally, if the mean is signed by two letters “ac”, that means significant difference as compared with means of both
signed fattening groups a and c.

The average weight and share of the chosen muscles and fat is presented below in
Table 5. No significant differences between the dissection elements were found in terms
of sex and feeding method, except for leg muscle weight and skin with fat weight. The
muscle weight from the ganders’ legs was approximately 17% higher than in the young
female geese (p ≤ 0.01). The weight of the meat from the legs was significantly higher
in the female geese fed oats (p ≤ 0.05) than those fed hybrid rye or a grain mixture. The
weight of skin with the fat of females was lower in those birds fed hybrid rye only, but
the share of this element was the same in all groups. A no gender not feeding method
effect was confirmed on the weight and percentage share of breast muscles and abdominal
fat. The only exception was the group of birds fed a mixture of both grains in which
the breast muscle weight of the ganders occurred to be higher than in the female geese
(p ≤ 0.05) and the abdominal fat share was higher than in the female geese (2.04% and
2.94%, respectively).

The results of the breast muscle physical parameters measurements are presented
below in Table 6. Lower average pH24 values were reported only in the muscles of geese
fed oats (5.88). No significant effect of sex and feeding method on colour lightness L* and
colour parameters (a* and b*) was observed. These parameter values were similar with
the following ranges: L* from 35.60 to 36.52, a* from 18.39 to 20.15, and b* from −1.76 to
−0.95. Generally, these measurements were confirmed by a visual colour estimation of the
muscles of the birds, both genders, fed hybrid rye or oats (3.12 to 3.38 points). However,
the muscles of the female geese fed a mixture of both grains were lighter (2.97 points) than
those fed hybrid rye (3.28 points).

The meat marbling of both sexes was significantly influenced by the feeding method
(p ≤ 0.01). Greater marbling was observed in the muscles of birds in both sexes fed oats
(1.6 points) than those fed hybrid rye (1.32 points). In addition, birds fed a mixture of both
grains had greater marbling than those fed hybrid rye (p ≤ 0.05) but only in the case of
female geese (1.53 points). The drip losses in both sexes were influenced by the feeding
method (p ≤ 0.01). No drip losses were observed in the muscles of both sexes fed hybrid
rye, which may have been associated with the higher pH24 value, which was above 6.0.
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Table 5. Mean of weight and percentage of chosen muscles and fat obtained from the dissection of geese carcasses.

Specification
Fattening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Breast muscle (g)
Males 520.20 579.20 571.4 14.28 0.184 0.631

Females 489.30 537.90 495.3 14.35 0.330
SEM 15.21 20.67 17.11

p-Value for sex 0.322 0.321 0.023
Breast muscle %

Males 15.40 16.12 16.36 0.26 0.295 0.497
Females 16.66 16.65 16.29 0.36 0.903

SEM 0.33 0.37 0.46
p-Value for sex 0.058 0.488 0.949

Legs muscles (g)
Males 431.60 461.60 442.10 9.66 0.450 0.700

Females 357.50 b 394.60 c 350.70 b 7.75 0.040
SEM 13.43 12.66 13.21

p-Value for sex 0.003 0.005 0.000
Legs muscles %

Males 12.79 12.91 12.65 0.21 0.885 0.721
Females 12.24 12.30 11.54 0.23 0.332

SEM 0.27 0.29 0.29
p-Value for sex 0.313 0.300 0.042

Skin with subcutaneous fat (g)
Males 473.80 537.4 557.1 16.46 0.094 0.877

Females 435.80 b,c 515.7 a 509.4 a 14.56 0.040
SEM 16.47 20.97 16.39

p-Value for sex 0.258 0.615 0.150
Skin with subcutaneous fat %

Males 14.08 14.98 15.92 0.26 0.295 0.497
Females 14.84 15.93 16.73 0.36 0.903

SEM 0.43 0.47 0.44
p-Value for sex 0.393 0.321 0.374

Abdominal fat (g)
Males 90.80 85.60 71.80 5.62 0.371 0.119

Females 70.10 83.40 89.30 4.93 0.274
SEM 7.51 5.32 6.51

p-Value for sex 0.174 0.844 0.185
Abdominal fat (%)

Males 2.70 2.34 2.04 0.16 0.249 0.082
Females 2.37 2.57 2.94 0.15 0.319

SEM 0.22 0.13 0.21
p-Value for sex 0.472 0.408 0.034

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A,B,C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group. Additionally, if the mean is signed by two letters e.g., “ac”, that means significant difference as compared with means of
both signed fattening groups a and c.
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Table 6. Selected physical parameters of breast muscles.

Specification
Fattening Groups

SEM
p-Value

Rye A Oats B Rye/Oats C Fattening Interaction

pH24
Males 6.04 5.95 6.02 0.02 0.071 0.632

Females 6.03 B 5.88 A 5.96 0.021 0.010
SEM 0.03 0.01 0.02

p-Value for sex 0.858 0.019 0.121
Colour L*

Males 36.52 36.49 35.60 0.32 0.424 0.440
Females 35.67 36.28 36.48 0.44 0.748

SEM 0.60 0.64 0.39
p-Value for sex 0.369 0.784 0.453

a* redness
Males 19.19 19.29 20.15 0.27 0.299 0.671

Females 18.96 18.39 19.10 0.29 0.570
SEM 0.32 0.34 0.38

p-Value for sex 0.725 0.188 0.170
b* yellowness

Males −1.41 −0.95 −1.37 0.20 0.603 0.854
Females −1.76 −1.69 −1.21 0.33 0.768

SEM 0.33 0.29 0.39
p-Value for sex 0.605 0.203 0.835
Colour, points

Males 3.38 3.26 3.30 0.06 0.669 0.413
Females 3.28 c 3.12 2.97 a 0.05 0.045

SEM 0.06 0.07 0.07
p-Value for sex 0.439 0.332 0.012

Marbling, points
Males 1.32 B 1.59 Ac 1.43 b 0.03 0.001 0.543

Females 1.32 Bc 1.60 A 1.53 a 0.04 0.005
SEM 0.03 0.04 0.04

p-Value for sex 0.990 0.896 0.185
Drip loss %

Males 0.00 BC 1.34 A 1.55 A 0.19 0.001 0.495
Females 0.00 BC 1.92 A 1.86 A 0.19 0.000

SEM 0.00 0.26 0.16
p-Value for sex 0.264 0.341

Cooking loss %
Males 37.32 B 32.07 Ac 35.89 b 0.70 0.000

Females 33.73 B 38.30 AC 33.04 B 0.66
SEM 0.89 1.01 0.53

p-Value for sex 0.040 0.001 0.004

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A,B,C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group. Additionally, if the mean is signed by two letters e.g., “ac”, that means significant difference as compared with means of
both signed fattening groups a and c.

Muscle loss in cooking was significantly influenced by the sex–feed type interaction
(p ≤ 0.01). Clearly higher loss was observed in the muscles of female geese fed with oats
(38.3%) than those fed hybrid rye or a mixture of both grains. Whereas in the ganders’
group this dependence was the opposite, ganders fed oats had a significantly lower loss
rate in cooking than the ganders of the other feeding groups.

The results of the basic chemical composition (Table 7) showed a significant effect of
feeding on the fat and protein level (p ≤ 0.01). Clearly a higher fat content was observed in
the muscles of ganders and female geese fed a mixture of both grains (5.10% and 4.83%,
respectively) as compared with birds fed hybrid rye only or oats only (3.6% on average).
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The higher protein content was confirmed in the muscles of both sexes of birds fed hybrid
rye than those fed oats (by approximately 0.9 pp) or the grain mixture (by approximately
1.8 pp).

Table 7. Basic chemical composition of the breast muscles.

Traits
Fettening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Water content (%)
Males 69.75 70.72 70.34 0.22 0.193 0.976

Females 69.94 70.96 70.69 0.22 0.136
SEM 0.304 0.242 0.213

p-Value for sex 0.764 0.632 0.429
Fat content(%)

Males 3.68 C 3.60 C 5.10 AB 0.160 0.000 0.710
Females 3.76 C 3.57 C 4.83 AB 0.157 0.001

SEM 0.13 0.13 0.17
p-Value for sex 0.764 0.919 0.466

Total protein content (%)
Males 25.01 C 24.14 23.07 A 0.244 0.003 0.981

Females 24.77 C 23.92 22.96 A 0.250 0.009
SEM 0.340 0.250 0.160

p-Value for sex 0.727 0.665 0.755

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A,B,C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group. Additionally, if the mean is signed by two letters e.g., “ac”, that means significant difference as compared with means of
both signed fattening groups a and c.

The sensory test results of the cooked breast muscles are presented in Table 8. A statis-
tically significant sex–feed type interaction was observed in the flavour test which indicated
that the muscle flavour of geese fed the hybrid rye and oat mixture was less intense (4.05
points) than that of both sexes fed either hybrid rye only or oats only (on average approxi-
mately 4.35 points). Feeding had an impact on the remaining organoleptic features, i.e.,
juiciness, tenderness, and palatability but only in the young female geese. The lowest val-
ues for these traits were in the group fed the grain mixture. The sheer force measurements
using device did not confirm the differences in the meat tenderness sensory tests results
because they ranged between 15.32 and 17.49 N in all of the tested groups. An interesting
fact was observed in terms of gender effect on the sensory test results. Feeding the geese
hybrid rye or oats showed no differences between the genders in terms of sensory traits
but, in the group fed a mixture of these two grains, female geese muscles obtained lower
scores than ganders’ muscles in the meat flavour, taste, juiciness, and tenderness tests.
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Table 8. Sensory evaluation results (points) and shear force measurements of cooked breast.

Traits
Fattening Groups

SEM
p-Value for

Rye A Oats B Rye/Oats C Fattening Interaction

Flavour (points)
Males 4.35 4.31 4.35 0.03 0.000

Females 4.46 C 4.38 C 4.05 AB 0.04
SEM 0.03 0.04 0.04

p-Value for sex 0.130 0.421 0.000
Juiciness (points)

Males 3.75 3.88 3.76 0.06 0.648 0.064
Females 3.88 bC 3.61 a 3.54 A 0.04 0.004

SEM 0.06 0.08 0.05
p-Value for sex 0.325 0.092 0.037

Tenderness (points)
Males 3.89 3.95 3.95 0.04 0.813 0.069

Females 4.03 c 3.93 3.70 a 0.05 0.036
SEM 0.07 0.06 0.06

p-Value for sex 0.287 0.860 0.025
Palatability (points)

Males 4.10 4.05 4.02 0.04 0.687 0.092
Females 4.09 C 4.05 C 3.76 AB 0.04 0.001

SEM 0.05 0.05 0.04
p-Value for sex 0.925 1.00 0.002
Shear force (N)

Males 17.09 17.49 16.62 0.44 0.738 0.754
Females 15.32 16.01 15.84 0.40 0.755

SEM 0.55 0.64 0.36
p-Value for sex 0.111 0.251 0.358

N = 12 in every experimental group males and females; the letters A, B, C mean the fattening groups, i.e., (A) birds fed hybrid rye, (B) birds
fed oats, (C) birds fed a mixture of hybrid rye/oats (1:1); SEM, standard error of the means; means marked with a letter (A, B, C or a, b, c)
represents the fattening group with which it differs statistically, means marked by lowercase (a, b, c) are significant at p ≤ 0.05 and means
marked by uppercase (A,B,C) are significant at p ≤ 0.01, the lack of a letter means that the mean does not statistically differ with any other
fattening group. Additionally, if the mean is signed by two letters e.g., “ac”, that means significant difference as compared with means of
both signed fattening groups a and c.

4. Discussion
4.1. The Effect of Gender and Feeding on the Slaughter Value and Physical Traits of Meat

The results showed that ganders’ weight before slaughter as well as carcass weight
was 10–15% higher than in female geese but gender did not have an effect on the slaughter
yield, which ranged among the groups from 63% to 65%. No significant differences between
the carcass tissues obtained from dissection according to gender and feeding method were
found, except for leg muscle weight and skin with fat weight. Similar results were obtained
by Kapkowska et al. [7] who reported a higher body weight of the male Zatorska and
white Kołudzka varieties fed oats up to 17 weeks of life. The authors did not find any
significant differences in slaughter yield between the genders, reaching approximately
64%. Nevertheless, in this study, the birds of both genders fed oats obtained a significantly
higher slaughter yield by approximately 2 pp as compared with the group fed hybrid rye.

A higher ganders’ carcass weight was followed by significantly higher weight of
carcass elements but there were no differences in their percentage share in the carcass
between the two sexes. The meat weight from legs was higher in ganders than in female
geese for all groups (p ≤ 0.01) and in females it was only higher if they were fed oats rather
than fed hybrid rye or the mixture of both grains (p ≤ 0.01). In the group of female geese
fed the grain mixture, the abdominal fat content was significantly higher (p ≤ 0.05) than
in ganders’ group. The share of meat from the leg was lower only in those female geese
fed the grain mixture (p ≤ 0.05). No significant differences were found in the percentage
share of breast muscles between the sexes or in skin with a fat share. The results obtained
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by Kapkowska et al. [7] confirmed a higher yield of breast muscles in male carcasses as
compared with female carcasses in both of the Zatorska and white Kołudzka geese.

No significant differences between the sexes were reported in terms of the tested
physical breast muscle features such as colour lightness and its’ a* and b* parameters,
meat marbling and drip loss in all feeding groups. A significantly higher pH24 (p ≤ 0.05)
value was observed only in ganders from the group fed oats than in female geese, reaching
5.95 and 5.88, respectively. There were no one-way differences between the sexes in meat
cooking losses (significant sex–feed type interaction, p ≤ 0.01). In the groups fed hybrid
rye or the grain mixture, ganders showed higher thermal losses than geese in the group
fed oats, which is difficult to explain and justify. The fairly high pH24 of goose meat was
confirmed by the research of Kapkowska et al. [7] in which the value in both sexes of the
Zatorska variety reached 6.09 on average. Additionally, meat colour was pretty dark (L =
38.5), similar to the results obtained in this research (L = approximately 36–37). In addition,
the muscles of the geese of the southern varieties presented similar L* values but with a
better, lower pH24, reaching 5.78 on average [3].

No significant gender effect on the basic chemical composition of breast muscle was
reported in any of the feeding groups. The average water content was approximately
from 70 to 70.7%, fat content was approximately 3.6–3.8% (except for the group fed the
grain mixture, which was between 4.8% and 5.1%) and protein content was approximately
23–25%. In a study by Biesiada-Drzazga [23] on the meat of White Kołudzka geese, the
following parameters were observed in birds which were 10 weeks old: protein content of
21% and fat content between 3.1% and 5.1%, depending on the feeding group. The authors
of other publications [6,21,24] depending on the breed, origin, and the diet reported on
average 19% to 24% protein and 2.3% to 6.3% fat content, in the breast muscle.

Gender did not have any impact on all of the studied sensory traits (flavour, taste,
juiciness, and tenderness) of breast muscle in groups fed hybrid rye or oats, but it did have
an effect in the case of hybrid rye and oat mixture feeding. The ganders in this feeding
group obtained better scores in flavour (p ≤ 0.01), juiciness (p ≤ 0.05), taste (p ≤ 0.01), and
tenderness (p ≤ 0.05) than in females and the difference in scores was approximately 0.3
points. The average results of the sensory tests for the studied features ranged from 3.80
to 4.35 points. Better results in the sensory tests of the southern variety geese meat were
reported by Lewko et al. [11] who obtained 4.8 points in cooked breast muscles.

A high score, approximately 4 points, in meat tenderness estimated by the sensory
test was confirmed by measurements performed with a device measuring the shear force
with low values (from 15.30 to 17.49 N), which did not depend on the gender. In contrast,
Kapkowska et al. [7] observed significantly higher shear force values (43.2 to 50.2 N) but,
as confirmed in the literature, they were still within the range of good meat tenderness, i.e.,
approximately 50 N [21].

4.2. The Effect of Feeding on Slaughter Traits and Geese Meat Quality

The different feeding groups did not show differences in terms of body weight, but the
geese fed hybrid rye obtained approximately a 2 pp lower slaughter yield than those geese
fed oats (p ≤ 0.01 in males and p ≤ 0.05 in females). The higher slaughter yield in geese fed
oats could have been influenced by the higher weight of fat with skin in female geese by
approximately 80 g and in ganders by 63 g as compared with the group fed hybrid rye.

Basically, the feeding method did not have any impact on body weight or on the share
of carcass elements. The only exception was the weight of geese legs (p ≤ 0.01) and the
percentage share of wings in males (p ≤ 0.05) from the group fed oats. The highest leg
weight of female geese was observed in the oat group, whereas the wing share of males
was the highest in the hybrid rye group. The feeding method did not have an effect on
the weight and percentage share of breast muscles and share of leg muscles, as well as fat
with skin percentage and share and weight of abdominal fat. Other authors have obtained
different results. According to a study by Kapkowska et al. [7], the carcasses of Zatorska
and White Kołudzka geese had a higher fat content with skin share as compared with
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the results obtained in this study. Additionally, in a study by Biesiada-Drzazga [2], the
abdominal fat share in White Kołudzka geese fed a concentrated feed ranged from 4.2% to
5.8% which indicated a higher fat share than that observed in the geese within this research
(2.04% to 2.94% on average). This was also confirmed by Karwowska et al. [25] where
the fat share ranged between 6% and 8.5% in the carcasses of White Kołudzka geese fed
corn silage and beet pulp, as well as another study by Kokoszyński et al. [26] that applied
feeding a corn mixture with 20% addition of oats.

Among the estimated physical features, feeding had an influence on the lower pH24
value of breast muscles of female geese fed oats, meat marbling (the highest observed in
feeding oats, the lowest in feeding hybrid rye), drip loss (no drip with hybrid rye feeding
and approximately 1.3% to 2.0% with oats and mixed grain feeding), as well as the thermal
losses of breast muscle samples (the lowest in the oat fattening of ganders and the highest
in female geese of this oats group). The changes were not directed one-way (i.e., significant
sex–feed type interaction). No effect of the feeding method on colour lightness L* and
redness and yellowness parameters was observed but this meat colour should be described
as fairly dark (L* = approximately 36), which was also confirmed by Kapkowska et al. [7]
and Okruszek et al. [27] who reported average L* = 38.5 for geese breast muscles. However,
Lewko et al. [11] observed a lighter colour (L = 44.2) in the breast muscles of southern geese
varieties fed oats. Low drip loss was also reported by Kapkowska et al. [7] in 17-week-old
geese after feeding oats (0.5%), as well as by Biesek et al. [1] in geese fed a mixture with
lupin (0.33% to 0.63%), which are also confirmed in this study. Slightly lower thermal
losses in cooking (approximately 30% to 32%), as in this investigation, were observed by
Gumułka et al. [8] and Kapkowska et al. [7] in the breast muscles of Zatorska geese after
being fed oats.

A basic chemical composition analysis proved the significant effect of feeding on fat
and protein content. The highest fat content was observed in the muscles of geese and
ganders, which were both fed a grain mixture (4.83% and 5.13%, respectively) as compared
with those fed hybrid rye or oats (3.60% on average). These observations were confirmed
by the results of visual marbling estimation.

Biesiada-Drzazga [24] reported that, in the breast muscle of White Kołudzka geese fed
until 10 weeks of age a concentrated feed with soy and sunflower meal, fat content levels
reached 5.1%, 4.3%, and 3.1%, in different experimental groups, and the protein content
was 21% on average; the significant effect of feeding on protein content was observed in the
studied population. In the muscles of birds fed hybrid rye, a significantly higher protein
content, approximately 2 pp, was observed in both genders as compared with birds fed a
mixture of two both grains. The muscle protein content in female geese and ganders fed
oats was similar (24% on average).

The authors of other publications [6,21,22,25] depending on the geese breed, origin,
and diet have reported protein contents on average from 19% to 24% and fat contents from
2.3% to 6.3% in breast muscle. In this study, we confirmed that feeding oats or hybrid rye
did not affect the chemical composition of the meat but caused the relatively high protein
content and lower fat content.

The results of sensory tests in terms of flavour, juiciness, tenderness, and palatability
of cooked meat ranged from 3.8 to 4.35 points. Among these features, there was one
statistically significant sex–feed type interaction in the flavour estimation (p ≤ 0.01). The
muscles of female geese had the lowest score (4.05), whereas the goslings in three feeding
groups presented, on average, the same values within this parameter (approximately
4.3 points). A statistically significant (p ≤ 0.01) feeding impact on meat juiciness and the
palatability of female geese was observed. Better scores were observed in the meat of
female geese fed hybrid rye (over 4 points). Lewko et al. [11] estimated the sensory traits of
southern varieties of goose meat depending on the origin, gender, and diet. Cooked breast
muscles obtained 4.8 points for the estimated sensory features.

Meat tenderness measurements using devices did not show the effect of feeding on
the shear force that fit within 15.3 and 17.49 N. These data proved the good tenderness of
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the tested meat. Kapkowska et al. [7] reported a higher shear force for the breast muscle
of the Zatorska and White Kołudzka varieties, ranging from 43.2 to 50.2 N and Karwoska
et al. [9] obtained, for the same musles of the White Kołudzka variety, a mean of 49.8 N.

In summary, it should be stated based on available studies [28,29] the direction for
the development of rye genetics should be to create the new cultivars with reduced levels
of antinutritional substances. The high level of monosaccharides, as the best source of
metabolic energy, could also contribute to an increase in feed intake. The favourable
proportions of carbohydrates and lipids in hybrid rye could also determine its nutritional
value and possibility have a positive effect on carcass quality. Additionally, the using of
hybrid rye in animal feeding could bring economic benefits, because the price of the rye is
lower than the other grains [27].

5. Conclusions

Our results show the impact of gender on some slaughter value traits and meat quality
of young geese slaughtered at 17 weeks old. We found that ganders’ carcass weight and
their live weight before slaughter was 10–15% higher than that of female geese. The
slaughter yield and the share of cuts and same dissection elements such as breast muscles
and skin with fat did not differ between sex. No significant differences were found between
genders in colour lightness and a* and b* colour parameters, as well as marbling, drip
losses, and basic chemical composition of breast muscle. The sensory estimation results of
ganders were better than young female geese only in the case of those ganders fed hybrid
rye and a mixture of oats and hybrid rye.

During the last three weeks before slaughter, the type of feeding (hybrid rye, oats, or
hybrid rye and oats mixture) did not have a significant effect on geese body weight, but
the birds fed hybrid rye had approximately a 2 pp lower slaughter yield than the geese
fed oats. The feeding type did not have an influence on the male carcass weight and the
share of majority cuts in both sexes, but it had an effect on pH24 (it was lower in female
geese fed oats), drip losses (none in hybrid rye feeding), marbling (higher in feeding with
oats), cooking losses (significant sex–feed type interaction), fat content (higher in mixture
feeding), and protein content (higher in hybrid rye feeding). Better sensory estimation
results of breast muscles were observed in the young female geese fed hybrid rye or oats.

The obtained results indicate that hybrid rye may be used in the feeding of young geese
without causing any negative effects on the final body weight and as a result improving
some meat quality traits.
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3. Gornowicz, E.; Weglarzy, K.; Pietrzak, M.; Bereza, M. Slaughter and meat traits of domestic geese of the southern breeds.

Wiadomości Zootech. 2012, 4, 5–16. (In Polish)
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13. Swiątkiewicz, S.; Arczewska-Włosek, A. Utilization of rye grain as a source of nutritien in feeding of poultry I. Study on chicken
brojlers. Polskie Drobiar. 2020, 4, 42–45. (In Polish)
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