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Editorial

Challenges in Poultry Production Systems and
Nutritional Interventions
Janghan Choi

Department of Animal and Food Sciences, Texas Tech University, Lubbock, TX 79409, USA; janghan.choi@ttu.edu

Chicken is the most produced and consumed meat in the world [1]. Poultry production
yields affordable and highly nutritious (e.g., protein, vitamins, irons, omega 3, etc.) meat
and eggs all over the world. There was a great achievement in poultry production that
increased the meat and egg yields, production efficiency, which was resistant against
specific challenges over recent decades [2,3]. However, there are still many challenges that
can negatively impact productivity, efficiency, food safety, and animal welfare in poultry
production [4]. Challenges in poultry production, such as feed costs, parasitic and bacterial
infections, heat stress, muscle myopathies, mycotoxin contamination, and issues related to
rearing conditions and stocking density, have prompted extensive research into diverse
nutritional and systemic interventions to address these problems.

This Special Issue collects valuable research articles and reviews describing the current
challenges in poultry production systems, and nutritional and systemic interventions to
cope with these issues. Parasitic and bacterial infections are some of the major issues that
negatively influence production, welfare, and food safety issues in poultry production,
and the withdrawal of anticoccidial and antibacterial drugs has aggravated the negative
impacts of the challenges in poultry production [5,6]. Eimeria infection alone, or with
Clostridium perfringens (e.g., necrotic enteritis) cause tremendous economic losses in poultry
production [7,8]. In this Special Issue, Choi et al. [9] demonstrated that different Eimeria
infection doses negatively impact productivity and efficiency in broiler chickens raised
in floor pens by negatively impacting their feed intake, nutrient digestibility, gut micro-
biota, and foot pad dermatitis. Furthermore, this study provided information on Eimeria
infection models (e.g., infection doses and their responses) for broilers in the floor pen
condition. Most of the previous Eimeria research in broiler chickens was conducted in
cage studies, while most of the broilers are normally raised in the floor pen condition in
the US [10]. Sharma et al. [10] showed that inflammatory response in Eimeria infection
and necrotic enteritis could disrupt the growth and development of bone via regulating
RANKL-RANK pathway in chickens. Zhang et al. [11] demonstrated that the supplemen-
tation of 1000 mg/kg tannic acid (plant extract), which is known to have antimicrobial,
antioxidant, and anti-inflammatory effects [4,12,13], improved gut integrity, attenuated
the inflammatory response, and enhanced antioxidant capacity in broiler chickens under
the necrotic enteritis challenge. Moreover, Yang et al. [14] showed that microencapsulated
sodium butyrate (e.g., an organic acid) enhanced immune status, intestinal morphology,
and volatile fatty acid production, mainly by beneficially affecting gut microbiota in broiler
chickens infected with Clostridium perfringens. Zhi et al. [15] showed that the supplemen-
tation of sea-buckthorn flavonoids (e.g., plant extracts) improved growth performance,
systemic immune responses, and gut barrier integrity in broiler chickens challenged with
bacterial lipopolysaccharides. Our Special Issue highlighted the detrimental effects of
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parasitic and bacterial infections on broiler chickens, while presenting variety of nutritional
strategies to mitigate these challenges.

Improving productivity and efficiency by nutritional interventions is also important in
general conditions in poultry production. Phosphorus, the third-most expensive nutrient in
the poultry diet, plays important roles in regulating energy metabolism, cell homeostasis,
bone growth, gut health, and overall performance in chickens [16,17]. Decreasing phospho-
rous levels would be beneficial to decrease feed costs and to reduce phosphorus excretion
to the environment, while it can decrease the productivity and efficiency of the poultry pro-
duction [18]. The supplementation of phytase could increase the utilization of phosphorus
in phosphorus-deficient diets. In this Special Issue, Yu et al. [19] demonstrated that the
supplementation of an Escherichia coli-derived 6-phytase improved growth performance
and bone health in broilers fed phosphorus-deficient diets by improving the utilization of
phosphorus. These results suggest that the reduction of phosphorous with the addition of
the phytase would not negatively impact the growth of broilers via enhancing phosphorus
utilization. Corn–soybean meal diets have high contents of non-starch polysaccharide
(NSP) including arabinoxylan, β-glucan, cellulose, xylose, mannose, and pectin, which
can lead to poor productivity and efficiency by decreasing feed intake and compromising
nutrient digestion and absorption, mainly through increasing the digesta viscosity in the
gastrointestinal tract of chickens [20,21]. Shuaib et al. [22] showed that the addition of a
β-mannanase with the inclusion of 10% soyhull, which is rich in NSP, increased the growth
performance of laying hens during the late peak production without affecting the egg
production and quality. Their study demonstrated that supplementation of phytase and
β-mannanase could improve the nutrient utilization of poultry.

Rearing temperature and environments are crucial factors, and as important as the
nutritional and genetic factors in poultry production. In the global warming era, the
temperature in the poultry house and in the feed mill is increasing. Poultry is sensitive
to heat stress, which can negatively impact animal welfare, growth performance and
egg production, and quality of chickens [23]. In this Special Issue, Sumanu et al. [24]
demonstrated that the supplementation of a probiotic (Saccharomyces cerevisiae) and ascor-
bic acid improved growth performance, intestinal morphology, and antioxidant capacity
heat stress in broilers subjected to heat stress. The incidence and severity of mycotoxins
contamination in the ingredients and feeds are increasing with the global warming [25].
Lee et al. [26] showed that the inclusion of the two toxin binders, namely (1) clay miner-
als (85% bentonite and 12% clinoptilolite) with 3% charcoal and (2) clay minerals (66.1%
aluminosilicates), with natural components (0.8% artichoke and rosemary plant extracts,
7% yeast extract, 0.5% beta-glucans, and 25.6% carriers), attenuated the negative impacts
of feeding diets contaminated by ochratoxin A (a highly toxic mycotoxin produced by
several fungi, including the Aspergillus and Penicillium genera) in broiler breeders. Low
rearing temperatures (e.g., cold stress) could influence the physiology of chickens [27].
Kim et al. [28] demonstrated that low rearing temperatures impaired the antioxidant system
and modulated lipid metabolism in laying hens without affecting egg production and qual-
ity in layers. Al-Baadani et al. [29] and Kang et al. [30] demonstrated that environmental
factors could affect animal welfare, productivity, efficiency, and systemic health in chickens.
Al-Baadani et al. [29] demonstrated that high stocking density could compromise pro-
ductivity, efficiency, meat yield, and gut health, and the supplementation of gum Arabic
and commercial prebiotics improved growth performance, production efficiency, and
gut health of broiler chickens, potentially by beneficially modulating gut microbiota.
Kang et al. [30] demonstrated that stimulated voluntary activities by placing enrichment
huts in the light enriched broiler house improved animal welfare and systemic health in
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fast growing modern broilers. Our Special Issue provides variable strategies to cope with
diverse environmental strategies.

Taken together, diverse challenging conditions in poultry production and effective
nutritional and systemic coping strategies were researched and discussed in this Special
Issue. There is still not a single bullet to resolve the current challenges in poultry production
yet. Continuous studies with novel ideas are required to understand the challenges, and to
elucidate the coping strategies in poultry production.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Effects of Different Eimeria Inoculation Doses on Growth
Performance, Daily Feed Intake, Gut Health, Gut Microbiota,
Foot Pad Dermatitis, and Eimeria Gene Expression in Broilers
Raised in Floor Pens for 35 Days
Janghan Choi 1,2 , Doyun Goo 1 , Milan Kumar Sharma 1, Hanseo Ko 1 , Guanchen Liu 1, Deependra Paneru 1 ,
Venkata Sesha Reddy Choppa 1 , Jihwan Lee 1 and Woo Kyun Kim 1,*

1 Department of Poultry Science, University of Georgia, Athens, GA 30602, USA; choij@uga.edu (J.C.);
dgoo@uga.edu (D.G.); milan.sharma@uga.edu (M.K.S.); hsko@uga.edu (H.K.); guanchen.liu@uga.edu (G.L.);
dpaneru@uga.edu (D.P.); venkataseshareddy.choppa@uga.edu (V.S.R.C.); jihwan.lee@uga.edu (J.L.)

2 US National Poultry Research Center, United States Department of Agriculture Agricultural Research Service,
Athens, GA 30605, USA

* Correspondence: wkkim@uga.edu; Tel.: +1-706-542-1346

Simple Summary: Coccidiosis, which is induced by Eimeria spp., is one of the most predominant
diseases and causes tremendous economic losses in the world. The effects of Eimeria infection on
broilers at slaughter ages in floor pen conditions should be elucidated to conduct further studies
investigating the effects of feed additives and bioactive compounds as alternatives for anti-coccidial
drugs in broilers. The study was aimed to investigate the effects of different inoculation doses of
E. acervulina, E. maxima, and E. tenella with different doses on growth performance, gut ecosystem,
and oocyst shedding in broilers raised in floor pens for 35 days. Eimeria infection decreased body
weight (BW) in the acute phase (D 21), and this effect was prolonged to the final day (D 35). Eimeria
oocysts were observed in the litter until D 35, which may indicate that Eimeria spp. reinfected broilers.
Eimeria infection dramatically reduced crude fat (CF) digestibility in the acute phase, which may be
associated with reduced fat content in the broilers on D 35. Gut microbiota was negatively affected by
Eimeria infection in both acute phase and on D 35. In conclusion, Eimeria infection negatively affected
the growth performance and gut ecosystem in broilers, and the negative effects were prolonged to D
35 in floor pen conditions.

Abstract: The study was conducted to investigate the effects of different Eimeria inoculation doses
on the growth performance, gut ecosystem, and body composition of broilers in floor pens for
35 days. A total of 750 15-day-old broilers were allocated to five experimental groups with six
replicate pens. The five experimental groups included unchallenged control (CON); Eimeria dose
1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2 (ED2): E. acervulina:
62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina: 125,000/E. maxima:
25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E. maxima: 50,000/E. tenella:
50,000. On D 21, BW were linearly reduced by increased Eimeria inoculation doses (p < 0.01). On D
35, the Eimeria challenge groups had significantly lower BW compared to the CON group. Increased
Eimeria inoculation doses linearly decreased crude fat (CF) (p < 0.01) on D 21. Increased Eimeria
inoculation doses tended to increase the relative abundance of the phylum Proteobacteria (p = 0.098)
on D 21. On D 35, lean:fat was linearly reduced by increased Eimeria inoculation doses (p < 0.05).
Eimeria infection negatively influenced growth performance and gut health in broilers in the acute
phase, and the negative effects were prolonged to D 35 in floor pen conditions.

Keywords: Eimeria; apparent ileal digestibility; gut microbiota; body composition; floor pen; broilers
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1. Introduction

Coccidiosis, which is induced by Eimeria spp., is one of the most predominant diseases
and causes tremendous economic losses estimated to be approximately USD 3 billion
to 10.4 billion pounds annually in worldwide broiler production [1]. There are seven
known Eimeria spp. in chickens, and Eimeria acervulina, E. tenella, and E. maxima are known
to be most predominant Eimeria spp. in broiler production [2]. The Eimeria life cycle
contains the exogenous (e.g., sporulation in the excreta) and the endogenous (asexual and
sexual reproduction in the host intestine) life cycles [3]. During the endogenous phase,
the activities of Eimeria spp. disrupt the functionality and integrity of the gastrointestinal
tract of chickens, which induces watery feces and negatively influences nutrient utilization,
growth performance, and animal welfare in the acute phase [4,5]. Watery feces can increase
the moisture content of the litter, which can increase the incidence and severity of foot pad
dermatitis (FPD) by increasing the litter ammonia level [6]. Decreased nutrient digestion
and absorption due to Eimeria infection in the acute phase have a potential to alter body
composition of broiler chickens at slaughter ages [7].

Traditionally, anti-coccidial drugs such as ionophores and synthetic drugs have been
utilized for the control of coccidiosis in broilers [8]. However, due to public concerns
regarding the spread of antibiotic-resistant microbes, the utilization of anti-coccidial drugs
has been restricted in many countries [9]. Therefore, it has become essential to explore
alternatives to anti-coccidial drugs in poultry production. Diverse bioactive compounds
including amino acids [10], essential oils [11], and plant extracts [12] were studied to use
as alternatives for anticoccidial drugs in broiler production. However, most of the Eimeria
studies were conducted in cage conditions. Eimeria trials conducted in cage conditions
have following limitations: (1) reinfection of Eimeria via the oral–fecal route is unlikely
to occur because feces are regularly removed before they can build up in cages; (2) some
cages are not suitable for accommodating broilers during the finisher phase (D 28 to 42);
and (3) cage conditions cannot completely mimic the field conditions because broilers are
normally raised in the litter condition in the poultry industry [13]. Proper research settings
for Eimeria studies in floor pens are required, and the effects of Eimeria infection with
different inoculation doses on growth performance, gut health, gut microbiota, and body
composition in broilers at slaughter ages in the floor pen conditions should be elucidated to
conduct further studies investigating the effects of feed additives and bioactive compounds
as alternatives for anti-coccidial drugs in broilers. Therefore, this study was designed to
investigate the effects of different Eimeria inoculation doses on the growth performance,
litter moisture content, oocyst shedding, Eimeria gene expression, nutrient digestion and
absorption, gut microbiota, incidence and severity of FPD, and body composition in broilers
raised in floor pens for 35 days.

2. Materials and Methods
2.1. Experimental Design, Animals, Experimental Infection, Diets, and Growth Performance

The Institutional Animal Care and Use Committee at the University of Georgia approved
animal care and use protocols of the current study. A total of 750 fifteen-day-old Cobb 500 male
broilers were randomly distributed to 5 experimental groups with 6 replicate pens of 25 birds
per pen. The 5 experimental groups were different inoculation doses of E. acervulina, E. maxima,
and E. tenella as follows: unchallenged control (CON); Eimeria dose 1 (ED1): E. acervulina:
31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2 (ED2): E. acervulina: 62,500/E. maxima:
12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina: 125,000/E. maxima: 25,000/E.
tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E. maxima: 50,000/E. tenella:
50,000. One milliliter of PBS containing freshly prepared Eimeria spp. (stored in the 5%
potassium dichromate solution at 4 ◦C for less than 3 months) was administered to individual
birds on D 15 [12]. The doses for Eimeria spp. were determined according to our previous
study [14]. Birds were reared in floor pens (width: 1.52 m, length: 1.22 m, height: 0.61 m)
equipped with one feeder and several nipple drinkers, and birds had free access to water
and feed during the entire experimental period. The front side was blocked by wire, while
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the sides are blocked by hardboard, indicating the front side was more vulnerable for cross
contamination. The CON group was distributed in a way that it could be located across
from the front side to minimize the cross contamination, and Eimeria infected groups were
randomly allocated. Temperature and light were managed according to Cobb 500 broiler
management guide (2018). Diets were formulated to meet or exceed the recommended level
according to Cobb 500 nutrient requirement guide (2018) and contained 0.3% titanium dioxide
(Acros Organics, Morris Plains, NJ, USA) as an inert marker as shown in Table 1. The diets for
the CON group in all phases contained 0.05% anticoccidial drug (Coban 90, Elanco Animal
Health, Greenfield, IN, USA) to prevent cross contamination to the CON group. The feeding
phases were divided into the grower (D 15 to 28) and finisher phases (D 28 to 35). Growth
performance parameters including body weight (BW), average daily gain (ADG), average
daily feed intake (ADFI), and feed conversion ratio (FCR) were measured on D 21 (6 days
post inoculation (dpi)), D 28, and D 35, and daily feed intake (DFI) was measured through the
entire experiment period.

Table 1. Ingredients and nutrient compositions of diets (as-fed basis).

Items D 15 to 28 D 28 to 35

Ingredients (kg/ton)
Corn 675.26 693.66

Soybean meal (480 g crude protein/kg) 262.75 238.77
Soybean oil 17.70 23.05

Dicalcium phosphate 12.62 12.81
Limestone 10.58 10.66

Sand 1 7 7
Titanium dioxide 2 3 3

Common Salt 3.45 3.47
DL-Methionine 99% 2.65 2.48
L-Lysine HCl 78% 2.01 2.15
Vitamin Premix 3 1 1
Mineral Premix 4 0.8 0.80

Choline 60% 0.70 0.60
L-threonine 0.48 0.54

Total 1000 1000
Calculated energy and nutrient value, %

Metabolizable energy, kcal/kg 3100 3150
Crude fat 4.39 4.972

Crude protein 18 17
SID 5 methionine 0.544 0.515

SID total sulfur amino acids 0.800 0.760
SID lysine 1.02 0.970

SID threonine 0.660 0.630
Total calcium 0.760 0.760

Available phosphate 0.380 0.380
1 The diet for the CON group contained 0.05% anticoccidial drug (Coban 90, Elanco Animal Health, Greenfield,
IN, USA) in the sand part. 2 Titanium dioxide 3 g/kg (Acros Organics, Morris Plains, NJ, USA). 3 Vitamin mix
included the following per kg: vitamin A (IU): 3,527,160; vitamin D3 (ICU): 1,399,921; Vitamin E (IU): 19,400;
Vitamin B12 (mg): 8.8; Menadione (mg): 1102; Riboflavin (mg): 3527; d-Pantothenic acid (mg): 5467; Thiamin
(mg): 970, Niacin (mg): 20,282; Vitamin B6 (mg): 1455; Folic acid (mg): 573; and Biotin (mg): 79. 4 Mineral mix
included the following per kg: Ca (g): 0.72; Mn (g): 3.04; Zn (g): 2.43; Mg (g): 0.61; Fe (g): 0.59; Cu (g): 22.68; I (g):
22.68; Se (g): 9.07. 5 SID: standard ileal digestible amino acid.

2.2. Lesion Score, Oocyst Shedding, Gut Permeability, and Digesta and Litter Moisture Content

On D 21 (6 dpi), D 28, and D 35, duodenum, jejunum-ileum section, and ceca were col-
lected, and lesion scores for each section were evaluated according to the 4-score scale [15].
On 22 (7 dpi), D 28, and D 35, cloaca content from one sacrificed bird per pen and ap-
proximately 30 g of litter samples were collected for oocyst shedding. Litter samples were
collected in the different areas of the pen except areas near water nipples, and the litter
samples were thoroughly mixed. Tap water (40 mL) were added to the samples (5 g), and
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the samples were placed at room temperature overnight to dissolve hard fecal particles.
Afterwards, the samples were vortexed and diluted 10 times with saturated salt solution.
E. acervulina, E. maxima, and E. tenella in the solution were counted using a hemocytometer
(Hausser Scientific Company, Horsham, PA, USA). Ileal content and litter samples were
oven-dried (75 ◦C) until a constant weight was achieved to determine their moisture con-
tent [16]. Gut permeability by using fluorescein isothiocyanate–dextran (molecular weight:
4 kDa; FITC-D4; Sigma-Aldrich Co., St. Louis, MO, USA) was determined on D 20 (5 dpi)
and D 27 according to Choi et al. [12]. The concentration of FITD-F4 in the serum was
determined using a prepared standard curve.

2.3. Foot Pad Dermatitis (FPD) and Body Composition Analysis

On D 35, severity and incidence of FPD were recorded according to Sorin et al. [17], as
shown in Table 2.

Table 2. Footpad dermatitis (FPD) scoring system according to Sorin et al. [17].

FPD Score Description

0 No lesion
1 FPD covers less than 50% of the food pad
2 FPD covers more than 50% of the food pad

One bird per pen was euthanized via cervical dislocation and scanned using a dual-
energy X-ray absorptiometry (DEXA, GE Healthcare, Madison, WI, USA) as shown in
Figure 1.
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corresponding parameters.

2.4. Apparent Ileal Digestibility (AID) of Nutrients

On D 21 (6 dpi) and D 35, ileal content was collected between 10 cm below of the
Meckel’s diverticulum and 10 cm upper of the ileo-ceca-colonic junction. Feed (0.5 g) and
ileal samples (0.3 g) were ashed at 600 ◦C overnight, and concentrations of titanium dioxide
were analyzed according to Short et al. [18]. The concentrations of CP and crude fat (CF)
were determined using nitrogen combustion analyses according to AOAC international
(2000) analytical method 990.03 and analytical method 942.05, respectively. Apparent
ileal digestibility (AID) of dry matter (DM), organic matter (OM), ash, CP, and CF were
calculated according to Lin and Olukosi [19].

2.5. Intestinal Morphology

On D 21 (6 dpi) and D 35, the duodenum (mid-part of the duodenal loop), je-
junum (10 cm upper of the Meckel’s diverticulum), and mid-ceca were collected, and
remaining digesta was rinsed with PBS and placed into 10% neutral buffered formalin
solution. After 72 h fixation, samples were embedded in paraffin and sliced into 4 µm
sections, and hematoxylin and eosin (H&E) staining was performed. The stained slides
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were pictured using a microscope (BZ-X810; Keyence, Osaka, Japan). The villus height
(VH) and crypt depth (CD) were measured for the duodenum and jejunum samples,
and CD was measured for the ceca samples using ImageJ (National Institutes of Health,
Bethesda, MD, USA).

2.6. Activities of Jejunal Brush Border Digestive Enzymes and Alkaline Phosphatase in the Serum

On D 21 (6 dpi) and D 35, the jejunum (located 10 cm above the Meckel’s diverticulum)
was collected and immediately snap-frozen in liquid nitrogen. It was then stored at
−80 ◦C for further analysis. Around 100 mg of the jejunum samples (10 cm upper of
the Meckel’s diverticulum) were homogenized in 1.8 mL PBS by using a beads beater
(Biospec Products, Bartlesville, OK, USA). The homogenized samples were centrifuged
at 12,000× g and 4 ◦C for 15 min, and the protein concentration of the supernatant was
determined using Pierce BCA Protein Assay Kits (Thermo Fisher Scientific, Waltham,
MA, USA). Activities of maltase and sucrase were evaluated according to Fan et al. [20].
Activities of alkaline phosphatase in the intestine and serum were determined according to
Lackeyram et al. [21]. Activities of aminopeptidase N (APN) were measured according to
the method by Maroux et al. [22]. Lipase activities were analyzed according to the method
of Elgharbawy et al. [23]. The activities of digestive enzymes were expressed as values per
mg protein.

2.7. RNA Extraction and Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

On D 21 (6 dpi), whole-tissue samples of the duodenum (mid-part of the duodenal
loop), jejunum (10 cm upper of the Meckel’s diverticulum), and mid-ceca were collected and
immediately snap-frozen in liquid nitrogen. They were then stored at −80 ◦C for further
analysis. Around 100 mg of the whole-tissue of the duodenum (mid-part of the duodenal
loop), jejunum (10 cm upper of the Meckel’s diverticulum), and mid-ceca was homogenized
in QIAzol lysis reagents (Qiagen, Valencia, CA, USA) using a beads beater (Biospec Prod-
ucts, Bartlesville, OK, USA). RNA was extracted according to the manufacturer’s procedure,
and RNA quantity was measured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). One microgram of RNA was utilized to synthesize
the first-strand cDNA using high-capacity cDNA synthesis kits (Applied Biosystems, Foster
City, CA, USA). Primers used in the study are presented in Table 3.

Quantitative real-time reverse transcription PCR (qRT-PCR) was conducted using
SYBR Green Master Mix with a Step One thermocycler (Applied Biosystems, Foster
City, CA, USA). The final PCR volume (10 µL) contained 5 µL of SYBR Green Master
Mix, 1.5 µL of cDNA, 0.5 µL of forward and reverse primers (10 µM), and 2.5 µL of
water. Thermal cycle conditions for all reactions were as follows: 95 ◦C denature for
10 min, 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min, 95 ◦C for 15 s, 60 ◦C for 1 min and
95 ◦C for 15 s. The melting curve of each gene was checked to confirm the specificity of
each PCR product. Several PCR products from each gene were stained with 6 × DNA
loading dye (Thermo Fisher Scientific, Waltham, MA, USA), electrophoresed on a 3%
agarose gel in a Tris-acetate-EDTA buffer, and visualized by adding ethidium bromide
to confirm the specificity of each PCR product. Relative abundance of Eimeria 18s
genes was normalized by using host reference genes (geometric mean of beta actin and
glyceraldehyde 3-phosphate dehydrogenase) to quantify Eimeria spp. in the host tissue,
and relative abundance of Eimeria genes was normalized with a housekeeping gene (18s)
for each Eimeria spp. [24]. Relative mRNA abundance was determined by using the
2−∆∆Ct method [25]. The negative control, containing no cDNA, was included in each
run, and each sample was run in duplicate.
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Table 3. Primers used in the study.

Genes Sequence, 5′ to 3′ Amplicon Accession Number

Beta actin
F: CAACACAGTGCTGTCTGGTGGTA

205 NM_205518.2R: ATCGTACTCCTGCTTGCTGATCC

GAPDH 1 F: GCTAAGGCTGTGGGGAAAGT
161 NM_204305.2R: TCAGCAGCAGCCTTCACTAC

Eimeria acervulina

18s
F: CTGCGAATGGCTCATTAAAA

123 KT184333.1R: AATAAACACAGCCCCTCCAG

APN 2 F: CGTCTCCTCATTGATGCTGT
109 XM_013396512.1R: GCCTTCTGTCTCCTTTCAGG

Flagella-related protein F: AGTGTTTAGCCCATCGAACC
123 XM_013394342.1R: TTGCCACATTAACGACAGGT

EF1 3 F: CCCAACAGCTCTGAGACAAA
118 XM_013397273.1R: TGTATAGGCCGAAAGCAATG

EF2
F: GATTCCGTTGATGGTGTTTG

107 XM_013392455.1R: AGAAGTGCGCGATCTACCTT

GAM56 4 F: ATCAGCAGCAGTCCTACACG
103 MK519446.1R: GGTGTGCATAGCCATAGGTG

GAM82
F: GGCAGCACTTGAAGCAATAA

117 MK519447.1R: CGACCGACAATGTTTCTGAC
Eimeria maxima

18s
F: TCGCGTCTCTAATGATCGTC

110 AF027724.1R: TCTGCAATTCACAATGCGTA

APN
F: TTTCGCCGTTGATTCTGTAG

124 XM_013483142.1R: CTCCCCATTCAAGACCAAGT

Flagella-related protein F: GAGTTCCAGTCGTGGGATTT
116 XM_013478390.1R: ACTGCCTGAAGCAGAAAGGT

EF1A
F: TTGATGATAGCAGCGTCTCC

124 GO305089.1R: GATGCCCTACAGCACACATT

EF2
F: GATGGAAAGGGAGAACAGGA

125 GO305837R: ACAGAATCCACGACGACAAG

GAM56
F: CTTCCCTGAAACCCCTATGA

121 AY129951.2R: TGAGGCTACGAAATGTGAGC

GAM82
F: AGGTACCCCAGCTATGATGC

109 AY179510.2R: CACGCGAGTATATGCTGGAT
Eimeria tenella

18s
F: GTGCAAGGTTACGGAAGGAT

113 XM_013373467.1R: CTACTGCTGTGTGGGTTGCT

APN
F: TTCAAGACAGTTTGCCGAAG

119 ETH_00013105R: GCACAACCTCTGCACCTTTA

Flagella-related protein F: GAGACAGGGCATTTGCTTC
120 XM_013378497.1R: TGGTAGAAGCCGTAGGCAAT

EF1A
F: TGATCGTGGGGATAAACAAA

115 CD665486.1R: GGGTTGTAGCCCACTGTCTT

GAM22
F: TAGCCACCCTAGTCGGTTTC

100 MH445412.1R: ATCGCTTCTGGATCGATTTC

GAM56
F: AGATGGGCACTTACCAGGAG

112 XM_013376832.1R: AAGTTCTCCAGCCACTGGTC
1 GAPDH: glyceraldehyde 3-phosphate dehydrogenase. 2 APN: aminopeptidase N. 3 EF: elongation factor. 4 GAM:
gametocyte protein.

2.8. DNA Extraction and Microbiome Analysis

On D 21 (6 dpi) and D 35, the cecal content was collected and immediately snap-frozen
in liquid nitrogen. It was then stored at −80 ◦C for further analysis. DNA was extracted
from the cecal content by employing QIAamp® DNA stool mini kit (Qiagen GmbH, Hilden,
Germany) according to manufacturer’s protocol. Quality and quantity of extracted DNA
were checked using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and
samples were shipped to LC sciences (Houston, TX, USA) for 16s rRNA gene sequencing.
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Qimme2 (version 2022.02) was used to process and analyze 16s rRNA gene sequences [26].
Using Qiime2’s built-in functions, alpha diversity, beta diversity, and the phylum and
family level composition were analyzed and presented.

2.9. Statistical Analyses

Statistical analyses and graph construction were performed using SAS (version 9.4;
SAS Inst. Inc., Cary, NC, USA) and GraphPad Prism (Version 9.1.0; GraphPad Software,
San Diego, CA, USA), respectively. All experimental groups were compared using PROC
MIXED in a completely randomized design followed by the Tukey’s HSD (honestly sig-
nificant difference) test. For quantitative beta diversity measurement, each experimental
group was placed as the control group, and experimental groups were compared using
PROC MIXED with Dunnett’s post hoc test. Eimeria lesion score data were compared
using Kruskal–Wallis test followed by the Dwass–Steel–Critchlow–Fligner test. Orthogonal
polynomial contrasts were performed to analyze the significance of linear or quadratic
effects of different Eimeria doses, and the inoculation doses of E. acervulina, E. maxima,
and E. tenella were normalized by using the base 2 logarithm of the number of sporulated
Eimeria oocyst number for orthogonal polynomial contrasts. Statistical significance was set
at p < 0.05, and trends (0.05 ≤ p ≤ 0.1) were also shown.

3. Results
3.1. Growth Performance and Daily Feed Intake (DFI)

The results of the growth performance are shown in Table 4. On D 21, BW was linearly
(p < 0.01) and quadratically (p < 0.05) decreased due to increased Eimeria inoculation doses,
the ED1 and ED2 groups had significantly lower BW compared to the CON group, and the
ED4 group had significantly lower BW compared to the ED1 and ED2 groups. Increased
Eimeria inoculation doses linearly and quadratically reduced ADFI (p < 0.01), and the CON
group and the ED4 group had the highest and lowest ADFI among the experimental groups,
respectively (p < 0.05). The FCR was linearly increased by increased Eimeria inoculation
doses (p < 0.01), and the ED4 group and the CON group had the highest and lowest FCR,
respectively, among the experimental groups (p < 0.01).

On D 28, increased Eimeria inoculation doses linearly (p < 0.01) and quadratically
(p < 0.05) decreased BW, ADG, and FCR, and the Eimeria challenge groups had lower
BW, ADG, and ADFI compared to the CON group. On D 35, Eimeria challenged groups
had significantly lower BW compared to the CON group, and increased Eimeria doses
linearly (p < 0.05) and quadratically (p < 0.05) reduced BW. In the whole phase, increased
Eimeria inoculation doses linearly (p < 0.01) and quadratically (p < 0.01) reduced ADG,
and the Eimeria infected groups had lower ADG compared to the CON group (p < 0.01).
The ADFI were linearly (p < 0.01) and quadratically (tendency; p = 0.076) decreased by
Eimeria infection, and the Eimeria challenged groups had lower ADFI compared to the
CON group in the whole phase (p < 0.01). The CON group and the ED4 group had the
lowest and highest FCR, respectively, among the experimental groups (p < 0.01), and
increased Eimeria inoculation doses resulted in a linear increase in FCR in the whole
phase (p < 0.01).

The DFI during the entire experimental period is presented in Figure 2. On D 19, DFI
was linearly reduced by increased Eimeria inoculation doses (p < 0.01). From D 20 to 23, DFI
was linearly (p < 0.01) and quadratically (p < 0.05) decreased by increased Eimeria inoculation
doses. Increased Eimeria inoculation doses linearly decreased DFI on D 26 (p < 0.01) and D
27 (p < 0.05). On D 28, increased Eimeria inoculation doses tended to linearly (p = 0.055) and
quadratically (p = 0.075) reduce DFI. On D 29, the Eimeria challenge tended to linearly reduce
DFI (p = 0.057). No differences were observed in the DFI from D 30 to 35 (p > 0.1).
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Table 4. Effects of different Eimeria infection doses on growth performance parameters including
body weight (BW; g), average daily gain (ADG; g/d), average daily feed intake (ADFI; g/d), and
feed conversion ratio (FCR, g/g) in broilers 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

Initial BW 440.8 442.4 443.0 444.3 442.8 18.9 0.998 0.809 0.845
D 15 to 21

BW 859.76 a 769.97 b 747.12 b 719.24 bc 689.27 c 30.13 <0.001 <0.001 0.020
ADG 69.83 a 54.60 b 50.68 bc 45.82 cd 41.08 d 2.88 <0.001 <0.001 <0.001
ADFI 99.99 a 88.44 b 87.30 bc 82.44 cd 80.63 d 3.51 <0.001 <0.001 0.007
FCR 1.43 d 1.62 c 1.72 bc 1.80 b 1.97 a 0.080 <0.001 <0.001 0.598

D 21 to 28
BW 1478.8 a 1312.0 b 1301.3 b 1241.7 b 1230.6 b 51.37 <0.001 <0.001 0.003

ADG 88.43 a 77.43 b 79.17 b 74.63 b 77.33 b 4.98 <0.001 <0.001 0.01
ADFI 145.83 a 134.45 b 133.06 b 126.48 b 129.52 b 6.23 <0.001 <0.001 0.02
FCR 1.65 1.74 1.68 1.70 1.68 0.060 0.211 0.847 0.136

D 28 to 35
BW 2237.9 a 2049.5 b 2057.6 b 1975.8 b 1961.7 b 64.59 <0.001 <0.001 0.015

ADG 108.44 105.37 108.04 104.87 104.45 5.02 0.519 0.202 0.946
ADFI 180.15 181.55 182.48 180.80 180.50 4.48 0.902 0.992 0.389
FCR 1.66 1.73 1.69 1.73 1.73 0.06 0.314 0.110 0.599

Whole phase
ADG 89.86 a 80.36 b 80.73 b 76.57 b 75.95 b 2.92 <0.001 <0.001 0.006
ADFI 144.09 a 137.13 b 136.63 b 132.28 b 132.70 b 3.85 <0.001 <0.001 0.076
FCR 1.59 c 1.70 b 1.70 b 1.74 ab 1.78 a 0.04 <0.001 <0.001 0.146

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. was performed on D 15. Experimental groups were compared using
PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different letters in the same row
means significant differences (p < 0.05) among the experimental groups. Orthogonal polynomial contrasts were
conducted to see linear and quadratic patterns among the experimental groups. 2 Standard errors of the means.

3.2. Lesion Score and Gut Permeability

On D 21, the CON group had significantly lower lesion scores for E. acervulina, E. maxima,
and E. tenella compared to the Eimeria infected groups as shown in Figure 3. The ED4 group
had significantly higher E. tenella lesion scores compared to the ED1 group. On D 28, although
no statistical differences in E. acervulina, E. maxima, and E. tenella lesion scores were observed
among the experimental groups (p > 0.1), lesion scores of E. acervulina and E. maxima were
observed in all experimental groups, and E. tenella lesion score was observed in the ED2, ED3,
and ED4 groups. On D 35, E. acervulina lesion scores were observed only in the ED3 group,
and E. maxima lesion scores were observed in all experimental groups. E. tenella lesion scores
were observed in all experimental groups except the ED2 group.

As shown in Table 5, on D 20, the ED4 group had significantly higher gut permeability
compared to the CON and ED1 groups, and the ED3 group had significantly higher
gut permeability compared to the ED2 group. However, no significant differences were
observed in gut permeability on D 27 (p > 0.1).

3.3. Digesta and Litter Moisture Content and Foot Pad Dermatitis (FPD)

As shown in Table 6, on D 21 and D 35, increased Eimeria inoculation doses resulted in
a linear increase in ileal moisture content (p < 0.01), and the ED4 group had significantly
higher ileal moisture content compared to the CON group. On D 21, litter moisture content
tended to be increased in a linear trend by increased Eimeria inoculation doses (p = 0.098).
Increased Eimeria inoculation doses caused a quadratic increase in the litter moisture
content on D 35 (p < 0.05).
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Table 5. Effects of different Eimeria infection doses on gut permeability concentration (mg/mL) of
fluorescein isothiocyanate–dextran (molecular weight: 4 kDa; FITC-D4) in broilers on D 20 and D 27 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 20 0.002 c 0.057 c 0.125 bc 0.355 a 0.326 ab 0.125 <0.001 <0.001 0.976
D 27 0.195 0.551 0.530 0.387 0.462 0.3 0.286 0.361 0.157

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. was performed on D 15. Experimental groups were compared using
PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different letters in the same row
means significant differences (p < 0.05) among the experimental groups. Orthogonal polynomial contrasts were
conducted to see linear and quadratic patterns among the experimental groups. 2 Standard errors of the means.
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(CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2
(ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E.
maxima: 50,000/E. tenella: 50,000 groups. Oral gavage of Eimeria spp. was performed on D 15.
Experimental groups were compared using PROC MIXED followed by the Tukey’s HSD (honestly
significant difference) test, and different letters mean significant differences (p < 0.05) among the
experimental groups on the same day. Orthogonal polynomial contrasts were conducted to see linear
and quadratic patterns among the experimental groups on the same day.
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Figure 3. Duodenal, jejunal, and cecal lesion score in the unchallenged control (CON); Eimeria dose
1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2 (ED2): E. acervulina:
62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina: 125,000/E. maxima:
25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E. maxima: 50,000/E. tenella:
50,000 groups on D 21, D 28, and D 35. Oral gavage of Eimeria spp. was performed on D 15. Lesion
scores for each section were evaluated according to the 4-score scale [15]. Experimental groups were
compared using Kruskal–Wallis test followed by the Dwass–Steel–Critchlow–Fligner test. Different
letters mean significant differences (p < 0.05) among the experimental groups.

Table 6. Effects of different Eimeria infection doses on ileal digesta and litter moisture content (%) in
broilers 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

Ileum digesta
D 21 81.3 b 85.1 ab 86.3 ab 86.6 ab 89.9 a 3.04 0.002 <0.001 0.697
D 35 86.3 b 89.5 ab 87.9 ab 90.2 ab 93.0 a 3.62 0.040 0.005 0.545
Litter
D 22 26.8 32.8 30.0 33.0 37.0 9.16 0.415 0.098 0.891
D 28 20.1 25.6 17.9 22.5 22.7 6.82 0.383 0.816 0.873
D 35 24.1 28.4 25.8 25.0 23.0 3.35 0.100 0.200 0.047

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.
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The severity and incidence of FPD on D 35 were quadratically increased by increased
Eimeria inoculation doses (p < 0.05; Figure 4).
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Figure 4. Foot pad dermatitis (FPD) in the unchallenged control (CON); Eimeria dose 1 (ED1): E.
acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2 (ED2): E. acervulina: 62,500/E.
maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina: 125,000/E. maxima: 25,000/E.
tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E. maxima: 50,000/E. tenella: 50,000
groups on D 35. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15.
Severity (0 to 2), and incidence of FPD was recorded according to Sorin et al. [17]. Experimental
groups were compared using Kruskal–Wallis test followed by the Dwass–Steel–Critchlow–Fligner
test. Orthogonal polynomial contrasts were conducted to see linear and quadratic patterns among
the experimental groups.

3.4. Oocyst Shedding

Table 7 shows that increased inoculation doses of E. acervulina, E. maxima, and E. tenella
linearly increased the number of oocysts of E. acervulina and E. tenella (p < 0.05) and tended
to linearly increase E. maxima oocyst in the cloaca content (p = 0.081) on D 22. The oocyst
number of E. maxima in the cloaca were quadratically modulated by increased doses of
E. maxima (p < 0.05). Linearly increased number of oocysts of E. acervulina and E. tenella
in the litter were observed by increased infection doses of Eimeria spp. (p < 0.01), and the
ED3 and ED4 groups had significantly higher E. acervulina oocysts in the litter compared
to the ED1 group, and the ED2 and ED3 groups had significantly higher E. tenella oocysts
compared to the ED1 group on D 22. However, no statistical differences were observed
in the number of Eimeria oocysts among the Eimeria challenged groups (p > 0.1), Eimeria
oocysts were observed either in the cloaca content and litter in the Eimeria infected groups
on D 28 and 35.

3.5. Apparent Ileal Digestibility (AID) of Nutrients

As shown in Table 8, increased Eimeria inoculation doses linearly decreased the AID
of CP and EE (p < 0.01) on D 21, and the AID of EE tended to be quadratically reduced by
increased Eimeria inoculation doses (p = 0.056). The ED4 group had a significantly lower
AID of CP compared to the CON group. The ED3 and ED4 groups had a significantly lower
AID of EE compared to the CON group, and the ED2, ED3, and ED4 groups had minus
values for the AID of CF. On D 35, the AID of ash was linearly decreased by increased
Eimeria inoculation doses (p < 0.05).
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Table 7. Effects of different doses of Eimeria spp. on oocyst shedding of Eimeria acervulina, Eimeria
maxima, and Eimeria tenella in the cloaca content and litter of broilers on D 22, D 28, and D 35 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 22/Cloaca
E. acervulina 0 161,677 619,889 716,744 1,497,462 1,003,493 0.12 0.011 0.583

E. maxima 0 b 125,476 ab 227,080 a 100,460 ab 129,101 ab 99,216 0.018 0.081 0.012
E. tenella 0 80,162 407,110 203,800 466,214 329,393 0.101 0.02 0.751

D 22/Litter
E. acervulina 0 b 14,626 b 38,062 ab 86,810 a 87,311 a 34,489 <0.001 <0.001 0.956

E. maxima 0 27,237 25,777 23,110 12,657 16,497 0.0429 0.329 0.005
E. tenella 0 b 1201 b 25,437 a 24,141 a 18,550 ab 13,424 0.004 0.002 0.068

D 28/Cloaca
E. acervulina 1074 b 185,269 a 35,218 ab 66,520 ab 35,088 ab 104,594 0.048 0.71 0.13

E. maxima 0 982.17 982.17 982.17 982.17 3449 0.041 0.12 0.018
E. tenella 0 b 6111.7 ab 11,395 a 2804.88 ab 2008.89 ab 5956 0.025 0.927 0.005

D 28/Litter
E. acervulina 2444 939 2681 2679 5044 3341 0.352 0.12 0.251

E. maxima 602 496 146 0 1001 932 0.39 0.804 0.102
E. tenella 1593 1753 1167 2922 1437 2253 0.706 0.771 0.785

D 35/Cloaca
E. acervulina 31,641 11,185 14,544 27,598 1013 31,505 0.457 0.281 0.958

E. maxima 22,004 1909.96 0 552 7407 21,874 0.394 0.29 0.104
E. tenella 3745 37,915 992 1485 305 31,115 0.195 0.291 0.49

D 35/Litter
E. acervulina 26,572 22,367 15,392 10,743 19,730 30,159 0.908 0.522 0.539

E. maxima 6500 0 1409 3480 2347 5556 0.347 0.507 0.191
E. tenella 2524.98 14,995 2117.5 8523.45 7920.53 14,321 0.531 0.817 0.756

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.

Table 8. Effects of different Eimeria infection doses on apparent ileal digestibility (%) of dry matter
(DM), organic matter (OM), ash, crude protein (CP), and crude fat (CF) in broilers on D 21 and D 35 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 21
DM 52.49 56.45 48.09 47.06 47.14 13.99 0.726 0.295 0.985
OM 55.16 58.38 50.38 49.79 49.35 13.29 0.716 0.268 0.996
Ash 7.87 24.24 9.76 1.42 10.17 28.19 0.72 0.64 0.84
CP 67.92 a 62.04 ab 53.82 ab 53.15 ab 46.50 b 11.3 0.037 0.002 0.738
CF 53.47 a 11.22 ab −8.54 b −9.23 b −11.21 b 31.34 0.013 0.002 0.056

D 35
DM 68.25 71.46 67.24 69.68 68.25 2.65 0.358 0.761 0.687
OM 69.20 72.74 68.73 71.38 70.53 7.75 0.398 0.83 0.751
Ash 46.56 45.21 36.75 36.40 25.61 6.57 0.045 0.005 0.504
CP 76.20 78.40 75.72 77.16 76.98 2.71 0.764 0.957 0.923
CF 45.90 58.08 54.81 56.71 48.69 15.12 0.875 0.899 0.347

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.
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3.6. Intestinal Morphology

As shown in Table 9, duodenal VH were linearly reduced by increased Eimeria
inoculation doses (p < 0.01), and the ED3 and ED4 groups had significantly lower
duodenal VH compared to the CON and ED1 groups. Duodenal CD was linearly
deepened by increased Eimeria inoculation doses (p < 0.01), and the CON group had
lower duodenal CD compared to the ED2, ED3, and ED4 groups (p < 0.01). Duodenal
VH:CD were linearly reduced by increased Eimeria inoculation doses (p < 0.01), and
the Eimeria challenged groups has significantly lower duodenal VH:CD compared to
the CON group (p < 0.01). Jejunal VH was linearly decreased by increased Eimeria
inoculation doses (p < 0.01), and the ED3 and ED4 groups had significantly lower jejunal
VH compared to the CON and ED1 groups. Jejunal CD was linearly deepened by
increased Eimeria inoculation doses (p < 0.01), and the CON group had the lowest jejunal
CD among the experimental groups (p < 0.01). Jejunal VH:CD was linearly reduced by
increased Eimeria inoculation doses (p < 0.01), and the ED3 and ED4 groups had the
lowest jejunal VH:CD among the experimental groups (p < 0.01), and the CON group
had the highest jejunal VH:CD among the experimental groups (p < 0.01). Cecal CD was
linearly deepened by increased Eimeria inoculation doses (p < 0.01), and the ED3 and
ED4 groups had significantly deeper cecal CD compared to the CON group (p < 0.05).
On D 35, duodenal CD was quadratically deepened by increased Eimeria inoculation
doses (p < 0.01), and the ED2 group had significantly higher duodenal CD compared to
the CON group. Increased Eimeria inoculation doses resulted in a quadratic increase in
duodenal VH:CD (p < 0.05).

Table 9. Effects of different Eimeria infection doses on intestinal morphology parameters including
villus height (VH, µm), crypt depth (CD, µm), and VH:CD in the duodenum, jejunum, and ceca of
broilers on D 21 and D 35 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 21
Duodenal VH 2480.12 a 2381.18 a 2067.76 ab 1790.54 b 1814.41 b 248.14 <0.001 <0.001 0.464
Duodenal CD 228.78 d 295.56 cd 380.47 bc 474 ab 509.76 a 66.48 <0.001 <0.001 0.603

Duodenal
VH:CD 11.85 a 8.32 b 5.76 bc 3.88 c 3.88 c 1.601 <0.001 <0.001 0.004

Jejunal VH 1014.28 a 831.82 ab 733.49 bc 599.69 c 553.8 c 120.69 <0.001 <0.001 0.209
Jejunal CD 191.18 b 359.39 a 385.2 a 454.07 a 444.97 a 65.84 <0.001 <0.001 0.005

Jejunal
VH:CD 5.45 a 2.45 b 2.08 bc 1.40 c 1.29 c 0.575 <0.001 <0.001 <0.001

Cecal CD 292.8 b 381.5 ab 502.3 ab 581.3 a 583.0 a 155.41 0.011 <0.001 0.372
D 35

Duodenal VH 2432.73 2319.83 2387.54 2596.8 2541.9 299.81 0.507 0.212 0.579
Duodenal CD 270.09 b 358.24 ab 393.32 a 313.91 ab 298.64 ab 71.07 0.045 0.89 0.007

Duodenal
VH:CD 9.50 6.72 6.63 9.05 8.97 1.91 0.032 0.609 0.012

Jejunal VH 1352.43 1358.23 1232.07 1237.21 1313.67 368.98 0.955 0.68 0.633
Jejunal CD 211.67 286.91 251.41 251.31 249.53 76.7 0.585 0.689 0.321

Jejunal
VH:CD 6.86 5.33 5.25 5.30 5.51 1.44 0.278 0.154 0.113

Cecal CD 348.9 432.7 385.7 423.0 386.6 66.88 0.257 0.468 0.15
1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.
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3.7. Activities of Jejunal Brush Border Digestive Enzymes

As shown in Table 10, activities of APN were lower in the ED1 group compared to
the CON group on D 21 (p < 0.05). Activities of serum alkaline phosphatase (SAP) were
linearly reduced by increased Eimeria inoculation doses (p < 0.01), and the ED3 and ED4
groups had significantly lower activities of SAP compared to the CON group. The ED2
group had significantly higher sucrase activities compared to the ED3 group. Increased
Eimeria inoculation doses linearly decreased maltase activities (p < 0.01), and the ED1
and ED4 groups had significantly lower maltase activities compared to the CON group.
On D 35, activities of APN were linearly decreased by increased Eimeria infection doses
(p < 0.05).

Table 10. Effects of different Eimeria infection doses on activities of jejunal brush border digestive
enzymes including maltase (nmol glucose released/mg protein/min), sucrase (nmol glucose re-
leased/mg protein/min), aminopeptidase N (APN; nmol p-nitroaniline liberated/mg protein/min),
lipase (mmol p-nitrophenyl phosphate liberated/mg protein/min), and intestinal alkaline phos-
phatase (IAP; µmol p-nitrophenol liberated/mg protein/min) and serum alkaline phosphatase (SAP;
µmol p-nitrophenol liberated/mL serum/min)] in broilers on D 21 and D 35 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 21
APN 12.95 a 10.83 b 12.71 ab 11.49 ab 11.46 ab 1.20 0.023 0.144 0.559

Lipase 0.702 0.481 0.545 0.499 0.539 0.199 0.358 0.245 0.189
Maltase 3.508 a 2.254 b 3.149 ab 2.297 ab 2.007 b 0.728 0.006 0.004 0.872
Sucrase 0.521 ab 0.496 ab 0.657 a 0.399 b 0.483 ab 0.118 0.016 0.273 0.275

SAP 2.575 a 1.842 ab 2.08 ab 1.583 b 1.528 b 0.544 0.017 0.003 0.463
D 35
APN 14.54 14.37 12.37 13.97 12.20 1.67 0.054 0.027 0.880

Lipase 0.734 0.549 0.555 0.638 0.61 0.152 0.229 0.420 0.101
Maltase 4.300 3.022 3.574 3.761 3.269 1.294 0.500 0.435 0.546
Sucrase 0.499 0.394 0.524 0.453 0.457 0.206 0.844 0.927 0.962

IAP 0.157 0.13 0.16 0.149 0.163 0.029 0.328 0.445 0.358
SAP 1.536 1.506 1.734 1.639 1.465 0.414 0.795 0.989 0.345

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.

3.8. Alpha Diversity of the Cecal Microbiome Communities

No differences were observed in the alpha diversity parameters (biodiversity of the
samples) on D 21 (p > 0.1; Table 11). On D 35, alpha diversity parameters including
pielou evenness (evenness; p < 0.05), faith phylogenetic diversity (biodiversity based on
phylogeny; p < 0.05), shannon entropy (richness and evenness; p < 0.05), and observed
features (richness; p < 0.01) were linearly reduced by increased Eimeria inoculation doses.

3.9. Beta Diversity of the Cecal Microbiome Communities

As shown in Figure 5, no differences were observed in unweighted unifrac distance
(dissimilarity among samples without considering abundance information) to each experi-
mental group both on D 21 and D 35 (p > 0.1).
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Table 11. Effects of different Eimeria infection doses on alpha diversity parameters of the cecal
microbial communities in broilers on D 21 and D 35 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 21
Pielou evenness 0.610 0.646 0.575 0.586 0.634 0.108 0.756 0.923 0.526

Faith phylogenetic
diversity 16.91 15.29 18.11 16.51 16.07 3.037 0.592 0.907 0.659

Shannon entropy 5.015 5.208 4.694 4.880 5.205 0.957 0.864 0.966 0.516
Observed features 298.8 267.3 303.0 316.7 295.5 56.93 0.663 0.567 0.988

D 35
Pielou evenness 0.680 0.743 0.671 0.631 0.625 0.076 0.09 0.034 0.377

Faith phylogenetic
diversity 20.5 19.26 20.15 17.31 18.12 2.338 0.129 0.036 0.914

Shannon entropy 5.94 6.506 5.656 5.328 5.259 0.752 0.051 0.015 0.520
Observed features 424.5 435.3 346.3 351.0 340.5 63.51 0.03 0.005 0.604

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental
groups were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test.
Orthogonal polynomial contrasts were conducted to see linear and quadratic patterns among the experimental
groups. 2 Standard errors of the means.
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Figure 5. Unweighted unifrac measurement (quantitative beta diversity) in the unchallenged control
(CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2
(ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E.
maxima: 50,000/E. tenella: 50,000 groups. groups. Oral gavage of Eimeria spp. inoculum (1 mL of PBS)
was performed on D 15. Each experimental group was placed as the control group, and experimental
groups were compared by using one-way PROC MIXED with Dunnett’s post hoc test.

Figure 6 shows that on D 21, the ED3 group had significantly higher weighted unifrac
distance (dissimilarity among samples with considering abundance information) to com-
pared to the CON and ED1 groups (p < 0.05). On D 35, the ED2 (p < 0.01) and ED4 (p < 0.05)
groups had significantly higher weighted unifrac distance compared to the CON and ED1
groups. The ED2 group had significantly higher weighted unifrac distance compared to
the ED3 group (p < 0.01).
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Figure 6. Weighted unifrac measurement (quantitative beta diversity) in the unchallenged control
(CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2
(ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E.
maxima: 50,000/E. tenella: 50,000 groups. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was
performed on D 15. Each experimental group was placed as the control group, and experimental
groups were compared by using one-way PROC MIXED with Dunnett’s post hoc test. ** represents
when p < 0.05, and *** represents when p < 0.01.

As shown in Figure 7, no visual differences were observed in beta diversity parameters
including unweighted unifrac and weighted unifrac on D 21 and D 35.
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Figure 7. Visualized beta diversity indices including unweighted and weighted emperor in the
unchallenged control (CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella:
6250; Eimeria dose 2 (ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose
3 (ED3): E. acervulina: 125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4):
E. acervulina: 250,000/E. maxima: 50,000/E. tenella: 50,000 groups.
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3.10. Taxa Abundance of the Cecal Microbiome Communities

As shown in Figure 8, increased Eimeria inoculation doses tended to increase the
relative abundance of the phylum Proteobacteria (p = 0.098). Increased Eimeria inoculation
doses tended to linearly enlarge the relative abundance of the family Enterobacteriaceae
(Figure 9; p = 0.091). The relative abundance of the family Bacillaceae was enlarged in a
linear trend by increased Eimeria inoculation doses (p < 0.05). Increased Eimeria inoculation
doses linearly (p < 0.05) and quadratically (tendency; p = 0.074) reduced the relative
abundance of the family Christensenellaceae, and the ED2 group had significantly lower
the relative abundance of the family Christensenellaceae compared to the CON group.
Increased Eimeria inoculation doses linearly reduced the relative abundance of the family
Peptostreptococcaceae, and the ED4 group had a significantly lower relative abundance of
the family Peptostreptococcaceae compared to the CON group.
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Figure 8. Phylum-level composition of the cecal microbial communities in the unchallenged control
(CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2
(ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E.
maxima: 50,000/E. tenella: 50,000 groups. Oral gavage of Eimeria spp. Inoculum (1 mL of PBS) was
performed on D 15. The phylum with statistical differences were presented. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference)
test, and different letters mean significant differences (p < 0.05) among the experimental groups.
Orthogonal polynomial contrasts were conducted to see linear and quadratic patterns among the
experimental groups.
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Figure 9. Family-level composition of the cecal microbial communities in the unchallenged control
(CON); Eimeria dose 1 (ED1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; Eimeria dose 2
(ED2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; Eimeria dose 3 (ED3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; and Eimeria dose 4 (ED4): E. acervulina: 250,000/E.
maxima: 50,000/E. tenella: 50,000 groups. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was
performed on D 15. The family with statistical differences were presented. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference)
test, and different letters mean significant differences (p < 0.05) among the experimental groups.
Orthogonal polynomial contrasts were conducted to see linear and quadratic patterns among the
experimental groups.

On D 35, the relative abundance of the phylum Actinobacteria were quadratically
enlarged by increased Eimeria inoculation doses (p < 0.05), and the ED4 group had a signifi-
cantly lower relative abundance of the phylum Actinobacteria compared to the ED2 group
(Figure 8). Increased Eimeria inoculation doses tended to increase the relative abundance of
the family Enterobacteriaceae with a linear trend (p = 0.061; Figure 9). The relative abun-
dance of the family Ruminococcaceae was linearly reduced by Eimeria infection (p < 0.05),
and the ED3 group had a significantly lower relative abundance of the family Ruminococ-
caceae compared to the ED1 group. Increased Eimeria inoculation doses quadratically
increased the relative abundance of the family Streptosporangiceae (p < 0.01), and the
ED2 group had significantly higher relative abundance of the family Streptosporangiceae
compared to the ED4 group. Increased Eimeria inoculation doses quadratically increased
the relative abundance of the family Erysipelotrichaceae (p < 0.01), and the ED2 group had
significantly higher relative abundance of the family Streptosporangiceae compared to the
CON, ED3, and ED4 groups.

3.11. Eimeria Gene Expression

As shown in Table 12, different Eimeria doses did not modulate mRNA expression of
E. acervulina and E. tenella genes including APN, flagella-related protein, elongation factors
(EF), and gametocyte proteins (GAM) in broilers on D 21 (p > 0.1). However, higher Eimeria
inoculation doses linearly upregulated the gene expression of E. maxima APN (p < 0.05),
and the ED3 group had significantly higher E. maxima APN compared to the ED1 and ED2
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groups. Higher E. maxima doses linearly increased the gene expression of E. maxima EF2
(p < 0.05). Higher E. maxima doses linearly upregulated the gene expression of E. maxima
GAM56 (p < 0.01), and the ED3 group had significantly higher gene expression of E. maxima
GAM56 compared to the ED1 and ED2 groups. Gene expression of E. maxima GAM82
was linearly increased by higher doses of Eimeria (p < 0.01), and the ED3 group had a
significantly higher gene expression of E. maxima GAM82 compared to the ED1 group.

Table 12. Effects of different doses of Eimeria spp. on the relative mRNA expression of genes relating
to viability and sexual reproduction of E. acervulina, E. maxima, and E. tenella in broilers on D 21 1,2.

ED1 ED2 ED3 ED4 SEM 3 p Value Linear Quadratic

E. acervulina
18s 1.023 4.913 1.245 3.918 2.457 0.048 0.277 0.551

APN 1.038 1.058 1.238 1.038 0.824 0.969 0.908 0.753
Flagella-related protein 1.056 1.295 1.841 1.066 1.215 0.664 0.806 0.331

EF1 1.04 0.947 1.83 1.068 0.715 0.277 0.556 0.356
EF2 1.008 0.957 1.47 0.857 0.721 0.483 0.965 0.363

GAM56 1.022 0.889 2.36 1.1 1.559 0.358 0.573 0.398
GAM82 1.010 0.950 1.238 1.067 0.734 0.916 0.748 0.858

E. maxima
18s 1.444 1.370 0.652 0.592 1.062 0.373 0.107 0.989

APN 1.059 b 1.096 b 2.151 a 1.775 ab 0.62 0.015 0.01 0.424
Flagella-related protein 1.044 0.972 1.041 0.92 0.339 0.904 0.628 0.861

EF1A 1.027 1.355 0.973 1.199 0.477 0.51 0.879 0.796
EF2 1.024 1.225 1.481 1.335 0.308 0.104 0.048 0.184

GAM56 1.035 c 1.241 bc 2.022 ab 2.144 a 0.534 0.003 <0.001 0.85
GAM82 1.021 b 1.102 ab 1.819 a 1.595 ab 0.457 0.017 0.008 0.422
E. tenella

18s 4.11 68.12 58.98 27.34 77.12 0.401 0.646 0.115
APN 2.361 0.743 0.598 1.548 1.954 0.44 0.496 0.133

Flagella-related protein 1.310 1.904 1.048 1.852 1.259 0.610 0.752 0.848
EF1A 1.326 1.534 1.267 0.979 1.055 0.838 0.524 0.581

GAM22 1.218 1.087 1.007 1.852 1.092 0.542 0.393 0.299
GAM56 3.682 2.623 1.868 6.219 4.912 0.461 0.473 0.204

1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental
groups were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference)
test. Different letters in the same row means significant differences (p < 0.05) among the experimental groups.
Orthogonal polynomial contrasts were conducted to see linear and quadratic patterns among the experimental
groups. 2 Relative abundance of Eimeria 18s genes was normalized by using host reference genes (beta actin and
glyceraldehyde 3-phosphate dehydrogenase), and relative abundance of Eimeria genes including aminopeptidase
N (APN), elongation factor (EF), and gametocyte protein (GAM) were normalized by using Eimeria 18s genes.
3 Standard errors of the means.

3.12. Body Composition

The body composition of broilers infected with Eimeria spp. on D 21, 28, and 35 is
shown in Table 13. On D 21, total weight was linearly reduced by increased Eimeria
inoculation doses (p < 0.05), and the ED4 group had a significantly lower total weight
compared to the CON group. Increased Eimeria infection doses linearly reduced fat weight
(p < 0.05) and lean weight (p < 0.01). No differences were observed on D 28 (p > 0.1). On D
35, fat weight was linearly reduced by increased Eimeria inoculation doses (p < 0.05), and
the ED4 group tended to have lower fat weight compared to the CON group (p = 0.055).
The lean weight tended to be linearly decreased by increased Eimeria inoculation doses
(p = 0.068). Fat percentage tended to be reduced with a linear trend by increased Eimeria
inoculation doses (p = 0.060), and lean percentage tended to be increased with a linear trend
by increased Eimeria inoculation doses (p = 0.059). Lean:fat ratio was linearly reduced by
increased Eimeria inoculation doses (p < 0.05).
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Table 13. Effects of different Eimeria infection doses on body composition parameters including total
weight (kg), fat (kg), lean weight (kg), fat percentage (%), lean percentage (%), and lean:fat in broilers 1.

CON ED1 ED2 ED3 ED4 SEM 2 p Value Linear Quadratic

D 21
Total weight 0.825 a 0.737 ab 0.719 ab 0.709 ab 0.651 b 0.086 0.028 0.002 0.609

Fat 0.119 0.094 0.098 0.091 0.084 0.024 0.144 0.023 0.532
Lean weight 0.706 a 0.643 ab 0.620 ab 0.640 ab 0.567 b 0.071 0.038 0.005 0.838

Fat percentage 14.28 12.78 13.63 12.68 12.80 2.22 0.668 0.294 0.676
Lean percentage 85.71 87.22 86.37 87.34 87.20 2.345 0.657 0.287 0.661

Lean:fat 6.138 6.873 6.721 7.359 7.043 1.512 0.711 0.251 0.575
D 28

Total weight 1.309 1.224 1.259 1.295 1.272 0.13 0.823 0.988 0.538
Fat 0.176 0.162 0.147 0.160 0.153 0.04 0.788 0.379 0.494

Lean weight 1.134 1.062 1.113 1.135 1.119 0.114 0.806 0.767 0.641
Fat percentage 13.37 13.02 11.70 12.32 12.08 2.73 0.825 0.364 0.608

Lean percentage 86.64 86.99 88.29 87.67 87.89 2.74 0.834 0.377 0.609
Lean:fat 6.553 7.289 8.063 7.670 7.462 2.174 0.81 0.441 0.366

D 35
Total weight 2.19 1.70 2.04 2.03 1.90 0.37 0.238 0.603 0.497

Fat 0.382 a 0.346 ab 0.338 ab 0.342 ab 0.297 b 0.04 0.055 0.006 0.925
Lean weight 1.810 1.616 1.699 1.684 1.606 0.147 0.107 0.068 0.532

Fat percentage 17.40 17.67 16.60 16.85 15.60 1.72 0.293 0.060 0.52
Lean percentage 82.61 82.30 83.41 83.15 84.39 1.72 0.291 0.059 0.513

Lean:fat 4.772 4.671 5.051 5.048 5.540 0.695 0.258 0.043 0.455
1 CON (unchallenged control); ED1 (Eimeria dose 1): E. acervulina: 31,250/E. maxima: 6250/E. tenella: 6250; ED2
(Eimeria dose 2): E. acervulina: 62,500/E. maxima: 12,500/E. tenella: 12,500; ED3 (Eimeria dose 3): E. acervulina:
125,000/E. maxima: 25,000/E. tenella: 25,000; ED4 (Eimeria dose 4): E. acervulina: 250,000/E. maxima: 50,000/E.
tenella: 50,000. Oral gavage of Eimeria spp. inoculum (1 mL of PBS) was performed on D 15. Experimental groups
were compared using PROC MIXED followed by the Tukey’s HSD (honestly significant difference) test. Different
letters in the same row means significant differences (p < 0.05) among the experimental groups. Orthogonal
polynomial contrasts were conducted to see linear and quadratic patterns among the experimental groups.
2 Standard errors of the means.

4. Discussion

The purpose of the study was to investigate the effects of different Eimeria inoculation
doses on growth performance, litter moisture content, nutrient digestion and absorption,
incidence and severity of FPD, gut microbiota, oocyst shedding, Eimeria gene expression,
and body composition in broilers raised in floor pens for 35 days. Cross contamination
among pens in the Eimeria infection studies in floor pens would be problematic [27]. To
minimize cross contamination between the unchallenged group and Eimeria challenged
groups, an anti-coccidial drug (Coban 90) was supplemented in the unchallenged group
(CON group) in the current study. The dose of Coban 90 (500 mg/kg) was determined
based on our previous study (unpublished). Broilers challenged with Eimeria spp. and
fed 500 mg/kg of Coban 90 showed improved body weight compared to the challenged
group without Coban 90, and their BW was similar to that of the non-challenged group.
Furthermore, the supplementation of 500 mg/kg of Coban 90 did not adversely affect the
growth performance of broiler chickens without an Eimeria challenge. However, although
workers were extra careful during the entire experimental period, there was still Eimeria
cross contamination (e.g., oocyst shedding and lesion score) to the unchallenged group in
the current study. These results indicate that supplementation of Coban 90 at 500 mg/kg
did not completely inhibit the colonization of Eimeria spp. in broilers even with indirect in-
fection [28]. However, significant statistical differences in body weight (BW) were observed
between the control group and the Eimeria challenged groups on Day 35. Additionally,
throughout the current study, the control group consistently had lesion scores for Eimeria
spp. lower than 0.5 and a minimum gut permeability. These findings suggest that the level
of Eimeria infection in the CON group did not have a significant impact on serving as the
negative control for the CON group. The DFI was measured during the entire experiment
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period to check the severity of Eimeria infection and whether Eimeria re-infection occurred in
floor pen conditions. The DFI could be one of the powerful and non-invasive parameters to
indicate incidence and severity of Eimeria infection in broilers. Measuring DFI has benefits
in easiness and time over other non-invasive methods including measuring core body
temperature or fecal moisture content. Our previous study [29] showed that Eimeria spp.
Infection reduced ADFI in broilers in the acute phase (0 to 6 days post infection (dpi)). The
time points 5 dpi and 6 dpi were considered as the peak time points for Eimeria infection
according to our previous studies based on the results of gut permeability and daily feed
intake [14,29]. In the current study, DFI was dramatically decreased on 5 and 6 dpi and
continued to be linearly reduced by increased Eimeria inoculation doses from 11 to 14 dpi
(D 26 to 29), which potentially indicates that re-infection of Eimeria has occurred in the
current study. This was supported by the results of Eimeria lesion and oocyst shedding
of Eimeria spp. on D 28 and 35, while the average values for Eimeria lesion scores on D
35 were below 1 out of 4 in the current study. Once exposed to Eimeria infection, chickens
develop strong humoral and cellular immunity against re-infection of Eimeria [30], which
may demonstrate no statistical differences in gut permeability and intestinal morphology
in broilers after the acute phase in the current study. Still, our current study showed that
reinfection of Eimeria was able to decrease feed intake of broilers in the floor pen conditions.
Reduced feed intake in broilers infected with Eimeria spp. might be due to alternation in
immune response and endocrine system in broilers [31,32].

In the acute phase (0 to 6 dpi; D 15 to 21), reduced feed intake with impaired feed
efficiency dramatically decreased BW and ADG in broilers infected with Eimeria spp. in
the current study, which was in agreement with Teng et al. [14]. On D 21 to 28, BW
and ADG were reduced, along with decreased ADFI, without affecting feed efficiency
in Eimeria-infected broilers. These results indicate that severe Eimeria infection reduced
growth rate of broilers by damaging the capacity of nutrient digestion and absorption and
reducing the feed intake in broilers, but re-infection of Eimeria decreased growth rate via
decreasing only feed intake in broilers. These indicate that decreasing feed intake could
be a sensitive sign in Eimeria-infected broilers. On D 35, Eimeria infection reduced only
BW without affecting ADG, ADFI, and FCR in the Eimeria challenged groups compared
to the CON group on D 35. These results were in consistent with a study reported that
Eimeria inoculation on D 15 decreased BW in broilers on D 42 in floor pens [33]. In previous
studies, compensatory growth happened in broilers infected with E. maxima in the recovery
phase (6 to 13 dpi) [12] and in broilers challenged with E. acervulina and E. maxima (14 to
21 dpi) [34] by improving feed intake or feed efficiency after the acute phase of Eimeria
infection. However, potentially, infection of E. acervulina, E. maxima, and E. tenella would
not induce compensatory growth in the current study because they induced severe damage
in the gastrointestinal tract of broilers. More studies are required to explain the potential
mode of actions of Eimeria infection on reduced feed intake and to elucidate compensatory
growth after Eimeria infection in broilers.

Higher Eimeria inoculation doses above the threshold where the maximal reproductive
potential reached may result in reduced oocyst shedding and downregulated Eimeria genes
relating to viability and sexual reproduction due to crowding effects in the gastrointestinal
tract [35]. In our previous study, while higher doses of E. tenella increased oocyst shedding
5 to 6 dpi, oocyst shedding 6 to 8 dpi was not affected by challenging doses [36]. This
potentially designates that Eimeria can control themselves to determine maximal oocyst
production in broilers, which is called crowding effect [35,37]. In the current study, the
ED4 group (the highest dose group) had numerically similar oocyst shedding of E. maxima
and E. tenella compared to the ED2 and ED3 groups in the cloaca content on D 22. Eimeria
oocysts were counted in the cloaca content and litter instead of feces because it is not
feasible to collect fresh fecal samples in the litter condition. To elucidate crowding effects
of Eimeria spp., whole duodenal, jejunal, and cecal tissue samples were collected on 6 dpi,
one day prior to peak date (7 dpi) for oocyst production of E. maxima and E. tenella [38],
and gene expression of APN, EF2, GAM56, and GAM82 of E. maxima were modulated
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by increased Eimeria inoculation doses along with quadratically modulated oocyst pro-
duction of E. maxima in the current study. The APN, EF, and GAM of Eimeria spp. play
important roles in Eimeria viability and sexual reproduction to produce oocysts [24,39,40].
The inconsistency between linearly increased gene expression of APN, EF, and GAM and
quadratically modulated oocyst shedding of E. maxima is still in question because only
transcriptional level was analyzed in the current study. However, our current study showed
that different inoculation doses of Eimeria can alter Eimeria gene expression. Increased
inoculation doses only affected E. maxima mRNA expression in the current study potentially
because E. maxima is more sensitive to crowding effects due to their largest size among
chicken Eimeria spp. [41].

In the current study, ileal digesta and litter moisture contents were increased due to
Eimeria infection in the acute phase. In our previous study, E. tenella infection did not in-
crease ileal digesta moisture content on 5 to 7 dpi and even decreased ileal moisture content
on 6 dpi [36]. Increased ileal moisture content is mainly due to infection of E. acervulina
and E. maxima in broilers. Increased digesta moisture content may imply shortened digesta
transit time, which can reduce the capacity of nutrient digestion and absorption [42] and is
associated with reduced nutrient digestibility in the current study. Litter moisture content
was linearly increased in the acute phase and was quadratically increased by Eimeria infec-
tion on D 35 in the current study. Many studies demonstrated that litter moisture is closely
associated with FPD in broiler chickens [6,43,44]. FPD is a type of skin inflammation that
induces necrotic lesions on the plantar surface of foot pad in broilers [45]. FPD can reduce
the marketability of chicken feet, be an entry route for pathogenic bacteria, cause lameness,
and reduce the growth performance of broiler chickens [46]. Increased litter moisture
content due to Eimeria infection can increase the incidence and severity of FPD in broilers
by increasing the litter ammonia concentration [47,48]. The litter moisture content on D
35 and severity/incidence of FPD on D 35 showed similar trends among the experimental
groups in the current study, while the severity and incidence of FPD was mild potentially
because of the dry conditions of the room and early slaughter age (D 35) in the current
study. A previous study by El-Wahab et al. [43] showed that litter moisture should be
above 35% to induce FPD in poultry. Eimeria infection still has the potential to increase the
incidence and severity of FPD by increasing litter moisture content in broilers.

Gut permeability measured by FITC-D4 is an important indicator to represent func-
tionality and integrity of gut in broilers [49]. Increased gut permeability indicates that
more pathogens and toxins can permeate into the blood stream across the epithelial layer,
which can cause systemic infection in broilers [50]. In the current study, Eimeria infection
increased gut permeability on 5 dpi in broilers, which is consistent with our previous
study [14]. Our previous study demonstrated that E. maxima infection had a significant
impact on increasing gut permeability [51], whereas E. tenella infection did not affect gut
permeability in broilers [36]. Potentially, the infection of E. acervulina and E. maxima disrupts
tight junction proteins and the mucus layer, which play an important role in maintaining
gut barrier integrity, and this would make the intestinal wall thinner (more permeable)
in broilers [52,53]. In contrast, Vicuña et al. [49] showed that FITC-D4 can be deposited
in the cecal tissue, and E. tenella infection did not increase gut permeability potentially
because E. tenella infection thickened the intestinal wall in the ceca [36]. No differences
were observed in the gut permeability on D 27 in the current study, and this suggests that
the re-infection of Eimeria did not severely damage gut functionality and integrity, while it
reduced feed intake in broilers in the floor pen conditions.

Reduced growth performance and feed efficiency might be mainly attributed to the
reduced capacity of nutrient digestion and absorption in Eimeria-infected broilers. In the
current study, the AID of CP was linearly reduced by Eimeria infection in broilers in the
acute phase (0 to 6 dpi), which is consistent with our previous study by Teng et al. [14],
which reported that Eimeria infection reduced the AID of CP in Eimeria-infected broilers.
E. acervulina and E. maxima are the main Eimeria spp. that directly reduce the AID of CP
because they inhabit in the duodenum and jejunum, respectively [54,55]. Our previous
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study by Choi et al. [36] reported that E. tenella infection in the ceca did not directly affect
AID in the acute (6 dpi) and recovery phase (9 dpi) in broilers. The AID method does not
account for the endogenous loss of nutrients in the gastrointestinal tract of broilers [54].
Both nutrient disappearance and increased endogenous loss may have affected the AID of
CP values in the Eimeria-infected broilers because Eimeria infection impaired the intestinal
morphology and activities of jejunal brush border digestive enzymes in the current study.
Eimeria infection is known to increase endogenous losses of proteins (e.g., plasma proteins,
mucin, and cell debris) in the gastrointestinal tract during Eimeria colonization and repro-
duction activities [56,57]. The AID of CF was dramatically reduced by Eimeria infection,
and AID values of CF were negative in the ED2, ED3, and ED4 groups in the current study.
Consistently, Ghareeb et al. [58] reported that E. maxima infection dramatically reduced the
AID of CF in broilers. The negative values for AID of CF indicate that there were high en-
dogenous losses in Eimeria-infected broilers. Endogenous fat from the gastrointestinal tract
includes bile, cell debris, intestinal secretions, and microbial lipids [59]. Adams et al. [60]
demonstrated that infection of E. acervulina decreased the secretion of bile, which has an
essential role in fat digestion by emulsifying fat in the gastrointestinal tract. Potentially,
reduced bile secretion and increased cell debris from the gastrointestinal tract may have
decreased fat digestibility and increased endogenous loss of fat, which resulted in negative
values for the AID of CP in Eimeria-infected broilers in the current study. However, more
studies are needed to specify the factors such as bile, cell debris, intestinal secretions, and
microbial lipids that increased endogenous losses of fat in Eimeria-infected broilers.

Intestinal morphology is an important indicator to represent capacity of nutrient
digestion and absorption in the gastrointestinal tract of chickens [61]. In the current study,
infection of E. acervulina and E. maxima reduced VH and increased CD in both duodenum
and jejunum on D 21. These results agree with several previous studies [62,63]. The
reduced VH and increased CD implies there was high tissue turnover in the intestine by
Eimeria infection because bigger crypts, which are reservoirs for enterocytes, indicates a
high demand for new tissue in the villus [62,64]. Impaired jejunal morphology is highly
associated with reduced activities of jejunal maltase in the current study. This is because
mature enterocytes in the villus, which mainly express brush border digestive enzymes,
would be quickly deceased due to a higher turnover rate in Eimeria infection conditions [65].
Furthermore, negatively modulated duodenal and jejunal morphology would explain
decreased AID of CP and EE in the current study. While no differences were observed
in the jejunal morphology on D 35, duodenal VH:CD were quadratically reduced with
increased duodenal CD in Eimeria-infected broilers in the current study. Reduced VH:CD
due to increased CD indicates more energy and nutrients are required for gut maintenance,
which can result in growth retardation in broilers [62]. However, while statistical differences
were not observed, the ED3 and ED4 groups exhibited numerically higher duodenal VH
and numerically lower VH:CD compared to the control group on D 35. This numerical
trend suggests that gut maintenance and new tissue generation may have occurred on D
35. This result also indicates that negative effects of E. acervulina infection lasted through to
D 35 in broilers in the current study.

Chicken ceca have only crypts without villus, similarly to the colon of mammals
(humans and pigs) [66]. In the current study, E. tenella infection deepened the cecal crypts
as we observed in our previous study [36]. However, it is still uncertain whether thickened
cecal wall due to E. tenella infection decreases the permeation of microbial metabolites
(e.g., endotoxins and short chain fatty acids) across epithelium. In the current study,
Eimeria infection negatively affected cecal microbiota in the acute and chronic phases. In
the current study, Eimeria infection increased the phylum Proteobacteria and the family
Enterobacteriaceae in the acute phase, which includes diverse pathogenic bacteria such as
Escherichia coli, Salmonella spp., Vibrio spp., and Pseudomonas spp. [67]. Moreover, in the acute
phase, Eimeria infection reduced the relative abundance of the family Christensenellaceae
and Peptostreptococcaceae, which play important roles in fiber degradation and short chain
fatty acid production in broilers [68]. Potentially, negatively altered cecal microbiota may

27



Animals 2023, 13, 2237

have reduced volatile fatty acids (VFA) production in the ceca, and this would explain the
reduced activities of SAP, which needs VFA production [36,69]. Whereas alpha diversity
indices in the cecal microbial communities on D 21 were not affected by Eimeria infection, all
alpha diversity indices including pielou evenness (evenness), faith phylogenetic diversity
(biodiversity based on phylogeny), shannon entropy (richness and evenness), and observed
features (richness) were linearly decreased on D 35 in the current study. Reduced alpha
diversity indices suggest the presence of unhealthier and immature gut microbiota in
chickens [70]. Furthermore, the relative abundance of the family Enterobacteriaceae was
quadratically increased by Eimeria infection, and the relative abundance of the family
Ruminococcaceae, which play an important role in fiber degradation and short-chain fatty
acid production in the ceca of chickens [71], was linearly reduced by Eimeria infection
on D 35 in the current study. These results imply that Eimeria infection on D 15 still
negatively influenced cecal microbiota in broilers on D 35. Our previous study showed that
E. tenella infection negatively influenced cecal microbiota toward increasing the abundance
of pathogenic bacteria and reducing microbial VFA (e.g., an important energy source for
chickens) production mainly by impairing the mucosal immune system of broilers and
increasing the protein concentration in the cecal content [72]. While E. tenella infection
would be the main factor to alter cecal microbiota, the infection of E. acervulina and E. maxima
potentially can affect cecal microbiota by increasing endogenous loss of proteins and
undigested dietary proteins in the gastrointestinal tract because the phylum Proteobacteria
mainly ferment protein sources for their growth and reproduction [73–75]. More studies
are required to investigate whether the infection of E. acervulina and E. maxima itself can
alter cecal microbiota in broilers.

Body composition is a crucial parameter in broiler production because body compo-
sition is closely associated with meat yield and quality [76]. In the current study, body
composition of broilers was altered by Eimeria infection. On D 35, the lean:fat ratio was
linearly enhanced, and fat accumulation was reduced by increased Eimeria infection doses
in the current study. Potentially, Eimeria infection stimulated the immune system, resulting
in the excessive usage of energy sources (e.g., fat and glycogen) in broilers [77,78]. Fur-
thermore, reduced fat digestibility and decreased cecal VFA production due to negatively
altered microbiota on D 21 could result in decreased fat accumulation as a chronic effect on
D 35. These results suggest that Eimeria infection can influence the body composition and
meat quality of broilers.

5. Conclusions

In conclusion, Eimeria infection negatively affected the growth performance, gut
health, gut barrier integrity, nutrient digestion and absorption, gut microbiota, and body
composition of broilers in the acute phase. Increased Eimeria inoculation doses modulated
the relative mRNA expression of Eimeria genes relating to viability and sexual reproduction.
Eimeria infection negatively affected the growth performance, gut microbiota, FPD, and
body composition in broilers, and the negative effects were prolonged to D 35 in the floor
pen conditions.
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Simple Summary: Ochratoxin A (OTA) is known to be a highly toxic mycotoxin, and it is a secondary
metabolite which is primarily produced by several fungi, including Aspergillus and Penicillium genera.
In the poultry industry, many researchers have been searching for alternative ways to control the toxic
effects of mycotoxins to safeguard the health and growth performance of birds. The clay minerals
and natural components used in this study are considered useful for the mitigation of the negative
effects of mycotoxins. However, only a limited number of studies have investigated the effects of
supplementation with these feed additives on broiler breeders exposed to OTA. Our results indicate
that toxin binders, with or without natural components, can be effective tools in the mitigation of
OTA-induced problems due to their synergistic effects.

Abstract: The objective of this study was to investigate the effects of toxin binders on broiler breeders
fed an ochratoxin A (OTA)-contaminated diet. A total of 60 45-week-old female Arbor Acres broiler
breeder birds with an initial body weight of 3.65 ± 0.35 kg were randomly divided into 6 treatment
groups, with 10 replicates per group and 1 bird per replicate. The trial was conducted for 9 weeks
(including 1 week of adaptation). Feed additive 1 (FA1) was composed of clay minerals (85% bentonite
and 12% clinoptilolite) with 3% charcoal. FA2 was composed of clay minerals (66.1% aluminosilicates)
with natural components (0.8% artichoke and rosemary plant extracts), 7% yeast extract, 0.5% beta-
glucans, and 25.6% carriers. The dietary treatment groups were as follows: (1) birds fed an OTA-free
basal diet (Negative Control; NC); (2) lipopolysaccharide (LPS)-challenged birds fed a diet including
OTA (4 mg/kg) (Positive Control, PC); (3) the PC with 0.05% FA1 (Treatment 1, T1); (4) the PC
with 0.10% FA1 (Treatment 2, T2); (5) the PC with 0.10% FA2 (Treatment 3, T3); and (6) the PC with
0.20% FA2 (Treatment 4, T4). The LPS challenge (an intramuscular injection of 1 mg E. coli O55:B5
LPS per kg of body weight) was performed on the first day of the experiment. The results of this
experiment show that the PC treatment negatively affected (p < 0.05) egg production, hatchability,
Haugh unit, bone mineralization, relative organ weight (abdominal fat, liver), the levels of glutamic
oxaloacetic transaminase (GOT), high-density lipoprotein (HDL), and total cholesterol in the blood,
and OTA accumulation in the liver compared with the NC. However, supplementation with toxin
binders mitigated (p < 0.05) the negative effects of the OTA. Specifically, supplementation with
0.10% FA1 and 0.10% FA2 increased (p < 0.05) eggshell strength by week 4, and the Haugh unit
and bone mineralization (phosphorous) by week 8, while decreasing (p < 0.05) the relative weight
of the liver and the levels of GOT and HDL in the blood. Supplementation with 0.10% FA2 led to
greater improvements in various parameters, including laying performance and bone mineralization,
than the other treatments. In conclusion, toxin binders with or without natural components can be
effective tools in the mitigation of OTA-induced problems due to their synergistic effects.
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1. Introduction

Mycotoxins are well-known toxic secondary metabolites produced by certain fungi
that grow on feed ingredients. Among them, ochratoxin A (OTA) is considered a highly
toxic mycotoxin, and it is primarily produced by several fungi, including the Aspergillus
and Penicillium genera [1,2]. OTA, which is the most common mycotoxin contaminant
in poultry diets, is not destroyed by temperatures below 180 ◦C [3]. Moreover, OTA is
chemically stable, so even if the fungi which produce OTA are killed, the residual toxins
can still produce adverse effects, such as the contamination of an animal’s tissues, milk,
and eggs, and thereby threaten human consumers [4]. Furthermore, OTA induces nephron
toxicity, hepatotoxicity, teratogenicity, and immune toxicity in poultry, which are more
sensitive to this toxin than mammals [5–8]. In addition to these direct and harmful effects on
poultry, OTA exposure can result in the presence of OTA in the tissues and eggs of poultry.
In previous studies, OTA was detected in 35% of egg samples and 41% of meat samples,
and the continuous consumption of OTA was found to further increase the amount of
OTA residue in eggs, and this could potentially be harmful to human health [9,10]. The
supplementation of natural substances which bind mycotoxins in contaminated feed can
mitigate mycotoxin-induced adverse effects. This is currently one of the most promising
approaches to solving the problems outlined above [11]. Among these natural substances,
clay minerals are known to have the ability to adsorb mycotoxins [12]. They also convert
mycotoxins into less toxic metabolites, prevent their absorption in the intestines, and help
facilitate the direct excretion of toxins in the feces [13]. Charcoal is also considered an
effective toxin binder. Numerous in vitro studies have reported that charcoal can effectively
absorb mycotoxins and alleviate mycotoxin-induced immune suppression, consequently
improving the growth performance of broilers in vivo [14,15]. In addition to the use of
these toxin binders, several additional strategies have been proposed to minimize the
harmful effects of mycotoxins [16]. Interest in the effects of plant extracts, yeast extracts,
and prebiotics on mycotoxins has recently increased because of their ability to minimize
fungal and bacteria growth [17–20]. Moreover, lipopolysaccharide (LPS) has been widely
used to induce immune stress in animal models [21]. Many studies have shown that
LPS-induced immune stress can cause various negative effects in poultry, such as reduced
growth performance, intestinal mucosal damage, and immunosuppression [22]. In rodents,
oral challenges with LPS disturbed the subjects’ response to other xenobiotic agents and
thus increased the toxicity of trichothecenes such as deoxynivalenol [23]. Therefore, we
simultaneously conducted an OTA challenge via feed and intramuscular LPS injections
to maximize the negative effects of OTA in broiler breeders. However, only a limited
number of studies have investigated the synergistic effects achieved by using other natural
substances (i.e., plant extracts, yeast extracts and prebiotics) along with toxin binders (i.e.,
clay minerals and charcoals). Therefore, this study was conducted to investigate the effects
of toxin binders (i.e., clay minerals and charcoals), with or without natural substances
(i.e., plant extracts, yeast extracts, and prebiotics), on the laying performance, egg quality,
relative organ weight, bone mineralization, blood traits, and toxin concentrations of broiler
breeders challenged with ochratoxin A and LPS.

2. Materials and Methods
2.1. Ethics

The experimental protocols describing the management and care of animals were
reviewed and approved by the Animal Care and Use Committee of Chungbuk National
University (Cheongju, Republic of Korea; CBNUA-2045-22-01).
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2.2. Preparation of Ochratoxin A

OTA was cultured according to the method of Ruan et al. [24]. In moldy corn,
Aspergillus ochraceus was identified using Czapek Dox Agar (MB cell, Seoul, Republic
of Korea), and then was enriched to 8 × 1010 CFU/mL using Czapek Dox Media (CDM)
(MB cell, South Korea). Corn was inoculated with this A. ochraceus suspension twice a day
(08:00 and 20:00) and cultured at 29 ◦C. On day 14 of incubation, contaminated corn was
terminated by autoclaving at 121 ◦C for 15 min. OTA content was measured using ELISA
Kits (Romer AgraQuant, Romer Labs, Jalan Bukit Merah, Singapore).

2.3. Experimental Animal and Design

A total of sixty 45-week-old Arbor Acres female broiler breeders (initial body weight
of 3.65 ± 0.35 kg) were used in this experiment. All birds were randomly allocated
to six dietary treatments in a randomized complete block design. The experiment was
conducted for 9 weeks including a 1 week adaptation period. Feed additive 1 (FA1) was
composed of 85% clinoptinolite, 12% bentonite and 3% charcoal. FA2 was composed of
66.1% aluminosilicates, 0.8% plant extracts (artichoke and rosemary), 7% yeast extracts,
0.5% beta-glucans and 25.6% carriers. The dietary treatments were as follows: (1) Negative
Control (NC): OTA free diets; (2) Positive Control (PC): OTA (4 mg/kg) with LPS challenge;
(3) Treatment 1 (T1): PC with 0.05% FA1 in the diet; (4) Treatment 2 (T2): PC with 0.10%
FA1; (5) Treatment 3 (T3): PC with 0.10% FA2; and (6) Treatment 4 (T4): PC with 0.20% FA2.
LPS challenge was performed on the first day of the experiment, and 1 mg of E. coli O55:B5
LPS per kg of body weight was intramuscularly injected according to the method of Xu
et al. [25]. Experimental feed was provided by Cherry Buro Co., Ltd. (Jincheon, Republic
of Korea; Table 1). The broiler breeders were raised in steel cages (W: 59 cm, D: 43 cm, H:
51 cm). All birds were given limited access to feed and water throughout the experiment.
During the experiment, all chickens were housed in a room with 16 h of light and 8 h
of darkness.

Table 1. Ingredients and chemical composition of the basal experimental diets (as fed basis).

Items 0–8 Weeks

Ingredients (%)
Corn 54.12

Soybean meal, 45% 15.00
DDGS 28% 10.00

Corn Gluten Feed 6.27
Wheat Pollards 2.50

Rice pollards 1.50
Animal Fats 0.50
L-Lys-SO4 0.08

DL-Methionine 0.12
L-Threonine 0.02

L-Tryptophan 0.13
Salt 0.21

Limestone 8.97
Mineral premix 1 0.22
Vitamin premix 2 0.11

Choline 0.25
Total 100

Calculated Value
ME, Kcal/Kg 2710

Crude protein, % 15.42
Crude Fat, % 3.86

Crude Fiber, % 3.85
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Table 1. Cont.

Items 0–8 Weeks

Total Lys, % 0.749
Total TSAA, % 0.684

Calcium, % 3.50
Available P, % 0.41

1 Provided per kg of diet: 37.5 mg Zn (as ZnSO4), 37.5 mg of Mn (MnO2), 37.5 mg of Fe (as FeSO4•7H2O), 3.75 mg
of Cu (as CuSO4•5H2O), 0.83 mg of I (as KI), and 0.23 mg of Se (as Na2SeO3•5H2O). 2 Provided per kg of diet:
15,000 IU of vitamin A, 3750 IU of vitamin D3, 37.5 mg of vitamin E, 2.55 mg of vitamin K3, 3 mg of thiamin,
7.5 mg of riboflavin, 4.5 mg of vitamin B6, 24 µg of vitamin B12, 51 mg of niacin, 1.5 mg of folic acid, 0.2 mg of
biotin and 13.5 mg of pantothenic acid.

2.4. Laying Performance

During the experiment period, eggs were collected at 3:00 p.m. every day. The egg
production values were calculated for the total number of eggs (normal eggs, broken
eggs, and shell less eggs) and for the number of normal eggs specifically. Egg weight was
calculated by dividing the total normal egg weight by the total number of normal eggs.

2.5. Fertility and Hatchability

During the entire period, broken, contaminated, deformed, and small eggs (under
48 g) were excluded from fertility and hatchability evaluations. Fertility was calculated on
the 8th day of the incubation by dividing the number of fertilized eggs by the total number
of eggs incubated. Hatchability was calculated by dividing the number of new hatched
chicks by the number of eggs in the incubator (MX-1000CD, Gimhae, Republic of Korea).

2.6. Egg Quality

Eggshell strength was measured using a texture analyzer (model 081002, FHK, Fujihara
Ltd., Tokyo, Japan) and in units of compressive force loaded onto a unit of eggshell surface
area. Eggshell thickness was measured at three random locations (top, middle, and bottom)
using a micrometer dial pipe gauge (model 7360, Mitutoyo Co., Ltd., Kawasaki, Japan), and
the average value was used to calculate the eggshell strength. Egg shell color was measured
at the bottom of the egg using a colorimeter (model CM-25cG, konica minolta, Osaka,
Japan) for L* (lightness), a* (redness), and b* (yellowness). Egg yolk color was measured
using a colorimetric Roche color fan (Hoffman-La Roche Ltd., Basel, Switzerland).

1 (pale yellow)~15 (deep orange)

The Haugh unit (HU) was measured using a tripod micrometer (AMES, Waltham,
MA, USA) for albumin height after breaking the egg on a flat glass surface, and the HU
value was calculated based on the equation below, where H represents albumin length
(mm) and W represents egg weight (g).

HU = 100 log (H + 7.57 − 1.7 W0.37)

2.7. Bone Mineralization

At the end of the experiment, the right tibiae of the slaughtered broiler breeders were
removed for bone mineralization evaluation. To establish the ash content, the constant
weight of the crucible was obtained using the direct incineration method. An approximately
1 g bone sample was taken, incinerated in a furnace (Ward, South Australia, Australia) at
200 ◦C for 1 h, 300 ◦C for 1 h, and 600 ◦C for 3 h, and then cooled in a desiccator for 30 min.
The ash sample was cooled and weighed, and the amount of ash was calculated from
the difference in weight. The ash samples were dissolved in a hydrochloric acid solution
(1:1, v/v). Calcium (Ca) levels were measured with an atomic absorption spectrophotome-
ter (AAS-3300, PERKIN ELMER, Norwalk, CT, USA), and phosphorus (P) levels were
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measured at 470 nm with a spectrophotometer (UV-2450, Shimadzu Co., Tokyo, Japan)
according to the molybdenum blue colorimetric method [26].

2.8. Relative Organ Weight

At the end of the experiment, the weights of the liver, spleen and abdominal fat were
measured. These values were expressed in terms of relative weight to live weight.

Relative organ weight (g/kg) = organ weight (g)/body weight (kg)

2.9. Blood Profile

At the end of the experiment, blood samples were collected with tubes (Becton Dickin-
son, Franklin Lakes, NJ, USA) from the wing vein in all birds. The serum was separated
by means of centrifugation at 3000 rpm and 4 ◦C for 20 min. High-density lipoprotein
(HDL) and total cholesterol (Total-C) concentrations in the blood were analyzed using
an automatic blood analyzer (ADVIA 1650, Bayer, Tokyo, Japan). Glutamic oxaloacetic
transaminase (GOT) and glutamic pyruvic transaminase (GPT) activities were analyzed
using an automatic biochemistry analyzer (Hitachi 747, Hitachi, Tokyo, Japan).

2.10. OTA Accumulation in the Feed and Liver

After the experiment was completed, the feed samples were collected before starting
the experiment and stored at −20 ◦C until analysis. Liver samples from all individual birds
were collected and weighted. The samples were ground using liquid nitrogen and stored at
−20 ◦C until analysis. OTA analysis was performed by extracting 2.5 g of the liver with
20 mL of 1% NaHCO3/methanol (30:70, v/v). After centrifugation at 3000 rpm for 10 min, 12
mL of the supernatant was mixed with an equal volume of PBS and applied to an OchraTest
WB immunocolumn (Vicam, Fleurus, Belgium). The eluate was filtered through a 0.45 µL
syringe filter and analyzed using high-pressure liquid chromatography (HPLC Prominence,
Shimadzu, Kyoto, Japan) equipped with a fluorescence detector. HPLC separations were
performed using a Phenomenex Luna C18(2) 3 µm, 150 4.60 mm column equipped with a
Gemini C18, 4.3 mm Security Guard pre-column (Phenomenex Inc., Torrance, CA, USA). A
flow rate of 0.7 mL/min, an injection volume of 40 L, and a column oven temperature of 30
◦C were set. Fluorescence detection was performed at an excitation wavelength of 327 nm
and an emission wavelength of 462 nm. Conformity with the retention time of the standard
product measured at the same time was the criterion for the qualitative test. A calibration
curve based on the analytical concentration of the standard product was generated, and
the obtained peak height was used for the quantitative test.

2.11. Statistical Analysis

All data were analyzed by means of one-way ANOVA using SPSS software (ver. 25.0;
IBM, Armonk, NY, USA). Tukey’s multiple range test examined differences among treat-
ment groups, which were considered significant at p < 0.05.

3. Results
3.1. Laying Performance

The OTA-contaminated diet (PC) significantly decreased (p < 0.05) egg production
compared to the negative control (NC) (Table 2). However, supplementation with 0.10%
FA2 in the OTA-contaminated diet (T3) significantly increased egg production compared to
the PC. There were no significant differences in egg production among the natural-additive-
supplemented groups (T1, T2, T3 and T4).
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Table 2. Effect of combinations of natural feed additives on egg production and egg weight in broiler
breeders fed with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Egg production, % 95.00 a 79.91 c 83.13 bc 86.11 bc 88.49 b 82.54 bc 1.763 <0.001
Egg weight, g/egg 64.59 62.58 63.40 64.86 63.74 63.68 0.761 0.401

1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract,
yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay
mineral, plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; SEM, standard error of mean.
a–c = Means with different letters are significantly different (p < 0.05). N = 10.

3.2. Fertility and Hatchability

The OTA-contaminated diet (PC) significantly decreased (p < 0.05) hatchability com-
pared to the NC group (Table 3). Although there was no significant difference (p > 0.05), the
natural-feed-additive-supplemented groups showed numerically increased hatchability
compared to the PC group.

Table 3. Effect of combinations of natural feed additives on fertility and hatchability in broiler
breeders fed with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Fertility, % 91.67 85.94 85.65 87.96 86.11 86.57 1.730 0.119
Hatchability, % 86.25 a 75.26 b 77.08 ab 78.24 ab 78.70 ab 77.31 ab 2.282 0.024

1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract,
yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay
mineral, plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; SEM, standard error of mean.
a–b = Means with different letters are significantly different (p < 0.05). N = 10.

3.3. Egg Quality

There was no significant difference (p > 0.05) in egg quality at 4 and 8 weeks, except
for the Haugh unit (HU) and eggshell strength, among the treatments (Tables 4 and 5).
The OTA-contaminated diet (PC) significantly decreased (p < 0.05) HU at 4 and 8 weeks
compared to the NC group. At 4 weeks, supplementation with FA1 and FA2 increased HU
to similar levels to the NC group. At 8 weeks, supplementation with 0.10% FA1 (T2) and
0.10% FA2 (T3) significantly improved HU compared to the PC group. Regarding eggshell
strength, the PC demonstrated significantly reduced eggshell strength compared to the
NC group at 4 weeks, whereas supplementation with 0.10% FA1 (T2) and 0.10% FA2 (T3)
significantly increased eggshell strength compared to the PC group.

Table 4. Effect of combinations of natural feed additives on egg quality in broiler breeders fed with
an ochratoxin A diet after 4 weeks of the experiment 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Eggshell color
(Hunter color)
L* 72.39 77.37 77.47 80.73 78.07 78.49 1.769 0.091
a* 8.11 6.98 7.67 6.10 8.59 7.48 0.692 0.377
b* 21.25 22.09 21.82 20.92 23.26 21.33 0.904 0.634
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Table 4. Cont.

Items NC PC T1 T2 T3 T4 SEM p-Value

Egg yolk color 8.00 7.25 7.22 7.56 7.44 7.44 0.358 0.662
Haugh unit 86.24 a 78.51 b 83.28 ab 84.18 ab 80.99 ab 84.24 ab 1.561 0.030
Eggshell strength
(kg/cm2) 4.81 a 4.18 c 4.38 bc 4.54 b 4.55 b 4.29 c 0.053 <0.001

Eggshell Thickness (µm) 411.27 404.83 404.56 407.33 408.48 405.67 6.211 0.972
1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract, yeast
extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay mineral,
plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; L*, lightness; a*, redness; b*, yellowness;
SEM, standard error of mean. a–c = Means with different letters are significantly different (p < 0.05). N = 10.

Table 5. Effect of combinations of natural feed additives on egg quality in broiler breeders fed with
and ochratoxin A diet after 8 weeks of the experiment 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Eggshell color
(Hunter color)
L* 73.81 78.79 78.89 82.15 79.49 79.91 1.788 0.094
a* 9.53 8.40 9.09 7.51 10.01 8.90 0.692 0.382
b* 22.67 23.51 23.24 22.03 24.68 22.75 0.908 0.560
Egg yolk color 8.30 7.50 7.67 8.11 8.22 7.78 0.291 0.327
Haugh unit 87.19 a 70.69 c 78.84 abc 82.20 ab 85.95 ab 77.91 bc 2.115 <0.001
Eggshell strength
(kg/cm2) 4.42 3.49 3.92 3.40 3.36 3.87 0.358 0.266

Eggshell Thickness (µm) 415.50 396.08 397.52 416.52 406.00 402.19 10.972 0.686
1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract, yeast
extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay mineral,
plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; L*, lightness; a*, redness; b*, yellowness;
SEM, standard error of mean. a–c = Means with different letters are significantly different (p < 0.05). N = 10.

3.4. Bone Mineralization

The OTA-contaminated diet (PC) significantly decreased (p < 0.05) ash, Ca and p
content in the tibia compared to the NC group (Table 6). Supplementation with 0.10% FA2
(T3) significantly increased (p < 0.05) ash content in the tibia in comparison to the PC group.
The FA2-supplemented groups (T3 and T4) had a higher Ca content in the tibia than the PC
group. Moreover, supplementation with 0.10% FA1 (T2) and two levels of FA2 significantly
increased P content in the tibia compared to the PC group.

Table 6. Effect of combinations of natural feed additives on bone mineralization in broiler breeders
fed with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Ash, % 31.75 a 22.27 c 23.25 c 25.12 bc 27.40 b 26.19 bc 0.980 <0.001
Ca, % 10.73 a 5.87 c 6.21 c 6.75 c 8.80 b 7.97 b 0.317 <0.001
P, % 5.04 a 3.29 c 3.72 bc 4.04 b 4.31 b 4.12 b 0.189 <0.001

1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract, yeast
extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay mineral,
plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; Ca, calcium; P, phosphorus; SEM,
standard error of mean. a–c = Means with different letters are significantly different (p < 0.05). N = 10.
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3.5. Relative Organ Weight

The OTA-contaminated diet (PC) significantly increased (p < 0.05) the relative weight
of the liver and abdominal fat in comparison to the NC group (Table 7). However, all of the
natural-feed-additive-supplemented groups (T1–T4) displayed a lower relative liver weight
than the PC group. In particular, supplementation with 0.10% FA1 (T2) and 0.10% FA2 (T3)
significantly decreased (p < 0.05) the relative weight of the liver to similar values to the NC
group. Supplementation with 0.10% FA2 (T3) alleviated (p < 0.05) the increased relative
weight of abdominal fat caused by the OTA-contaminated diet (PC) and even decreased
(p < 0.05) it to similar values to the NC group. There was no significant difference (p > 0.05)
in the relative weight of the spleen among the treatment groups.

Table 7. Effect of combinations of natural feed additives on the relative weights of the liver, spleen
and abdominal fat in broiler breeders fed with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Liver, g/kg 19.55 c 24.56 a 22.38 b 21.27 bc 20.81 bc 21.73 b 0.498 <0.001
Spleen, g/kg 0.73 0.67 0.70 0.68 0.71 0.68 0.021 0.337
Abdominal fat, g/kg 28.57 b 31.74 a 30.70 ab 29.51 ab 28.60 b 30.02 ab 0.654 0.012

1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract,
yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay
mineral, plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; SEM, standard error of mean.
a–c = Means with different letters are significantly different (p < 0.05). N = 10.

3.6. Blood Profiles

The OTA-contaminated diet (PC) significantly increased (p < 0.05) GOT and HDL
levels in blood, whereas it decreased (p < 0.05) total cholesterol levels in the blood in
comparison to the NC group (Table 8). In particular, supplementation with two levels
of FA1 and 0.10% FA2 significantly mitigated (p < 0.05) the increased GOT levels in the
blood caused by the OTA-contaminated diet (PC). The natural-feed-additive-supplemented
groups demonstrated significantly increased (p < 0.05) total cholesterol levels in the blood,
displaying similar values to the NC group. Supplementation with 0.10% FA1 and two
levels of FA2 remarkably decreased (p < 0.05) HDL levels in the blood to similar values to
the NC group. There was no significant difference in the GPT levels in the blood among
the treatment groups.

Table 8. Effect of combinations of natural feed additives on the blood profile in broiler breeders fed
with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

GOT, U/L 137.00 d 229.88 a 198.44 bc 172.89 c 191.56 bc 213.56 ab 5.280 <0.001
GPT, U/L 3.70 4.75 4.33 4.11 4.33 4.22 0.342 0.442
Total-C, mg/dL 119.70 a 95.25 b 119.22 a 116.89 a 119.33 a 117.44 a 4.373 0.005
HDL, mg/dL 49.00 c 78.25 a 70.11 ab 52.44 c 53.33 c 60.33 bc 3.948 <0.001

1 Abbreviations: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract,
yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay
mineral, plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; GOT, glutamic oxaloacetic
transaminase; GPT, glutamic pyruvic transaminase; Total-C, total cholesterol; HDL, high-density lipoprotein;
SEM, standard error of mean. a–d = Means with different letters are significantly different (p < 0.05). N = 10.
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3.7. OTA Accumulation

The OTA-contaminated diet (PC) significantly increased (p < 0.05) OTA accumulation
in the feed and liver in comparison to the NC group (Table 9). Supplementation with
natural feed additives significantly decreased (p < 0.05) OTA accumulation in the liver
compared to the PC group.

Table 9. Effect of combinations of natural feed additives on OTA deposition in the liver and feed of
broiler breeders fed with an ochratoxin A diet 1.

Items NC PC T1 T2 T3 T4 SEM p-Value

Feed, ppm ND 4.02 4.01 4.00 4.01 4.01 0.003 0.173
Liver, ppb ND 48.07 a 33.18 b 30.79 bc 29.13 c 33.19 b 0.760 <0.001

1 Abbreviation: NC = Negative Control, basal diet; PC = Positive Control, basal diet with + 4 ppm ochra-
toxin A (OTA) + lipopolysaccharide (LPS) challenge; T1 = basal diet with FA1 including 0.05% clay min-
eral and charcoal + 4 ppm OTA + LPS challenge; T2 = basal diet with FA1 including 0.10% clay mineral and
charcoal + 4 ppm OTA + LPS challenge; T3 = basal diet with FA2 including 0.10% clay mineral, plant extract, yeast
extract and beta-glucan + 4 ppm OTA + LPS challenge; T4 = basal diet with FA2 including 0.20% clay mineral,
plant extract, yeast extract and beta-glucan + 4 ppm OTA + LPS challenge; ND, non-detect; SEM, standard error of
mean. a–c = Means with different letters are significantly different (p < 0.05). N = 10.

4. Discussion

In the current study, ochratoxin A (OTA)-contaminated diets caused significantly lower
egg production and hatchability and numerically decreased egg weight compared to the
negative control. This result is in agreement with the studies of Zahoor-ul-Hassan et al. [9]
and Eid et al. [27], who reported that ochratoxin caused lower egg mass, egg production,
average egg weight, and hatchability along with reduced feed consumption. According
to a previous study, OTA has the highest embryotoxicity among all mycotoxins, and thus
can increase embryo mortality and decrease fertilized egg hatchability [5]. Moreover,
Konrad and Röschenthaler [28] reported that OTA can negatively influence the synthesis
of deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and proteins. These authors
suggested that the reduction in egg performance may be attributed to these disorders in
metabolic pathways caused by OTA.

The supplementation of FA1, which mainly consisted of toxin binders (i.e., clay mineral
and charcoal), and FA2, which consisted of toxin binders with natural components (i.e., clay
mineral, plant extract, yeast extract and beta-glucan), used in this study mitigated the
reduced egg production and hatchability caused by OTA, respectively. Toxin binders such
as clay mineral and charcoal, which are the main components in FA1, bind and immobilize
the mycotoxin in the gastrointestinal tract (GIT), thereby reducing the absorption of toxins
into the GIT in poultry [29–31].

In this study, the improved egg production and hatchability caused by supplementing
toxin binders (i.e., clay mineral and charcoal) may be attributed to the abovementioned
mechanism and the beneficial roles of binders in minimizing the harmful effects of myco-
toxins. Likewise, the addition of natural feed additives (i.e., plant extract, yeast extract
and beta-glucan) improved egg production and hatchability; the group supplemented
with 0.10% natural additives (T3) had the highest egg production and hatchability among
the treatments. Thanissery et al. [32] and Esper et al. [33] reported that plant and yeast
extracts are effective against molds such as Aspergillus and A. fumigatus and bacteria such
as Clostridium perfringens. Moreover, previous studies suggested that plant extracts and
prebiotics stimulated the release of endogenous digestive enzymes, which enhance nutrient
digestion [34,35]. As mentioned above, mycotoxins can interfere with metabolic pathways
such as carbohydrate, protein and lipid metabolisms. However, natural components such
as plant extracts, yeast extracts, and beta-glucan could support these metabolisms by se-
creting endogenous enzymes and inhibiting the growth of molds as a fundamental cause.
Thus, the improved egg production and hatchability observed in the current study may
be due to the beneficial effects of toxin binders and natural components. Moreover, the
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Haugh units at 8 weeks were enhanced by supplementing FA1 and FA2 in the current
study. Our results regarding Haugh unit improvement provide clear evidence supporting
the hypothesis that the addition of natural feed additives can improve digestibility by
enhancing enzyme activity.

It has been reported that egg quality, bone mineralization, and the relative weight
of the liver and abdominal fat can be negatively affected by mycotoxins. Egg internal
and shell quality are important parameters for the worldwide egg industry [36]. In the
current study, eggshell strength at 4 weeks and Haugh units at 8 weeks were decreased,
while the OTA-contaminated diet increased the relative weight of the liver and abdominal
fat. Jia et al. [36] observed the lowest eggshell strength in the mycotoxin-affected groups.
According to Zaghini et al. [37], eggshell strength is affected by shell thickness, and they
observed reduced eggshell thickness along with eggshell strength. This is consistent with
the current study which indicated that shell thickness in the OTA-contaminated group (PC)
was noticeably thinner than in the negative control. This poor eggshell quality may be
due to poor calcium and phosphorus absorption, supported by bone mineralization in the
current study. We found that the OTA-contaminated diet caused a reduction in ash, Ca and
P contents in the tibia. Yildirim et al. [38] reported that high levels of mycotoxin in diets can
reduce the circulation level of parathyroid hormone (PTH), which is an essential regulator
of extracellular calcium and phosphate metabolism. PTH increases Ca re-absorption and
P excretion in the kidney and enhances Ca absorption in the intestine by stimulating
the synthesis of 1,25-dihydroxy vitamin D in the kidney [39]. The dysregulation of the
above-mentioned mechanisms may negatively affect egg quality and bone mineralization.

In the current study, the addition of FA1 and FA2 alleviated poor eggshell strength at
4 weeks and bone mineralization in the tibia. These results are in agreement with the results
of Darmawan and Ozturk [40] showing that eggshell strength linearly increased with
increasing clay mineral levels. According to the study by Elliott et al. [41], clay minerals
have a high mineral content, ion exchange capacity, and calcium affinity; these functions
positively affect eggshell quality. Kriseldi et al. [42] suggested that clay minerals increased
alkaline phosphatase, influencing bone mineralization and phytate degradation in the
small intestine.

Plant extracts, yeast extracts, and prebiotics have been reported to affect eggshell
formation. Lokaewmanee et al. [43] reported that plant extracts such as red clover and
garlic enhanced eggshell strength, and this beneficial result could be attributed to the
improvement in the morphology of the small intestine. Moreover, according to a review
by Miranda et al. [44], plant extracts mitigated pro-inflammatory response and improved
antioxidant enzyme release, thereby increasing bone repair, osteogenesis, formation and
mineralization of bone. Thus, their beneficial functions may cause the improvement in Ca
and P availability for eggshell formation. However, numerous studies reported that yeast
and prebiotics did not affect eggshell formation [45,46]. The current study indicated that
improved eggshell and bone mineralization may be due to clay minerals and plant extracts.

In the current study, the OTA-contaminated diet increased the relative weight of
the liver and abdominal fat while decreasing total cholesterols in the blood compared
to the negative control. Our results are in agreement with previous studies showing
that mycotoxins, including deoxynivalenol (DON), zearalenone (ZEA), and OTA, caused
fat deposition in the liver and reductions in cholesterol and triglyceride contents in the
blood [37,47–49]. These authors suggested that triglyceride and cholesterol in chickens fed
mycotoxins-contaminated diets were transported into the liver, and thus fat accumulation
in the liver was increased, while cholesterol and triglyceride levels in the blood were
decreased. Our results agree with the abovementioned mechanisms. Furthermore, in the
current study, we found that the OTA-contaminated diet caused high OTA accumulation in
the liver and GOT concentration in the blood. These findings are in agreement with previous
studies reporting that chickens exposed to mycotoxins had high mycotoxin accumulation
in the liver and activated GOT in the serum [11,50,51]. Mycotoxins are mainly metabolized
in the liver and transformed into their reactive metabolites, and thus cause hepatocyte
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cancerization and liver damage [52]. According to Rashidi et al. [49], mycotoxins induced
increased hepatocyte permeability, and then transaminases could shift from the damaged
hepatocyte to the bloodstream, consequently causing increased activity of transaminases
like GOT and GPT. The increased levels of GOT in the blood and OTA accumulation in the
liver observed in the current study may be explained by the abovementioned mechanisms.
Clay minerals have been known to have high mycotoxin adsorption capacity due to their
high surface area and ion exchange capacity [17,53]. Moreover, plant extracts that have
antimicrobial and antifungal properties can inhibit bacteria and mold [54]. In the current
study, supplementation with natural feed additives (FA1 and FA2) mitigated the relative
weight of the liver and abdominal fat, the GOT level in the blood, and OTA accumulation
in the liver. These findings may be attributed to the inhibition of OTA by clay minerals and
plant extracts.

5. Conclusions

In the current study, we found that supplementation with toxin binders (FA1) and
toxin binders with natural components (FA2) mitigated the negative effects of OTA and
even alleviated Haugh units, the relative weight of the liver and abdominal fat, total
cholesterol, and HDL, bringing them to similar levels to those observed in non-challenged
treatments (NC group). In particular, the group supplemented with 0.10% FA2 demon-
strated improved parameters compared to the other treatment groups. The results of our
study indicate that toxin binders with or without natural components can be very useful in
the mitigation of OTA-contamination-induced problems by inhibiting OTA and improving
nutrient absorption and host health. Moreover, we observed tenuous synergistic effects
between clay minerals and natural components.
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Simple Summary: Gastrointestinal diseases in poultry are more significant because of high economic
loss due to production loss, reduced feed efficiency, mortality, compromising bird welfare, and
sometimes zoonotic importance. With the removal of antibiotic growth promoters in the diet,
gastrointestinal disease incidences have grown in recent years. Gastrointestinal diseases have been
shown to affect bone growth negatively; however, possible mechanisms have yet to be confirmed
in chickens.

Abstract: Bone serves as a multifunctional organ in avian species, giving structural integrity to the
body, aiding locomotion and flight, regulating mineral homeostasis, and supplementing calcium
for eggshell formation. Furthermore, immune cells originate and reside in the bone marrow, shar-
ing a milieu with bone cells, indicating a potential interaction in functions. In avian species, the
prevalence of gastrointestinal diseases can alter the growth and the immune response, which costs
a great fortune to the poultry industry. Previous studies have shown that coccidiosis and necrotic
enteritis can dramatically reduce bone quality as well. However, possible mechanisms on how bone
quality is influenced by these disease conditions have not yet been completely understood, other
than the reduced feed intake. On the other hand, several mediators of the immune response, such as
chemokines and cytokines, play a vital role in the differentiation and activation of osteoclasts respon-
sible for bone resorption and osteoblasts for bone formation. In the case of Eimeria spp./Clostridium
perfringens coinfection, these mediators are upregulated. One possible mechanism for accelerated
bone loss after gastrointestinal illnesses might be immune-mediated osteoclastogenesis via cytokines-
RANKL-mediated pathways. This review article thus focuses on osteoimmunological pathways and
the interaction between host immune responses and bone biology in gastrointestinal diseases like
coccidiosis and necrotic enteritis affecting skeletal health.

Keywords: osteoimmunology; coccidiosis; necrotic enteritis; skeletal health

1. Introduction

The avian skeletal system is a complex organ with multiple functions providing struc-
tural integrity to the body and maintaining homeostasis of minerals such as calcium and
phosphorus [1–3]. Furthermore, bone marrow is the primary site for hematopoiesis, harbor-
ing hematopoietic stem cells, and mature immune cells (B cells, neutrophils, macrophages,
and T cells), defending the body against invading pathogens [4–7]. Immune cells originate
and some of them reside within the bone marrow and share the same microenvironment
as bone cells, indicating a potential for interactions. The interaction between the bone
and immune cells has already been described wherein osteoblasts are a regulator of the
hematopoietic stem cells and osteoclast having the same origin as the immune cells, i.e.,
macrophages and dendritic cells [4,6,7]. Moreover, several mediators of the immune re-
sponse, such as chemokines and cytokines, play a vital role in the differentiation and
activation of osteoclasts and osteoblasts [4–7]. Since skeletal and immune systems are
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closely associated with each other, immune cells, chemokines, and cytokines may play
a critical role in regulating bone remodeling during disease conditions in avian species.
Osteoimmunology, which studies possible interactions between the immune system and
bone biology and how they cross-communicate to modulate their respective functions
under one umbrella, might be a link in describing bone loss in chickens when infected with
gastrointestinal diseases [4,6,8].

Recently, skeletal disorders in broilers and laying hens have resurfaced with advance-
ments in genetics and modern production systems. The selective breeding for higher
growth rates in broilers has led to the development of immature skeletal systems unable
to withstand the rapidly increasing body mass, resulting in lameness and bone disor-
ders [9,10]. Similarly, the selection of laying hens for early sexual maturity, small body
conformation, and maximum egg production has put significant strain on their skeletal
systems, as medullary bone serves as a labile source of calcium for eggshell production,
potentially contributing to bone disorders [1,2,11–13]. Moreover, the intensive production
systems utilized in modern poultry farming involve high stocking densities, which provide
ideal conditions for transmitting gastrointestinal diseases such as coccidiosis, necrotic
enteritis, salmonellosis, etc. [14–16]. These gastrointestinal diseases have a substantial
economic impact on the poultry industry primarily due to a reduction in body weight
and worsened feed conversion ratio [17–20]. The estimated global loss due to coccidiosis
is around 15 billion dollars, whereas that of necrotic enteritis is 6 billion dollars to the
poultry industry [16,21]. These gastrointestinal diseases also cause severe inflammation,
affecting birds’ bone growth and remodeling. The negative impacts of gastrointestinal
diseases and their effect on bone in poultry have already been observed in broilers and
laying hens [8,22–28]. The economic losses associated with bone disorders resulting from
gastrointestinal diseases and the possible mechanism other than reduced feed intake for
bone loss in these conditions have not been fully understood. Therefore, it is crucial to
understand the complex relationship between gastrointestinal diseases, immune response,
and skeletal disorders in poultry to develop effective intervention strategies for controlling
and preventing these conditions, ultimately promoting the health and welfare of poultry in
modern production systems.

In this review, we connect gastrointestinal diseases with skeletal disorders, focusing
on the immune responses during and after coccidiosis and necrotic enteritis infections.
Understanding this link might lead to a better understanding of the underlying mechanisms
and potential therapeutic strategies to control gastrointestinal and skeletal disorders in
poultry. Ultimately, understanding the complex relationship between the immune and
skeletal systems in avian species might be of great importance for promoting their health
and welfare while maintaining their maximum genetic potential.

2. Bone Biology of Broilers and Layers
2.1. Long Bone Growth

Avian skeletal development begins as early as the embryonic stage and reaches matu-
rity during rearing [1,3,29]. During post-hatch growth, the cartilaginous template from the
embryonic stage is replaced by the process of endochondral ossification [30,31]. In the early
phase, a thin bony collar is gradually formed around the diaphysis of the cartilaginous
bone template through perichondral ossification, allowing lengthwise growth. Lengthwise
growth takes place at the primary ossification site through endochondral ossification [1,30].
At the end of the cartilage template or the epiphyseal growth plate, chondrocytes transform
into proliferative chondrocytes and are arranged in columns within an extracellular matrix
containing type II collagen. Following proliferation, these chondrocytes differentiate into
hypertrophic chondrocytes, which secrete type X collagen and later undergo apoptosis and
resorbed. Other than type II and type X collagen, chondrocytes also secrete organic matrix
containing proteoglycans, glycoproteins, and growth factors, which regulate the further
development of chondrocytes [1]. The lengthwise growth of the bone starts at the primary
ossification site where chondrocytes lay down the cartilage. In contrast, chondroclast
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reabsorbs the extracellular matrix, while alkaline phosphatase secreted by chondrocytes
and osteoblasts initiates bone calcification [1].

Osteoblasts, derived from mesenchymal stem cells, secrete type I collagen and raise
the concentration of Ca++ and PO4

3−, forming calcium hydroxyapatite crystals around
the matrix [1]. During bone elongation, cartilage is resorbed, resulting in the formation of
marrow spaces. The bone is resorbed and remodeled by a collaborative effort of osteoclasts
and osteoblasts ultimately resulting in the formation of the trabecular bone in the marrow
space [1,2]. Bone modeling allows for longitudinal and periosteal growth during early
growth stages. However, hormonal changes after sexual maturity in egg-laying hens lead
to the cessation of cortical and trabecular bone formation as well as longitudinal growth of
long bones [1,2,12,32]. As hens sexually mature, circulating levels of estrogen significantly
increase, which stimulates the function of osteoblasts for the formation of medullary
bone at the expense of cortical and trabecular bones, while inhibiting osteoclastic bone
resorption. Towards the end of the lay, when circulating estrogen declines, the function
of osteoblast is reversed towards the structural bone formation [1,2,32]. Nevertheless,
flat bones such as keel bones and ribs continue to ossify even after hens enter laying to
provide structural support during egg-laying and maintain their strength. Before the first
oviposition, the inner diameter of the long bones increases by approximately 20% through
intramembranous ossification and enables the deposition of medullary bone along the
marrow cavity. Osteoblasts create a network of immature osteoid along the outer surface
of the periosteum, which eventually undergoes calcification to form cortical bones, while
osteoclasts resorb bone on the endosteal surface, resulting in the widening of the bone [1].
At sexual maturity, the estrogen surge alters osteoblasts’ function toward medullary bone
formation [1,2,32]. Medullary bone is a secondary bone structure with a highly woven
texture deposited in the marrow cavities and on the trabecular surfaces. During the
pre-lay stage of the growth, medullary bone in marrow space accumulates rapidly and
continues to deposit for the rest of the laying period [1,2,32,33]. In the meantime, blood
supply plays a crucial role in the development and growth of bones in chickens, and avian
vasculature penetrates deeper into the growth plate to support their fast growth rate [34].
The avian blood vasculature not only triggers the calcification of the cartilage matrix and
formation of bone marrow, but also recruits osteoblast and osteoclast precursor cells to
bone remodeling sites. It also supplies nutrients for collagen and bone formation, removes
the metabolites from bone resorption, delivers systemic hormones and precursor cells, and
provides angiogenic and angiocrine signals regulating bone formation, resorption, and
remodeling [34,35].

2.2. Bone Remodeling

Bone remodeling is a dynamic and continuous process to maintain skeletal integrity
and functionality under various stressors including physiological, hormonal, or mechan-
ical [1,6,32,33]. This dynamic process involves the resorption and formation of bones by
osteoclast and osteoblast, respectively. Osteoclasts are multinucleated bone-resorbing cells
derived from monocyte/macrophage cells of hematopoietic origin [5,36]. They are more
abundant in bone surfaces and are engaged in bone degradation. Whereas osteoblasts
are bone-forming cells that originate from mesenchymal stem cells residing in the bone
matrix of the bone marrow. These metabolically active cells synthesize the collagenous
and non-collagenous bone matrix and facilitate calcification [1,5,6]. During this process,
osteoblasts are trapped in the bone matrix and are converted to osteocytes, which regu-
late the pace of bone modeling and remodeling [5,6,37]. In fast-growing broilers, bone
remodeling occurs rapidly due to the fast growth rate and high metabolic demand of bone
tissue [29]. Bone remodeling occurs in both types of structural bone tissue, cortical and
trabecular. Cortical bone is denser and provides structural support to the skeleton, while
the trabecular bone is more porous and plays a role in mineral metabolism and load-bearing
function [1,2]. Trabecular bone, due to its larger surface area and higher metabolic activity
compared to cortical bone, is more susceptible to higher rates of bone remodeling [8,22].
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However, medullary bone in laying hens is highly vascularized and plays a crucial role
in maintaining calcium homeostasis [1,2,13,32]. Furthermore, it serves as a labile source
of calcium for eggshell formation, and the process of its deposition and resorption occurs
continuously throughout the laying period. Therefore, medullary bone remodeling in
egg-laying chickens is a significant physiological process that allows a hen to meet the
increased demand for calcium during egg production.

The dynamic process of bone remodeling in chickens is tightly regulated by the os-
teoclastogenesis, and osteoblastogenesis at the cellular level and is initiated by the change
in the secretion of hormones for calcium homeostasis (parathyroid, calcitriol, calcitonin,
or estrogen hormones), the status of lay, mechanical stress, or immune responses. Bone
remodeling is completed in three different phases: (i) initiation of resorption by osteoclasts,
(ii) transitioning from resorption to the formation of new bone (reversal), and (iii) formation
of new bones [6,7,38]. A change in calcium homeostasis, mechanical stress, or damage
to the bone stimulates osteocytes and osteoblasts to recruit osteoclast precursor cells in
bone surfaces. An increase in the expression of receptor activator of nuclear factor kappa-B
ligand (RANKL), decreased in osteoprotegerin (OPG) from osteoblast and increased in scle-
rostin from osteocytes, stimulates RANKL-mediated osteoclastogenesis [37,39–43]. These
multinucleated osteoclasts then degrade and resorb the mineralized matrix by producing
collagenolytic enzymes (Cathepsin K, Tartrate resistant acid phosphatase) and hydrochloric
acids and undergo apoptosis [44]. The resorption of mineralized bones is then followed by
the reversal phase, where the mononuclear cells remove the remaining collagen [45]. Fur-
thermore, the increased concentration of insulin-like growth factors (I, II) and transforming
growth factors B recruit mesenchymal stem cells to bone resorption sites and differentiate
into osteoblasts [46]. The newly differentiated osteoblasts lay down the collagenous bone
matrix in the resorbed sites called osteoid, which later calcifies. The bone remodeling
concludes once the equilibrium is achieved, and then osteoblasts either undergo apoptosis
or embed themselves in the bone matrix and differentiate into osteocytes [43,47]. The
detailed process of bone remodeling is visually illustrated in Figure 1.
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3. Host-Immune Response in Coccidiosis and Necrotic Enteritis

Coccidiosis and necrotic enteritis have the most significant impact on the poultry
industry, with more than 20 billion dollars in loss globally per annum [16,21]. Coccidiosis
is caused by several species of Eimeria (Eimeria acervulina, Eimeria brunetti, Eimeria maxima,
Eimeria mitvai, Eimeria necatrix, Eimeria mitis, Eimeria praecox, Eimeria tenella, Eimeria hagani)
either alone or in combination [15,19,48,49]. Necrotic enteritis is a highly prevalent gastroin-
testinal disease in poultry, caused by Clostridium perfringens strains expressing NetB toxins
and, most of the time, it is secondary to other predisposing factors [50–52]. Coccidiosis is
one of the major predisposing factors other than high dietary proteins, dysbiosis, or enteric
infections altering the immune status of birds and diets, increasing the passage rate of
intestinal content [50,52,53]. Coccidiosis and necrotic enteritis affect most of the gastroin-
testinal tract by disrupting the gastrointestinal barrier, causing severe acute and chronic
inflammation of the gastrointestinal lining, tissue necrosis, and reducing the development
of immune organs [17–19,54–56].

The gut-associated lymphoid tissues (GALT) serve as the body’s first line of de-
fense against infection, disease development, and other threats by eradicating infectious
pathogens at an early stage [57–59]. Pattern recognition receptors, such as Toll-like recep-
tors, are well adapted to the intestinal epithelial cell barrier for microbial sensing through a
microbial-associated molecular pattern. GALT functions as antigen recognition and presen-
tation, followed by the release of intestinal antibodies and activation of the cell-mediated
immune response in chickens when infected with gastrointestinal diseases [50,52,59,60].
Following this, activated B and T cells move to the lamina propria, where immune re-
sponses are put into action [58,59,61–63]. Adaptive immunity depends on the T and B
cells found in the lamina propria. The immune system reacts swiftly to infection as early
as 3 h, mainly indicated by an increased concentration of polymorphonuclear leukocytes
(primarily heterophils) in the intestinal villi, the antigen’s point of invasion [63].

The gastrointestinal mucosal lining is a part of the intestinal defense mechanism and
helps recognize the pathogen and activate innate immune responses. Toll-like receptors
recognize the microbial-associated pattern factor in and on microbes and initiate the signal
transduction cascade that leads to the transcription of numerous genes involved in the
immune response through RANK-mediated pathways. Activation of the antigen-presenting
cells (APCs), such as dendritic cells and macrophages, by the pathogens and upregulation
of pro-inflammatory cytokines and chemokines by innate immune cells are essential for
developing adaptive immunity [50,52,58,59,61,64]. Upon activation, APCs migrate to
regional lymphoid organs, where they upregulate the production of pro-inflammatory
cytokines, such as IL-1β, IL-6, IL-8, and IL-12, facilitating the activation of naive CD4+
T-cells. Subsequently, these activated T-cells differentiate into various subsets, including
Th1, Th2, Treg, and Th17 [62,65–69]. It has also been observed that necrotic enteritis
and coccidiosis significantly increase the number of naive CD4+ cells, which is supposed
to differentiate into different subsets and cytotoxic T-reg cell (CD8+) of a cell-mediated
immune response [51,70].

In Clostridium perfringens/Eimeria spp. co-infected necrotic enteritis, Th1 cells are
activated as part of the adaptive immune response. The cytokines produced by Th1
cells (IFN-γ, IL-2, IL-12, and TNF-α) can help clear the infection by promoting the ac-
tivation of macrophages and other immune cells that can eliminate the intracellular
pathogens [50,58,62,65,69]. Studies have demonstrated that cytokines associated with
cell-mediated immunity, such as IFN-γ, IL-2, and TNF-alpha, are upregulated during
coccidiosis and necrotic enteritis [17,19,65]. However, IFN-γ and IL-2 were reported to be
downregulated in necrotic enteritis to prevent the activation of innate immune system cells
and suppress antigen presentation by APCs [71]. These cytokines can promote the activa-
tion and proliferation of other immune cells, such as cytotoxic T cells and natural killer cells.
Furthermore, Th2 cytokines such as IL-3, IL-4, IL-9, IL-10, and IL-13 are also upregulated
during necrotic enteritis as a part of the humoral defense system [50]. Previous studies
have suggested that Th2 cytokines such as IL-4, IL-9, IL-10, and IL-13 may play a role in
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limiting the severity of the disease by promoting tissue repair and limiting inflammation
and promoting antigen-specific B cell activation and antibody production. Th17 cells play a
crucial role in microbial defense at mucosal surfaces, as they upregulate the production of
cytokines IL-17 and IL-22, secretion of antimicrobial peptides, IgA, and the induction of
inflammation, all of which contribute to defense against invading pathogens. Furthermore,
Th17 cells also aid in the regeneration of intestinal epithelial cells [72,73]. The upregulation
of immune response is critical in protecting chickens against various infectious diseases
including coccidiosis and necrotic enteritis. These immune responses are not limited to the
intestinal mucosa but might also have an influence on skeletal homeostasis altering the
skeletal integrity.

4. Shift in Gut Microbiome and Immune Response

Diverse microbial communities naturally colonize the GIT of chickens and are an inte-
gral part of the intestinal ecosystem alongside the intestinal epithelial lining and immune
system [74–77]. Microbiomes and immune cells residing in the GIT coexist in equilibrium
while maintaining the functionality to respond against harmful pathogens. The crosstalk
between the intestinal microbiome and immune system, and epithelial cells strengthens
their symbiotic relationship. The host immune system regulates the colonization and
microbial composition, whereas the interaction between the microbiome helps in the devel-
opment and functionality of the immune system [74,75,77,78]. It has been observed that gut
microbiome plays a significant role in goblet cell development [79], B cell development and
activation in lamina propria and Bursa of Fabricius [80], T cell differentiation [81,82] and
development of GALT [75,80]. Furthermore, metabolites produced by the gut microbiota
such as short-chain fatty acids, indole, tryptamine, vitamins, and bacteriocins were reported
to increase the production of anti-inflammatory cytokines by altering inflammasomes thus
reducing the harmful inflammation [74,82].

However, a shift in the commensal microbial population was observed after coccidiosis
and necrotic enteritis infection. A decrease in segmented filamentous bacterial population
was observed in the intestine and ceca of infected birds [83]. These bacterial populations
are involved in the differentiation of Th17 cells from naïve CD4+ T cells along with the
IgA production [84]. Likewise, a shift in lactic acid-forming bacterial populations (either in-
creased or decreased) was also observed following the infection [83,85–90]. These bacterial
populations were involved in maintaining tight junction integrity and immunomodulation
by stimulating TNF-α, INF-γ, and IL-12 [91]. Similarly, short-chain fatty acids-producing
bacterial populations were decreased in chickens following the infection [83,85–90].

5. Interaction between Immune Response against Gastrointestinal Disorders and
Bone Biology

Since mature immune cells (B cells, macrophages, and T cells), hematopoietic stem
cells, and bone cells (osteoblasts, osteoclasts, and osteocytes) all coexist in the same milieu
(bone marrow), they interact with one another to perform their respective functions [4,6,7].
Osteoclasts originate from hematopoietic stem cells, from which blood cells and other
immune cells originate too. Osteoclasts are derived from monocytes/macrophages, which
are circulating white blood cells that play a significant role in immune functions. In
contrast, osteoblasts are derived from mesenchymal stem cells. Human and animal
studies have revealed that several immune cytokines released from activated immune
cells influence bone cell activity and remodeling through RANKL during inflammatory
conditions [51–53,71,72].

The nuclear factor kappa-ligand (RANK) is a common link between the immune
and skeletal systems. RANKL, along with macrophage colony-stimulating factor (MCSF),
signals the monocytes and macrophages to differentiate into osteoclasts, known as osteo-
clastogenesis [5,6,41]. Osteoblasts and osteocytes express RANKL under the influence of
hormones and physiological factors [37,41,43,47]. Pro-inflammatory cytokines from acti-
vated immune T cells, TNF-α, IL1β, and IL-17 intensely expressed the RANKL [42,92,93],
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which is key to the differentiation of osteoclasts after binding with their receptor RANK
from monocyte-osteoclast precursors, and their activity. The OPG extensively regulates the
interaction of RANKL with RANK, a decoy receptor for RANKL expressed by osteocytes
and osteoblasts [94]. The interaction between the immunological pathways connecting to
the bone remodeling is visually illustrated in Figure 2.

The process of bone remodeling is continuous, and the balance between bone resorp-
tion and bone formation is maintained through the coordinated activities of osteoclasts
and osteoblasts. Depending on the severity of the infection, coccidiosis and necrotic en-
teritis can induce both acute and chronic inflammation of the gastrointestinal system,
which negatively affects the growth and might alter the bone modeling and remodeling
of birds [50,69,70]. Previously, it has been observed that during coccidiosis (broilers and
laying hen pullets), the number and activity of osteoclasts increased, reducing cortical and
trabecular bone volume [8,22,95]. The microstructural architecture of the long bones was
measured using X-ray microtomography. The authors found that coccidiosis decreased
the bone volume as a fraction of tissue volume (up to 5%), bone mineral content (BMC)
(up to 61%), and bone mineral density (BMD) (up to 56%) of both cortical and trabecular
bone in infected pullets on 6 and 14 days post-inoculation (DPI) [8,22]. Comparable effects
were observed, including decreased BMC, breaking strength, and ash% in broilers infected
with Eimeria spp. [25,27,28]. Likewise, Sharma et al. (2022) observed a decrease in BMD
(up to 35%), BMC (up to 41%), and bone volume (up to 35%) of femurs when laying hen
pullets were infected with Eimeria spp. The one possible mechanism for this loss in bone
properties might be a drastic reduction in feed intake, as observed a couple of days after
infection [19,22,95]. However, restriction of feed intake in pair feeding control as that of
infected broilers did not have as adverse an effect as that of the infected birds, indicating
immunological responses play a significant factor in bone loss. Feed restriction led to a
reduction of 10% in BMC, while inflammation resulting from Eimeria spp. infection caused
an additional 11% loss [8]. It is also interesting to note that while inflammation subsided by
14 DPI, it took longer for the skeletal health of pullets infected with Eimeria spp. to recover,
requiring up to 28 days post-inoculation, as observed by Sharma et al. 2022.

Eimeria infection, alone or combined with the Clostridium perfringens, upregulates sev-
eral cytokines that play a critical role in RANKL expression and osteoclastogenesis. During
the infection, naive CD4+ cells differentiated into several subsets, including Th1, Th2, Treg,
and Th17 [50,52]. These activated T cells produced several pro-inflammatory and anti-
inflammatory cytokines with stimulatory or inhibitory effects on osteoclastogenesis based
on the expression of RANKL [4–6,92,93,96–99]. Either alone or together with the Clostridium
perfringens, Eimeria spp. infection upregulates the expression of the pro-inflammatory cy-
tokines (TNF-α, IL-1β, and IL-6) of the innate immune system and APCs, which express the
secretion of RANKL [19,50,52]. Furthermore, TNF- α is also a potent inhibitor of osteoblast
differentiation by several transcription factors and decreases the phenotype selection of
precursor cells to the osteoblast pathway [100]. Among the pro-inflammatory cytokines,
IL-17 from Th17 expresses the highest level of RANKL and, has a strong osteoclastogenic
effect, was upregulated during the infection. IL-17 further increases local inflammation,
and the production of TNF-α and IL-6 further increases the production of RANKL [92].
The production of RANKL by these cytokines activated the RANK signaling pathways in
osteoclast precursor cells. It increased the number of osteoclasts (up to 300%), their activity,
and elevated bone resorption, as observed previously in chickens by Tompkins et al. 2023
and Sharma et al. 2022.

Furthermore, peripheral APCs (dendritic cells and macrophages) are actively involved
in tissue inflammation, and their number rapidly increases during infection. These cells
have the capacity to differentiate into osteoclasts, which is governed by cytokine RANKL-
RANK expression [101]. Although CD4+ inhibits osteoclastogenesis by increasing the
secretion of transforming growth factor-β, while cytokines INF-γ, IL-4, IL-10, and IL-12 by
inhibiting the RANK pathways, their functionality is masked by the upregulation of the
IL-17, which has strong osteogenic properties [7,92]. On the other hand, IL-17A has been
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shown to inhibit the wnt signaling pathway, resulting in reduced expression of osteoblast
differentiation and early osteocyte markers, thereby inhibiting the osteoblastic differentia-
tion of bone marrow mesenchymal stem cells [102]. The interaction between immune cells
and inflammatory cytokines produced during coccidiosis and necrotic enteritis and bone
remodeling is illustrated in Table 1.
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Figure 2. Schematic representation of the interaction between immune responses and bone biology
following gastrointestinal disorder (coccidiosis and necrotic enteritis) in chickens. IL-1β: Interleukin
1 β, IL-6: Interleukin 6, IL-12: Interleukin 12, Th1: T helper cells 1 (Cell-mediated immunity), Th2:
T helper cells 2 (Humoral immunity), Treg: Regulatory T cells, Th17: T helper cells 17, IFN-γ:
Interferon γ, IL-2: Interleukin 2, TNF-α: Tumor necrosis factor α, IL-3: Interleukin 3; IL-4: Interleukin
4, IL-9: Interleukin 9, IL-10: Interleukin 10; IL-13: Interleukin 13; IL-17: Interleukin 17, RANKL:
Receptor activator of nuclear factor κB ligand, RANK: Receptor activator of nuclear factor κB, OPG:
Osteoprotegerin, MCSF: Macrophage colony-stimulating factor, CFMS: Colony stimulating factor
receptor, H+: Hydrogen ion, Cl−: chloride ion.
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6. Gut Microbiome and Bone Homeostasis

It has been established that the microbiome helps in nutrient absorption and utiliza-
tion, regulating the immune response, and reinforcement of the gastrointestinal barrier
to prevent microbial translocation [76,108]. The active metabolites from the commensal
microbial populations, such as short-chain fatty acids, can stimulate Treg cell activity,
which suppresses inflammation and may help reduce bone loss during inflammatory con-
ditions [82,108,109]. However, dysbiosis following coccidiosis or necrotic enteritis might
lead to changes in microbial populations that compromise the microbiota’s immunomodu-
latory functions. Similarly, lactic acid-forming bacteria can help maintain tight junctions
in the intestinal epithelial cells, which prevent harmful bacteria from translocating into
circulation and bones [110]. Bacterial translocation into bones, as seen in cases such as
bacterial chondronecrosis and osteomyelitis in broilers, can initiate inflammatory responses
in the femoral head and lead to necrosis. These bacteria further increase the inflammatory
responses in the femoral head, leading to necrosis [111,112]. Furthermore, the Gut micro-
biome plays a significant role in Th17 differentiation. IL-17 from Th17 plays a significant
role in RANKL-mediated osteoclastogenesis. Microbial dysbiosis disrupts the equilibrium
of the pro-osteoclastogenic pathway and induces osteoclast-mediated bone loss in multiple
ways, including the differentiation and inhibition of anti-osteoclastogenic Th1, Th2, and
Treg subsets [113].

7. Conclusions

In conclusion, we summarized that coccidiosis and necrotic enteritis are two of the
most significant gastrointestinal diseases in poultry, with a substantial economic impact
on the poultry industry. These diseases affect not only birds’ performance but also their
bones’ quality, thereby impacting their overall welfare. The delicate balance between bone-
resorbing cells, osteoclasts, and bone-forming cells, osteoblasts, plays a crucial role in bone
remodeling, modulated by the immune cells. However, during gastrointestinal infections
in chickens, the increased immune response can disrupt this balance through the RANKL-
RANK pathway mediated by inflammatory and pro-inflammatory cytokines, ultimately
leading to bone loss. Furthermore, microbial dysbiosis further exaggerates bone loss during
infection through immune-mediated response or through breaching the gastrointestinal
barrier. Although several antibiotic alternatives have been proposed to enhance the immune
response against these diseases, increasing the immune response might not always be
helpful for maintaining bone quality as some of them might increase osteoclastic activities.
Therefore, further studies are necessary to better comprehend the molecular mechanisms of
bone loss and their relationship with bone homeostasis in poultry. This understanding will
help develop novel therapeutic approaches that selectively improve the immune responses
against these diseases without affecting bone homeostasis, ultimately improving chickens’
health, welfare and performance.
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Simple Summary: Environmental enrichment (EE) has been suggested to increase environmental
complexity and can benefit broilers’ welfare. In the previous lighting enrichment study in commercial
broilers, a variable light intensity (VL) lighting program or gradient lighting program improved the
voluntary natural behavior and activity for better health and production efficiency of broilers. In the
present study, we observed the best engagement in enrichment huts (EHs) from the three types of
EEs (board, ramp, and hut), implying that EHs provide a lower light intensity area which birds can
rest inside for safety and mental health. The combined effect of two EEs, VL lighting and EHs, on
mental health and hepatic metabolic function indicate that the enriched lighting and hut program
improve the mental health and hepatic fatty acid/glucose metabolic functions, suggesting that the
combined enriched lighting and hut programs make broilers sentient to light intensity in the broiler
house and improve mental health and nutrient-use efficiency in the liver.

Abstract: The aims of this study were to find suitable environmental enrichment (EE) and evaluate the
combined effect of two EEs, variable light intensity (VL) lighting program and EH, on mental health
and hepatic metabolic regulation in commercial broilers. To find the advantageous EEs for broilers,
three different EEs (board, hut, and ramp) were tested in trial 1. EEs were placed and the engagement
of birds to EEs, dustbathing behavior, and daily physical activity were observed. Birds treated with
huts showed higher engagement than the board- or ramp-treated birds (p < 0.05). The results of
dustbathing behavior and daily physical activity indicated that the environmental hut (EH) is the
most favorable enrichment for broilers. In the second trial, to test the effect of EHs on mental health
and hepatic metabolic conditions, the brain and liver were sampled from the four treatment birds
(20 lx_Con, 20 lx_Hut, VL_Con and VL_Hut) on day 42. The lower expression of TPH2 (tryptophan
hydroxylase 2) of VL_Hut birds than those of VL_Con and 20 lx_Hut treated birds suggests the
combining effect of EHs with the VL lighting program on the central serotonergic homeostasis of
broilers. Reduced expressions of TH (tyrosine hydroxylase), GR (glucocorticoid receptor), BDNF
(brain-derived neurotrophic factor) of VL_Hut treated birds compared to those of VL_Con and
20 lx_Hut birds suggest lower stress, stress susceptibility, and chronic social stress in VL_Hut treated
birds. The expression of CPT1A (carnitine palmitoyl transferase 1) increased over three-fold in the
liver of VL_Con birds compared to 20 lx_Con birds (p < 0.05). EHs treatment in VL birds (VL_Hut)
significantly decreased CPT1A but not in 20 lx birds (20 lx_Hut). The expression of ACCα (acetyl-CoA
carboxylase alpha) was significantly decreased in VL_Con birds compared to 20 lx_Con birds. There
was no significant difference in the hepatic FBPase (fructose-1,6-bisphosphatase), GR, and 11β-HSD1
(11 β-hydroxysteroid dehydrogenease-1) expression between 20 lx_Con and VL_Con birds, but EHs
significantly stimulated GR in 20 lx_Hut birds, and stimulated FBPase and 11β-HSD1 expression in
the VL_Hut birds compared to 20 lx_Con birds, suggesting that the VL lighting program reduced fatty
acid synthesis and increased fatty acid β-oxidation in the broilers’ liver and VL_Hut improved the
hepatic de novo glucose production. Taken together, the results suggest that the stimulated voluntary
activity by EHs in the light-enriched broiler house improved mental health and hepatic metabolic
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function of broilers and may indicate that the improved hepatic metabolic function contributes to
efficient nutritional support for broilers.

Keywords: enrichment hut; variable light intensity; hepatic fatty acid; welfare; serotonin; dopamine; BDNF

1. Introduction

Intensification systems in broiler production to produce more efficient meat prod-
ucts have many benefits including improved biosecurity and environmental control, but
have a negative effect on animal stress and welfare by preventing animals from showing
innate behaviors that they would perform in their natural environment [1,2]. Therefore,
finding novel methods to reduce the stress, and improve welfare and natural behaviors
associated with barren broiler houses on-farm are critically needed. Animal environmental
enrichments (EEs) can be defined as any safe materials or objects added to the animal
environment which engage the brain and encourage the expression of natural behavior
and exercise [3,4].

Environmental light, especially light intensity, is an important component that can
exert influence on behaviors, welfare, and production for intensively housed broilers [5–7].
In previous light preference studies, birds showed proclivity for the brighter light area
when they are presenting active behaviors but for darker light areas when resting [8,9]. In
an enriched light study in commercial broiler houses, which provided LED light over the
feedlines and adjusted dimmer light areas on the side wall and middle of houses, birds
showed enlarged natural behaviors and daily activity, which improved footpad condition
and leg health of birds [10]. However, knowledge of the effects of other environmental
enrichments on broilers’ behavior and other welfare indicators including mental and
hepatic functions is still limited [11].

Animal welfare is the outcome of physical and psychological well-being, which is
not a continual state but rather the result of certain mental changes underlying innate
motivated behaviors and learned responses [12]. The neurobiological system related to
food seeking is perhaps one of the most critical components for survival and generates
the attention and motivation that helps animals to find, detain, and acquire the object of
their want [12,13]. The food seeking and reward system consists mostly of dopaminergic
neurons in the midbrain ventral tegmental area (VTA) [14,15]. In recent studies, serotonin
(5-HT), dopamine (DA), and brain-derived neurotropic factor (BDNF) were suggested in
the assessment of animal welfare as positive indicators in the VTA [10,16,17]. BDNF is a
stress- and physical-movement-dependent neurotrophic factor associated with emotional
and cognitive function and was suggested as an animal health indicator of environmental
enrichment (EE) in domestic swine [17,18]. Physical activity is essential to the augmented
expression of BDNF in the brain and may enhance memory performance and reduce
depressive symptoms by promoting neurogenesis and neuronal differentiation [19,20].
Glucocorticoids (GCs, corticosterone in birds) are glucoregulatory hormones that are syn-
thesized in response to stimuli including stress and are regularly used in the assessment
of animal welfare [21]. Their action depends on the GC receptor (GR) which translocate
into the nucleus upon ligand binding and regulates transcription of responsive genes.
VTA-GR is well known for regulating the stress and reward system regulating feeding
behavior [22,23]. In recent studies of broiler chickens, avian VTA was suggested as the
important region, consisting of a variety of neurons of the avian midbrain, that is involved
in light perception by Opn4 (melanopsin) and might be involved in broilers’ welfare [10,24].

Physical exercise and play have a significant beneficial impact on brain and liver
health in mammalian species including humans [25–27]. The liver is the central metabolic
organ in controlling metabolic homeostasis, acting as the primary site for lipid metabolism,
where more than 90% of de novo fatty acids are synthesized in chickens [28,29]. Under
healthy conditions, the lipid metabolism is regulated in the liver to meet systemic energy
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needs in the fed and fasted states by the tightly regulated processes of fatty acid uptake,
synthesis, and oxidation pathways [30]. When one or more of these processes are ab-
normally regulated, excess lipid accumulation can occur [30]. Hepatic lipid metabolism
closely interacts with glucose metabolism in liver diseases [31,32]. The liver stores glucose
in the form of glycogen and releases glucose into circulation by either glycogenolysis or
gluconeogenesis [33]. In the feed state, hepatic glucose production is suppressed by insulin
secretion, and the glucose ingested is stored in part as glycogen [34]. Gluconeogenesis is
an intricate process that requires several enzymatic steps, which are under the regulation
of hormones, nutrient intake, stress conditions, and substrate concentrations. Fructose
-1,6-bisphosphatase (FBPase) is a key enzyme of gluconeogenesis, and its deficiency causes
hypoglycemia and fatty liver disease [35]. FBPase deficiency should be considered as
an etiology of hepatic steatosis [35]. Increased levels of circulating GC levels have been
associated with pathological conditions characterized by fatty liver disease [36,37].

Therefore, addressing the midbrain-VTA-welfare-related genes and hepatic metabolic
regulating genes may provide critical data to understand possible adaptive physiological
responses of broilers to environment enrichments which are involved in the mental and
hepatic welfare of broilers. In the present study, we hypothesized that when broilers in
commercial houses are provided appropriate environmental enrichments, it will stimulate
birds’ innate natural behavior, and consequently, cause voluntary movement for the con-
sumption of feed and water, and improve physical activity and mental and hepatic welfare
of birds.

2. Materials and Methods
2.1. Experimental Design and Animal Housing

Trial 1 was performed to test the engagement of birds to different enrichments (board,
hut, and ramp), and the effects of the selected enrichment on the daily physical activity, nat-
ural behavior, and dustbathing. Day-old broilers (Cobb 700, mixed sex, 19,200 birds/house,
stocking density_12.3 birds/m2) were housed in four commercial broiler houses (Tyson
Foods Broiler Welfare Research Farm (BWRF)). Two replicate trials were performed, and
each house was composed of 4 quadrant sections. Each quadrant of the house was placed
with 4800 chicks with all source flocks equally represented in each quadrant. Each house
was equipped with standard feeders, waterers, and brooders (12.8 m × 122 m, wood shav-
ings). Two different light intensity lighting programs (20 lux (lx) and variable light intensity
(VL)) were installed, and the light intensity (LED) was measured in 9 different areas of
the house. The averages of light intensity in the 20 lx and VL house were 26.16 ± 0.70 lx,
and 2.07/40.4 ± 0.04 lx, respectively [10]. Diet was formulated to meet minimum industry
standards [38]. The light was on from 6 am day 1–3 (23 h light (L):1 h dark (D) (23 L:1 D)
_40 lx); then on day 4–7, the photoperiod schedule was changed into 20 L:4 D_20 lx. On
day 7, lighting programs were started for 20 lx and VL houses (16 L:8 D, light on 6 am).
Environmental enrichments (EEs: board, hut, or ramp) were placed in each section of the
houses (3 EEs/92.9 m2 (1000 sqft), 9 EEs/section).

After the enrichment hut (EH) was selected as an appropriate EE in trial 1, trial 2
was performed to assess the effects of EHs on mental health and liver metabolic functions.
Day-old broilers (Cobb 700, mixed sex, 19,200 birds/house) were housed in four broiler
houses (Tyson Foods BWRF). Four replicate trials were performed (n = 4 sections/house,
4800 birds/section). Two different light intensity lighting programs (20 lx, and VL) and
the same diet were installed as in trial 1. Four treatments were assigned to each house
(20 lx_Con, 20 lx_Hut, VL_Con, and VL_Hut). EHs were placed at 4 sections of 20 lx_Hut
and VL_Hut house (3 huts/92.9 m2 (1000 sqft), 9 huts/section). At 42 days of age, birds
were selected randomly in each section (n = 16/treatment, male), and transported to the
sampling room for brain and liver sampling. The care and experimental use of animals
were followed and maintained by the protocol of Tyson Foods BWRF.
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2.2. Behavioral Observations Affected by Enrichments
2.2.1. Number of Engaged Birds to Enrichments

In trial 1, a trained observer placed a camera 5 m from an enrichment within a section
at the age of 28, 35, and 42 days. The observer then walked the ground adjacent to the
enrichment to remove any birds actively using the enrichment. The enrichment was then
recorded for 15 min. These data represent the number of birds near, under, and over the
enrichment for 15 min (Figure 1D–F).
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Figure 1. Effects of the three different environment enrichments (board, hut, and ramp) on engage-
ment of birds at different ages. (A–C) Three commercially available enrichments placed in trial 1,
20 lx and VL houses. Enrichment dimensions: Board; 10.2 cm (diameter) × 182.9 cm (long), Hut;
35.6 cm (wide) × 76.2 cm (long) × 35.6 cm (height), Ramp; 61.0 cm (wide) × 91.4 cm (long) × 30.5 cm
(height). (D–F) Weekly number of engaged birds was observed on day 28, 35, and 42 for each enrich-
ment. Data (mean ± SEM) were compared among treatments. Different lower-case letters above the
bars denote significant differences (p < 0.05) among groups.

2.2.2. Dustbathing and Daily Physical Activity

In trial 1, the number of dustbathing holes was counted within nine identified areas of
the section (four sections/house) to see the combined effects of the two different light inten-
sity lighting programs (20 lx and VL) and three EEs (board, hut, and ramp) on dustbathing
behavior. In each section, dustbathing holes as evidence of dustbathing behavior were
counted at the age of 8, 15, and 22 days [10]. The number of holes per 5 m2 was determined.
Data were compared among treatments. In trial 1, daily physical activity was monitored us-
ing a 22 g activity tracker, Animo (www.surepetcare.com (accessed on 10 September 2023),
activity and behavior monitor) which monitors animals’ activity and behavior including
sleep quality, energy burnt, and shaking via tri-axial accelerometer technology [10]. A
similar animal activity tracker, Fitbark (www.fitbark.com (accessed on 1 October 2023)), was
used for monitoring animals’ movement in the behavior study [39]. At 43 days of age, birds
were randomly selected, and body weight was measured (n = 8 birds/trt, 4 birds/section,
2 VL houses). An Animo was installed for each bird using a commercially available chicken
harness and uninstalled at 48 days of age. Average daily activity (joules/day, 4 days) of
each bird was obtained from the installed software. Animo energy calculation is based
on an industry standard calculation that considers the bird’s weight. The energy burnt is
tracked against each movement type for a bird.
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2.3. Dissection of Ventral Tegmental Area (VTA) of Midbrain and Liver Sampling

According to previous studies in avian species and a chick brain atlas [8,10,40], the
VTA regions from the sampled birds were dissected in cryostat microtome. Dissected
section dimensions were 3–3.5 mm (W) × 2–3 mm (H) × 1–1.2 mm (L) for VTA. The
thickness (W, H, and L) of the dissected brain tissue block was proportionally increased
for 42 days’ birds based on brain size and structure. Inside the cryostat, brain areas shown
as rectangles were dissected from each flattened brain section using a scalpel handle and
blade (#11) and were quickly transferred to the Trizol and then stored at −80 ◦C until total
RNA extraction. The liver tissues from the sampled birds at 42 days of age were dissected,
snap-frozen, and stored at −80 ◦C for total RNA extraction.

2.4. RNA Isolation and Two-Step Real-Time Quantitative RT-PCR

Total RNA was extracted from dissected frozen brain tissue and liver tissues using
TRIzol® reagent (Invitrogen Life Technologies, Palo Alto, CA, USA) followed by DNase
I treatment and purification of total RNA by the RNeasy mini kit (Qiagen, Valencia, CA,
USA). The RNA quality and quantity were determined using agarose gel electrophoresis
and NanoDrop 1000 (Thermo Scientific, Wilmington, DE, USA). Two µg of total RNA from
sectioned VTA and liver tissue were converted into cDNA with oligo (dT)16 primer and
SuperScript IV reverse transcriptase (Invitrogen, Grand Island, NY, USA), as previously
described [8,10]. The specific oligonucleotide primers were designed using the PRIMERS3
program (http://primer3.ut.ee (accessed on 15 February 2023)). Primer sets for chicken
TPH2 (tryptophan hydroxylase 2), TH (tyrosine hydroxylase), GR (glucocorticoid receptor),
BDNF, Opn4, CPT1A (carnitine palmitoyl transferase 1), ACCα (acetyl-CoA carboxylase
alpha), FBPase, GR, and 11β-HSD1 (11 β-hydroxysteroid dehydrogenease-1) were designed,
and conventional RT-PCR performed for optimizing annealing temperature for each primer
set (Table 1). The PCR products were analyzed by using agarose gel electrophoresis (3%).
Melting curve analysis and PCR efficiency for each selected primer set were validated
with the default settings on the ABI 7500 system (Applied Biosystems LLC, Foster, CA,
USA). The efficiency of PCR was evaluated by performing a dilution series experiment and
the slope of the standard curve was translated into an efficiency value. Efficiency of the
PCR within 95–100% was accepted for this study. A portion of the cDNA was subjected
to quantitative real-time PCR (qRT-PCR) using an ABI 7500 system with Power SYBR
Green PCR Master Mix (Invitrogen, Grand Island, NY, USA). Chicken glyceraldehyde
3-phosphate dehydrogenase (GAPDH), β-actin, and 18S were used as internal controls.
Dissociation curves were constructed at the end of amplification for validating the quality
of the data. All qRT-PCR experiments were performed in triplicate, and the values of the
average cycle threshold (Ct) were determined. Delta-Ct scores for gene transcripts in each
sample were normalized using Delta-Ct scores for GAPDH/β-actin/18S and expressed
as the relative fold change in gene expression using the equation, 2−∆∆Ct. The gene name,
NCBI accession numbers, primer sequences, PCR product size, and annealing temperatures
used in the present study are shown in Table 1.

Table 1. Primers used for RT-QPCR.

Gene GenBank # Primer Sequences (5′-3′) Size (bp) Annealing Tm (◦C)

TPH2 NM_001001301.1 F: AGGACCTCCGCAGTGATCTA
R: CAGCATAAGCAGCTGACAACA 111 58

TH NM_204805 F: CTTTGATCCTGATGCTGCTG
R: CCTCAGCTTGTTTTTGGCAT 103 56

GR NM_001037826 F: GCCATCGTGAAAAGAGAAGG
R: TTTCAACCACATCGTGCAT 95 54
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Table 1. Cont.

Gene GenBank # Primer Sequences (5′-3′) Size (bp) Annealing Tm (◦C)

BDNF NM_001031616 F: GACATGGCAGCTTGGCTTAC
R: GTTTTCCTCACTGGGCTGGA 167 60

CPT1A NM_001012898.1 F: GTGGCTGATGATGGTTACGGT
R: CCCATGATGTCAACCAATGCT 146 58

ACCα NM_205505.1 F: GTTGCCATGGATTCGATCGTG
R: GGAGTACAGGAAATCGATGCT 128 58

FBPase AJ276212 F: TTCCATTGGGACCATATTTGG
R: ACCCGCTGCCACAAGATTAC 100 58

11β-HSD1 XM_417988 F: CTGGGAACTGTCTGCACAAC
R: GATTGCGAGGAACCATTTACAG 96 56

Opn4 AY036061 F: AAGGTTTCGCTGTCATCCAGC
R: CTGCTGCTGTTCAAACCAAC 128 58

GAPDH NM_204305 F: CTTTGGCATTGTGGAGGGTC
R: ACGCTGGGATGATGTTCTGG 128 58–60

β-actin L08165 F: CACAATGTACCCTGGCATTG
R: ACATCTGCTGGAAGGTGGAC 158 54–56

18S AF173612 F: TCCCCTCCCGTTACTTGGAT
R: GCGCTCGTCGGCATGTA 60 60

2.5. Statistical Analyses

Statistical analyses were performed using JMP® 14.0 (SAS Institute Inc., Cary, NC,
USA). A normal distribution was first tested by the Shapiro–Wilk test and differences
among the groups were analyzed using one-way analysis of variance (ANOVA) followed
by mean comparison using the Tukey’s HSD test at a significance level of p < 0.05. Multiple
comparisons of group mean by Tukey’s HSD test were used to evaluate behavior data
including engagement, dustbathing holes, and daily physical activity, and relative changes
of gene expression among treatment groups for each gene. Data are presented as the mean
± SEM. A probability level of p < 0.05 was considered as statistically significant.

3. Results
3.1. Effects of Environmental Enrichments on Engagement, Dustbathing, and Daily Physical
Activity of Broilers

The shape and dimension of the three enrichments (board, hut, and ramp) used in
this study are presented in Figure 1A–C. The engagement observed includes climbing
or jumping on the objects, sitting next to, and hiding underneath them. On day 28, the
first testing day of engagement, the engagement to the hut was the highest in VL houses
among treatments and significantly higher compared to 20 lx houses (Figure 1D). On days
35 and 42, similar patterns of engagement were observed (Figure 1E,F). There was no
significant difference of engagement between the board and ramp in the 20 lx and VL
treated houses. EHs significantly induced the highest engagement of birds compared to
boards and ramps on days 28, 35, and 42 of age (p < 0.05).

Dustbathing behavior made holes in the floor of the commercial broiler houses [10].
Weekly counting of dustbathing holes in each section of the house was performed and
compared among treatments (Figure 2). On days 8, 15 and 22, the numbers of dustbathing
holes in 20 lx houses with different enrichments were not different among treatments,
excepting the difference between 20 lx_Con and 20 lx_Board on day 15. In the VL houses,
VL_Hut sections have the highest number of dustbathing holes. On day 22, the number
of dustbathing holes in the VL_Hut section was the highest compared to other treatments
including the VL_Con section (p < 0.05).
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Figure 2. Effects of the three different enrichments (board, hut, and ramp) on the number of dust-
bathing holes in different light condition and ages. In each section of trial 1, 20 lx houses (A) and VL
houses (B), dustbathing holes as the evidence of dustbathing behavior were counted at 8, 15, and
22 days of age. Dustbathing holes were observed in nine parts of each section and the number of
holes per 5 m2 was determined. Data (mean ± SEM) were compared among treatments. Different
lower-case letters above the bars denote significant differences (p < 0.05) among groups.

To select the best enrichment for the broilers’ activity in the VL houses, birds of each
section in two VL houses were selected and were installed with Animo (activity tracker)
on day 43 and uninstalled on day 48 (n = 4/section, 2 houses, total birds n = 32). Average
daily consumed energy (Joule/day) by moving activity was obtained for four days (from
day 44 to day 47) (Figure 3). VL_Hut birds burned 33% more energy compared to VL_Con
birds (p > 0.05) and 66% more energy compared to VL_Board birds for their moving
activity (p < 0.05).
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Figure 3. Effects of the different environmental enrichments (board, hut, and ramp) on daily physical
activity. In each section of trial 1 VL houses, an activity tracker, Animo, was installed on birds
using harness at 43 days of age and uninstalled at 48 days of age (n = 8 birds/trt, 4 birds/section,
2 VL houses). Average daily activity (calorie consumption) for each bird from day 44 to day 47 was
obtained. Data (mean ± SEM) were compared among treatments (control, board, hut, and ramp).
Different lower-case letters above the bars denote significant differences (p < 0.05) among groups.
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3.2. Effects of Light Programs and EHs on Regulation of Welfare Marker Genes in the Ventral
Tegmental Area (VTA) in Commercial Broiler House

To investigate the long-term effects of enrichment huts in the 20 lx and VL houses
on the previously identified broiler welfare marker genes in the VTA (Figure 4), expres-
sional changes of TPH2, TH, GR, BDNF, and Opn4 genes were determined in the VTA of
broilers’ midbrain at 42 days of age (Figures 5 and 6F). Expression of TPH2, an indicator
of serotonergic activity in the VTA, in 20 lx birds was downregulated by EHs, and the
decreased TPH2 expression in the VL birds compared to 20 lx control birds was further
downregulated by EHs (p < 0.05). TH expression, an indicator of DAergic activity, was the
highest in 20 lx birds (20 lx_Con) among other birds (p < 0.05), and there were significant
decreases in TH expression in 20 lx_Hut and VL_Con birds (p < 0.05). In the VL birds, EHs
affected the downregulation of TH expression compared to VL_Con birds (p < 0.05). Both
VTA-GR expressions, a stress response indicator in VTA, in 20 lx and VL birds were strongly
downregulated by EHs treatment, indicating the lower stress status in EHs-treated birds
compared to 20 lx and VL control birds (p < 0.05). There was no difference in VTA-BDNF
expression, a social stress indicator in VTA, in 20 lx birds by EHs treatment (p > 0.05), but
EHs decreased VTA-BDNF expression significantly in the VL birds. VTA-Opn4 expression
was affected by the enriched lighting program as we observed previously [10]. EHs further
decreased VTA-Opn4 expression of VL birds (p < 0.05).
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Figure 4. Sagittal view of dissection area of the chicken midbrain (Ventral Tegmental Area). Di-
mensions of dissected tissue are coronally 3–3.5 mm (W) × 2–3 mm (H) × 1–1.2 mm (L) for VTA.
The thickness (W, H, and L) was adjusted proportionally from young birds to older birds based
on brain size and structure. Abbreviations used: AM: anterior medial hypothalamic nucleus; CA:
anterior commissure; Cb: cerebellum; CO: optic chiasma; CP: posterior commissure; DMA: dorso-
medial nucleus; EW: Edinger–Westphal nucleus; FLM: medial longitudinal fasciculus; FV: ventral
fasciculus; IH: inferior hypothalamic nucleus; IN: infundibular hypothalamic nucleus; LSO: lateral
septal organ; MM: medial mammillary nucleus; MnX: nucleus motorius dorsalis nervi vagi; NC:
caudal neostriatum; NH: neurohypophysis; NHpC: nucleus of the hippocampal commissure; NIII:
oculomotor nerve; nIV: trochlear nerve nucleus; nXII: hypoglossal nerve nucleus; OI: inferior olivary
nucleus; OMd: dorsal oculomotor nucleus; P: pineal gland; POM: medial preoptic nucleus; PVN:
paraventricular nucleus; RPgc: nucleus of caudal pontine reticular gigantocellular; Ru: red nucleus;
SCE: stratum cellular externum; TSM: septopallio-mesencephalic tract; Top VMN: ventromedial
hypothalamic nucleus.
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Figure 6. Expression changes of hepatic (A) L-CPT1A (liver carnitine palmitoyl transferase 1), (B) L-
ACCα (liver acetyl-CoA carboxylase alpha), (C) L-FBPase (liver Fructose -1,6-bisphosphatase), (D) 
L-GR (liver glucocorticoid receptor), and (E) L-11β-HSD1 (liver 11 β-hydroxysteroid dehydrogene-
ase-1) genes and (F) VTA Opn4 gene. Total RNA was extracted from liver and macro dissected VTA 

Figure 5. Expression changes of (A) TPH2, (B) TH (the rate-limiting enzyme of dopamine biosyn-
thesis), (C) glucocorticoid receptor (GR), and (D) brain-derived neurotropic factor (BDNF) mRNA
in the ventral tegmental area (VTA) of birds at 42 days of age. Brains of birds were sampled on day
42 (n = 12/section, 4 sections/house). The VTA of the brainstem from each bird was dissected as
described in Materials and Methods. Total RNA was extracted and used for RT-qPCR. Data were set
as the relative fold changes of expression levels using the ∆∆Ct method with GAPDH and β-actin as
internal controls. Data (mean ± SEM) were expressed from a value set for 1.0 for 20 lx_Con birds
for each gene. Different lower-case letters above the bars denote significant differences (p < 0.05)
among groups.
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Figure 6. Expression changes of hepatic (A) L-CPT1A (liver carnitine palmitoyl transferase 1),
(B) L-ACCα (liver acetyl-CoA carboxylase alpha), (C) L-FBPase (liver Fructose -1,6-bisphosphatase),
(D) L-GR (liver glucocorticoid receptor), and (E) L-11β-HSD1 (liver 11 β-hydroxysteroid
dehydrogenease-1) genes and (F) VTA Opn4 gene. Total RNA was extracted from liver and macro
dissected VTA tissues and used for real time RT-qPCR. Data were set as the relative fold changes of
expression levels using the ∆∆Ct method with GAPDH, β-actin, and 18S as internal controls. Data
(mean ± SEM) were expressed from a value set for 1.0 for 20 lx_Con birds at 14 days of age. Different
lower-case letters above the bars denote significant differences (p < 0.05) among groups.
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3.3. Combined Effects of Light Programs and EHs on Regulation of Hepatic Metabolic Pathway and
Stress Response Genes

To investigate the effects of EHs in the 20 lx and VL houses on the lipid and glucose
metabolic and stress response functions in liver (L), expressional changes of L-CPT1A,
L-ACCα, L-FBPase, L-GR and L-11β-HSD1 were determined in the liver at 42 days of age
(Figure 6). Expression of L-CPT1A, a rate-limiting enzyme of fatty acid β-oxidation in the
liver, in 20 lx birds was not affected by EHs treatment, but the expression of L-CPT1A was
increased about 3-fold compared to 20 lx in the VL birds.

Interestingly, L-CPT1A expression was decreased in VL_Hut birds compared to
VL_Con birds (p < 0.05). L-ACCα expression, a rate-limiting enzyme of de novo fatty
acid synthesis, was downregulated in VL_Con birds compared to 20 lx_Con birds (p < 0.05).
EHs decreased the expression of L-ACCα in 20 lx birds, which was slightly increased in
VL birds (p < 0.05). There was no significant difference in the expression of L-FBPase, a
key enzyme of gluconeogenesis, between 20 lx_Con and VL_Con birds. Both L-FBPase
expressions in 20 lx and VL birds were upregulated by EHs treatment, and L-FBPase ex-
pression was significantly higher in VL_Hut birds compared to VL_Con birds (p < 0.05).
There was no difference in VTA-GR expression, a social stress indicator in VTA, in between
20 lx_Con and VL_Con birds. EHs increased L-GR expression in 20 lx_Hut birds compared
to 20 lx_Con birds (p < 0.05). There was no effect of EHs in L-11β-HSD1 expression in 20 lx
birds (p > 0.05). EHs increased expression of L-11β-HSD1 in the VL_Hut birds compared
to VL_Con birds. The avian VTA was suggested as an important area of the midbrain
of birds involved in the light perception by Opn4 and might be involved in the welfare
of birds [8,10,24]. The expression of the Opn4 gene was determined to investigate the
effects of EHs in the 20 lx and VL houses. Opn4 expression was downregulated in VL_Con
birds compared to 20 lx_Con birds (p < 0.05), and Opn4 expression in VL_Hut birds was
significantly lower than that in VL_Con birds (p < 0.05).

4. Discussion

The present study was aimed to investigate the optimal environmental enrichments
with the enriched lighting program (VL lighting program or gradient lighting program),
which may synergically improve the birds’ natural behavior, and physiological responses
of birds. Environments are perceived by birds as either frightening to survival or to
homeostatic interference, leading to behavioral responses and physiological impacts on
birds [10]. A lack of environmental complexity in the broiler houses can lead to low levels of
activity and the frustration of highly motivated behavior, such as dustbathing [41]. Different
enrichment programs in commercial broiler houses may influence diverse behavioral and
physiological impacts on birds to improve welfare. Therefore, it is important to determine
enrichment(s) that the animals will actively engage with, and several effective enrichment
objects for broiler chickens have been suggested including ramps, platforms, and gradient
lighting [42]. An enriched lighting program (VL_Con) was effective in improving birds’
voluntary natural activity and engagement compared to 20 lx program (20 lx_Con) in this
study and the previous study [10], indicating the improvement of comfort natural behavior
using the VL lighting program. Broiler performance including daily weight gain and feed
conversion ratio was improved, and expressional changes of mental-health-indicating genes
suggested better mental health through the enriched lighting program [10]. From the tested
EEs in the present study, EHs showed the highest engagement, implying that EHs provide
a lower light intensity area that birds can rest inside for safety and mental health compared
to control (no enrichment), board, and ramp. Chicken house conditions that do not allow
dustbathing behavior of birds were suggested to cause stress, and nonperformance of
dustbathing behavior has been suggested to causee the experience of stress [41]. In the
present study, results of dustbathing holes from the dustbathing activity of birds were
counted in three weekly observations, indicating that EHs in the VL house had a most
stimulating effect on dustbathing behavior with the increasing significance of results as
the birds got older. These results may suggest that EHs might significantly decrease the
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stress level of birds in VL birds compared to control (no EE), board, and ramp, but not
significantly in 20 lx houses. An activity tracker, Animo, was used to observe daily physical
activity of birds at late stage of age (Days 44–47). The daily physical activities showed a
significant difference in average daily activity between VL-board birds and VL-hut/ramp
birds (Figure 3), suggesting the significant role of huts and ramps for birds’ behavior and
mental welfare. Environmental light has been recognized as a critical component that
can affect animal behavior, and fear is an adaptive emotional and behavior response to
potentially harmful stimuli and serves to defend animals. In the present study, it appears
that birds engaged huts and ramps for their emotional and behavior responses in the broiler
houses that provided different light intensity areas by VL lighting program and enrichment
huts/ramps. Interestingly, the energy used by VL-ramp birds was not significantly different
from VL-hut birds, indicating that increasing physical activity may not be correlated with
dustbathing behavior in broilers. Accordingly, the results of engagement, dustbathing
behavior, and daily physical activity studies indicated that EHs would be a preferable EE in
the enriched lighting program broiler houses. It may be possible that the behavioral changes
of broilers by the VL lighting program and enrichment hut/ramp in the present study is the
epigenetic adaptation of broilers’ physiology with environmental light intensity. The Opn4
(melanopsin) expressional changes in the VTA of broilers midbrain, in the present study,
indicate the possibility of light perception and integration of behavior and physiological
responses by Opn4 [24].

The high-quality health of animals is not simply the absence of negative experiences,
but rather it is inherently the presence of positive emotions and experiences [16,43,44].
Studies reported that the midbrain VTA contains cell bodies of mesolimbic DAergic neurons
as well as the 5-HTergic system in mammals and avian species, and is associated with
mental health [8,10,45,46]. To address the mental welfare of broilers under different lighting
programs and EHs, we measured TPH2 and TH expressions in the VTA as an indicator of
5-HTergic and DAergic activities. Birds in the VL houses took a rest and slept in the dark-
lighting area of the house and actively fed and drank water in the bright feedline area, which
may contribute a favorable environment condition. Apparently, providing enrichment
huts added more comfortable resting areas for birds to take a break in and around as we
observed in the engagement study. Results that EHs affected downregulation of TPH2 and
TH expression in both 20 lx house and VL house, suggest that the lower synthesis of these
two positive welfare indicators in EHs-treated birds indicates the lower stress-susceptibility
in the VL_Hut birds [8,10]. The current study used the GR expression in VTA (VTA-GR) to
investigate the effect of two different enrichments (enriched lighting and huts) on stress
susceptibility in the broiler brain. Downregulated GR expressions in both 20 lx- and VL-
treated birds by EHs indicate that the effect of EHs on stress susceptibility occurred in both
houses (20 lx and VL houses), but not specific to the lighting conditions of broiler houses.
Enhancing physical activity by EE has been suggested to be a crucial strategy to improve
broilers’ welfare including emotion and leg health [47–49]. Several brain mechanisms
may explain the positive impact of increased activity, including an increase in beneficial
neurotropic factors. The stimulation of neurotropic factor BDNF in VTA was suggested
to be involved in the long-term social defeat stress, and the deletion of the BDNF gene in
the VTA diminished stress-induced behaviors, such as social avoidance in rodents [50,51].
In the present study, downregulation of VTA-BDNF expression occurred only in the VL
houses, and these results indicate that the effect of enrichment huts on social stress is
specific to the VL house lighting condition. Opn4 has been linked to several behavioral
responses to light, including circadian photo-entrainment, light repression of movement in
nocturnal animals, and activity in diurnal animals [52]. Avian midbrain VTA was suggested
as an important brain region involved in light perception and has been suggested to be
associated with avian welfare [8,10]. The result of synergistic downregulation of Opn4
expression by EHs suggests that the VTA-Opn4 might be involved in the direct perception
of light information for sensual adaptation and welfare of broilers.
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The metabolism of lipids has some essential differences in the biosynthesis and trans-
port of lipids between avians and mammals [53]. In avian species, the liver is the main
site of lipid biosynthesis and responsible for 90% of the free fatty acids synthesized de
novo [54]. Fatty liver syndrome (FLS) is an augmented hepatic triacylglycerol content and
a nutritional disease caused by a metabolic disorder which has effected huge economical
losses to the poultry industry, but the pathogenesis remains incompletely elucidated [55,56].
Many factors were suggested as possible causes of FLS in chickens including feed ingredi-
ent quality and inappropriate feed formulation, but imbalanced hepatic lipid metabolism
may be a critical one [57]. CPT1A is a rate-limiting enzyme for fatty acid β-oxidation that
catalyzes the transfer of the long-chain acyl group in acyl-CoA ester to carnitine, enabling
fatty acids to enter the mitochondrial matrix for oxidation [58,59]. The deficiency of CPT1A
or abnormal regulation can result in diseases like metabolic disorders [60]. Elevated hepatic
CPT1A expression in VL birds compared to 20 lx birds indicates the beneficial effect of vol-
untary activity induced by the enriched lighting program on hepatic fatty acid β-oxidation,
and the lower expression of CPT1A in 20 lx houses may be associated with the FLS of
broilers. Intriguingly, this upregulated CPT1A expression by the VL lighting program was
slightly downregulated by EHs, but still higher than 20 lx-Hut birds. ACCα, a rate-limiting
enzyme for de novo fatty acid synthesis, determines the level of hepatic lipid content [61].
In chickens, ACCα expression was significantly upregulated in the FLS chicken, suggesting
that altered de novo lipogenesis may be the main pathway of pathogenesis of FLS in chick-
ens [55]. Downregulated ACCα expression in the VL_Con birds compared to 20 lx_Con
indicated that fatty acid de novo synthesis decreased using the VL lighting program, but
there was no difference in ACCα expression levels between 20 lx_Hut and VL_Hut birds,
suggesting that the enriched lighting program is more critical to decreasing de novo fatty
acid synthesis in broiler liver than EHs. The deficiency of FBPase, a key enzyme of de
novo glucose synthesis (gluconeogenesis), is associated with hepatic steatosis, causing
hypoglycemia and fatty liver disease, displaying distinct levels of glucose-derived de novo
lipogenesis. [35,61]. Results in this study suggest that the upregulation of FBPase expres-
sion in the EHs-treated birds in VL houses (VL_Hut) may contribute to the improvement of
hepatic welfare by efficient new glucose production from glycerol in the liver [33,62]. GR
and 11β-HSD1 intermediate the regulation of intracellular corticosterone, indicating that
they play fundamental roles in the pathogenesis of the metabolic syndrome [63]. Stress
changes GR expression in wild birds and broilers [64,65]. The effects of EHs on the GR
expression in the broiler liver occurred only in 20 lx birds, suggesting the specificity of the
enrichment hut effect on GR expression in the non-light-enriched house. The regeneration
of active GCs in cells by 11β-HSD1 is critical to developing the tissue specific phenotype
of GC excess [66]. In fact, liver-specific overexpression of 11β-HSD1 increased hepatic
lipid synthesis through an upregulation of fatty acid synthase and reduced lipid clear-
ance in mice liver [67]. We observed hepatic 11β-HSD1 expression increased only in the
VL_Hut birds that also have the increased expression of de novo fatty acid synthesis gene
(ACCα) compared to control birds (VL_Con), suggesting that EHs may be involved in the
upregulation of fatty acid synthesis and increase lipid removal in liver.

5. Conclusions

In conclusion, the results suggest that the combined enriched lighting and enrichment
hut programs in broiler houses stimulated voluntary activity, and enhanced mental health
and hepatic metabolic function of broilers, indicating that the improved hepatic metabolic
function may contribute to efficient nutritional support for broilers by EHs. Improved
hepatic lipid metabolic functions by the VL lighting program may be associated with the
better performance (higher daily weight gain and lower feed conversion ratio), and the
combined effects with EHs appear to be synergistic in welfare and mental health.
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Simple Summary: In the last decades, several researchers investigated the feasibility of in ovo
administration of different compounds for promoting health and productivity in poultry. The use of
various substances is described in the literature, including vaccines, drugs, hormones, competitive
exclusion cultures, pre-, pro- and postbiotics and nutritional supplements. Injected substances,
volumes, dosages or concentrations vary according to bird type, egg size, time and site of injection,
incubation system and regimen, with variable and sometimes contrasting results. Several reports
indicated that probiotics may be effectively used to fight intestinal bacterial infections and promote
growth in chickens. In ovo Marek’s disease vaccination is a practice widespread throughout the world,
and the association of this vaccine with a probiotic mixture could be performed at the industrial scale,
limiting the additional costs. The application of a probiotic mixture, associated with the Marek’s
disease vaccine and inoculated in ovo, was tested to evaluate benefits to the poultry industry in a
pilot scale.

Abstract: The interest for in ovo feeding has grown in the last decades mainly concerning probiotics,
live microorganisms that can actively interact with the embryo. The aim of this study was to evaluate
the effects of a multi-strain probiotic diluted in Marek’s disease vaccine (MDV) on zootechnical
performances, intestinal morphology and Eimeria spp. infection. One hundred and twenty eggs of
Ross 308 broiler chickens were incubated until 18 d, when 105 fertilised and vital eggs were randomly
allocated into three groups. A control group (C) was inoculated with MDV; two treated groups (P1
and P2) were inoculated with MDV and different concentrations of probiotics: 1 × 105 CFU/100 µL
in P1 and 1 × 106 CFU/100 µL in P2. After hatching, chickens were separated into three replicates
(10/replicate). Zootechnical parameters were determined. At the end of the cycle (35 d), chickens
were slaughtered, and the intestine was collected for morphological analysis from nine chickens per
group (three/replicate). Eimeria spp. oocyst shedding was determined weekly, and parasitic lesions
were analysed on the histological sample. In ovo treatment with probiotic did not influence hatching
rate but significantly improved body weight and positively influenced intestinal morphometric data
compared to C. Oocyst shedding in faeces resulted in an increase in C, with significant differences
at sampling performed at 14, 21 and 28 d of age. These results suggest that the tested probiotic
compound is safe for in ovo supplementation and effectively improves zootechnical performances
and coccidian resistance.

Keywords: in ovo inoculation; chicken; probiotics; Marek’s disease vaccine; intestinal morphology;
coccidiosis
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1. Introduction

During incubation, the chicken embryo is completely dependent on the contents of the
egg. A rapid change in its metabolism takes place in the last third of incubation, starting
with the ingestion of amniotic fluid at around embryonic day 17 and the internalisation
of the yolk in the abdominal cavity [1,2]. In the modern poultry industry, access to feed
after hatching is usually delayed by 48–72 h, and during this period, the yolk represents
the only source of nutrients to support gastrointestinal tract development, considering that
at the end of incubation glycogen stores are almost completely depleted [3,4]. At the same
time, the developing chicken embryo is able to produce an immune response to a pathogen
prior to hatch; a feature that is widely exploited for modern large-scale poultry production
with the routine administration of in ovo vaccination for multiple pathogens, including
Marek’s Disease (MD) and Infectious Bursal Disease (IBD) [5]. Another fundamental
change that occurs between hatching and housing is the microbial colonisation of the
gastrointestinal tract [6]. In fact, unlike mammals or natural-hatched birds, which receive
a natural microbial inoculation during parturition or contact within the nest, in poultry
production, the interaction between chickens and the hen is completely excluded, and
the main source of bacteria is the environment [7]. Vertical transmission of intestinal
pathogens and commensal bacteria from hens to eggs and offspring has been demonstrated,
identifying a number of core genera that may be vertically transmitted from the hen’s
intestine to the chick, with a contribution of both the hen’s intestine and oviduct [8–10].
However, after hatching, chickens’ gut microbiota will be strongly influenced by the
environmental microbes, and pathogens can easily be introduced in this process [11,12].

A balanced microbiota is essential to achieve one of the poultry industry’s objectives,
which is to minimise the prevalence of infections while optimising productive perfor-
mance [13]. Poultry meat production accounts for approximately one third of the world’s
total meat production [14] and there is now strong evidence that the misuse of antibiotics,
especially as growth promoters, has contributed to the emergence of multi-drug resistant
bacteria in animals and humans, leading to a restriction in the use of antibiotics and the
search for effective alternatives [15,16].

For all these reasons, in ovo feeding (IOF), the provision of nutrients to chicken em-
bryo during the incubation, has gained increasing interest. This administration is usually
performed in the amniotic fluid at a late incubation stage [17]. This represents an opti-
mal delivery site because it is ingested by the chicken during hatching and comes into
direct contact with enterocytes [18]. Various elements such as vitamins, carbohydrates,
hormones, probiotic and prebiotics have been supplemented with IOF, not only to provide
nutrients but also to promote correct chicken development [19,20]. Probiotics, defined
as live microorganisms capable of positively modifying the health of the host [21], can
actively interact with the gastrointestinal system and its microbiota, bringing multiple ben-
efits [22–25]. Thus, the administration of probiotics in ovo during the late incubation stage
allows an early interaction with the chicken, leading to a direct impact on the composition
of microbiota [26,27], intestinal development and growth performances [28–30], immune
system functionality [31–33] and resistance to infectious agents [28,31,34–37]. Among these,
coccidiosis, caused by Eimeria spp., is considered one of the most important challenges
in the poultry industry, as it causes intestinal damage with impaired digestive processes,
loss of nutrient absorption capacity, dehydration and increased susceptibility to other
infections [38]. The use of probiotics, both inoculated in ovo or administered in water, is a
natural alternative to reduce the infection rate and Eimeria spp. oocysts shedding [39,40].
Most of the effects observed after probiotics administration are dependent on concentra-
tion, bacterial strain, age and site of administration [19,41]; therefore, each new probiotic
compound needs to be tested to verify its safety and efficacy, especially concerning in ovo
administration. The aim of this study is to evaluate the effects of two different concentra-
tions of a multi-strain probiotic administered in ovo in the amniotic fluid on hatching rate,
zootechnical performances, intestinal morphology and Eimeria spp. infection.
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2. Materials and Methods
2.1. Probiotic and Vaccine Preparation

A commercial combined live, cell-associated Marek’s Disease vaccine (MDV, Nobilis®

Rismavac + CA126, MSD Animal Health S.r.l., Milano, Italy) was used for in ovo immuni-
sation of chickens against Marek’s Disease. One ampoule of the vaccine (1000 doses) was
diluted in 100 mL of sterile diluent.

The commercially available multi-strain probiotic Slab51 (Ormendes SA, Jouxtens-
Mezery, Switzerland) was used. This product contains 200 billion units of lactic acid
bacteria per 1.5 g of product, composed of the following strains: Streptococcus thermophilus
DSM 32245, Bifidobacterium lactis DSM 32246, Bifidobacterium lactis DSM 32247, Lactobacillus
acidophilus DSM 32241, Lactobacillus helveticus DSM32242, Lactobacillus paracasei DSM 32243,
Lactobacillus plantarum DSM 32244 and Lactobacillus brevis DSM 27961. The product was
properly diluted using the MDV diluent. The last dilution was performed directly into
the reconstituted MDV. The treatments included the following: the control group (C),
inoculated with 100 µL of MDV; the treated group (P1), inoculated with 100 µL of MDV and
1 × 105 CFU/100 µL of probiotics and the second treated group (P2), inoculated with 100 µL
of MDV and 1 × 106 CFU/100 µL of probiotics. Concentration was assessed according to
previous trials [37].

2.2. Birds and In Ovo Treatments

One hundred and twenty eggs of Ross 308 broiler chickens were obtained from a
commercial hatchery (Avizoo-Euroagricola s.s., Longiano, FC, Italy) and incubated under
standard conditions (37.5 ◦C and 54% RH) in a MG100/150 incubator (FIEM S.r.l., Como,
Italy). Dead embryos or unfertilised eggs were excluded from incubation by candling.
At day 18 of embryonic life, 105 fertilised and vital eggs were randomly allocated into
three experimental groups (35 eggs/group) and subjected to the in ovo procedure. After
checking the exact position of the air chamber, all eggs were sanitised at the blunt end
with 70% ethanol. A pilot hole was made with an 18-gauge needle to pierce only the shell
without entering the air chamber. The needle was disinfected with 70% ethanol between
injections. Administration into the amnion was performed with a 25-gauge needle (2.5 cm
long) fitted to a 1 mL syringe, using a new sterile needle and syringe for each egg. After
injection, the hole was sealed with glue and all eggs were transferred to separate hatching
baskets. At hatching, the number of live hatched or unhatched chickens was counted to
calculate the percentage of hatchability for each group.

2.3. Animal Housing and Diets

After hatching, the 3 groups were separated into 3 replicates of 10 animals each.
Chickens were housed in 3 adjacent sheds (12 m2 each), separated in 3 pens by nets, and
a replicate of each group was placed randomly in every shed to avoid environmental
interference in this study. All the animals received the same commercial feed (Cruciani,
Montappone, MC, Italy) ad libitum throughout the trial (Table 1) and tap water. All the
animals were weighted weekly with an electronic balance (mod. ACS-A9, My Scale, Foggia,
Italy), while feed consumption was registered daily. From these data, body weight (BW),
average weekly body weight gain (BWG), average weekly feed intake (FI) and the feed
conversion ratio (FCR) were determined. More specifically, for each replicate, the average
weekly weight gain was calculated as the cumulative weight gain of the animals within a
replicate/number of animals per replicate; weekly feed intake was obtained as the total
weekly consumption/number of animals per replicate and the feed conversion ratio was
obtained as the total weekly feed consumption/total weight gain.
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Table 1. Proximate composition of the feeds administered to the three groups during the trial.

Feed I
Starter

Feed II
Grower

Age of broiler chickens (days) 1–15 16–35

Proximate composition (%) wet weight basis:
Protein 22 21
Lipids 5 5.8

Ash 7.4 7.5
Fibre 4.4 4.5

Calcium 1 1.04
Phosphorum 1 0.85

Sodium 0.2 0.19
Lysine 1.2 1.2

Methionine 0.6 0.58
Phytasis (FTY) 1500 750

Endo-1.4-Beta-Xylanasis (FXU) 200 ---
Vitamin A E672 (UI/kg) 12,000 4000
Vitamin D3 E671 (UI/kg) 2000 1250

Vitamin E (apha toc. 91%) (mg/kg) 40 20
Cupper E4 (mg/kg) 16 10

Selenium E8 (mg/kg) 0.16 0.2
Luthein E161b (g/kg) --- 41

Zeaxanthin E161 (g/kg) --- 8.4

2.4. Sample Collection and Processing

At the end of the zootechnical cycle (35 days of age), chickens were slaughtered by
electrical stunning and bleeding in an authorised slaughterhouse, and 9 chicken per group
(3/replicate) were randomly selected for sampling. For each bird, ∼3 cm long portions of
the different intestinal segments (duodenum, jejunum, ileum and caecum) were collected
and 10% buffered-formalin fixed for 24 h. The samples were dehydrated through a graded
series of alcohol, cleared with a ethanol/xylene solution, before embedding in paraffin wax.
Serial sections (3 µm thick) were cut, stained with Haematoxylin-Eosin and mounted for
the observation under the optical microscope (Leica DM2500, Wetzlar, Germany). Serum
samples were obtained at slaughtering and frozen at −80 ◦C for serological analysis.
Marek’s disease antibodies were assessed using a commercial ELISA test kit (ABBEXA,
Cambridge, UK).

2.5. Histology and Morphometric Measurement

Haematoxylin–Eosin-stained sections of 5 well-oriented villi of the duodenum, je-
junum, ileum and cecum from each sampled animal were measured considering villus
height (VH), villus width (VW), crypt depth (CD) and lamina propria width (LPW), using
an image processing and analysis system (Leica Imaging Systems Ltd., Cambridge, UK).
VH was measured from the top of the villus to the top of the lamina propria [42]. CD was
measured from the base upward to the region of transition between the crypt and villus [43].
VW was measured at the widest area of each villus, whereas the villus width–crypt depth
ratio was determined as the ratio of VH to CD. Villus surface area (VSA) was calculated
using the formula (2π)(VW/2)(VL) [44].

2.6. Eimeria Oocyst Shedding and Histological Lesions Score

Considering that the birds were raised in a commercial poultry farm, natural coccidian
infection could occur. To assess Eimeria spp. oocyst shedding, weekly, starting from 7 days
of age until the end of the trial, 10 fresh faecal samples were collected per pen, pooled and
kept in separate airtight plastic bags. After homogenisation, samples were stored at 4 ◦C
until assessed for oocyst count, which was determined using a McMaster counting chamber
and stated as oocysts per gram of excreta, as previously described [45]. Histological lesions
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caused by Eimeria spp. were scored with a 0–3 scoring system in the duodenum, jejunum,
ileum and caecum, considering both distribution and severity of infection, adapting a
model previously described [46]. Briefly, a sum of the distribution (A) and severity (B) of
protozoal infection was performed, where A represents the distribution of developmental
stages of Eimeria spp. along the examined intestinal segment (0 = no parasites; 1 = parasites
in one 10× field; 2 = parasites in two 10× fields and 3 = parasites in three 10× fields), and
B represents the severity of the infection within the examined fields (0 = parasites in 0% of
villi; 1 = parasites in <25% of villi; 2 = parasites in 25 to 50% of villi and 3 = parasites in
>50% of villi). Then, the sum of the two parameters was divided by 2, to obtain a final total
score 0–3.

In the same intestinal segments, enterocyte proliferation and presence of mixed in-
flammatory infiltrate in the lamina propria of examined villi was performed. A score from
0 to 3 points was assigned for the following parameters: 0 = no inflammation/proliferation;
1 = mild inflammation/proliferation; 2 = moderate inflammation/proliferation and
3 = severe inflammation/proliferation. The score was applied in three microscopic fields
and the average value was calculated.

2.7. Statistical Analysis

Cardinal data were summarised using the arithmetic mean and the standard error of
the mean; they were assessed for the assumption of normality of the data distribution using
the Shapiro–Wilk test. All normally distributed cardinal data were analysed with one-way
ANOVA (Analysis of Variance) and the Holm–Šidák post hoc test; otherwise, statistical
analyses were performed with a non-parametric approach. Ordinal data were summarised
using the median and range and compared between groups using the Kruskal–Wallis test
and Dunn’s multiple comparison test. Differences with p values < 0.05 were considered
statistically significant. All data were analysed using GraphPad Prism 10 statistical software
for MacOS, version 10.1.1-270 (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Marek’s Disease Virus Antibodies

All animals in the three groups were positive for the qualitative Marek’s disease
antibody test.

3.2. Hatchability and Post Hatch Performance

No relevant differences were recorded in hatching rates between the three groups
(94.2% for groups P2 and C; 97.1% for group P1). Table 2 reports the body weight of the
chickens evaluated weekly. Starting from 7 days of age and up to the end of the cycle at
35 days, in ovo treatment with probiotic significantly improved body weight compared to
C. No differences are observed regarding hatching weight.

Table 2. Effect of in ovo probiotic supplementation on body weight (g).

Days of Age C P1 P2 Statistical Data

0 46.32 ± 0.6196 45.84 ± 0.4692 46.10 ± 0.6080 F = 0.1756, p = 0.8391, p* = 1.0
7 104.5 ± 2.539 a 156.6 ± 4.798 b 147.0 ± 2905 b F = 60.74, p < 0.001, p* = 0.0006
14 297.2 ± 6.854 a 353.0 ± 12.70 b 326.2 ± 6.826 F = 9.159, p = 0.0002, p* = 0.0012
21 614.7 ± 13.50 a 750.9 ± 12.82 b 755.7 ± 16.82 b F = 22.41, p < 0.000, p* = 0.0006
28 1021 ± 26.79 a 1223 ± 32.23 b 1269 ± 26.19 b F = 20.97, p < 0.000, p* = 0.0006
35 1741 ± 31.1 a 1839 ± 32.88 b 1955 ± 32.84 c F = 10.98, p < 0.000, p* = 0.006

Data are reported as mean ± standard error of the mean. Different pairs of superscript letters on the same row
indicate significant differences found at the post hoc multiple comparisons test. C: control group, MDV/100 µL;
P1: MDV + 1 × 105 CFU/100 µL of probiotic mixture; P2: MDV + 1 × 106 CFU/100 µL of probiotic mixture. F: re-
sult of one-way ANOVA test between groups; p: p-value; p*: adjusted p-value with Bonferroni–Šidák correction.

Growth performances (BWG, FI and FCR) are listed in Table 3, with significant differ-
ences evident mainly until 21 days of age, for all the parameters.
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Table 3. Effect of in ovo probiotic supplementation on body weight gain, feed intake and feed
conversion ratios.

C P1 P2 Statistical Data

Body Weight Gain (g)
Day of hatch to 7 days 58.22 ± 2.552 a 110.8 ± 3.162 b 100.9 ± 4.260 b F = 67.49, p < 0.0001, p* = 0.0005

7 to 14 days 192.7 ± 2.503 196.4 ± 0.5508 a 179.3 ± 5.345 b F = 6.941, p = 0.0275, p* = 0.1301
14 to 21 days 317.4 ± 10.38 a 397.9 ± 10.90 b 429.4 ± 15.48 b F = 21.46, p = 0.0018, p* = 0.0090
21 to 28 days 404.2 ± 42.55 472.2 ± 22.96 513.0 ± 55.39 F = 1.678, p = 0.2637, p* = 0.7836
28 to 35 days 723.3 ± 100.6 616.1 ± 16.04 686.5 ± 21.52 F = 0.8228, p = 0.4833, p* = 0.9632

Feed intake (g)
Day of hatch to 7 days 123.8 ± 1.618 b 104.7 ± 6.819 a 131.3 ± 2.179 b F = 10.47, p = 0.0111, p* = 0.0543

7 to 14 days 283.1 ± 6.823 a 238.7 ± 1.953 b 304.9 ± 0.7796 c F = 66.84, p < 0.0001, p* = 0.0005
14 to 21 days 370.5 ± 11.66 a 488.3 ± 2.998 b 508.1 ± 4.070 b F = 102.9, p < 0.0001, p* = 0.0005
21 to 28 days 816.3 ± 79.77 836.5 ± 1.770 830.5 ± 12.73 F = 0.0498, p = 0.9518, p* = 1.0
28 to 35 days 1111 ± 17.92 1121 ± 17.14 1062 ± 8.906 F = 4.340, p = 0.0683, p* = 0.2979

Feed conversion ratio
Day of hatch to 7 days 2.136 ± 0.1189 a 0.9495 ± 0.08403 b 1.308 ± 0.07395 c F = 41.70, p = 0.0003, p* = 0.0018

7 to 14 days 1.469 ± 0.02469 a 1.216 ± 0.01235 ac 1.704 ± 0.05283 bc F = 50.32, p = 0.0002, p* = 0.0012
14 to 21 days 1.168 ± 0.02550 1.229 ± 0.02612 1.186 ± 0.03364 F = 1.197, p = 0.3651, p* = 0.9345
21 to 28 days 2.079 ± 0.3462 1.779 ± 0.07964 1.657 ± 0.1788 F = 0.8944, p = 0.4571, p* = 0.9744
28 to 35 days 1.608 ± 0.2569 1.822 ± 0.06035 1.550 ± 0.05723 F = 0.8442, p = 0.4753, p* = 0.9791

Day of hatch to 35 days 1.603 ± 0.1012 1.556 ± 0.0214 1.490 ± 0.05435 F = 0.7098, p = 0.5288, p* = 0.9891

Data are reported as the mean ± standard error of the mean. Different pairs of superscript letters on the same row
indicate significant differences found at the post hoc multiple comparisons test. C: control group, MDV/100 µL;
P1: MDV + 1 × 105 CFU/100 µL of probiotic mixture; P2: MDV + 1 × 106 CFU/100 µL of probiotic mixture. F: result
of one-way ANOVA test between groups; p: p-value; p*: adjusted p-value with Bonferroni–Šidák correction.

3.3. Intestinal Morphometry

The results of morphometric analysis of the different intestinal tracts are shown in Table 4.
Briefly, in the duodenum all the parameters showed no significant differences (p > 0.05). In
the jejunum, the P2 group presented an increase in VW, CD and VSA compared both to C and
P1 and a reduced VH/CD ratio compared with P1. In the ileum, probiotic treatment increased
VH and reduced VW especially in P1, compared to both of the other groups (p < 0.01). Lastly,
cecal CD and LPW of the C group are increased compared to both p groups (p < 0.01).

Table 4. Morphometric measurement of different intestinal tracts (µm) at 35 days of age.

C P1 P2 Statistical Data

DUODENUM
villus height (VH) 1349 ± 60.29 1448 ± 71.90 1469 ± 33.53 F = 1.238, p = 0.3078
villus width (VW) 117.3 ± 6.896 108.4 ± 5.112 100.3 ± 4.447 F = 2.339, p = 0.1180
crypt depth (CD) 196.7 ± 13.13 194.2 ± 11.00 223.7 ± 13.50 F = 1.695, p = 0.2048

lamina propria width (LPW) 209.7 ± 13.60 230.2 ± 17.58 256.8 ± 16.18 F = 2.210, p = 0.1316
villus surface area (VSA) 498.4 ± 39.41 493.3 ± 33.62 463.9 ± 25.54 F = 0.3119, p = 0.7350

VH/CD ratio 7.278 ± 0.7143 7.633 ± 0.4124 6.743 ± 0.2921 F = 0.7862, p = 0.4670

JEJUNUM
villus height (VH) 946.3 ± 46.84 1035 ± 71.37 1139 ± 61.47 F = 2.521, p = 0.1014
villus width (VW) 115.3 ± 5.855 a 121.1 ± 4.698 b 126.6 ± 8.130 b F = 3.991, p = 0.0319
crypt depth (CD) 200.6 ± 9.506 186.7 ± 14.48 a 250.3 ± 18.79 b F = 5.136, p = 0.0139

lamina propria width (LPW) 248.8 ± 13.38 a 250.9 ± 20.71 322.1 ± 26.04 b F = 4.063, p = 0.0302
villus surface area (VSA) 339.6 ± 18.59 a 397.5 ± 26.82 b 449.9 ± 34.70 b F = 6.005, p = 0.0077

VH/CD ratio 4.870 ± 0.1904 b 5.783 ± 0.2950 a 4.762 ± 0.3480 b F = 3.865, p = 0.0351

ILEUM
villus height (VH) 613.5 ± 27.26 b 754.2 ± 33.76 a 648.4 ± 25.60 b F = 6.347, p = 0.0061
villus width (VW) 130.7 ± 7.242 b 101.2 ± 2.998 a 132.5 ± 5.500 b F = 10.10, p = 0.0007
crypt depth (CD) 165.1 ± 8.229 160.3 ± 8.542 154.5 ± 6.815 F = 0.4551, p = 0.6398

lamina propria width (LPW) 208.9 ± 10.03 190.2 ± 13.36 181.3 ± 6.968 F = 1.823, p = 0.1832
villus surface area (VSA) 248.8 ± 11.01 240.6 ± 16.11 207.6 ± 16.68 F = 1.094, p = 0.3511

VH/CD ratio 3.869 ± 0.33 4.827 ± 0.2521 4.345 ± 0.2991 F = 2.628, p = 0.0929

CECUM
villus height (VH) 338.2 ± 21.38 289.7 ± 14.00 344.6 ± 24.44 F = 2.159, p = 0.1373
villus width (VW) 149.5 ± 6.602 137.5 ± 9.463 169.3 ± 33.93 F = 0.6010, p = 0.5563
crypt depth (CD) 160.5 ± 15.07 a 113.8 ± 2.500 b 129.2 ± 6.305 F = 6.225, p = 0.0066

lamina propria width (LPW) 218.1 ± 13.26 a 158.0 ± 6.118 b 160.6 ± 10.53 b F = 10.67, p = 0.0005
villus surface area (VSA) 160.4 ± 15.27 126.2 ± 13.26 183.8 ± 40.34 F = 1.237, p = 0.3081

VH/CD ratio 2.245 ± 0.2089 2.566 ± 0.08593 2.707 ± 0.1237 F = 2.535, p = 0.1003

Data are reported as the mean ± standard error of the mean. The statistical significance was set at p < 0.05.
Different pairs of superscript letters on the same row indicate significant differences found at the post hoc multiple
comparisons test. C: control group, MDV/100 µL; P1: MDV + 1 × 105 CFU/100 µL of probiotic mixture; P2: MDV
+ 1 × 106 CFU/100 µL of probiotic mixture; p: p-value.
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3.4. Oocyst Shedding and Histological Lesions Score

Oocyst count in faeces showed a significant increase in C at sampling performed at
14, 21 and 28 days of age. No significant differences were observed at the end of the cycle
(Figure 1).
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Figure 2. Coccidian infection in duodenum of broiler chickens. (A) In P1, mild infiltration of zy-
gotes/macrogametes in the lamina propria was observed (insert), associated with the absence of 
lamina propria inflammation or enterocyte proliferation. (B) In P2, severe localised area of cellular 
swelling and hyperplasia (insert) of duodenal villous epithelium and lamina propria by zy-
gotes/macrogametes was noted, associated with mild lamina propria inflammation. (C) In C, severe 
tissue damage was recorded, characterised by some areas of denudation of the villus apex due to 
apoptosis/rupture of the enterocytes (insert), associated with an obvious inflammation of the lamina 
propria, compatible with a strong proliferation of coccidia and the passage of zygotes/macrogam-
etes in the faecal content immediately before slaughtering. Hematoxylin & Eosin, scale bar = 200 
μm. 

Figure 1. Mean number (and standard error) of coccidian oocysts per gram of faeces in the three
groups; C: control group, MDV/100 µL; P1: MDV + 1 × 105 CFU/100 µL of probiotic mixture;
P2: MDV + 1 × 106 CFU/100 µL of probiotic mixture. p-values, *: p < 0.05; **: p < 0.01.

At histological examination, the presence of Eimeria spp. was only revealed in the
duodenum and jejunum of P1 and P2, with a median score of 1 (Figures 2 and 3). Results
of enterocyte proliferation and lamina propria inflammation are described in Figure 3.
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Figure 2. Coccidian infection in duodenum of broiler chickens. (A) In P1, mild infiltration of
zygotes/macrogametes in the lamina propria was observed (insert), associated with the absence
of lamina propria inflammation or enterocyte proliferation. (B) In P2, severe localised area of
cellular swelling and hyperplasia (insert) of duodenal villous epithelium and lamina propria by
zygotes/macrogametes was noted, associated with mild lamina propria inflammation. (C) In C, severe
tissue damage was recorded, characterised by some areas of denudation of the villus apex due to
apoptosis/rupture of the enterocytes (insert), associated with an obvious inflammation of the lamina
propria, compatible with a strong proliferation of coccidia and the passage of zygotes/macrogametes
in the faecal content immediately before slaughtering. Hematoxylin & Eosin, scale bar = 200 µm.
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Figure 3. Boxplot showing the results of the scoring system detected in different segments of
the intestinal tract (duodenum, jejunum, ileum and cecum) in chickens slaughtered at 35 days
of age. C: control group, MDV/100 µL; P1: MDV + 1 × 105 CFU/100 µL of probiotic mixture;
P2: MDV + 1 × 106 CFU/100 µL of probiotic mixture. The ends of the whiskers show minimum and
maximum score values; boxes show the median, the first and the third quartile. Asterisks indicate
significant differences between groups. p-values, *: p < 0.05.

4. Discussion

This study aimed to investigate the effect of the in ovo administration of two different
concentrations of the probiotic mixture Slab51. This multi-strain probiotic has already been
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successfully tested as a feed supplement in avian species [47], but it is likely that not all
probiotic bacteria commonly used as feed supplements are suitable also for in ovo injection.
Therefore, a study was needed to evaluate the optimal concentration that could be safe for
in ovo use and to assess the main effects of this administration over a 35-day life cycle.

In this trial, both the in ovo procedure and the probiotic supplementation in the
amnios did not affect hatchability compared to the control group. As shown by previous
works, no significant differences between controls and probiotic groups were found in the
vast majority of studies reporting hatching rate [7,27,28,37,48–52], with a few reporting a
negative hatching percentage [26,49]. These different results can be attributed to several
influencing factors related to both the in ovo technique (volume of the injected solution,
inoculation site, embryonic day of incubation and dilution vehicle) and to the probiotic
characteristics (e.g., strain and concentration) [53]. For example, Lactobacillus spp.-based
probiotics have already been proven to be safer for in ovo administration than those
based on Bacillus spp. [49] due to a possible competition for nutrients of certain bacteria
with developing embryonic cells. Most studies, including the present one, evaluated
inoculation on incubation day 17 or 18, by which time most embryonic development has
occurred, which allows both vaccination and in ovo feeding to be performed with the same
injection, thus avoiding the increased risk of contamination due to the double injections
necessary in the case of early administration (e.g., embryonic day 12). Concerning this
trial, the combination of the probiotic with an MDV could represent another possible risk
factor. Marek’s Disease is a lymphoproliferative disease of domestic chickens caused by an
oncogenic α-herpesvirus with lymphotropic properties of gamma-herpesviruses, associated
with lymphomas, neurological manifestations and immunosuppression [54], representing
a major concern to the poultry industry. In ovo vaccination against this virus represents
the only effective control method, due to the abundance and stability of the virus in the
environment [55,56]. Previous studies showed that there is no negative effect on hatching
rate after the combination of the vaccine with other compounds, such as probiotics. On
the contrary, the early administration of the probiotic can promote the development of
immunity [27,28]. Our results showed a favourable response to vaccination in all three
groups suggesting both that there was no negative effect on MD vaccine efficacy following
probiotic administration and that there was no direct stimulation of in ovo-administered
probiotics in the production of Marek disease antibodies.

In terms of hatching weight, no significant differences between the different groups
were observed in our work. Previous studies indicated that in ovo administration of
Bacillus subtilis combined with Bacillus amyloliquefaciens [50], lactic acid bacteria [51], Lacto-
bacillus plantarum + raffinose [26] and Lactobacillus lactis + Bacillus subtilis [57] resulted in
an increased hatching weight, while others observed a reduction after the injection with
Lactobacillus animalis + Bifidobacterium animalis or Lactobacillus plantarum + Lactobacillus sali-
varius [49,52]. However, the majority of the data reported are consistent with no significant
results [7,27,28,48,49,58].

Among the after-hatching parameters, BW increased significantly in the two probiotic-
injected groups throughout this study, with a gain of more than 100 g at 35 days of age com-
pared with C. This stimulatory effect on body weight also emerges from a comprehensive
review regarding the use of probiotics in ovo [53], and it is reported as an overall improve-
ment in zootechnical performance (body weight, feed consumption and FCR) [26,28,57,58].
In fact, body weight data are often correlated with both feed consumption and intestinal
morphology. For this specific probiotic mixture, dietary supplementation of Slab51 in
Guinea fowls improved both BW and FCR [47]. Similarly, in this study, FCR is reduced in
probiotic-treated chicken, with values of FI and FCR higher in the C group until 14 days of
age, without statistically significant differences in the second part of the trial (14–35 days).
All these data are consistent with the BW, indicating a better absorption capacity in the
probiotic-treated groups. At the end of this study, P1 and P2 reached the higher mean
weight with a lower total FCR, in line with other studies which applied in ovo probiotic
supplementation [36,50,58,59].
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Among the various factors influenced by the administration of probiotics that may ex-
plain the positive effects on animal performance are those related to intestinal morphology.
The assessment of intestinal morphology is considered a reliable indicator of gut func-
tionality, particularly in terms of the absorptive surface and subsequent transformation of
nutrients [60], with studies describing both positive [47,61] or slight/absent [62,63] effects
of oral probiotic supplementation on these parameters. With regard to in ovo administra-
tion, an improvement in gut morphology was observed in this study, which is consistent
with previous data [27,28,35,48]. The variable extent of this improvement is attributable to
sampling age, in relation to which a proportional increase occurs which makes it impossible
to compare net data in relation to villus length or other parameters (e.g CD and VW). In our
study, histomorphometric analysis confirmed that the use of probiotics induced an increase
in villus height, with a gain of over 100 µm compared to group C, from the duodenum to
ileum. Although not statistically significant, this difference observed at 35 days of age is a
remarkable result given that it is achieved by a single administration during incubation
and without any boost during the breeding period. In the jejunum, which is the main
site of nutrient absorption, there was also an increase in VSA, further highlighting the
improvement in the digestive capacity of the treated subjects. In addition, the HE analysis
showed that the jejunum in the P1 and P2 groups exhibited intact histological structure,
orderly arrangement, and well-grown intestinal villi with no obvious tissue damage and
pathological changes, while the ileum in the C group appeared to be in the process of some
structural alterations/lower VSA. Previously, Kim et al. (2012) [64] also reported that the
administration of multi-microbe probiotic products increased the ratio of villus height to
crypt depth in the jejunum. Consistently, this study provided evidence supporting the
notion that supplementation with a multi-species probiotic mixture improves the intestinal
structure by increasing the villus length. Other significant differences in the parameters
evaluated for intestinal morphology were evidenced in this study, but without homoge-
neous results. It can be assumed that all these morphological changes are not only a direct
effect of the interaction of probiotic bacteria with the intestinal mucosa, but also a result
of the positive manipulation of intestinal microbiota by probiotic bacteria involved in the
metabolism of nutrients as well as in the intestinal morphological development [65,66]. The
gut microbiota constitutes the biological barrier that prevents pathogens from colonising
the intestine and contributes to the maturation of the gastrointestinal tract and immune
system [67]. The physical barrier of the intestinal epithelium, and especially the intestinal
tight junction, confers the direct property of selective permeability to the gut [68]. In newly
hatched chickens, the gastrointestinal tract is structurally and functionally immature, and
maturation is induced by many factors, one of which is the presence and composition of
gut microbiota. In both mammals and birds, studies have shown that the gut microbiota
has a significant effect on gastrointestinal tract development: gut villus architecture, crypt
depth, stem cell proliferation, blood vessel density, mucus layer properties and maturation
of mucosal-associated lymphoid tissues are reduced in germ-free animals compared to
those that are conventionally reared. Among the various stimulating factors produced
by microbiota, in birds, enterocyte proliferation has been particularly linked to bacterial
fermentation and the production of short-chain fatty acids (SCFAs), which are essential
for enterocyte development and proliferation. [69–72]. Early intestinal colonisation with a
positive microflora can, therefore, promote the proper maturation of the various intestinal
components, including the related mucosal immune system, especially when this stimu-
lation occurs before hatching in the final stage of incubation when organ development is
almost complete.

Among the various factors that can negatively influences animal growth performance,
there is Eimeria spp. infection. Many different probiotic compounds administered through
the diet have been shown to provide a protective effect in chickens that were naturally
infected or challenged with different Eimeria species [73–76]. Whereas, to date, the ben-
eficial effects of probiotic bacteria administered in ovo to reduce the impact of coccidia
on the intestinal mucosa have only been demonstrated in a limited number of studies in
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chickens and associated to exclusive probiotics effect [36,77] or to their combination with a
coccidiosis vaccine [78]. In the present study, it was hypothesised that the beneficial effects
of in ovo administration of a multi-strain probiotic mixture would lead to a stabilisation
of the gut microflora by competitive exclusion of their pathogenic counterparts and, in
addition, that the treatment would not lead to an increase in the severity of the disease
induced by natural infection with Eimeria species, favouring, on the contrary, a reduction
in clinical signs due to its beneficial effect on the development of the gut microbiota and
immunity. One of the main mechanisms of action of probiotics is the challenge for receptor
sites, which prevents the perforation and secretion of Eimeria sporozoites into the intestinal
mucosa, resulting in reduced intestinal damage, proliferation and oocyst shedding [79].
Competition for receptors is even more limited in the case of IOF as the administration of
the probiotic occurs before possible contact with the pathogen, which will, therefore, have
limited receptor availability. In our study, from 14 days of age until the end of the trial,
oocyst shedding was significantly reduced following in ovo probiotic supplementation,
with no relevant differences among P1 and P2. The severity of the infection was assessed
by histological evaluation of various parameters [80], and, in all the groups, the infection
was limited to the upper gastrointestinal tract, without histological lesions in the ileum or
caecum. The involvement of specific intestinal tracts depends on the specificity for the site
of infection of the different Eimeria species that could be naturally present in the facility.
Interestingly, in group C, which had the higher number of oocyst per gram of faeces, no
macrogametes were histologically detected. This could be attributed to a different stage
of the parasite life cycle, with oocysts being released from the ruptured epithelial cells
and shed into the environment with the faeces at the time of organ sampling. In addition,
although the protective mechanisms of probiotics are not fully understood, it has been
shown that probiotics can significantly enhance mucosal-associated immune responses,
increase the production of anti-Eimeria antibodies and reduce oocyst shedding [81]. Some
studies have shown that the presence of IgA antibodies in the intestinal mucus, directed
against some sporozoite-associated antigens, is able to modulate the degree of infection
by coccidia and delay the release of oocysts [82]. In this case, it can be postulated that
early intestinal colonisation with multi-species probiotic bacteria increased non-specific and
specific mucosal defences, as well as the production of specific antibodies against protozoan
antigens, leading to a delay in the sexual phase of the Eimeria species cycle and the release
of oocysts, thus reducing the impact of coccidia on intestinal morphology. The results of
the scores suggest a condition of severe inflammation of the lamina propria associated with
enterocyte proliferation in the C group, especially in the duodenum, serving as further
evidence of improved gut health and control of coccidian infection in probiotics-treated
chickens. However, these histological changes could also be related to other causes of
inflammation than just coccidian infection. In the caecum of group C, both the attributed
scores and the histomorphometric measurements showed an increased enterocytic prolif-
eration, CD, LPW and VW, suggesting a condition of widespread inflammation, with an
increasing cellular turnover which is essential to replace the cellular damage.

The concentration of probiotics was chosen based on previous works that tested
different compounds and concentrations for in ovo administration. In this study, no
clear differences were observed on chicken’s performance or coccidian infection between
P1 and P2; however, a slight reduction in hatchability percentage was observed in P2.
Consequently, the concentration of 1 × 105 CFU/100 µL could be more suitable for in ovo
administration, even if further studies on an industrial scale are needed.

5. Conclusions

In conclusion, our data demonstrate that in ovo supplementation with Slab51 can be
considered safe, and its association with MDV does not affect hatchability. Despite the
lack of information on the microbiota composition of the animals included in this study,
the efficacy of supplementation is demonstrated by the effects observed on productive
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performances, histological parameters and coccidian resistance, which were improved by
the in ovo treatment.
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Simple Summary: High-density intensive farming easily induces immune stress in broilers, leading
to significant impairment of growth performance and intestinal health. Sea-buckthorn flavone
(SF), extracted from the fruits, leaves, and branches of sea buckthorn, exhibits anti-oxidative, anti-
inflammatory, anti-obesity, liver protective, and lipid metabolism-regulating properties. This study
examined the effects of SF on growth performance, serum inflammation, the intestinal barrier, and
the microbiota in lipopolysaccharide (LPS)-challenged broilers. Our findings demonstrate that SF
alleviates LPS-induced inflammatory responses in broilers while improving intestinal health and
enhancing growth performance. These findings serve as a valuable reference for poultry production.

Abstract: The experiment investigated the effects of sea-buckthorn flavonoids (SF) on lipopolysaccha-
ride (LPS)-challenged broilers. A total of 288 one-day-old male broilers were randomly assigned to
4 groups, with 6 replicates of 12 broilers each. The experiment lasted for 20 days. The diet included
two levels of SF (0 or 1000 mg/kg) and broilers intraperitoneally injected with 500 µg/kg LPS on 16,
18, and 20 days, or an equal amount of saline. LPS challenge decreased final body weight, average
daily gain, and average daily feed intake, increased feed-to-gain ratio, and elevated serum IL-1β,
IL-2, TNF-α, D-LA, and endotoxin levels. Moreover, it resulted in a reduction in the IL-10 level.
LPS impaired the intestinal morphology of the duodenum, jejunum, and ileum, down-regulated
the mRNA relative expression of Occludin, ZO-1, and MUC-2 in the jejunum mucosa, up-regulated
the mRNA relative expression of TLR4, MyD88, NF-κB, and IL-1β, and increased the relative abun-
dance of Erysipelatoclostridium in broilers (p < 0.05). However, SF supplementation mitigated the
decrease in growth performance, reduced serum IL-1β, IL-2, and D-LA levels, increased IL-10 levels,
alleviated intestinal morphological damage, up-regulated mRNA expression of Occludin and ZO-1,
down-regulated the mRNA expression of TLR4, NF-κB, and IL-lβ in jejunum mucosal (p < 0.05),
and SF supplementation presented a tendency to decrease the relative abundance of proteobacte-
ria (0.05 < p < 0.1). Collectively, incorporating SF can enhance the growth performance, alleviate
serum inflammation, and improve the intestinal health of broilers, effectively mitigating the damage
triggered by LPS-challenges.

Keywords: sea-buckthorn flavone; lipopolysaccharide; inflammation; intestinal health; broilers

1. Introduction

Under modern intensive breeding conditions, high breeding density, pathogenic mi-
croorganisms, temperature, and humidity factors can induce immune stress in broilers,
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which results in damage to growth performance and the intestinal barrier in poultry [1,2].
LPS is a common endotoxin and is considered to be one of the most potent immune activa-
tors [3]. Previous studies demonstrated that intrabitoneal injection of LPS in broilers could
seriously compromise the integrity of the intestinal mucosal barrier, elevate inflammatory
factors, alter intestinal flora, and consequently impact growth performance [4,5]. LPS has
been shown to activate the NF-κB signaling pathway by binding to the TLR4 receptor on
the cell surface to generate a number of pro-inflammatory cytokines [6]. Notably, natural
plant extracts contain a variety of nutrients, which can enhance the growth performance
and feed utilization of livestock and poultry [7]. Therefore, it is crucial to develop a natural
and botanic extract as a feed additive to ameliorate the immune stress of poultry and
maintain intestinal health.

Sea-buckthorn (Hippophae rhamnoides L.) is a versatile medicinal and edible plant
known for its strong adaptability and high yield [8]. It has been reported to possess
typical physiological functions, including anti-inflammatory properties [9], antioxidant
activity [10], immunomodulatory effects [11], and lipid-lowering capabilities [12]. Studies
have indicated the beneficial impact of sea-buckthorn leaves or extracts on growth per-
formance, feed efficiency, and the development of immune organs in Turkey poults, with
long-term feeding being deemed safe and reliable [13]. Sea-buckthorn flavonoids (SF) are
the major active components extracted from the fruits, roots, and leaves of sea-buckthorn.
They may serve as natural feed additives, enhancing growth performance, rumen fermenta-
tion, and serum antioxidant capacity in lambs [14]. Furthermore, evidence suggests that key
components of sea-buckthorn flavonoids such as quercetin, isorhamnetin, and kaempferol
could alleviate inflammation challenged by LPS in mice [15]. Studies have shown that
these compounds fight inflammation through different mechanisms [16–18]. It is currently
attracting attention from researchers due to its extensive physiological functions. However,
there is limited data available regarding the regulatory effects of SF on inflammatory re-
sponses, the intestinal barrier, and the microbiota in broilers under LPS-challenged immune
stress. The present investigation aims to explore the effects of SF on the performance,
serum inflammation, intestinal barrier, and microbiota of LPS challenge broilers via the
LPS challenge immune stress model.

2. Materials and Methods
2.1. Experimental Design

A total of 288 healthy one-day-old yellow-feathered male broilers (32.94 g ± 0.10 g,
Tang Renshen Group Co., Ltd., Zhuzhou, China) were randomly assigned to 4 groups,
including the CON group (basal diet + saline), the LPS group (basal diet+ LPS), the SF group
(basal diet + 1000 mg/kg SF + saline), and the SF + LPS group (basal diet + 1000 mg/kg
SF + LPS), with 6 replicates of 12 broilers each. SF (purity ≥ 30%) was provided by Baoji
Fangsheng Biological Development Co., Ltd. (Xi’an, China) and fed from 1 day of age;
the dose of SF supplemented was referred to in previous studies [19]. LPS (Escherichia coli
O55: L2880) was obtained from Sigma Aldrich (St. Louis, MO, USA). LPS was dissolved
in saline, and 500 µg LPS/mL was prepared before use. LPS-challenged broilers were
intraperitoneally injected with 500 µg LPS /kg on 16, 18, and 20 d; non-LPS-challenged
broilers were injected with an equal amount of saline, and the frequency and dosage of LPS
administration were selected based on previous studies [20,21]. The feeding trial lasted for
20 days. The basal diet (Table 1) was formulated based on the feeding standards of chickens
(NY/T33-2004). All broilers were housed on the net floor (cage size: 2.5 m × 1.5 m), which
had free access to feed and water. The artificial continuous lighting system was used, with
temperatures ranging from 33 ◦C to 34 ◦C in the first week and 27 ◦C to 31 ◦C in the second
week. Heating was applied depending on the specific temperature conditions. Natural
ventilation in chicken coops. Maintain a relative humidity between 55 and 65%.
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Table 1. Composition and nutrient levels of basic diet (air dried basis, %).

Ingredients, % Content Nutrient Levels, % 2 Content

Corn 56.78 Metabolizable energy, MJ/kg 2879
Soybean meal 29.00 Crude protein 20.06

Corn gluten meal 5.00 Calcium 0.921
Wheat bran 3.60 Phosphorus 0.55
Soybean oil 1.20 Lysine 1.20

CaHPO4 1.30 Methionine 0.54
Limestone 1.20 Methionine + Cysteine 0.88

Sodium chloride 0.30 Threonine 0.77
L-Lysine 0.54 Tryptophan 0.21

DL-Methionine 0.18
Choline (60%) 0.10

Premix 1 0.80
Total 100

1 Premix provided the following per kg of the diet: vitamin A 8000 IU, vitamin D3 4000 IU, vitamin E 15 IU,
vitamin K 15 mg, vitamin B1 2.0 mg, vitamin B2 4.0 mg, vitamin B6 3.0 mg, vitamin B12 0.015 mg, folic acid 0.9 mg,
nicotinic acid 35 mg, pantothenic acid 15 mg, biotin 0.2 mg, Mn 90 mg, Fe 90 mg, Zn 60 mg, Cu 10 mg, Se 0.20 mg,
and I 0.40 mg. 2 The content of crude protein, calcium, and total phosphorus in the basic dietary nutrition level
are all measured values, while the rest are calculated values.

2.2. Sample Collection

At the age of 21 days, one healthy bird with similar weight was selected from each
replicate (fasting 8–12 h in advance, and live weight was recorded) and euthanized. Blood
was collected using common tubes (Liuyang Sanli Medical Science and Technology Devel-
opment Co., Ltd., Liuyang, China), centrifuged at 3500 r /min at 4 ◦C for 10 min, taken
as the supernatant, and stored in −20 ◦C freezers. Open the abdominal cavity; the whole
intestinal segment was removed and separated (duodenum, jejunum, and ileum). The
middle segment was taken about 2 cm and fixed in 4% paraformaldehyde solution (Wuhan
Kanos Technology Co., Ltd., Wuhan, China), scraped portions of the mucosa, and stored
in −80 ◦C freezers. Appropriate amounts of cecal chyme were collected and stored in the
refrigerator at −80 ◦C.

2.3. Index Determination Method
2.3.1. Measurement of Growth Performance

Initial weight (IW), final weight (FW), and feed consumption of each cage were
recorded to calculate the average daily gain (ADG), average daily feed intake (ADFI), and
feed-to-gain ratio (FCR) in the non-LPS challenged period and LPS challenged period.

2.3.2. Determination of Serum Indicators

The concentrations of interleukin-1β (IL-1β), interleukin-2 (IL-2), interleukin-10 (IL-10),
tumor necrosis factor-α (TNF-α), corticosterone (CORT), D-lactate (D-LA), and endotoxin
were determined by ELISA kits. The kits were purchased from Jiangsu Enzyme-Free
Industrial Co., Ltd. (Yancheng, China), as described by Cheng et al. [22].

2.3.3. Gut Histomorphological Analysis

The duodenum, jejunum, and ileum samples were removed from a 4% paraformalde-
hyde fixing solution, dehydrated and embedded with paraffin, and cut into 5 µm slices, as
described by Chang et al. [23]. Villi height (VH) and crypt depth (CD) were measured by
optical microscopy in combination with software (Image Analysis 1.6.1) after staining with
hematoxylin eosin (HE), magnifying 40×, and calculating the ratio of villus height to crypt
depth (V/C) from the results. Six good villi and crypts were selected from each section for
measurement, and the average value was taken.
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2.3.4. Gene Expression Using Quantitative Real-Time PCR

Total RNA was extracted from jejunal mucosal tissue samples using AG reagents
(Hangzhou Aikerui Biotechnology Co., Ltd., Hangzhou, China). RNA integrity was evalu-
ated by agarose gel. and RNA concentration and purity were measured by a Nanodrop
ND-2000 spectrophotometer (Thermo Scientific, Ottawa, ON, Canada). Reverse transcribed
into cDNA using AG reagents (Hangzhou Aikerui Biotechnology Co., Ltd., Hangzhou,
China). All primers (Table 2) were purchased from Changsha Biotechnology Co., Ltd.
Real-time quantitative PCR detection by the SYBR Green PCR kit (Hangzhou Aikerui
Biotechnology Co., Ltd., Hangzhou, China) in CFX Connect real-time PCR detection sys-
tem, measured β-actin, Zonula occludens-1 (ZO-1), Occludin, Claudin-1, MUC-2, Toll-like
receptor 4 (TLR4), myeloid differentiation primary response 88 (MyD88), and nuclear factor
kappa B (NF-κB) relative mRNA expression levels. Results were calculated using the
2−∆∆CT method, as described by Xing et al. [24].

Table 2. Real time PCR primer sequences.

Genes Primer 1 Sequence Product
Size (bp)

GenBank
Accession
Number

Occludin
F:5′-3′ GATGGACAGCATCAACGACC

142 NM_205128.1R:5′-3′ CTTGCTTTGGTAGTCTGGGC

Claudin-1
F:5′-3′ ACACCCGTTAACACCAGATTT

152 NM_001013611.2R:5′-3′ GCATTTTTGGGGTAGCCTCG

ZO-1
F:5′-3′ GCCTACTGCTGCTCCTTACAACTC

129 XM_040680630.1R:5′-3′ GCTGGATCTATATGCGGCGGTAAG

MUC-2
F:5′-3′ GTGAATGGCACTACGAGCCT

106 XM_040701656.2R:5′-3′ CTGGGGTAGCAACCTTCCAG

TLR4
F:5′-3′ TGGATCTTTCAAGGTGCCACA

198 NM_001030693.2R:5′-3′ AGTGTCCGATGGGTAGGTCA

NF-κB
F:5′-3′ TCAACGCAGGACCTAAAGACAT

162 NM_205134.1R:5′-3′ GCAGATAGCCAAGTTCAGGATG

MyD88 F:5′-3′ GGATGATCCGTATGGGCATGG
171 NM_001030962.5R:5′-3′ ATGGACCACACACACGTTCC

IL-1β
F:5′-3′ ACTGGGCA TCAAGGGCTA

154 NM_214005.1R:5′-3′ GGTAGAAGA TGAAGCGGGTC

β-actin F:5′-3′ TGCGTGACATCAAGGAGAAG
199 L08165R:5′-3′ TGCCAGGGTACATTGTGGTA

1 F = forward primer; R = reverse primer.

2.3.5. 16S rRNA Sequencing

Genomic DNA was extracted using a commercial kit (Qiagen, Hilden, Germany). The
16S rRNA was amplified by 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGAC-
TACHVGGGTWTCTAAT) primers, then sequenced using Illumina. Bioinformatics analysis
was performed using the online platform (https://cloud.majorbio.com, accessed on 11
September 2023) provided by Shanghai Majorbio Bio-Pharm Technology Co. Ltd. (Shang-
hai, China).

2.4. Statistical Analysis

All data were carried out using the Shapiro-Wilk test, analyzed by two-way ANOVA,
and then Duncan multiple comparisons were performed with IBM SPSS statistical software
(26.0 version, Chicago, IL, USA). The main effects include the LPS challenge and SF treat-
ment, as well as the interactions between LPS and SF. Data were expressed as mean ± stan-
dard error of the mean (SEM). Values of p < 0.05 were regarded as statistically remarkable.
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3. Results
3.1. Growth Performance

The growth performance results were presented in Table 3. There was no remarkable
difference in growth performance between broilers fed with SF and without SF (p > 0.05)
before the LPS challenge (1–15 days old). However, LPS lowered ADG, ADFI, and FW
(p < 0.05) and increased FCR (p < 0.05) during the LPS challenge (16–20 days old) when
compared with that of the control. SF supplementation significantly enhanced ADG and
FW (p < 0.05), and the ADFI presented a tendency to increase (0.05 < p < 0.1), but the FCR
had no significant effect (p > 0.05). However, there was no remarkable interaction between
SF and LPS on the growth performance of broilers (p > 0.05). The details were presented in
Table 4.

Table 3. Effects of sea-buckthorn flavonoids supplementation on growth performance of broilers 1.

Items 2
Group 3

SEM 4 p-Value
CON SF

Before LPS challenge (1 to 15 day of age)
IW (g) 32.93 32.96 0.069 0.968

ADG (g) 15.70 15.73 0.177 0.561
ADFI (g) 25.07 25.17 0.179 0.826

FCR 1.60 1.61 0.014 0.175
FW (g) 268.43 266.35 2.556 0.602

1 Data represent mean values of 12 replicates per group (n = 12). 2 IW: initial weight; ADG: average daily gain;
ADFI: average daily feed intake; FCR: feed-to-gain ratio 3 CON: basal diet; SF: basal diet +1000 mg/kg SF. 4 SEM:
standard error of the mean.

Table 4. Effects of sea-buckthorn flavonoids supplementation on the growth performance of
lipopolysaccharide-challenged broilers 1.

Items 2
Group 3

SEM 4
p-Value

CON LPS SF SF + LPS SF LPS SF × LPS

During LPS challenge (16 to 20 days of age)
ADG(g) 26.58 23.43 28.03 25.58 0.759 0.028 0.001 0.652
ADFI(g) 49.90 47.54 51.20 50.31 0.882 0.079 0.032 0.414

FCR 1.88 2.04 1.83 1.97 0.062 0.346 0.022 0.878
FW(g) 400.26 386.61 404.10 396.68 3.177 0.041 0.003 0.338

1 Data represent mean values of six replicates per group (n = 6). 2 IW: initial weight; ADG: average daily gain;
ADFI: average daily feed intake; FCR: feed-to-gain ratio 3 CON: basal diet + saline; LPS: basal diet +500 µg/kg
LPS; SF: 1000 mg/kg SF + saline; SF + LPS: 1000 mg/kg SF + 500 µg/kg LPS. 4 SEM: standard error of the mean.

3.2. Serum Inflammation

As presented in Figure 1, the LPS challenge remarkably elevated the serum concentra-
tion of IL-1β, IL-2, TNF-α, and CORT (p < 0.05) and decreased the concentration of IL-10
(p < 0.05) when compared with that of the control. SF supplementation markedly attenu-
ated IL-1β, IL-2, and CORT concentrations and increased IL-10 concentrations (p < 0.05).
In addition, the multiple comparisons show that the LPS group had a significantly lower
serum concentration of IL-10 and a higher concentration of TNF-α compared with the SF +
LPS group (p < 0.05).
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Figure 1. Serum inflammation and immune indexes in 20 d broilers (a–e). Data represent mean
values of six replicates per group (n = 6). a–c Means in the same row with different superscripts differ
(p < 0.05). CON: basal diet + saline; LPS: basal diet +500 µg/kg LPS; SF: 1000 mg/kg SF + saline;
SF + LPS: 1000 mg/kg SF + 500 µg/kg LPS.

3.3. Intestinal Morphology

Severe damage to the intestinal morphology of broilers was observed by the LPS
challenge (Figure 2a). As shown in Figure 2, LPS challenge significantly lowered duodenum
VH and jejunum V/C (p < 0.05) compared with that of control broilers, while an opposite
trend was observed for jejunum and ileum CD (p < 0.05) and tended to lower duodenum
and ileum V/C (0.05 < p < 0.1). SF addition significantly reduced jejunal CD (p < 0.05) and
elevated duodenal VH, V/C, and jejunal V/C (0.05 < p < 0.1). Multiple comparisons have
shown that the duodenal VH of the SF + LPS group was significantly higher than that of the
LPS group (p < 0.05). SF supplementation could alleviate these negative effects of broilers
in duodenal VH stimulated by LPS.

3.4. Intestinal Permeability and Expression of Jejunal Mucosa-Associated Gene mRNA

As shown in Figure 3, LPS stress significantly increased the endotoxin, D-LA levels in
serum, and TLR4, MyD88, NF-κB, and IL-1β relative gene expression in the jejunal mucosa
(p < 0.05) when compared with that of the control, and signally decreased the MUC-2,
Occludin, and ZO-1 relative gene expression in the jejunal mucosa in broilers (p < 0.05). On
the contrary, SF supplementation reduced D-LA level and TLR4, NF-κB, and IL-1β relative
gene expression in broilers (p < 0.05) and increased the relative expression of Occludin and
ZO-1. However, no major changes in Claudin-1, MUC-2, or MyD88 mRNA expression
in the jejunal mucosa were observed after SF supplementation (p > 0.05). There was a
remarkable interaction between SF and LPS on D-LA level and IL-1β mRNA expression
(p < 0.05). Multiple comparisons have shown that the relative expression levels of D-LA
and IL-1β mRNA in the SF + LPS group were significantly lower than those in the LPS
group (p < 0.05). SF supplementation could reverse these adverse effects in the serum D-LA
level and jejunal mucosa IL-1β relative mRNA expression of broilers stimulated by LPS.
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+500 µg/kg LPS; SF: 1000 mg/kg SF + saline; SF + LPS: 1000 mg/kg SF + 500 µg/kg LPS.

3.5. Gut Microbiota Analysis

At the 97% similarity level, 969,264 high-throughput sequence reads were obtained
from all cecal content samples (n = 6), with an average of 40,386 sequences per sample.
There were 640 core OTUs shared by the cecal flora in each group, and there were 943
OTUs in the cecal flora of the CON group, 954 OTUs in the cecal flora of the LPS group,
901 OTUs in the cecal flora of the SF group, and 959 OTUs in the cecal flora of the SF +
LPS group (Figure 4a). No significant difference in community richness of cecal microbiota
was observed in broilers, including Ace, Chao, Shannon, Coverage, and Simpson (p > 0.05,
Figure 4c–f). The PCA map based on the genus level shows no difference between the four
groups of cecal flora (Figure 4b). At the phylum level, the cecal flora consisted mainly of
Firmicutes, Proteobacteria, Bacteroidota, and Actinobacteriota in broilers (Figure 4g). Firmi-
cutes, Proteobacteria, and Bacteroidota were the dominant phyla, and their relative abun-
dances were analyzed. SF supplementation presented a tendency to decrease the relative
abundance of proteobacteria (0.05 < p < 0.1, Figure 4i). At the genus level, the cecal flora con-
sisted mainly of Faecalibacterium, Escherichia-Shigella, Norank_f_norank_o_Clostridia_UCG-
014, Ruminococcus_torques_group, Unclassified_f_Lachnospiraceae, Bacteroides, Erysipela-
toclostridium, Unclassified_f_Ruminococcaceae, and Lactobacillus in broilers (Figure 4h).
Compared with nonchallenged broilers, LPS presented a tendency to lower the relative
abundance of Faecalibacterium (0.05 < p < 0.1, Figure 4j) and elevate the relative abundance of
Erysipelatoclostridium (p < 0.05, Figure 4l). In addition, SF supplementation presented a ten-
dency to increase the relative abundance of Unclassified_f_Lachnospiraceae (0.05 < p < 0.1,
Figure 4k). Spearman correlation analysis confirmed that changes in intestinal flora were
associated with LPS treatment and SF supplementation (Figure 5). There was an obviously
negative correlation between IL-10 and Proteobacteria (p < 0.05), and a positive correla-
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tion between IL-1β, CORT, D-LA, and Proteobacteria (p < 0.05). In addition, TNF-α and
Erysipelatoclostridium were positively correlated (p < 0.05).
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4. Discussion

CORT serves as a crucial indicator of hypothalamus–pituitary–adrenal axis activity. El-
evated CORT levels directly inhibit growth under immune stress conditions in broilers [25].
In our study, the CORT level of broilers was significantly increased after injection of LPS,
validating successful modeling for subsequent tests. In a similar experiment, SF supple-
mentation markedly enhanced the ADG and FW of broilers at days 21, 42, and played a
role in improving nutrient digestion and absorption [26]. Quercetin, the primary active
component of SF, upregulated the expression of nutrient transporter genes in the intestine,
such as glucose transporter 2 and peptide transporter 1, promoted intestinal digestion and
absorption, improved intestinal morphology, protected the intestinal barrier, and improved
growth performance [27]. Dietary incorporation of 1000 mg/kg SF significantly influenced
ADG and FW in broilers, which may be closely related to its active components. The
utilization rate of feed and the digestion and absorption of nutrients are critical factors
influencing growth performance, especially in the intestine, which plays an important role
as the main site for the digestion and absorption of nutrients [28]. The specific reasons need
to be further studied.

Intestinal morphology is a key indicator for evaluating digestion [29]. It is primarily
characterized by VH, CD, and V/C indexes; longer VH and shallower CD can provide a
larger area of intestinal nutrient absorption, on the contrary, which may cause intestinal
inflammation and impair intestinal function. Therefore, greater V/C signifies higher ab-
sorption capacity; a normal intestinal structure is essential for growth and development [30].
In this study, it was observed that LPS stimulation significantly impaired the intestinal
morphology of broilers, which aligns with previous research findings [31,32]. Notably,
dietary SF supplementation alleviated the adverse effects of LPS on intestinal morphology
by reducing jejunal CD and increasing duodenal VH as well as V/C and jejunal V/C
ratios. Thus, SF supplementation-enhanced intestinal VH and V/C may improve intestinal
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morphology by promoting the proliferation and differentiation of intestinal epithelial cells
while increasing the surface area for nutrient absorption in the intestine [33].

D-LA and endotoxin are commonly utilized for evaluating intestinal permeability
and intestinal mucosa damage. D-LA and endotoxin are the byproducts of lactic acid
fermentation and cleavage of bacteria in the intestine, exclusive to this tissue [34,35]. Under
normal conditions, levels of D-LA and endotoxin in the blood of livestock and poultry
are minimal, increasing only when there is intestinal mucosal damage [36,37]. Increased
intestinal permeability due to damaged integrity leads to decreased nutrient digestion and
absorption in livestock and poultry, impacting poultry growth performance [38]. Our study
also revealed that intraperitoneal injection of LPS raised the levels of D-LA and endotoxin in
broilers, indicating LPS-induced damage to the broiler’s intestinal mucosa barrier function.
However, SF supplementation significantly reduced the D-LA level in broilers. These
results suggest that SF mitigated LPS-induced impairment of broiler intestinal permeability
while positively influencing their mucosal barrier.

The tight junction is the crucial connection between intestinal epithelial cells. Tight
junction proteins are essential components of the intestinal barrier protein, playing a crucial
role in its composition and function [39]. Numerous studies have shown that during
an inflammatory response, various inflammatory factors enter the intestine, leading to
intestinal lesions, damage to the intestinal tissue, disruption of the barrier function, and
reducing the Occludin, ZO-1, and Claudin-1 mRNA expression levels [40,41]. In this
experiment, LPS stimulation significantly decreased the relative gene expression of MUC-
2, Occludin, and ZO-1 in the jejunum mucosa of broilers. The expression of intestinal
mucosal barrier genes in broilers was lowered, and intestinal permeability was impaired
by intraperitoneal injection of LPS in broilers, which was also supported by elevated serum
D-LA and endotoxin. It has been reported that dietary supplementation with flavonoids up-
regulates the expression of tight junction proteins (especially ZO-1, Claudin-1, E-cadherin,
and Occludin) in broilers at days 21 and provides protective benefit against LPS-challenged
dysfunction in their intestinal mucosal barriers [42]. The study yielded similar findings:
dietary SF could effectively up-regulate the relative gene expression of Occludin and ZO-1
in the jejunum mucosal of broilers. In summary, we recommend that SF supplementation
at 1000 mg/kg enhances the expression of tight junctions in the small intestine challenged
by LPS and maintains the integrity of the intestinal mucosal barrier.

When poultry is exposed to LPS, LPS binds to TLR4 and initiates a cascade reaction
that stimulates the TLR4/NF-κB signaling pathway, leading to the secretion of a num-
ber of pro-inflammatory cytokines (IL-1β, IL-2, IL-6, TNF-α, et al.) by monocytes and
macrophages, resulting in tissue damage [43]. NF-κB plays a crucial role in activating
inflammation through the synthesis and release of pro-inflammatory cytokines [44,45].
Consistent with previous findings, this study observed that LPS significantly elevated
serum inflammatory, and up-regulated the expression of genes related to the TLR4/NF-κB
signaling pathway in the jejunum mucosa, confirming the LPS-mediated inflammatory
response. It has been reported that flavonoids can reduce the occurrence of disease by
negatively regulating the inflammatory factor IL-1β [46]. Quercetin, kaempferol, and
isorhamnetin are the main active components of SF, which can enhance animal immunity
and reduce inflammation [47]. SF shows great potential for treating inflammation, as does
quercetin [48] and kaempferol [49]. and isorhamnetin [50] can inhibit the activation of the
TLR4/NF-κB signaling pathway, thereby suppressing the production of pro-inflammatory
cytokines. The results demonstrated that the addition of SF significantly reduced the
levels of IL-1β, IL-2, and CORT in serum, as well as the relative expression levels of TLR4,
NF-κB, and IL-1β mRNA in the jejunum mucosa. Additionally, it markedly elevated the
concentration of IL-10 in serum. The results indicated that the anti-inflammatory effect of
SF was closely related to the TLR4/NF-κB signaling pathway.

Intestinal flora is a complex ecosystem that plays a vital role in the digestion and
absorption of nutrients, metabolism, immune regulation, and other processes. Numerous
studies have demonstrated the vital importance of intestinal flora in maintaining overall
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body health [51]. Intestinal microbes can regulate the whole immune system, strengthen the
intestinal barrier function, and thus improve the production performance of poultry [52].
It has been reported that the abundant proteobacteria could easily lead to bacterial im-
balance and inflammatory responses [53]. The relative abundance of proteobacteria in
mice significantly increased after long-term mildronate treatment, leading to a bacterial
imbalance [54]. Xie et al. [55] found that quercetin can improve the intestinal environment
and down-regulate the relative abundance of proteobacteria and other microorganisms.
Supplementation with SF reduced the relative abundance of proteobacteria, which is basi-
cally consistent with previous studies. Furthermore, Spearman correlation analysis also
revealed that IL-10 was significantly negatively correlated with Proteobacteria, while IL-1β,
CORT, and D-LA were significantly positively correlated with Proteobacteria, indicating
that Proteobacteria increased inflammation and reduced immune response. Faecalibac-
terium is a crucial intestinal bacterium with various probiotic effects, such as maintaining
intestinal homeostasis and anti-inflammatory properties [56]. LPS challenge enriched
potentially harmful microbes and led to an increase in Erysipelatoclostridium, which is in-
dicative of intestinal disorders causing inflammation [57]. According to the study, Fuzhuan
brick tea crude polysaccharides (FBTPs) restored the microbial imbalance induced by cy-
clophosphamide (Cy) by elevating several beneficial bacteria, such as lactic acid bacteria,
Unclassified_f_Lachnospiraceae, while reducing Bacteroides and Helicobacter pylori, thus
playing an immune protective role in Cy-induced mice [58]. In this experiment, LPS low-
ered the relative abundance of Faecalibacterium and elevated the relative abundance of
Erysipelatoclostridium. In addition, SF supplementation presented a tendency to increase the
relative abundance of Unclassified_f_Lachnospiraceae. In addition, Spearman correlation
analysis showed that TNF-α and Erysipelatoclostridium were positively correlated, which
supported this point. Therefore, we found that SF can up-regulate the relative abundance of
beneficial bacteria and down-regulate the relative abundance of harmful bacteria, maintain
intestinal health, and improve the production performance of broilers.

5. Conclusions

In conclusion, dietary supplementation with 1000 mg/kg of SF could enhance the
growth performance of broilers by mitigating the serum inflammatory response, improving
intestinal health via enhancing intestinal morphology and regulating the intestinal barrier,
and effectively alleviating the damage caused by LPS.
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Simple Summary: This study explored the effects of the different dietary combinations of soyhulls
and the β-mannanase enzyme on production performance, economics, egg quality, blood biochem-
icals, nutrient digestibility, and gut health in laying hens during the late peak production phase.
Golden brown hens were fed different diets for four weeks, and the combination of 3% soyhulls
and 30 mg/kg β-mannanase showed potential benefits. It improved production performance and
increased egg weight, albumen weight, and height while significantly lowering total cholesterol,
LDL, and VLDL levels. This combination also improved gut morphology and enhanced nutrient
digestibility. Overall, the inclusion of 3% soyhulls and 30 mg/kg β-mannanase in the diet may have
positive effects on production performance, nutrient digestibility, and gut health and potentially
lower serum cholesterol levels in laying hens while maintaining acceptable egg quality.

Abstract: This study investigated the effects of the β-mannanase enzyme and soyhulls on production
performance, economics, egg quality, hematology and serum biochemistry, nutrient digestibility, gut
morphology, digesta viscosity, and excreta consistency in laying hens during the late peak production
phase (37 to 40 weeks of age). Golden brown hens (RIR × Fayoumi; n = 200) were fed a control diet
(no soyhulls or enzymes) and diets containing four combinations, i.e., 3% soyhulls with 20 mg/kg
β-mannanase (D1), 3% soyhulls with 30 mg/kg β-mannanase (D2), 9% soyhulls with 20 mg/kg
β-mannanase (D3), and 9% soyhulls with 30 mg/kg β-mannanase (D4), for four weeks in four
replicates of 10 birds each. Overall, a significantly higher (p < 0.05) feed intake, weight gain, feed
conversion ratio, and water intake were calculated in the D2 group as compared to the control and
remaining combinations of soyhulls and β-mannanase. No mortality was recorded during the entire
experiment. Economically, the D1 and D2 groups showed the best results as compared to the D3
and D4 groups. Egg quality parameters like egg weight, shell weight and shell thickness, yolk
weight, albumen weight and height, and the Haugh unit remained unchanged (p > 0.05). Similarly,
the D2 group showed significantly lower total cholesterol, LDL, and VLDL levels and enhanced
gut morphology with greater villus width, height, crypt depth, and surface area across intestinal
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segments. Crude protein (CP), crude fiber (CF), crude fat, and ash digestibility were higher (p < 0.05)
in the D1 and D2 groups compared to the control. Digesta viscosity, excreta consistency, and other
egg quality parameters remained unaffected. In conclusion, the dietary inclusion of a combination of
3% soyhulls and 30 mg/kg β-mannanase may have potential benefits for laying hens by improving
some production performance and egg quality indicators and economics, lowering blood cholesterol,
LDL, and VLDL levels, enhancing nutrient digestibility, and improving gut morphology without
affecting egg quality.

Keywords: feed intake; feces consistency; viscosity; FCR; Haugh unit

1. Introduction

The poultry industry faces a dual challenge: feeding the growing global population
with protein while minimizing its environmental impact and production costs. A sus-
tainable and cost-effective poultry production approach involves adopting practices that
promote long-term ecological balance, resource conservation, and financial efficiency [1].
Formulating diets that cover the nutrient requirements of animals, including alternative
feed ingredients such as soyhulls and corn distillers grains, presents ideas for producing
animal-based food for human use in an efficient manner, with a substantial decrease in
emissions of greenhouse gases [2]. In this context, dietary fiber represents a paradigm shift
in sustainable poultry production. However, dietary fiber plays a complex role in the health
and performance of poultry [3]. While insoluble fibers like cellulose and lignin are generally
considered safe, their high levels can increase digesta retention time, potentially affecting
nutrient absorption [4]. Soluble fibers like pectin and certain hemicelluloses, although
beneficial for gut health, can lead to enteric problems at higher levels due to increased
digesta viscosity [5].

Soyhulls, a by-product of oil extraction, are rich in insoluble fibers like lignocellulose
but also contain varying levels of other fiber fractions [6]. Their rapid fermentation and the
presence of beneficial sugars like galactomannan offer potential nutritional benefits [7–9].
However, soyhulls also contain high amounts of non-starch polysaccharides (NSPs), which
can increase digesta viscosity, reduce the digestibility of nutrients, and depress growth per-
formance [10]. Among NSPs, β-mannans are a group of related heat-resistant compounds
that survive the drying–toasting phase of processing soybeans and make up 1.3 to 1.6% of
dehulled or non-dehulled soybeans [11–13]. β-Mannans are mainly found in the hull and
fiber fractions of soybean and are highly viscous and anti-nutritional [14]. Due to the lack
of enzymes needed to efficiently digest the NSPs present in soyhulls, their utilization is
limited in poultry [15]. Supplementation with exogenous enzymes like β-mannanase can
address this challenge. These enzymes break down NSPs, reducing digesta viscosity and
improving nutrient digestibility [16]. Therefore, β-mannanase can enhance the performance
and production efficiency of poultry, making soyhulls more viable and cost-effective feed
ingredients.

In the crucial peak production phase of laying hens, utilizing soyhulls and β-mannanase
together in their diets holds the potential for both economic and performance benefits.
Soyhulls, a cost-effective by-product of soybean processing, can partially replace soybean
meal, lowering feed costs but also introducing indigestible fibers, and β-mannanase can
break down β-mannans, improving nutrient digestibility and potentially increasing egg
production without sacrificing egg quality. However, finding the optimal balance of soy-
hulls and β-mannanase requires further research, as higher soyhull levels might require
more enzymes for optimal outcomes. This intriguing strategy could pave the way for
sustainable and cost-effective laying-hen feed, increasing the farm profit while maintaining
or even enhancing egg production during the peak period. It is therefore assumed that
the addition of the enzyme β-mannanase (HemicellTD) to a soybean-hull-based diet may
break down β-mannans, compensate for the negative effect of the high levels of fiber in
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the soyhulls, and improve the nutrient digestibility without effecting the egg quality. This
study aims to investigate the effects of different combinations of soyhulls and β-mannanase
on various aspects of laying hens’ health and productivity during late peak egg production
(33–36 weeks). By exploring the synergy between enzymes and soyhulls, this study seeks
to contribute to the development of more sustainable and cost-effective feeding strategies
for laying hens while ensuring optimal health and productivity.

2. Materials and Methods
2.1. Birds Housing, Experimental Diet, and Environment

A total of 200 golden brown (RIR × Fayoumi) laying hens at 36 weeks of age were
purchased from a commercial market and weighed individually. The birds were randomly
allocated to five groups of 40 birds each, with four replicates of 10 birds per group (five cages
per replicate with 2 birds per cage). The experimental diets consisted of a control diet
(no soyhulls or enzymes) and four treatment diets containing combinations of 3% or 9%
soyhulls with 20 or 30 mg/kg β-mannanase (Hemicell™, Elanco Animal Health, Greenfield,
IN, USA) (Table 1). All of the birds were housed under uniform environmental and
management conditions. The room temperature was maintained at 23.8 ◦C, and the light
period was 17 h/day. The flock was vaccinated (ND and IB) according to a routine schedule.

2.2. Production Performance Parameters

The formula for calculating feed intake (FI) was as follows: (FI = total feed offered − total
feed used). Egg production was recorded on a daily basis. The formula for calculating hen-
day egg production (HDEP) was as follows: (HDEP = total number of eggs in a particular
time ÷ number of days × number of alive hens on each of these days). The weekly
body weight gain (BWG) was calculated as (BWG = final body weight − starting body
weight). Mortality and its causes were reported daily. Daily water intake was calculated
by subtracting utilized water from given water. The formula used to calculate the feed
conversion ratio (FCR) was (FCR = feed intake (kg) ÷ number of eggs × 12). [17].

2.3. Economics

The formula used to calculate total revenue (TR) was TR = total number of eggs × price
per egg. The profit was found by subtracting the total cost from the total revenue. The
cost–benefit ratio (CBR) was calculated by dividing the total revenue by the total cost. [18].

2.4. Egg Quality Traits

Four eggs were randomly selected from each replicate every week for four weeks to
assess the internal and external quality. Individual eggs were weighed using a calibrated
digital balance. The albumin and yolk were carefully separated from the eggshell, and
the empty eggshell was dried overnight at 105 ◦C in a forced-air oven to ensure complete
desiccation. Eggshell thickness, including the membranes, was measured at three locations
on each egg using a micrometer screw gauge and averaged to provide a representative
value. The egg contents were carefully transferred to a Petri dish, and albumin height
was measured using a transparent plastic rod. The egg yolk was removed from the Petri
dish using the suction technique, and the yolk weight was recorded. Finally, the separated
albumin was weighed separately on the digital balance. Haugh units (HUs) were calculated
using the equation outlined by [18,19]:

HU = 100log10 [H + 7.57 − 1.7W0.37] (1)

where H is the height of the albumen, and W is the weight of the egg.
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Table 1. Ingredient composition of experimental diets.

Nutrient %
Experimental Diets

CON D1 D2 D3 D4

Soyhulls (%) 0 3 3 9 9
β-Mannanase (mg/kg) 0 20 30 20 30

Corn 53.1 52.1 52.1 50.5 50.5
Canola meal (34%) 4.15 3.85 3.67 2.16 2.14

Soybean meal (44%) 24.3 23.6 23.6 22.2 22.2
Guar meal 0 1 1 1 1
PBM Hi fat 2.00 1.02 1.00 1.02 0.85
Poultry Oil 2.79 2.79 2.72 2.67 2.67

Common Salt 0.32 0.32 0.41 0.26 0.41
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10

Limestone 11.1 10.1 10.3 8.98 9.157
Celite 1 1 1 1 1

Dicalcium phosphate 0.77 0.77 0.75 0.77 0.62
DL-Methionine 0.08 0.08 0.08 0.07 0.08

Choline Chloride (70%) 0.10 0.10 0.10 0.10 0.10
Vitamin Premix * 0.07 0.07 0.07 0.07 0.07
Mineral Premix * 0.06 0.06 0.06 0.06 0.06

Phytase 0.01 0.01 0.01 0.01 0.01
Enramycin 0.02 0.02 0.02 0.02 0.02
Ethoxyquin 0.01 0.01 0.01 0.01 0.01

NSPs 0.02 0.00 0.00 0.00 0.00
Total 100 100 100 100 100

Analyzed value
Dry matter 89.4 90.5 90.6 91.0 91.1

Crude protein 17.7 17.5 17.5 17.0 17.0
Crude fiber 2.85 2.87 2.87 2.90 2.90
Crude fat 4.82 4.76 4.77 4.72 4.72

Ash 13.5 13.7 13.7 13.3 13.4
Moisture 10.5 9.48 9.38 9.00 8.84

Nitrogen-Free Extract 51.6 49.0 49.0 45.8 45.8
* To provide 1 kg of diet: Retinyl acetate, 4400 IU; DL-α-tocopheryl acetate, 12 IU; Cholecalciferol, 118 µg;
Thiamine, 2.5 mg; Menadione sodium bisulfite, 2.40 mg; Niacin, 30 mg; Vit. B2, 4.8 mg; D-pantothenic acid,
10 mg; Vit. B6, 5 mg; Vit. B7, 130 µg; Cyanocobalamine, 19 µg; Vit. B9, 2.5 mg; Mn, 85 mg; Zinc, 75 mg; Fe,
80 mg; Iodine, 1 mg; Selenium, 130 µg; Copper, 6 mg. PBM, Poultry by-product meal; DCP, Dicalcium phosphate;
DLM, DL-Methionine; NSPs, non-starch polysaccharides. CON, control; D1 = 3%SH + 20 mg/kg β-mannanase;
D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.

2.5. Hematology and Serum Biochemistry

On the fourth week of the study, blood samples were collected from four birds in each
replicate for the analysis of white blood cells (WBCs), red blood cells (RBCs), hemoglobin
(Hb), and packed cell volume (PCV). Wright–Giemsa-stained blood smears were prepared
and examined under a microscope to identify and count different types of WBCs. Man-
ual counting using a hemocytometer was performed to determine the total number of
WBCs and RBCs per unit of blood volume. The microhematocrit technique, using cap-
illary tubes and centrifugation, was employed to measure the PCV occupied by RBCs.
The cyanmethemoglobin method, based on the conversion of hemoglobin to cyanmethe-
moglobin and subsequent spectrophotometric measurement, was used to quantify the
Hb concentration in blood. Serum lipid profiles were determined using a commercial kit
developed by Cromatest® Cholesterol MR (Linear Chemicals S.L., Barcelona, Spain). Total
cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were
analyzed in the blood serum. Very-low-density lipoprotein (VLDL) was calculated using
the equation [20]

VLDL = TC − HDL − LDL (2)
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2.6. Digesta Viscosity and Excreta Consistency

At the end of the experiment, three birds/replicate were euthanized by cervical
dislocation. To measure the digesta viscosity, fresh digesta from the gizzard to Meckel’s di-
verticulum (proximal samples) and from Meckel’s diverticulum to the junction of the ileum,
cecum, and colon (distal samples) were collected from two birds per replicate. Two samples
were thoroughly mixed, and approximately 1.5 g of each sample was transferred to micro-
centrifuge tubes. After centrifuging the tubes for 5 min at 12,700× g, the supernatant was
collected, and viscosity was measured using a digital viscometer (Brookfield, Brookfield,
MA, USA) at a constant shear rate of 42.5 s−1 and a controlled temperature of 40 ◦C follow-
ing established protocols [21]. The excreta consistency was visually assessed and scored in
the fourth week of the experiment using a modified scoring system (Table 2) [20,22].

Table 2. Scoring of excreta consistency.

Score Description

1 Typical dry droppings with coning
2 No free water, loose droppings, and some coning.
3 Loose droppings, minor coning, and some free water
4 Very loose, non-coning droppings and copious quantities of free water

2.7. Apparent Total Tract Digestibility

The total collection method was used to determine nutrient digestibility. During the
last three days of the experiment, three birds with similar average weights from each group
were individually housed in metabolism cages equipped with separate feces collection
trays. A known weight of feed was provided, and 1% Celite (Celite Corp., Lompoc, CA,
USA) was added to all diets as an indigestible marker. Total excreta (including feces and
urine) were collected twice daily (morning and evening) from each cage. Feathers and
feed particles were carefully removed from the collected excreta, which were then weighed
and stored at 4 ◦C for subsequent analysis. Feed and excreta samples were analyzed for
dry matter (DM), crude protein (CP), crude fiber (CF), and ether extract (EE) following
established protocols from AOAC (2000). The apparent digestibility of the nutrients was
assessed using the index method according to the following equation, as outlined by [23,24]:

ATTDX, % = 100 − [(AIAI/AIAO) × (NO/NI) × 100] (3)

where ATTDX is the apparent total tract digestibility of nutrients, AIAI is the acid-insoluble
ash concentration from dietary intake, AIAO is the acid-insoluble ash concentration of fecal
output, NO is the nutrient concentration of fecal output, and NI is the nutrient concentration
of dietary intake.

2.8. Intestinal Histomorphology

Samples collected from the mid-regions of the duodenum, jejunum, and ileum were
rinsed with 10× PBS (phosphate-buffered saline) and subsequently fixed in 10% buffered
formalin for 24 h. After being preserved in 70% ethanol for 24 h, the samples were subjected
to a progressive dehydration process that involved the use of increasing ethanol concentra-
tions. This was followed by a clarifying process in xylene. The samples were immersed in
paraffin wax and then cut into sections with a thickness of 5µm. Two slices obtained at
various depths were subjected to hematoxylin and eosin staining. Subsequently, images
were captured at a magnification of 200× using a compound microscope (Nikon Eclipse
50, Nikon Corporation, Minato City, Tokyo, Japan). Five villi and crypts perpendicular to
the muscularis mucosae and with a distinct border with the surrounding structure were
chosen for further investigation. ImageJ software (version: 1.53u) was used to measure the
width and height of five randomly chosen villi, as well as the depths of the crypts in each
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replication. The calculation of the villus surface area was performed using the formula
provided by [20,25]:

Villus surface area = 2π × (Average villus width/2) × villus height (4)

2.9. Statistical Analysis

Using a Completely Randomized Design (CRD), the collected data were analyzed by
the GLM procedure in SPSS 21.0 (IBM Corp, Armonk, NY, USA) using a one-way ANOVA
model. Replicate pens were considered experimental units. Tukey’s test was applied to com-
pare differences among the treatment groups. A p-value < 0.05 was considered statistically
significant, and 0.05 ≤ p-value ≤ 0.1 indicated a trend toward statistical significance.

3. Results
3.1. Production Performance Parameters

The results of the effect of soyhulls and β-mannanase on the production performance
of laying hens are shown in Table 3. Feed intake (FI), weight gain (WG), the feed conversion
ratio (FCR), and water intake (WI) were significantly affected (p < 0.05) weekly as well
as overall. FI during weeks 37, 39, and 40 had significantly higher (p < 0.05) values in
the D2 group than in the remaining groups, while at week 38, FI was significantly higher
(p < 0.05) in the D1, D2, and D4 groups compared to the control and D3 groups. Overall, a
significantly higher (p < 0.05) FI was calculated in the D2 group as compared to the control
and remaining combinations of soyhulls and β-mannanase. WG at weeks 37 and 40 was
significantly higher (p < 0.05) in the D1, D2, and D4 groups compared to the control and D3
groups. At week 38, WG had a significantly higher (p < 0.05) value in the D1 and D2 groups
than in the control, D3, and D4 groups. At week 39 and overall, WG was significantly
higher (p < 0.05) in the D2 group as compared to the control and other combinations of
soyhulls and β-mannanase. The FCR was significantly lower (better) (p < 0.05) in the D1
and D2 groups at weeks 37 and 39 but in the D1 group at week 38 than in the remaining
groups. At week 40, the FCR was significantly lower (better) (p < 0.05) in the D2 and D4
groups as compared to the control and other combinations of soyhull and β-mannanase.
Overall, a significantly lower (better) (p < 0.05) FCR was calculated in the D1 and D2
groups compared to the control and D3 and D4 groups. WI recorded at weeks 37, 38, 39,
and 40 was significantly higher (p < 0.05) in the D1 and D2 groups than in the control,
D3, and D4 groups. Overall, WI had a significantly higher (p < 0.05) value in the D2
group in comparison to the control and other soyhull and β-mannanase combinations.
Egg production (EP), hen-day egg production (HDEP), and mortality were not different
(p > 0.05) among the groups.

3.2. Economics

Table 4 indicates the effect of the soyhull and β-mannanase combinations on the
economics of laying hens. Total revenue (TR) was calculated to be significantly higher
(p < 0.05) in the D2 group compared to the control and other combinations of soyhulls
and β-mannanase. Profit and cost–benefit ratio (CBR) was calculated significantly higher
(p < 0.05) in the control than in the D2, D3, and D4 groups. Overall, economically, the D1
and D2 groups showed the best results as compared to the D3 and D4 groups.

3.3. Egg Quality Traits

Table 5 shows the effect of the soyhull and β-mannanase combinations on external
egg quality (egg weight, shell weight, and shell thickness). No significant differences in
external egg quality traits were observed among the control and treatment groups (p > 0.05).
However, egg weights were numerically higher in the D2 group and shell weights in the
D1 group compared to the control (no soyhulls, no enzyme) and other soyhull–enzyme
combinations. Similarly, eggshell thickness exhibited numerically higher overall values
(p > 0.05) in the control and D1 groups compared to the other groups. No significant
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differences (p > 0.05) were observed in egg yolk weight, albumen weight, albumen height,
or Haugh unit among any groups throughout the study (Table 6). However, during
the second week of the experiment (i.e., 38 weeks of age), albumen weight showed a
significantly higher increase in the D2 group compared to the D3 group.

Table 3. Effects of the dietary inclusion of different combinations of soyhulls and β-mannanase on
the production performance of the laying hens.

Diets 1 Weeks CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) ----- 0 3 3 9 9
β-Mannanase (mg/kg) ----- 0 20 30 20 30

Feed intake (g)

37 770 c 778 b 787 a 770 c 778 b 0.88 0.047
38 783 c 798 a 801 a 794 b 797 a 1.06 0.042
39 765 d 786 b 793 a 780 c 788 b 1.12 0.031
40 790 c 804 b 813 a 792 c 806 b 0.96 0.011

Overall 3108 d 3166 b 3194 a 3136 c 3169 b 7.02 0.021

Weight gain (g)

37 13.0 b 14.0 ab 17.2 a 13.0 b 14.7 ab 1.04 0.019
38 22.0 b 23.0 ab 24.5 a 18.0 c 21.0 bc 1.41 0.034
39 20.0 b 18.0 c 23.0 a 21.0 b 21.2 b 1.48 0.046
40 12.0 c 14.0 ab 15.2 a 13.0 bc 14.0 ab 1.29 0.041

Overall 65.4 c 69.0 b 80.0 a 64.2 c 71.0 b 3.42 0.039

Egg production/bird

37 5.00 5.15 5.18 5.00 5.04 0.82 0.720
38 5.00 5.20 5.17 5.00 5.04 0.76 0.611
39 4.88 5.06 5.08 4.93 5.02 0.92 0.454
40 4.87 4.98 5.10 4.89 5.02 0.58 0.150

Overall 19.7 20.3 20.5 19.8 20.1 0.30 0.062

FCR

37 1.84 a 1.81 b 1.82 b 1.84 a 1.85 a 0.03 0.033
38 1.87 b 1.84 c 1.86 b 1.90 a 1.89 a 0.08 0.015
39 1.88 a 1.86 b 1.87 ab 1.89 a 1.88 a 0.06 0.046
40 1.94 a 1.93 ab 1.91 c 1.94 a 1.92 bc 0.12 0.038

Overall 1.88 a 1.86 b 1.86 b 1.89 a 1.89 a 0.14 0.049

Water intake (liter/bird)

37 1.23 c 1.27 ab 1.28 a 1.24 c 1.26 b 0.34 0.001
38 1.24 c 1.27 ab 1.28 a 1.26 b 1.26 b 0.93 0.001
39 1.26 c 1.29 ab 1.31 a 1.28 b 1.28 b 0.61 0.006
40 1.25 c 1.28 ab 1.29 a 1.25 c 1.27 b 2.31 0.012

Overall 5.02 c 5.12 b 5.18 a 5.05 c 5.07 bc 0.49 0.002

HDEP %

37 71.4 73.4 74.0 71.4 72.0 1.11 0.143
38 71.4 74.2 74.0 71.4 72.0 1.19 0.239
39 70.4 72.2 72.4 70.6 72.0 1.14 0.146
40 70.2 71.4 73.0 70.5 72.0 1.10 0.117

Overall 71.0 73.0 73.3 71.4 72.0 0.39 0.212

Mortality %

37 0.00 0.00 0.00 0.00 0.00 ---- ----
38 0.00 0.00 0.00 0.00 0.00 ---- ----
39 0.00 0.00 0.00 0.00 0.00 ---- ----
40 0.00 0.00 0.00 0.00 0.00 ---- ----

Overall 0.00 0.00 0.00 0.00 0.00 ---- ----

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON, control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.
FCR = feed conversion ratio; HDEP = hen-day egg production.
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Table 4. Effects of the dietary inclusion of different combinations of soyhulls and β-mannanase on
the economics of laying hens.

Diets 1 CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) 0 3 3 9 9
β-Mannanase (mg/kg) 0 20 30 20 30

Total revenue (R.s) 2 324 d 334 b 337 a 326 d 331 c 1.18 0.002
Profit (R.s) 3 132 a 130 ab 127 b 124 c 125 bc 1.44 0.016

Cost–benefit ratio 1.59 a 1.57 ab 1.55 b 1.52 c 1.51 c 0.03 0.002

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON = control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.
2 R.s = Rupees. 3 Profit was calculated as the difference between total revenue and total cost (feed, vaccination
and medication, labor, electricity, and other miscellaneous costs).

Table 5. Effects of the dietary inclusion of different combinations of soyhulls and β-mannanase on
the external egg quality.

Diets 1 Week CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) ----- 0 3 3 9 9
β-Mannanase (mg/kg) ----- 0 20 30 20 30

Egg weight (g)

37 56.5 57.0 57.7 56.8 57.3 0.64 0.706
38 56.7 57.1 57.6 56.8 57.5 0.75 0.738
39 57.0 57.6 58.0 57.4 58.2 0.78 0.765
40 57.2 57.8 58.6 57.8 58.0 1.08 0.852

Overall 56.8 57.4 58.0 57.2 57.7 0.57 0.441

Shell weight (g)

37 5.72 6.03 6.16 5.89 6.08 0.22 0.298
38 5.22 5.73 5.81 5.39 5.58 0.18 0.100
39 5.33 5.63 5.74 5.44 5.53 0.26 0.440
40 5.54 b 5.73 a 5.90 a 5.57 b 5.64 ab 0.14 0.004

Overall 5.50 5.82 5.74 5.50 5.70 0.09 0.220

Shell thickness (mm)

37 0.32 0.33 0.31 0.32 0.33 0.05 0.933
38 0.35 0.33 0.34 0.33 0.31 0.20 0.368
39 0.35 0.36 0.34 0.34 0.35 0.07 0.655
40 0.34 0.34 0.34 0.33 0.35 0.05 0.451

Overall 0.34 0.34 0.33 0.33 0.33 0.04 0.477

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON = control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.

3.4. Hematology and Serum Biochemistry

Most hematological and serum biochemistry parameters were within normal ranges
and showed no significant differences (p > 0.05) across the various soyhull–enzyme combi-
nations (Table 7). These included red blood cell (RBC) count, white blood cell (WBC) count,
heterophil percentage, lymphocyte percentage, packed cell volume (PCV), hemoglobin
(Hb), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume
(MCV), high-density lipoprotein (HDL), heterophile/lymphocyte ratio (H:L), and total
protein (TP). However, significant reductions were observed in total cholesterol (TC), low-
density lipoprotein (LDL), and very-low-density lipoprotein (VLDL) levels for several
soyhull–enzyme combinations compared to the control group. Notably, the D4 group dis-
played the lowest TC, LDL, and VLDL levels. Moreover, the D3 and D4 groups exhibited
lower TC, LDL, and VLDL levels compared to the control, D1, and D2 groups.
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Table 6. Effects of the dietary inclusion of different combinations of soyhulls and β-mannanase on
the internal egg quality.

Diets 1 Week CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) ----- 0 3 3 9 9
β-Mannanase (mg/kg) ----- 0 20 30 20 30

Yolk weight (g)

37 17.6 17.0 17.2 18.2 17.0 0.58 0.776
38 17.0 16.6 16.5 17.7 16.7 0.82 0.873
39 17.3 16.8 17.4 17.4 16.6 0.64 0.897
40 17.0 17.2 17.6 18.1 17.2 0.49 0.675

Overall 17.2 16.9 17.2 17.8 16.9 0.70 0.803

Albumen weight (g)

37 32.7 33.1 33.6 31.97 33.5 0.46 0.186
38 33.9 ab 34.6 a 35.0 a 32.8 b 34.7 a 0.39 0.004
39 34.1 34.9 34.6 34.0 35.0 0.60 0.710
40 34.2 33.9 35.0 33.8 34.8 0.51 0.293

Overall 33.7 34.1 34.5 33.5 34.4 0.27 0.061

Albumen height (mm)

37 6.73 7.00 7.08 6.88 6.95 0.24 0.881
38 6.83 7.10 7.18 6.98 7.05 0.19 0.884
39 6.65 6.90 7.08 6.75 6.80 0.22 0.660
40 6.35 6.60 6.78 6.45 6.50 0.28 0.663

Overall 6.64 6.90 7.03 6.76 6.83 0.17 0.689

Haugh unit

37 76.5 77.5 78.4 75.6 76.7 1.09 0.706
38 76.7 77.7 78.4 77.4 78.6 1.84 0.946
39 75.4 76.6 76.9 75.5 76.0 1.84 0.945
40 76.2 76.9 77.2 76.4 77.0 1.21 0.991

Overall 76.2 77.2 77.7 76.2 77.0 0.74 0.338

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON = control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.

Table 7. Effects of the dietary inclusion of different combinations of soyhulls and β-mannanase on
hematological and serum biochemical indices in laying hens at 40 weeks of age.

Diets 1 CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) 0 3 3 9 9
β-Mannanase (mg/kg) 0 20 30 20 30

Hematological Indices 2

RBCs (106µL) 3.17 3.21 3.23 3.18 3.20 0.02 0.070
WBCs (103µL) 3.10 3.06 3.05 3.07 3.08 0.01 0.061

Heterophile (%) 22.0 23.0 24.0 22.0 23.1 1.50 0.675
Lymphocyte (%) 58.0 59.1 59.2 58.2 58.7 1.19 0.765

H:L 0.38 0.38 0.40 0.37 0.39 0.03 0.857
PCV (%) 27.4 30.0 30.1 27.8 28.9 0.64 0.063

HB (g/dL) 10.3 11.0 11.2 10.4 10.5 0.12 0.061
MCHC (g/dL) 38.0 37.0 37.2 37.4 36.3 0.42 0.062

MCV (fL) 88.8 91.4 91.1 89.4 90.3 1.95 0.074

Serum Biochemical Indices 3

TC (mg/dL) 132 a 125 b 124 b 122 c 121 c 1.62 0.007
HDL (mg/dL) 67.0 67.0 68.0 70.0 70.0 1.41 0.129
LDL (mg/dL) 39.2 a 37.0 ab 35.3 b 33.4 c 32.1 c 1.06 0.002

VLDL (mg/dL) 25.4 a 21.0 b 21.3 b 18.3 c 18.0 c 2.02 0.042
TP (mg/dL) 5.00 5.07 5.12 5.04 5.10 0.02 0.074

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON, control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.
2 Red blood cells (RBCs); white blood cells (WBCs); heterophil-to-lymphocyte ratio (H:L); packed cell volume
(PCV); hemoglobin (Hb); mean corpuscular hemoglobin concentrations (MCHC); mean corpuscular volume
(MCV). 3 Total cholesterol (TC); high-density lipoprotein (HDL); low-density lipoprotein (LDL); very-low-density
lipoprotein (VLDL); total protein (TP).
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3.5. Total Tract Digestibility, Digesta Viscosity, and Excreta Consistency

Table 8 summarizes the effects of different soyhull and β-mannanase combinations
on total tract digestibility, digesta viscosity, and excreta consistency in laying hens. Dry
matter (DM) digestibility was non-significant (p > 0.05) among the groups. Crude protein
digestibility was significantly higher (p < 0.05) in the D2 group compared to the control
and other combinations. Crude fiber, crude fat, and ash digestibility were significantly
higher (p < 0.05) in the D1 and D2 groups compared to the D3, D4, and control groups.
Digesta viscosity was numerically the highest in the D3 group, but no significant differences
(p > 0.05) were found between the groups. Excreta consistency was similar in all groups,
typical dry droppings with coning. In summary, the D1 and D2 groups seem the most
beneficial for digestibility, particularly for dry matter, crude protein, fiber, fat, and ash.
Higher soyhull or lower β-mannanase levels appear less effective in improving digestibility.
Digesta viscosity, while not statistically significant, showed a trend toward higher values
with higher soyhull and lower β-mannanase levels. All groups maintained normal excreta
consistency, indicating no adverse effects on gut health.

Table 8. Effects of the dietary inclusion of soybean hulls and enzyme on the total tract digestibility,
digesta viscosity, and excreta consistency.

Diets 1 CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) 0 3 3 9 9
β-Mannanase (mg/kg) 0 20 30 20 30

Dry matter % 79.0 81.4 82.0 80.0 82.0 1.02 0.062
Crude protein % 68.0 c 71.0 b 74.0 a 68.0 c 70.0 b 1.38 0.029

Crude fiber % 68.0 c 71.0 ab 72.0 a 69.0 bc 69.0 bc 1.03 0.005
Crude fat % 75.0 c 80.0 a 80.4 a 77.0 b 77.4 b 0.88 0.003

Ash % 56.2 c 59.0 ab 60.2 a 58.0 b 58.0 b 0.87 0.007
Viscosity (cP) 4.76 4.73 4.70 5.02 4.78 0.16 0.521

Excreta consistency 2 1 1 1 1 1 ------

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON, control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.
2 For excreta consistency, ‘1’ shows normal dry droppings and cone formation. Centipoise, cP.

3.6. Intestinal Histomorphology

The effects of different dietary combinations of soyhulls and β-mannanase on the
villus morphology of the duodenum, jejunum, and ileum in laying hens are shown in
Table 9. In the duodenum, the villus width (Vw) and height (Vh), crypt depth (Cd), and
surface area (VSA) were significantly higher in the D2 group compared to the control group
and other combinations. The villus surface area (VSA) was significantly higher in the D2
group compared to all other groups, further solidifying its improved absorptive capacity. In
the jejunum, Vw was significantly higher in the D2 and D4 groups compared to the control
and other combinations of soyhulls and β-mannanase. Vh was significantly higher in the
D2 group than in the control, D1, D3, and D4 groups. Cd was significantly higher in the D1
and D2 groups compared to the control, D3, and D4 groups. The VSA followed the same
pattern as Vh, with the D2 group showing the highest value and significant differences
compared to the control, D3, and D4 groups. In the ileum, Vw followed a similar pattern to
that in the jejunum, with the D2 and D4 groups having the highest values and significant
differences compared to the control, D1, and D3 groups. Similar to the jejunum Vh, the
ileum Vh was significantly higher in the D2 group compared to the control and other
combinations. Cd was again significantly higher in the D1, D2, and D4 groups and lower in
the control and D3 groups. The VSA followed the same pattern as Vh, with the D2 group
showing the highest value and significant differences compared to the control and other
combinations of soyhulls and β-mannanase. Overall, the D2 group appears to be the most
beneficial for intestinal villus morphology in laying hens. This diet promotes increased
villus height and width while maintaining the highest overall absorptive surface area.
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Table 9. Effects of dietary inclusion of soyhulls and enzyme (β-mannanase) on intestinal histomor-
phology.

Diets 1 CON D1 D2 D3 D4 SEM p-Value

Soyhulls (%) 0 3 3 9 9
β-Mannanase (mg/kg) 0 20 30 20 30

Duodenum 2

Vw (um) 75.0 d 83.0 b 89.0 a 79.0 c 83.0 b 2.65 0.022
Vh (um) 595 d 613 b 621 a 604 c 611 b 6.64 0.028
Cd (um) 100 d 107 b 111 a 102 cd 103 d 4.10 0.036

VSA (mm2) 0.139 d 0.160 b 0.172 a 0.149 c 0.158 b 0.04 0.006

Jejunum
Vw (um) 69.0 c 72.0 b 76.0 a 70.0 c 74.0 ab 2.39 0.039
Vh (um) 447 d 459 c 470 a 457 c 466 b 5.44 0.021
Cd (um) 53.0 d 69.0 ab 71.0 a 61.0 c 67.0 b 2.37 0.009

VSA (mm2) 0.096 d 0.103 b 0.111 a 0.100 b 0.107 c 0.04 0.007

Ileum
Vw (um) 62.0 c 65.0 b 68 a 63.0 bc 67.0 a 2.19 0.043
Vh (um) 397 d 407 b 412 a 403 c 401 c 4.88 0.032
Cd (um) 59.0 bc 60 ab 62.0 a 58.0 c 60.0 ab 2.12 0.032

VSA (mm2) 0.078 c 0.083 b 0.086 a 0.079 c 0.082 b 0.03 0.038

The means within a row that have different superscripts show a significant difference (p < 0.05). 1 CON, control;
D1 = 3%SH + 20 mg/kg β-mannanase; D2 = 3%SH + 30 mg/kg; D3 = 9%SH + 20 mg/kg; D4 = 9%SH + 30 mg/kg.
2 Vw = villus width; Vh = villus height; Cd = crypt depth; Vh: Cd = villus height to crypt depth ratio; VSA = villus
surface area.

4. Discussion

The late phase of peak egg production in laying hens (around 32–44 weeks of age)
presents unique challenges. As hens age, their metabolic rate slows down, and their
appetite naturally decreases [26]. Hens prioritize egg production, channeling a notable
portion of their dietary intake toward yolk and albumen synthesis. This creates an increased
demand for essential nutrients like protein, calcium, vitamins, and minerals, which further
exacerbates the nutrient deficiency issue, creating a vicious cycle. Dietary fiber, often
seen as an antagonist to productivity, can play a surprisingly valuable role in this crucial
period. Including moderate fiber (2–4%) boosts beneficial gut bacteria, enhancing nutrient
absorption, digestion, and immunity [27,28], while insoluble fiber can increase the feeding
time and induce a feeling of fullness, potentially helping hens regulate their feed intake
and preventing overconsumption [5,27]. Studies suggest that certain fiber sources (e.g.,
inulin and lignocellulose) might improve eggshell thickness and reduce the incidence of
shell cracks and breaks [29,30]. The physical stimulation provided by some fiber sources
might redirect foraging behavior and reduce feather pecking, a common welfare concern
in laying hens [31]. Different fiber sources have varying digestibility and fermentability
properties. Highly fermentable fibers, while beneficial for gut health, may reduce the energy
available for egg production at high inclusion levels [32]. Recent research suggests that
combining soyhulls with β-mannanase supplementation in their diets presents a promising
avenue for achieving this balance [33–35]. Soyhulls, a readily available and cost-effective
by-product of soybean processing, offer the potential to partially replace soybean meal in
poultry diets, thereby reducing feed costs [36]. However, their high fiber content, primarily
composed of non-starch polysaccharides like beta mannans, limits nutrient digestibility
and might negatively impact egg production [15]. This is where B-mannanase, an enzyme
specific to mannan degradation, plays a vital role. By breaking down these complex fibers,
B-mannanase increases intestinal nutrient digestibility and utilization [37]. Several studies
have reported its efficacy in laying hens, demonstrating improvements in egg production,
the feed conversion ratio, and egg weight without compromising egg quality [38–40].
However, determining the optimal synergistic combination of soyhulls and B-mannanase is
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critical for realizing their full potential. While higher soyhull inclusion can further reduce
feed costs, it might also necessitate a higher B-mannanase dosage to maintain efficient
nutrient utilization.

Our study investigated the effects of adding different combinations of soyhulls and
the β-mannanase enzyme to the diets of laying hens. The inclusion of 3% soyhulls and
30 mg/kg β-mannanase enzyme resulted in significantly higher overall feed intake, weight
gain, and water intake and a better FCR than in the remaining groups, while egg produc-
tion and mortality were not different among the groups. These results are in agreement
with [41], who found that broilers fed 20% soya bean hull meal with 1% Safzyme had
significantly higher feed intake and non-significant mortality. The inclusion of 100g/ton
enzyme complex increased hen feed consumption compared to the control [42]. The current
research findings align with those of [43], who observed increased feed intake in laying
hens when enzymes were included in the feed at a concentration of 0.1-0.5 percent. The
quantities of distiller’s dried grains with solubles (DDGS) and enzymes had a notable
effect on feed efficiency (FCR) [44]. Similar to our findings, laying hens fed 10, 20, and
30% soybean husks with 2% cellulitic enzyme gained more weight than those fed them
without the enzyme [45]. The results are consistent with [42], who found that 100 g/t of an
enzyme complex (xylanase, ß-glucanase, and phytase-based) in feed formulations increased
laying hens’ performance and egg production. Adding xylanase and phytase alone or in
combination with wheat-based laying-hen diets with low phosphorus and corn–soya-based
layer diets did not alter egg production [46–48]. Similar to the current investigation, feeding
the treatment groups 0.1-0.5% enzyme increased the feed conversion ratio (from 2.15 to
2.03) [43]. Similarly, the provision of the enzyme Quatrazyme (20 mg/kg) in the feed of
broilers improved the FCR from 2.11 to 1.99 [44]. The better feed intake in the soybean hull
and enzyme diet groups is due to the beneficial effect of the enzyme on the gastrointestinal
tract and its ability to break down the cell wall of the soybean hull into easily digestible
components, and similarly, [49] determined that an increase in feed intake occurs solely
after the viscosity is reduced by enzymatic supplementation, which degrades the NSP
components of the diet. The increased body weight gain in the soybean hull and enzyme
diet group is due to the improved feed intake. The better FCR in the 3% soyhull and
30 mg/kg β-mannanase enzyme diet group than in the remaining groups is a result of the
comparatively high egg output in this group. The type of dietary fiber determines whether
water intake rises or decreases, although ambient temperature, feed composition, and the
physicochemical characteristics of diet constituents and components may influence this
connection [50]. The findings of the current investigation are consistent with the significant
correlation between feed intake and water intake [51], whereby the higher feed intake in
the enzyme and SH groups led to a corresponding rise in water consumption.

The total revenue was higher (p < 0.05) in the 3% soyhull and 30 mg/kg β-mannanase
enzyme diet group as compared to all other groups, while the profit and cost–benefit ratio
(CBR) were higher (p < 0.05) in the control and 3% soyhull and 20 mg/kg β-mannanase
groups than in the remaining groups, and similarly, negative feed cost savings and higher
feed costs were calculated when using 10 and 20% soybean hull meal and 0.1% cellulitic
enzyme (Safzyme) in the broiler finisher diet [41]. Similarly, adding alternative fiber sources
(coffee husks and soybean hulls) and 0.075 g/kg xylanase to the diet of laying hens resulted
in increased feed costs per egg carton [52]. Numerous factors, such as the type and quantity
of cereal consumed, the amount of anti-nutritive ingredients in a specific cereal, the amounts
of enzymes used, the animal’s age and type, the physiology of the bird, and the type of
gut microflora, all affect the inclusion of enzymes in the diet and the improvement they
achieve [53]. Due to increased egg production, the 3% soyhull and 30 mg/kg β-mannanase
enzyme group had better overall income than the other groups, and the lower feed intake
in the control group led to greater profits than in the other treatment groups. Feed, birds,
eggs, and enzymes are all subject to market fluctuations, which primarily affect how dietary
soybean hulls and enzymes are used in layer feed.
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While statistically insignificant, we observed numerically higher egg weight in hens
receiving 3% soyhulls and 30mg/kg enzyme. This finding aligns with previous research
that also reported increased egg weight with enzyme supplementation in the diet [54–56].
However, other egg quality parameters, like the eggshell weight and thickness, yolk and
albumen weight, albumen height, and Haugh unit, remained unaffected by our treatment.
This suggests that while the enzyme may have slightly increased nutrient utilization
and availability, it was not sufficient to significantly alter the proportions of different
components within the egg.

Our study revealed a significant reduction in total cholesterol, LDL, and VLDL values
with the combination of 9% soyhulls and 20 and 30 mg/kg enzyme compared to the control.
These findings align with previous studies with the inclusion of higher levels of dietary
fiber and a reduction in serum cholesterol levels in poultry [57–59]. Soyhulls contain both
soluble and insoluble fiber portions, and the soluble portion of fiber lowers cholesterol
by binding to it in the small intestine and preventing it from entering the bloodstream
and exiting the body through the excreta [60,61]. The hematology and serum biochemistry
parameters measured in our study all fell within the normal ranges [62]. This indicates that
the dietary treatments did not negatively impact the overall health or internal physiology
of the laying hens. Our findings align with previous studies reporting that the inclusion of
up to 9% dietary fiber did not induce any significant changes in the internal physiology
of the poultry [63,64]. This observation suggests that moderate levels of soyhulls with
enzymes, as implemented in this study, are well tolerated and do not adversely affect the
internal health of laying hens.

Our study indicated significantly higher total tract digestibility of crude protein,
crude fiber, crude fat, and ash in the groups receiving 3% soyhulls and 20 or 30 mg/kg
β-mannanase. This finding aligns with previous studies reporting improved digestibility
with β-mannanase supplementation in poultry [65,66]. This may be explained by the fact
that β-mannanase can hydrolyze the β-mannans in soyhulls, which are known to reduce
nutrient digestibility by increasing the viscosity of intestinal digesta and inhibiting the
activity of digestive enzymes [66,67]. By breaking down β-mannans, β-mannanase may
reduce the viscosity of digesta, improve the mixing of enzymes and substrates, and increase
the absorption of nutrients. The optimal level of β-mannanase for digestibility may depend
on the content of β-mannans in the diet, as higher levels of β-mannans may require higher
levels of β-mannanase to be effectively degraded. The results also indicate that higher
levels of soyhulls or lower levels of β-mannanase may have negative effects on digestibility,
as they may increase the viscosity of digesta and reduce the availability of nutrients. This is
consistent with previous studies that reported the lower digestibility of dry matter, crude
protein, fiber, and fat in pigs fed diets containing high levels of soyhulls or low levels of
β-mannanase [67]. The increased viscosity of digesta may also affect intestinal morphology
and health, as it may impair the mucosal barrier function and increase the susceptibility to
pathogens [68]. However, in this study, no significant differences were observed in digesta
viscosity or excreta consistency among the groups, suggesting that the levels of soyhulls
and β-mannanase used in this study did not cause any adverse effects on gut health.

Our findings reveal a synergistic interaction between the combination of soyhulls
and β-mannanase, significantly enhancing the intestinal villus structure and potentially
improving nutrient absorption. In all three intestinal segments, hens fed the 3% soyhull
and 30mg/kg β-mannanase diet exhibited the highest villus width and height. This
observation aligns with previous studies demonstrating similar positive effects of moderate
fiber inclusion and enzyme supplementation on gut morphology in poultry [68,69]. β-
Mannanase specifically targets and degrades non-starch polysaccharides (NSPs) present in
soyhulls, releasing trapped nutrients and potentially stimulating intestinal epithelial cell
proliferation [70].
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5. Conclusions

The findings of this study suggest that the combination of 3% soyhulls and 30mg/kg
β-mannanase may offer a promising approach to improving the production performance,
digestibility, gut health, cholesterol levels, and, potentially, economics of laying hens while
maintaining acceptable egg quality.
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Simple Summary: Necrotic enteritis (NE) is mainly caused by coccidia and Clostridium perfringens
(CCP), which can induce intestine injury and oxidative stress in broilers. Tannic acids (TA) are natural
polyphenolic compounds with anti-bacterial, anti-inflammatory, and anti-oxidation functions. It
has been demonstrated that dietary supplementation with hydrolyzable TA has beneficial effects
on the growth and antioxidant capacity of broilers. However, the effects of TA on intestinal health
and antioxidative function in broilers with NE conditions still need to be clarified. Thus, this study
aimed to evaluate the effects of TA on the antioxidant function, immunity, and intestinal barrier in
broilers co-infected with CCP. The results showed that the addition of 1000 mg/kg TA to the diet
could improve the jejunal barrier, attenuate the inflammatory response of the jejunum, and increase
the antioxidant capacity of the liver and jejunum through the activation of the transcription factor
Nrf2 downstream of the Nrf2-Keap1 pathway in CCP infected broilers.

Abstract: The purpose of this study was to determine the efficacy of tannic acid on the antioxidative
function, immunity, and intestinal barrier of broilers co-infected with coccidia and Clostridium
perfringens (CCP). A total of 294 1-day-old arbor acres(AA) broilers were divided into three groups:
control group (CON), CCP co-infected group (CCP), and 1000 mg/kg TA + CCP co-infected group
(CTA). This trial lasted for 28 days. The results showed that the CCP group decreased the activity
of glutathione peroxidase (GSH-Px), total superoxide dismutase (T-SOD), catalase (CAT), and total
antioxidant capacity (T-AOC) levels and increased the contents of hydrogen peroxide (H2O2) and
malondialdehyde (MDA) in the jejunum (p < 0.05). The mRNA levels of GSH-Px3 and CAT in
the liver and jejunum, and the mRNA levels of GSH-Px3, SOD, HO-1, and NAD(P)H quinone
oxidoreductase I (NQO1) in the liver were down-regulated by CCP challenge (p < 0.05). In addition,
the Keap1 and Nrf2 mRNA levels in the liver and jejunum, jejunal glutathione S-transferase (GST),
and heme-oxygenase-1 (HO-1) were upregulated in the CCP group compared with CON (p < 0.05).
The mRNA levels of interleukin 8 (IL-8), IL-1β, inducible nitric oxide synthase (iNOS), and interferon
γ (IFN-γ) in the jejunum were elevated, and jejunal mRNA levels of IL-10, zonula occludens protein1
(ZO-1), claudin-1, claudin-2, and occludin were decreased in the CCP treatment (p < 0.05). Dietary
supplementation with 1000 mg/kg TA increased the activity of GSH-Px, T-SOD, CAT, and T-AOC
and decreased the contents of H2O2 and MDA in the jejunum (p < 0.05). Compared with the CCP
group, TA decreased the mRNA level of Keap1 and Nrf2 in the liver and jejunum, increased the
GSH-Px3, SOD, and CAT mRNA in the liver, and alleviated the rise of IL-8, IL-1β, iNOS, and IFN-γ
and decrease in IL-10, occludin gene expression in the jejunum (p < 0.05). In conclusion, the addition
of 1000 mg/kg TA to the diet improved the jejunal barrier, mitigated the jejunal inflammation, and
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increased the antioxidant capacity of the liver and jejunum through the activation of the transcription
factor Nrf2 downstream of the Nrf2-Keap1 pathway in broilers with NE condition.

Keywords: antioxidant; broiler; intestinal barrier; necrotic enteritis; tannic acid

1. Introduction

Necrotic enteritis (NE) is a prevalent infectious gastrointestinal illness in broiler pro-
duction, predominantly caused by Clostridium perfringen. C. perfringens is secondary to
coccidia (coccidia is primary), or they may be co-infected, resulting in an inflammatory
reaction of the intestinal mucosa and oxidative stress, which can cause a tremendous
economic loss in the poultry industry [1–4]. Oxidative stress and inflammation disrupt
mucosal cells and tight junction proteins, impeding the self-repair mechanisms of the
intestinal barrier [5,6]. Antibiotics protect broilers from intestinal diseases and increase
productivity. However, antibiotics in animal feed have been limited or outlawed in many
countries due to bacteria and antibiotic resistance. Therefore, it is urgent to find natural
and environmentally friendly feed additives to control the growing prevalence of NE in
poultry effectively.

Tannins are natural polyphenolic substances in numerous plants with anti-bacterial,
anti-viral, anti-inflammatory, and anti-oxidation functions [7,8]. Research has demonstrated
that dietary supplementation with hydrolyzed tannins can reduce oxidative stress and
improve antioxidant capacities in broilers [9,10]. Dietary TA can also alleviate tissue inflam-
mation and protect intestinal health by lowering the mRNA levels of tissue inflammation
elements and increasing the mRNA levels of intestinal intact proteins in broilers [11–13].
It has been shown that TA can alleviate the inflammation of broilers with NE conditions
and enhance the antioxidative ability by activating the Nrf2-Keap1 signaling pathway
in rats [14–17]. However, whether TA could improve antioxidant capacity and alleviate
oxidative stress through the Nrf2-Keap1 signaling pathway in broilers with NE condition
has yet to be reported.

Therefore, this study aimed to investigate the efficacy of TA on antioxidant functions,
immune, and gut barrier of broilers co-infected with CCP to provide some data references
and theoretical backup for protecting TA against poultry with NE condition.

2. Materials and Methods
2.1. Animal Care and Diet

The study was performed for 28 days in a one-way, fully randomized design. A total
of 294 1-day-old AA broilers, with an initial BW of 46.40 ± 0.40 g, were randomized to
3 treatment groups with 7 replicates of 14 broilers in each pen (7 males and 7 females).
Treatments were as follows: the control group without CCP challenge (CON), the co-
infected group with CCP challenge (CCP), and the 1000 mg/kg TA (≥80% the hydrolysable
TA from Chinese gallnut, Wufeng Chicheng Biotechnology Company Limited, Yichang,
China) + co-infected group with CCP challenge (CTA). The diets were fed in Phase 1 (Day 1
to Day 14) and Phase 2 (Day 15 to Day 28). The basal diets are formulated concerning and in
conjunction with the Arbor Acres Broiler Nutrition Specifications (2019); the compositions
and nutrition contents of the basal diets are summarized in Table 1. On days 7 and 10
of the study, broilers in the CCP and CTA groups were orally injected with 1 mL of
quadrivalent anti-coccidial vaccine (purchased from Foshan Zhengdian Biotechnology
Co., Ltd., Foshan, Guangdong, China). The quadrivalent vaccine consisted of 1 × 105

oocysts of the E. acervuline strain PAHY, plus the 5 × 104 oocysts of E. necatrix strain PNHZ,
E. tenella strain PTMZ, and E. maxima strain PMHY. The recommended inoculation dose
for each bird was 1100 ± 110 sporulated oocysts, and the dose used in the present study
was 30 times the recommended dose. Meanwhile, the CON group received an equivalent
amount of saline. From day 16 to day 20, birds in the CCP and CTA groups per bird
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per day were orally given 1 mL of fresh C. perfringens (1 × 108 CFU/mL, gavage using a
1 mL pipette gun, the C. perfringens, CVCC2030, was obtained from the China Veterinary
Microbial Culture Collection and Management Center, Beijing, China), while birds in the
CON group were orally administered an equivalent amount of sterile broth. All broilers
were kept in cages with free access to feed and water throughout the trial. The ambient
temperature was maintained at 33 ± 2 ◦C for the first week and then progressively lowered
to 22 ◦C until the experiment ended. The broilers were exposed to 23 h of light and 1 h of
darkness per day throughout the experimental period.

Table 1. Compositions and nutrient content of the basal diet (%).

Items 1 to 14 Days 15 to 28 Days

Ingredients
Corn 10.00 10.00

Wheat 55.42 58.90
Soybean meal 23.50 19.37

Fish meal 5.00 5.00
Soybean oil 2.50 3.80

CaHPO4 1.05 0.75
Limestone 1.00 0.80

NaCl 0.35 0.35
L-lysine•HCl 0.35 0.25

DL-methionine 0.20 0.15
D-threonine 0.15 0.15

Choline chloride 0.25 0.25
Premix a 0.23 0.23

Total 100.00 100.00
Nutrient levels b

ME/(MJ/kg) 12.55 12.95
Crude protein 21.53 20.14

Ca 0.96 0.86
Non-phytate phosphorus 0.45 0.40

Digestible lysine 1.25 1.05
Digestible methionine 0.53 0.46
Digestible threonine 0.81 0.76

Digestible tryptophan 0.23 0.22
a The premix provided the following per kg of diets: Cu 10 mg, Zn 100 mg, Fe 80 mg, Mn 100 mg, Se 0.3 mg,
I 0.7 mg, VA 12,000 IU, VD3 3000 IU, VK3 3.2 mg, VB1 3 mg, VB2 8.0 mg, VB12 0.025 mg, VE 44 IU, biotin
0.0325 mg, folic acid 2.00 mg, pantothenic acid 15 mg, and nicotinic acid 15 mg. b Non-phytate phosphorus, ME
and digestible amino acids were calculated values, while Ca and CP were measured values.

2.2. Sample Collection

On days 14, 21, and 28, two broilers of average weight were chosen in each replicate,
which was euthanized by cervical dislocation and then promptly slaughtered for sam-
pling. Liver and jejunum(mid-jejunum) were collected and frozen in liquid nitrogen, then
transferred to a freezer at −80 ◦C for storage.

2.3. Antioxidant Indexes

Liver and jejunal samples were placed in a mortar, to which liquid nitrogen was added
and then crushed with a pestle. A total of 0.1 g of liver and jejunum samples were placed
in 1.5 mL centrifuge tubes, respectively, and 0.9 mL of saline was injected into the sam-
ple centrifuge tubes using a pipette, followed by centrifugation in a centrifuge (Fresco 21,
Thermo Scientific, Wilmington, DE, USA) for 15 min at 3500× g at 4 ◦C, and the supernatant
was collected. Off-the-shelf test kits were purchased from Nanjing Jianjian Bioengineer-
ing Institute, Nanjing, China. The activity of GSH-Px, T-SOD, and CAT, the concentra-
tion of H2O2 and MDA, and T-AOC in the liver and jejunum, were tested following the
manufacturer’s directions.
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2.4. RNA Isolation and Quantitative Real-Time PCR

RNA isolation and quantitative real-time PCR of liver and jejunal samples were
performed, as reported by Guo and Li [18,19]. The SYBR Premix Ex Taq kit (Takara
Biotechnology (Dalian) Co., Ltd., Dalian, China) used cDNA from each sample and primers.
The qPCR was performed on an Applied Biosystems 7500 Fast Real-Time PCR System
(Foster City, CA, USA). The relative expression of each gene was analyzed using the
2−∆∆Ct method (Relative quantification) [20]. β-actin was used as the endogenous reference
gene for all the genes tested. Table 2 lists the sequences of the relevant assay genes and
internal reference primers used in this study.

Table 2. List of gene primer sequences a.

Gene Primer Sequence (5′ to 3′) Product Length NCBI Number

β-actin F-ACTCTGGTGATGGTGTTAC
497 NM 205518.2R-GGCTGTGATCTCCTTCTG

Nrf-2 F-ATCACCTCTTCTGCACCGAA
229 NM 205117.2R-GCTTTCTCCCGCTCTTTCTG

Keap1 F-CAACTTCGCCGAGCAGA
179 KU 321503179R-CGTGGAACACCTCCGACT

GST
F-AGAGTCGAAGCCTGATGCAC

220 NM_001001777.2R-CACTCCGCTTATCAGCAAACA

HO-1
F-ACGAGTTCAAGCTGGTCACG

244 NM_205344.2R-GGATGCTTCTTGCCAACGAC

NQO1 F-TCGCCGAGCAGAAGAAGATTGAAG
191 NM_001277621.1R-GGTGGTGAGTGACAGCATGGC

GSH-px1 F-GACCAACCCGCAGTACATCA
204 NM_001277853.3R-GAGGTGCGGGCTTTCCTTTA

GSH-px3 F-AAGTGCCAGGTGAACGGGAAGG
204 NM 001163232.3R-AGGGCTGTAGCGGCGGAAAG

SOD
F-GGTGCTCACTTTAATCCTG

109 NM 205064.2R-CTACTTCTGCCACTCCTCC

CAT
F-GGTTCGGTGGGGTTGTCTTT

213 NM_001031215.2R-CACCAGTGGTCAAGGCATCT

iNOS
F-CCTGGAGGTCCTGGAAGAGT

82 NM_204961.2R-CCTGGGTTTCAGAAGTGGC

TNF-α
F-GAGCGTTGACTTGGCTGTC

64 NM_204267.2R-AAGCAACAACCAGCTATGCAC

IFN-γ F-AGCTGACGGTGGACCTATTATT
259 Y07922.1R-GGCTTTGCGCTGGATTC

IL-1β
F-ACTGGGCATCAAGGGCTA

131 NM_204524.2R-GGTAGAAGATGAAGCGGGTC

IL-8
F-GCAAGGTAGGACGCTGGTAA

107 NM_205498.2R-GCGTCAGCTTCACATCTTGA

TGF-β4 F-CGGGACGGATGAGAAGAAC
258 M31160.1R-CGGCCCACGTAGTAAATGAT

ZO-1
F-CTTCAGGTGTTTCTCTTCCTCCTC

131 XM_413773.4R-CTGTGGTTTCATGGCTGGATC

Claudin-1
F-CATACTCCTGGGTCTGGTTGGT

100 AY750897.1R-GACAGCCATCCGCATCTTCT

Claudin-2
F-CAACTGGAAGATCAGCTCCT

119 NM_001277622.1R-TGTAGATGTCGCACTGAGTG

Occludin
F-ACGGCAGCACCTACCTCAA

123 D21837.1R-GGGCGAAGAAGCAGATGAG

Mucin-2
F-TTCATGATGCCTGCTCTTGTG

93 XM_421035.2R-CCTGAGCCTTGGTACATTCTTGT

F Upstream primer, R Downstream primers. a The primers were synthesized by Shanghai Shenggong Biotechnol-
ogy Co., Ltd. (Shanghai, China)
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2.5. Statistical Analysis

Data from this trial were analyzed by one-way ANOVA conducted using least
significant difference (LSD) multiple comparisons using SPSS Statistics 25 (SPSS Inc.,
Chicago, IL, USA). Data presented as mean ± standard deviation (SD). Statistically
significant at p < 0.05. The graphs were created using GraphPad Prism 10.0 software
(GraphPad Software, LLC, San Diego, CA, USA).

3. Results
3.1. Antioxidant Indexes

In our previous study [21], we found that the hepatic CAT and T-SOD activity was
decreased, and the MDA and H2O2 contents in the liver were decreased in the CCP group
than those in the CON and CTA groups (p < 0.05).

Jejunal antioxidant capacity results are shown in Table 3. Jejunal GSH-Px and CAT
activities were lower in the CCP group than in the CON and CTA groups on day 14
(p < 0.05). The GSH-Px level of jejunum was decreased in the CCP group compared
with the CON and CTA, and T-SOD activity in CCP was lower than the CTA on day 21
(p < 0.05). Jejunal T-AOC, T-SOD, and CAT levels were lower in the CCP group than in the
CON and CTA groups on day 28 (p < 0.05). On days 14 and 21, the content of jejunal H2O2
was increased in the CCP compared with the CON and CTA groups, and MDA content
was more significant than the CON, and MDA content on day 21 was markedly decreased
in the CTA group (p < 0.05).

Table 3. Effects of TA on jejunal antioxidant capacity of broilers co-infected with CCP.

Item CON CCP CTA p-Value

Day 14
GSH-Px(U/mg prot) 21.97 ± 4.40 b 16.90 ± 4.45 c 26.96 ± 2.03 a <0.001
T-SOD (U/mg prot) 192.04 ± 19.56 181.88 ± 13.81 180.72 ± 28.72 0.322
CAT (U/mg prot) 1.31 ± 0.12 a 0.82 ± 0.23 c 1.13 ± 0.10 b <0.001

H2O2 (mmol/g prot) 1.88 ± 0.22 b 3.03 ± 0.29 a 2.01 ± 0.40 b <0.001
MDA (nmol/mg prot) 7.15 ± 1.42 b 10.52 ± 1.11 a 9.37 ± 3.06 a <0.001
T-AOC (mmol/g prot) 0.11 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.052

Day 21
GSH-Px (U/mg prot) 28.82 ± 3.75 b 24.12 ± 2.17 c 31.18 ± 2.76 a <0.001
T-SOD (U/mg prot) 178.16 ± 12.25 ab 167.95 ± 11.94 b 184.79 ± 18.14 a 0.013
CAT (U/mg prot) 2.27 ± 0.39 2.30 ± 0.32 2.37 ± 0.35 0.747

H2O2 (mmol/g prot) 6.16 ± 0.50 b 7.62 ± 1.94 a 5.38 ± 1.35 b 0.001
MDA (nmol/mg prot) 6.09 ± 0.91 b 7.03 ± 1.39 a 5.83 ± 1.14 b 0.024
T-AOC (mmol/g prot) 0.15 ± 0.01 0.15 ± 0.02 0.16 ± 0.02 0.084

Day 28
GSH-Px (U/mg prot) 68.42 ± 9.34 63.18 ± 9.80 64.33 ± 13.58 0.428
T-SOD (U/mg prot) 364.21 ± 21.01 a 313.83 ± 32.65 c 339.47 ± 28.04 b <0.001
CAT (U/mg prot) 6.32 ± 0.99 a 5.07 ± 0.38 b 5.85 ± 0.81 a <0.001

H2O2 (mmol/g prot) 2.58 ± 0.60 3.08 ± 0.76 2.64 ± 0.50 0.086
MDA (nmol/mg prot) 5.85 ± 1.63 7.58 ± 1.56 7.12 ± 1.56 0.076
T-AOC (mmol/g prot) 0.17 ± 0.05 a 0.12 ± 0.01 b 0.17 ± 0.06 a 0.028

Numbers are expressed as mean and SD, n = 14. a,b,c Values not sharing a superscript in the same row are
markedly different.

3.2. The mRNA Levels of Antioxidant Enzymes in the Liver

As shown in Figure 1, hepatic GSH-Px1, GSH-Px3, CAT, and SOD mRNA levels on
days 14 and 21 were reduced by CCP challenge (Figure 1A,B, p < 0.05); GSH-Px3 mRNA
levels in the liver on day 28 were markedly greater in the CON group than in the CTA and
CCP groups (Figure 1C, p < 0.05). The CTA could alleviate the downregulation of hepatic
GSH-Px1, CAT, and SOD mRNA levels of broilers challenged by CCP (p < 0.05).
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3.3. The mRNA Levels of Antioxidant Enzymes in the Jejunum

The results of jejunal antioxidant enzyme mRNA levels are shown in Figure 2. Com-
pared to the CON and CTA groups, the CCP significantly lowered jejunal GSH-Px3 and
CAT mRNA levels on day 14 (Figure 2A, p < 0.05). The SOD mRNA level in the CTA group
on day 21 was markedly higher than those in the CON and CCP groups. Additionally, the
CCP significantly downregulated the CAT mRNA level in the jejunum on day 21 compared
with the CON and CTA (Figure 2B, p < 0.05). There was no significant difference in relevant
antioxidant enzymes in the jejunum among treatments on day 28 (Figure 2C, p > 0.05).
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3.4. The mRNA Levels of the Antioxidant Pathway in the Liver

As presented in Figure 3, on day 14, the Nrf2 mRNA level was lower in the CON in
the liver than in the CTA and CCP groups, and the GST mRNA level was markedly higher
in CTA than in CON and CCP (Figure 3A, p < 0.05). On day 21, the CCP significantly
increased the Keap1 and Nrf2 mRNA levels and significantly reduced the mRNA levels of
HO-1 and NQO1 compared to the CON; compared to the CCP, the CTA markedly reduced
the mRNA levels of Keap1 and Nrf2 and significantly increased the mRNA levels of GST
and NQO1(Figure 3B, p < 0.05). On day 28, the CCP significantly enhanced the mRNA
levels of Keap1 and Nrf2 compared to the CON; the CTA markedly decreased the mRNA
levels of Keap1, Nrf2, and GST compared to the CCP (Figure 3C, p < 0.05).
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3.5. The mRNA Levels of the Antioxidant Pathway in the Jejunum

The results of jejunal antioxidant pathways mRNA levels are shown in Figure 4. On
day 14, the mRNA level of Keap1 was markedly more significant in the CCP in the jejunum
than in the CON and CTA; the mRNA level of Nrf2 was markedly lower in the CTA in the
jejunum than in COT and CCP (Figure 4A, p < 0.05). The mRNA levels of Keap1, Nrf2, GST,
and HO-1 in the jejunum on day 21 were upregulated by the CCP challenge (Figure 4B,
p < 0.05); the mRNA levels of Keap1 and GST in the jejunum on day 28 were increased with
CCP challenge (Figure 4C, p < 0.05); The CTA could alleviate the upregulation of Keap1,
Nrf2, GST and HO-1 in the jejunum on days 21 and 28 in the CCP-challenged broilers
(Figure 4B,C, p < 0.05).

3.6. The mRNA Levels of the Cytokines in the Jejunum

As shown in Figure 5, on day 14, the CCP markedly elevated the mRNA levels of
IL-8, IL-1β, iNOS, and IFN-γ in the jejunum compared with the CON and CTA groups
(Figure 5A, p < 0.05). The CTA markedly elevated the mRNA levels of IL-10 in the jejunum
on day 21 compared with the CON and CCP groups (Figure 5B, p < 0.05). The mRNA
levels of IL-8, iNOS, and IFN-γ in the jejunum on days 21 and 28 were elevated by CCP
challenge (Figure 5A,B, p < 0.05). Alternatively, the mRNA level of IL-1β was elevated,
and the mRNA level of IL-10 was reduced in the jejunum on day 28 with CCP challenge
(Figure 5C, p < 0.05). The CTA could alleviate the increase in IL-8, IL-1β, iNOS, and IFN-γ
mRNA levels and the decrease in IL-10 mRNA level in the jejunum in the CCP-challenged
broilers (p < 0.05).
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3.7. The mRNA Levels of Barrier Factors in the Jejunum

According to Figure 6. The ZO-1 mRNA level in the jejunum on day 14 was reduced
by CCP challenge in comparison with the CON group; the CCP markedly reduced the
mRNA levels of Claudin-2 in the jejunum on day 14 compared to the CON and CTA groups
(Figure 6A, p < 0.05). Jejunal mRNA levels of ZO-1 and Occludin were markedly reduced
by CCP challenge on day 21 compared to the CON group (Figure 6B, p < 0.05). The mRNA
levels of Claudin-1, Claudin-2, and Occludin in the jejunum on day 28 were significantly
reduced by CCP challenge (Figure 6C, p < 0.05). The CTA could alleviate the decrease in
Claudin-2 and Occludin mRNA in the jejunum in the CCP-challenged broilers (p < 0.05).
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4. Discussion

The NE is a prevalent infectious gastrointestinal illness in broiler production, pre-
dominantly associated with C. perfringens types A and G. C. perfringens is secondary to
coccidia (coccidia is primary), or they may be co-infected. This study used the NE model
constructed by coccidia and C. perfringens type A. In our previous study, we found that
the infection of coccidia and C. perfringens reduced the growth performance and caused
intestinal morphological structure damage in broilers [21]. Therefore, the infection model is
well-established. We also found significantly decreased levels of high-density lipoprotein
(HDL), gamma-glutamyl transferase (GGT), and lactate dehydrogenase (LDH) in serum in
broilers under NE conditions compared with the control group. HDL is associated with
lipid metabolism, and GGT and LDH are associated with liver function [21]. Therefore, in
this study, we investigated the effects of TA on hepatic antioxidant function and jejunal
function in broilers with NE conditions.

The antioxidant system consists of several components, including enzymatic
species such as SOD, CAT, and GSH-Px, as well as non-enzymatic species such as
T-AOC [22,23]. When animals are exposed to pathogens, viruses, and harsh environments,
the body produces large amounts of reactive oxygen species (ROS) and MDA, which may
cause oxidative stress [24]. It has been shown that broilers with NE condition reduced
antioxidant function, induced inflammatory response, and impaired intestinal barrier
function [19,25,26]. Consistent with previous findings, we found that Jejunal H2O2 and
MDA contents were increased, and T-AOC, SOD, CAT, and GSH-Px levels were decreased
by CCP challenge, which indicated that CCP co-infection caused oxidative stress in the
broiler. Dietary supplementation with TA has been shown to enhance the activities of
intestinal GSH-Px, SOD, and CAT, and to decrease H2O2 and MDA contents, thereby
increasing intestinal antioxidant capacity and protecting the intestinal tract from damage
caused by oxidative stress [9,10,27]. In the present study, we found that dietary supplemen-
tation with 1000 mg/kg TA reduced the increase in peroxides caused by CCP challenge
and enhanced the activities of jejunal antioxidant enzymes. In our previous study, dietary
supplementation with 1000 mg/kg TA could alleviate the decrease in antioxidant enzyme
levels and increase H2O2 and MDA contents in the liver by CCP challenge [21]. These
results indicated that dietary supplementation with 1000 mg/kg TA could alleviate the
oxidative stress in the liver and jejunum of broilers caused by CCP challenge.
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The Nrf2-Keap1 system is a significant regulatory pathway against oxidative stress [28].
The activation of the Nrf2-Keap1 pathway enhances antioxidant defense factors-associated
genes, which include the GSH-Px1, GSH-Px3, SOD, CAT, HO-1, NQO1, and GST [29].
GSH-Px1 and GSH-Px3 belong to selenium-containing GSH-Px, which have the function
of cleaning up reactive oxygen species, with the difference that GSH-Px1 exists in the
cytoplasm and mitochondria, and GSH-Px3 exists in the extracellular [30–33]. Invasion by
pathogens can upregulate the expression of the Nrf2 and keap1 genes, which causes oxida-
tive stress in the organism and promotes the entry of Nrf2 into the nucleus to participate in
the synthesis of several antioxidant enzymes in reaction to oxidative stress [19,34,35]. In
our study, Keap1 and Nrf2 mRNA levels were elevated in the liver and jejunum, and jejunal
GST and HO-1 mRNA levels were increased in the CCP-challenged broilers, suggesting
that CCP infection induces oxidative stress in broilers. However, we found that the mRNA
levels of GSH-Px1, CAT, and SOD in the liver and jejunal CAT were decreased, and jejunal
H2O2 and MDA content in broilers with the CCP challenge were increased. It showed that
CCP-infected broilers responded but could not successfully increase antioxidant enzymes
to scavenge free radicals, causing oxidative damage to the liver and jejunum. Studies have
shown that tannins can enhance the mRNA levels of antioxidant enzymes and reduce
oxidative stress to protect the health of the body [36–38]. Consistent with these studies, we
found that dietary supplementation with 1000 mg/kg TA could alleviate the up-regulation
of Keap1 and Nrf2 mRNA levels and enhance the mRNA levels of GSH-Px1, SOD, CAT in
the liver and jejunal CAT in the CCP-challenged broilers, which suggested that dietary sup-
plementation with 1000 mg/kg TA could enhance antioxidant enzyme activities through
the activation of the transcription factor Nrf2 downstream of the Nrf2-Keap1 pathway to
alleviate oxidative damage in the liver and jejunum caused in the CCP-challenged broilers.

Intestinal immune barrier homeostasis is maintained by releasing inflammation and
anti-inflammation factors by bowel-related lymphoid tissues composed of various cells
that prevent pathogen invasion [39]. This study aimed to determine the expression of
specific immune genes in the intestine, mainly belonging to pro-inflammatory (IL-8,
IL-1β, iNOS, IFN-γ, TNF-α) and anti-inflammatory (TGF-β4, IL-10) mediators. Pro- and
anti-inflammatory cytokines are essential to immune response homeostasis and inflam-
mation [40]. It has been found that when inflammation occurs in the gut upon invasion
by pathogens, there is a significant elevation in the expression of the pro-inflammatory
genes, which may or may not coincide with a reduction in the anti-inflammatory gene
expression [18,41,42]. This study found that jejunal pro-inflammatory mediators (IL-8,
IL-1β, iNOS, IFN-γ) were significantly upregulated, the anti-inflammatory mediator (IL-10)
was significantly downregulated in broilers with the CCP challenge, and these results
suggested that CCP-infected broilers elicited an intestinal inflammatory response in the
jejunum. In our study, dietary supplementation with 1000 mg/kg TA significantly dimin-
ished pro-inflammatory mediators and elevated anti-inflammatory mediators with CCP
challenge, consistent with previous studies [43–45]. These results suggest that dietary
supplementation with 1000 mg/kg TA is beneficial in alleviating intestinal inflammatory
responses in broilers co-infected with CCP.

Tight junction proteins are essential for maintaining the epithelial barrier, which
maintains the diffusion barrier and closes the cell gap. ZO-1, occludin, and claudins are
the most critical proteins of the intestinal barrier [42]. It was found that both inflammatory
mediators and cytokines result in abnormal expression of tight junction proteins such as
ZO-1, claudin-1, and occludin, elevating intestinal mucosal permeability and impairing
intestinal barrier function [46–50]. It was shown that CCP infection of broilers resulted
in significant downregulation of tight junction proteins, causing intestinal damage in
broilers [51,52]. In the present study, the mRNA levels of ZO-1, claudin-1, claudin-2, and
occludin in the jejunum were significantly downregulated in CCP-infected broilers, which
suggested that the jejunal barrier is impaired in CCP-infected broilers. Tannins significantly
upregulate ZO-1 levels to protect against jejunal barrier damage. Research has shown that
dietary TA supplementation can increase the mRNA levels of ZO-1, claudin-1, claudin-2,
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and occludin to mitigate intestinal barrier damage [53,54]. In line with prior research,
we found that dietary supplementation with 1000 mg/kg TA raised the mRNA levels of
claudin-2 and occludin, which suggested that dietary supplementation with TA is beneficial
in ameliorating jejunal barrier damage in CCP-challenged broilers.

In this study, dietary supplementation with 1000 mg/kg TA could improve liver and
jejunal function in broilers with NE conditions. However, we also found that TA increases
GST mRNA levels, which may cause some adverse effects on the liver in broilers. The
reason may be related to TA’s origin, dose, and degree of polymerization of TA, which
are closely related to its bioavailability. Studies have shown that highly polymerized
tannins, with high molecular weight, are more poorly absorbed in the small intestine [55],
and hydrolyzed tannins are oligomers of gallic acid, ellagic acid, and glucose that are
partially hydrolyzed by digestive acids in the small intestine for easier absorption [56,57].
However, adding high doses of TA to diets may negatively affect performance, lymphoid
organ weights, and ileal digestibility of amino acids in broilers and cause liver damage in
mice [58,59]. Therefore, the increase in the GST mRNA level in the liver in this trial may be
related to the dose of TA. We will further investigate the optimal dose of TA added to the
ration to improve the health of broilers with NE conditions.

5. Conclusions

The co-infection of CCP reduced antioxidant capacity, induced intestinal inflammatory
response, and impaired the intestinal barrier functions of broilers. Dietary supplementa-
tion with 1000 mg/kg TA could protect the intestinal barrier, mitigate the inflammatory
response, and enhance antioxidant capacity by the activation of the transcription factor
Nrf2 downstream of the Nrf2-Keap1 pathway, thereby protecting the intestinal health of
co-infected broilers with CCP.
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TNF-α: tumor necrosis factor α; IL-1β interleukin 1β; IL-8: interleukin 8; IL-10: interleukin 10; TGF-β4:
ransforming growth factorβ4; IFN-γ: Interferon γ; ZO-1: zonula occludens protein1.
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Simple Summary: Continuous concerns persist regarding skeletal disorders and their associated
welfare issues in modern fast-growing broiler chickens. As an essential and the third most expensive
nutrient in the poultry diet, phosphorus plays a crucial role in bone growth, and the strength and
rigidity of the skeleton. About 60% of dietary phosphorus is utilized by poultry, with the remaining
portion being excreted and potentially contributing to pollution when released into the environment.
Hence, it was postulated that a multi-phased approach involving the reduction in phosphorus
content in the feed, coupled with increased phosphorus utilization through phytase supplementation,
could alleviate the economic burden associated with both phosphorus excretion and feed costs.
Therefore, this study was conducted to assess the efficacy of phytase on the performance, carcass
traits, nutrient digestibility, tibia characteristics, and inositol phosphorus degradation in broiler
chickens fed an available phosphorus-deficient diet. The results indicate that a reduction in the
available phosphorus to 0.20% with phytase inclusion initiated phytate degradation and, as a result,
improved the productive performance, nutrient digestibility, and tibia traits of the broilers. These
findings support the application of low-phosphorus diets with phytase supplementation in the
poultry industry.

Abstract: This study was conducted to assess the effectiveness of phytase on the performance, carcass
traits, nutrient digestibility, tibia characteristics, and inositol phosphorus (IP) degradation in broiler
chickens. Additionally, the available phosphorus (AP) equivalency of phytase in AP-deficient diets
was estimated for 35 days after hatching. A total of 336 one-day-old Ross 308 broiler chicks were
allocated to one of seven dietary treatments with six replications with eight birds per cage. The
dietary treatments were as follows: (1) positive control containing 0.45% AP of the starter and 0.42%
AP of the grower diet (PC), (2) 0.10% AP deficiency from the PC (NC-1), (3) 0.15% AP deficiency
from the PC (NC-2), (4) 0.20% AP deficiency from the PC (NC-3), (5) NC-3 +phytase (500 FTU/kg;
NC-3-500), (6) NC-3 + phytase (1000 FTU/kg; NC-3-1000), and (7) NC-3 + phytase (1500 FTU/kg;
NC-3-1500). On d 35, the NC-3 diet exhibited lower tibia weight compared to the other treatments
(p < 0.001). The NC-3-1500 group had higher calcium and phosphorus contents in the tibia than the
other treatments on d 35 (p < 0.01). Phytase supplementation led to a reduced IP6 concentration
and increased IP3 concentrations in different sections of the gastrointestinal tract on d 21 and 35
compared to the control diet (p < 0.05). In conclusion, based on the tibia phosphorus content, this
study determined that 500 FTU/kg phytase was equivalent to 0.377% and 0.383% AP in the diet
on d 21, and 0.317% and 0.307% AP in the diet on d 35, respectively. Likewise, 1000 FTU/kg was
determined to be equivalent to 0.476% and 0.448% AP on d 21, and 0.437% and 0.403% AP on d 35,
respectively. Furthermore, 1500 FTU/kg was determined to be equivalent to 0.574% and 0.504% AP
on d 21, and 0.557% and 0.500 AP on d 35, respectively.

Keywords: available phosphorus; broiler; equivalency value; low-phosphorus diet; phytase; tibia
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1. Introduction

Alongside energy and protein supply, the provision of phosphorus (P) is of critical
importance to poultry diets, since it is the third most expensive nutrient. Phosphorus is
involved in bone mineralization, energy metabolism, and nucleic acid synthesis and, subse-
quently, has an impact on the birds’ overall growth performance [1,2]. According to [3],
the plant seeds used in corn and soybean meal diets for poultry contain approximately
50–80% of their total phosphorus in the form of phytate [Myo-inositol (1, 2, 3, 4, 5, 6) hexak-
isphosphate; IP6]; a compound that is largely ingestible by non-ruminant animals. Ref. [4]
noted that phytate, a compound found in plant-based feedstuffs, can have anti-nutritional
effects by increasing endogenous nutrient losses and forming insoluble complexes through
nutrient binding and mineral chelation, which can reduce the bioavailability of important
nutrients and minerals, such as calcium, phosphorus, and zinc.

Phytase, known as Myo-inositol hexakisphosphate phosphohydrolase, is an enzyme
capable of decomposing nutrient-binding phytate into inositol penta-, tetra-, tri-, di-, and
monophosphate (IP5 through IP1). This enzymatic process releases one phosphate molecule
at a time in a sequential manner [5]. Because IP6-3 have the anti-nutritional effect of reducing
nutrient absorption in monogastric animals, it is important to reduce the presence of IP6-3
by using phytase [6]. The overall target is the complete breakdown of IP6, IP4, and IP3,
and to release inositol. In this regard, supplementation with phytase generally increases P
utilization in poultry, leading to improved poultry productivity through several specific
metabolic pathways. Furthermore, it reduces the reliance on inorganic phosphates in the
diet and minimizes P excretion into the environment [2,7]. Therefore, accurately estimating
the efficacy of phytase is crucial for optimizing its application to modern poultry diets.

The precise estimation of the available phosphorus (AP) concentrations with the di-
etary inclusion of phytase is challenging due to various factors, such as phytase sources,
varying supplemental levels, and the interactions between nutrient components [8]. Nu-
merous studies have assessed the AP equivalency of different phytase sources in broiler
diets [9–11]. Nevertheless, there is a lack of experiments investigating the AP equivalency
of phytase in broiler diets using monocalcium phosphate (MCP) as the inorganic P source.
Hence, the purpose of this study was to compare the effects of different AP concentrations
and phytase levels in the diets on growth performance, carcass traits, nutrient digestibility,
tibia traits, and phytate degradation. This study also investigated the AP equivalency of
phytase by evaluating its relationship to the tibia phosphorus concentration of broilers fed
a typical corn–soybean meal.

2. Materials and Methods
2.1. Birds and Housing

A total of 336 one-day-old male Ross 308 broiler chickens (41.16 ± 0.23 g) were
obtained from a local hatchery (Dongsan hatchery, Cheonan, Republic of Korea) and used
in the current 35 d study. The birds were individually weighed and allocated to cages
in a completely randomized design. Each battery cage (76 × 61 × 46 cm3) housed eight
birds. The cages were equipped with two nipple drinkers and a metal trough to provide
water and feed efficiently. The experimental diets were offered ad libitum, and the birds
had continuous access to clean drinking water through the nipple drinkers. The birds were
vaccinated against infectious bronchitis and Newcastle disease at the hatchery. The room
temperature was maintained at 30 ± 1 ◦C from day 1 to 3, and then gradually decreased to
25 ± 1 ◦C until d 14 of age. Thereafter, a 24 ± 1 ◦C temperature was maintained throughout
the experiment according to the Ross 308 broiler management guidelines [12]. The birds
were allowed continuous lighting during the entire experimental period.
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2.2. Experimental Design and Diets

The birds were assigned to one of seven dietary treatments in a completely randomized
design, with six replicate pens per treatment. Phygest HT, an Escherichia coli-derived
6-phytase (Kemin, Industries Asia Pte, Senoko Drive, Singapore) was used as the phytase
source in this study. The experimental diets were formulated to evaluate the effects of
dietary phosphorus deficiency and phytase supplementation. The experimental diets
consisted of various formulations to evaluate the effects of AP deficiency and phytase
supplementation. The dietary treatments included a nutritionally adequate positive control
diet (PC), with appropriate levels of starter (day 1–21) and grower (day 22–35) diets
containing 0.45% and 0.42% AP, respectively. To induce phosphorus deficiencies, three
negative control diets (NC-1, NC-2, NC-3) were formulated with decreasing levels of AP
compared to the PC (0.10% deficiency, 0.15% deficiency, and 0.20% deficiency, respectively).
Furthermore, the NC-3 was supplemented with phytase at three different inclusion levels:
NC-3-500 (500 FTU/kg), NC-3-1000 (1000 FTU/kg), and NC-3-1500 (1500 FTU/kg). The
NC diets were carefully formulated to contain 0.35%, 0.30%, and 0.25% AP in the starter
phase, and 0.32%, 0.27%, and 0.22% AP in the grower phase, while ensuring that the
basal PC diet, which included corn and soybean meal, met or exceeded the nutritional
specifications set by [13] and the Ross 308 nutrient recommendations [14]. The composition
and calculated analysis of the starter and grower diets are presented in Table 1. The diets
were provided in a mash form on an ad-libitum basis. Furthermore, Cr2O3 (chromium oxide
powder, >99.9% purity, Sigma-Aldrich, St. Louis, MO, USA) was added as an indigestible
marker for digestibility analysis at a proportion of 0.3% to all the experimental diets.

Table 1. Composition (%, as-fed basis) of the experiment diets 1.

Ingredient (%)
Starter Phase (d 1–21) Grower Phase (d 22–35)

PC NC-1 NC-2 NC-3 PC NC-1 NC-2 NC-3

Corn 50.94 51.52 51.79 52.06 55.02 55.61 55.88 56.19
Soybean meal, 45% 39.16 39.04 39.00 38.96 34.28 34.20 34.16 34.08

Limestone 1.42 1.60 1.69 1.78 1.46 1.63 1.72 1.81
Mono-calcium phosphate 1.48 1.04 0.84 0.60 1.40 0.96 0.72 0.52

Iodized salt 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Beef tallow 5.36 5.16 5.04 4.96 6.32 6.08 6.00 5.88

DL-methionine, 98% 0.32 0.32 0.32 0.32 0.33 0.33 0.33 0.33
L-lysine-Sulfate, 65% 0.42 0.42 0.42 0.42 0.29 0.29 0.29 0.29

Vit-Min premix 2 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Cr2O3 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30

Calculated values
Dry matter 88.17 88.10 88.06 88.03 88.23 88.16 88.12 88.09

ME, kcal/kg 3050 3050 3050 3050 3150 3149 3150 3149
Crude protein 23.0 23.0 23.0 23.0 20.0 20.0 20.0 20.0

Crude fiber 3.83 3.84 3.84 3.85 3.64 3.66 3.66 3.66
Calcium 0.90 0.90 0.90 0.90 0.88 0.88 0.88 0.88

Total phosphorus 0.71 0.60 0.56 0.50 0.66 0.56 0.51 0.46
Available phosphorus 0.45 0.35 0.30 0.25 0.42 0.32 0.27 0.22

Lysine 1.45 1.45 1.45 1.45 1.25 1.25 1.25 1.25
Methionine + Cysteine 0.99 0.99 0.99 0.99 0.95 0.95 0.95 0.95

Analyzed values
Dry matter 88.84 88.88 88.79 88.51 88.60 88.76 87.84 88.06

Crude protein
(Nitrogen × 6.25) 21.15 22.79 21.14 20.97 20.16 19.90 20.22 20.24

Gross energy, kcal/kg 4100 4052 4017 4063 4113 4152 4194 4182
Crude ash 6.58 6.27 6.33 6.59 6.15 6.10 6.15 6.61
Calcium 1.09 1.15 1.07 1.08 0.98 1.02 0.94 0.94

Total phosphorus 0.61 0.55 0.51 0.46 0.64 0.62 0.60 0.58

1 PC: Positive control diet contained the recommended calcium and available phosphorus; NC-1: negative control
diet contained the recommended calcium and 0.10% available phosphorus deficiency; NC-2: negative control diet
contained the recommended calcium and 0.15% available phosphorus deficiency; NC-3: negative control diet
contained the recommended calcium and 0.20% available phosphorus deficiency. 2 Provided per kilogram of diet:
vitamin A (trans-retinyl acetate), 14,000 IU; vitamin D3 (cholecalciferol), 3000 IU; vitamin E (DL-α Tocopherol
acetate), 40 mg; vitamin K3, 2.4 mg; thiamin, 1.2 mg; riboflavin, 50 mg; pyridoxine, 3 mg; vitamin B12, 20 µg;
niacin, 40 mg; pantothenic acid, 10 mg; folic acid, 0.5 mg; Fe (from iron sulfate), 17 mg; Cu (from copper sulfate),
13 mg; Zn (from zinc oxide), 92 mg; Mn (from manganese oxide), 100 mg; I (from potassium iodide), 1 mg;
Co, 0.15 mg; Se (from sodium selenite), 0.25 mg.
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2.3. Growth Performance Measurements

The initial body weights of the birds were recorded upon arrival, and subsequent body
weights (BW) were measured weekly (d 7, 14, 21, 28, and 35) throughout this study. The
average daily gain (ADG) was calculated using the BW data. Feed intake was measured
weekly based on the feed consumption in the individual cages. The mortality-corrected
average daily feed intake (ADFI) and feed conversion ratio (FCR) were calculated for each
cage for each week of the experiment.

2.4. Post-Mortem Procedure and Sample Collection

On d 21 and 35, six birds per treatment (one bird per cage) that had body weights closest to
the mean were selected and euthanized using carbon dioxide asphyxiation for sample collection.
The dressing percentage of meat with giblets (heart, gizzard, and liver) was determined by
dividing its weight by the live weight of the birds. The drumsticks (skinless), breast meat, and
the right tibias were removed from the carcasses and weighed. The percentages of the breast
meat, drumstick, and right tibia were calculated relative to the weight of the entire carcass.
Subsequently, the right tibia was de-fleshed and dried for further analysis.

Abdominal incisions were made on each euthanized bird, and then the duodenum,
jejunum, and ileum were separated from the gastrointestinal tract. The ileum was defined as
the segment of the small intestine that extends from Meckel’s diverticulum to the ileocecal
junction. The digesta of the ileum, as well as the duodenum/jejunum from birds subjected to
the same treatment, was gently flushed with distilled water into labeled plastic containers
and stored at −80 ◦C until further analysis for inositol phosphate degradation. Furthermore,
the ileal digesta of the birds was also obtained for the evaluation of nutrient digestibility.

2.5. Nutrient Digestibility

The apparent ileal digestibility (AID) of the dry matter (DM), crude protein (CP), gross
energy, crude ash, calcium, and phosphorus contents were determined to estimate the rate of
nutrient digestibility at the terminal ileum. Previously collected ileal digesta samples were
thawed, dried at 55 ◦C for 24 h, ground, and strained through a 0.75 mm sieve (ZM 200
Ultra-Centrifugal Mill; Retsch GmbH & Co., KG, Haan, Germany). Standard procedures [15]
were employed for the analysis of the nutrient fractions, while the concentration of chromic
oxide was determined using the method of [16]. The AID was then calculated as follows:

AID (%) = 100 − (100 ×
Mdiet × Ndigest

Mdigest × Ndiet
)

Mdiet is the marker concentration in the diet, Ndigest is the nutrient concentration in
the ileal digesta, Mdigest is the marker concentration in the ileal digesta, and Ndiet is the
nutrient concentration in the diet.

2.6. Tibia Characteristics

The right tibia bone from the eviscerated birds was dehydrated in ethanol for 72 h
and defatted in a diethyl ether: methanol mixture (9:1) for 72 h. Subsequently, the samples
were dried overnight at 105 ◦C and then ashed at 600 ◦C overnight in porcelain crucibles
(AOAC method 942.05). The resulting weight of the tibia ash was quantified as grams
of ash per 100 g dry fat-free tibia. The analysis of calcium (AOAC method 927.02) and
phosphorus (AOAC method 965.17) in the ashed tibia bones was carried out following
standard procedures [15].

2.7. Inositol Phosphate Degradation Assays

The digesta collected from the duodenum/jejunum and ileum, amounting to 0.5 mL,
was filtered in buffer, and 20 µL or 40 µL with or without added internal IP2-6 standards
at 1.5 mM were injected into the column. Myo-inositol phosphate esters IP1-6 standards
(Sichem and Sigma-Aldrich, St. Louis, MO, USA), prepared in buffer G were also analyzed
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under the same conditions, with an injection volume of 40 µL. The linear range for IP6 was
10 to 250 µg in an injection volume of 40 µL. Filtrates were analyzed using high-performance
ion chromatography and UV detection at 290 nm after post-column derivatization. IPs with
different degrees of phosphorylation (IP3-6) and their positional isomers were separated,
without enantiomer differentiation, onto a Carbo Pac PA 200 column and corresponding
guard column. An Fe(NO3)3 solution with 0.1% Fe(NO3)3 · 9H2O in 2% HClO4 was used
as the reagent for derivatization according to [17]. The elution order of the IP isomers was
established using commercial standards. Peaks were detected, and their retention times
corresponded to the retention times of the IP standards. IP6 was used for quantification,
and the correction factors for differences in the detector responses for IP3-5 were used
according to [18]. The limit of detection was defined for a signal:noise ratio of 3:1, and
was 0.1 µmol/g of DM for IP3-4 isomers and 0.05 µmol/g of DM for IP6. The limit of
quantification was defined for a signal:noise ratio of 6:1.

2.8. Statistical Analysis

The data obtained from the experiment were analyzed using the general linear model
(GLM) procedure for one-way ANOVA in Statgraphics Centurion Version 18.1.12 software.
A completely randomized design was employed for the analysis. In terms of the growth
performance measurements, the experimental unit was defined as the cage. For carcass
trait weights, digestibility, tibia composition, and inositol degradation, selected individual
birds were considered as the experimental unit. Statistical significance was determined at
a significance level of p < 0.05. Whenever treatment effects were found to be significant
(p < 0.05), the means were further analyzed and compared using Tukey’s multiple range
test procedures implemented in Statgraphics Centurion.

Linear and quadratic regression analyses were performed to test the effect of the
increasing levels of phytase, and were also conducted to calculate the AP equivalency
values of phytase, based on the concentrations and total amounts of phosphorus in the tibia
as the response criteria, using the polynomial regressions described by [19]. The regression
equations for the AP levels in the diet and supplemental phytase levels for particular
response variables were equated and solved for x.

Ys = as + bsxs (linear regression equation for AP) (1)

YP = ap + bpxp (linear regression equation for phytase) (2)

Equation (1) = Equation (2): as + bsxs = ap + bpxp

where Y is the response criterion (concentrations of tibia phosphorus), xs is the AP level in
the diet, xp is the supplemented phytase, as is the intercept of the linear regression for AP
levels in the diets, ap is the intercept of the linear regression for the supplemented phytase,
bs is the slope of the response criterion to the dietary AP levels, and bp is the slope of the
response criterion to the supplemented phytase. The linear response equations for the AP
in the diet, and that for supplemented phytase, were set to be equal and were solved for
the AP equivalency values for their respective variables.

The quadratic regression equation was also calculated in the same manner as the linear
equation, as follows:

Ys = as + bsxs + csxs
2 (quadratic regression equation for AP) (3)

YP = ap + bpxp + cpxp
2 (quadratic regression equation for phytase) (4)

Equation (3) = Equation (4): as + bsxs + csxs
2 = ap + bpxp + cpxp

2
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3. Results
3.1. Growth Performance

As presented in Table 2, the broilers fed the NC diets recorded lower (p < 0.001) BW
compared to the PC and the phytase-supplemented NC-3-500, NC-3-1000, and NC-3-1500 diets
for all the periods measured, except for day 1. Throughout the entire experimental period,
the lowest BW values were recorded for the NC-3 diet (p < 0.001). No significant differences
(p > 0.05) were observed in the BWs of the broilers, not only between the phytase-supplemented
diets and the PC, but also among the different phytase levels for all periods. Likewise, lower
ADG values were recorded for the NC diets compared to the PC and phytase-supplemented NC-
3-500, NC-3-1000, and NC-3-1500 diets. Furthermore, no significant differences (p > 0.05) were
noted in the ADG among the broilers fed the various phytase-supplemented diets compared
to the PC during the starter (d 1–21) and over the entire period (d 1–35). Similarly, feeding the
NC-3 diet resulted in lower (p < 0.001) average daily gains throughout the entire experimental
period. The daily feed intake levels were unaffected by phosphorus reduction or phytase
supplementation throughout the experiment. Considering the FCR, birds fed the NC-3 diet
reported lower (p < 0.01) feed efficiency compared to the PC and phytase-supplemented diets
during the entire period of the experiment (d 1 to 35). Moreover, there were no changes
(p > 0.05) in the FCR compared to the PC and all the phytase diets during the starter (d 1 to 21)
or the entire period of the experiment (d 1 to 35).

Table 2. Effect of phytase inclusion in diets on growth performance of broiler chickens 1.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

BW, g
Day 1 41.23 41.03 41.12 40.83 41.33 40.98 41.58 0.101 0.552 0.161 0.376
Day 7 121.70 cd 113.17 ab 113.88 abc 108.07 a 119.63 bcd 122.67 d 122.60 d 1.302 0.004 0.003 0.002
Day 14 323.56 e 270.75 abc 263.01 ab 245.72 a 290.68 bcd 301.69 cde 304.35 de 5.503 <0.001 0.001 0.001
Day 21 745.74 d 620.50 bc 565.17 ab 537.61 a 670.74 cd 716.24 d 710.18 d 14.980 <0.001 <0.001 <0.001
Day 28 1336.75 c 1148.91 ab 1087.05 a 1046.89 a 1232.90 bc 1326.34 c 1302.83 c 22.814 <0.001 <0.001 <0.001
Day 35 1989.76 c 1825.97 b 1771.90 ab 1676.36 a 1975.83 c 2061.68 c 2028.07 c 27.831 <0.001 <0.001 <0.001

ADG, g/d
Day 7 11.50 cd 10.31 ab 10.40 abc 9.61 a 11.19 bcd 11.67 d 11.57 d 0.183 0.005 0.004 0.003
Day 14 28.84 d 22.51 abc 21.30 ab 19.67 a 24.44 bc 25.57 cd 25.96 cd 0.647 <0.001 0.002 0.002
Day 21 60.31 d 49.96 bc 43.17 ab 41.70 a 54.29 cd 59.22 d 57.98 d 1.427 <0.001 <0.001 <0.001
Day 28 84.43 bc 75.49 ab 74.55 ab 72.75 a 80.31 abc 87.16 c 84.66 bc 1.524 0.047 0.010 0.013
Day 35 93.29 a 96.72 ab 97.84 abc 89.93 a 106.13 c 105.05 cd 103.61 bcd 1.337 0.001 0.008 <0.001

Day 1–21 33.55 d 27.59 bc 24.96 ab 23.66 a 29.97 cd 32.16 d 31.84 d 0.712 <0.001 <0.001 <0.001
Day 22–35 88.86 abc 86.11 ab 86.19 ab 81.34 a 93.22 bc 96.10 c 94.13 c 1.208 0.004 0.004 0.001
Day 1–35 55.67 c 51.00 b 49.45 ab 46.73 a 55.27 b 57.73 c 56.76 c 0.794 <0.001 <0.001 <0.001

ADFI,
g/d

Day 7 13.02 14.60 14.78 14.67 14.81 14.42 13.23 0.277 0.390 0.141 0.220
Day 14 33.92 36.02 36.09 37.86 33.84 34.52 33.48 1.173 0.961 0.475 0.725
Day 21 73.24 74.68 66.82 68.35 69.07 71.19 72.21 1.452 0.803 0.340 0.641
Day 28 109.44 113.83 110.70 116.09 109.63 123.32 119.79 2.370 0.653 0.401 0.692
Day 35 137.13 151.94 149.31 153.22 153.35 151.13 148.95 1.803 0.209 0.456 0.738

Day 1–21 40.06 41.77 39.23 40.29 39.24 40.04 39.64 0.782 0.987 0.913 0.985
Day 22–35 123.29 132.88 130.00 134.65 131.49 137.23 134.37 1.658 0.408 0.795 0.967
Day 1–35 73.35 78.21 75.54 78.04 76.14 78.92 77.53 0.985 0.795 0.913 0.989
FCR, g/g

Day 7 1.14 a 1.42 ab 1.43 ab 1.52 b 1.36 abc 1.25 ab 1.14 a 0.036 0.009 0.002 0.008
Day 14 1.19 a 1.62 abc 1.69 bc 1.97 c 1.41 ab 1.36 ab 1.26 ab 0.065 0.010 0.013 0.022
Day 21 1.23 a 1.53 ab 1.64 b 1.67 b 1.27 a 1.21 a 1.25 a 0.052 0.027 0.005 0.001
Day 28 1.30 1.52 1.54 1.63 1.37 1.42 1.43 0.043 0.485 0.265 0.265
Day 35 1.47 1.58 1.54 1.72 1.45 1.44 1.44 0.028 0.054 0.015 0.009

Day 1–21 1.21 a 1.53 bc 1.60 c 1.72 c 1.31 ab 1.25 a 1.24 a 0.044 0.001 0.003 0.002
Day 22–35 1.39 1.55 1.53 1.68 1.41 1.43 1.43 0.030 0.108 0.046 0.030
Day 1–35 1.32 a 1.54 bc 1.54 bc 1.68 c 1.38 ab 1.37 ab 1.37 ab 0.030 0.006 0.008 0.003

1 Values are mean of six replicates per treatment. 2 PC: Positive control diet contained the recommended Ca and non-
phytate phosphorus; NC-1: negative control diet contained the recommended Ca and 0.10% available P deficiency;
NC-2: negative control diet contained the recommended Ca and 0.15% available P deficiency; NC-3: negative control
diet contained the recommended Ca and 0.20% available P deficiency; NC-3-500, NC-3-1000, and NC-3-1500 are
NC-3 plus phytase 500, 1000, 1500 FTU/kg, respectively. 3 Pooled standard error of mean. 4 Orthogonal polynomial
contrasts were conducted to assess the significance of the linear or quadratic effects of the supplementation with
phytase in the broilers. a–e Values in a row with different superscripts differ significantly (p < 0.05).
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3.2. Carcass Traits

No significant differences (p > 0.05) were observed in the dressing percentages, and
the relative breast meat and drumstick weights among the various dietary treatments on
both d 21 and 35 are shown in Table 3. However, the broilers fed the NC-3 diet exhibited
lower tibia weight (p < 0.001) compared to the other dietary treatments on d 35. On the
other hand, there were no differences (p > 0.05) in tibia weight between the PC diet and all
the phytase-supplemented diets on both d 21 and 35.

Table 3. Effect of phytase inclusion in diets on carcass traits of broiler chickens 1.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

Dressing (%) 5

Day 21 90.48 91.02 90.21 90.42 91.04 91.36 90.85 0.130 0.186 0.306 0.150
Day 35 92.64 91.31 92.22 92.15 92.96 92.22 92.27 0.169 0.255 0.824 0.578

Breast (%) 6

Day 21 23.32 23.32 22.72 21.29 23.27 23.30 23.76 0.229 0.080 0.020 0.036
Day 35 27.44 26.42 25.86 24.29 25.68 27.02 26.42 0.284 0.067 0.030 0.041

Drumstick (%) 7

Day 21 9.89 9.77 9.52 9.21 9.90 10.06 9.92 0.094 0.215 0.068 0.059
Day 35 10.54 10.00 10.15 9.95 10.13 10.14 10.75 0.087 0.118 0.006 0.012

Tibia weight (g)
Day 21 5.83 5.50 4.83 4.67 5.33 5.33 5.50 0.124 0.158 0.078 0.158
Day 35 16.67 b 15.17 ab 15.00 ab 12.50 a 16.33 b 16.67 b 16.67 b 0.307 <0.001 <0.001 <0.001

1 Values are mean of six replicates per treatment. 2 PC: Positive control diet contained the recommended Ca and
non-phytate phosphorus; NC-1: negative control diet contained the recommended Ca and 0.10% available P
deficiency; NC-2: negative control diet contained the recommended Ca and 0.15% available P deficiency; NC-3:
negative control diet contained the recommended Ca and 0.20% available P deficiency; NC-3-500, NC-3-1000,
and NC-3-1500 are NC-3 plus phytase 500, 1000, 1500 FTU/kg, respectively. 3 Pooled standard error of mean.
4 Orthogonal polynomial contrasts were conducted to assess the significance of the linear or quadratic effects
of the supplementation with phytase in the broilers. 5 (Carcass weight/live body weight) × 100. 6 (Breast meat
weight/carcass weight) × 100. 7 (Drumstick weight/carcass weight) × 100. a,b Values in a row with different
superscripts differ significantly (p < 0.05).

3.3. Nutrient Digestibility

The AID of energy was decreased (p < 0.001) in all the NC diets compared to the PC
diet on d 21 and 35 (Table 4). The AID of energy in the phytase-supplemented diets was
median to that of the PC and NC diets. The apparent CP digestibility was not affected
(p > 0.05) for either the PC or NC-3 with phytase diets on d 21 and 35. However, the AID of
energy on d 35 was improved (p < 0.001) in the birds fed the NC-3-1000 diet compared to
all the treatments. Nonetheless, the broilers fed the NC-3 diet had a lower (p < 0.05) crude
ash digestibility than those fed the PC or NC-3 with phytase diets on d 35. The NC-3-1500
diet increased (p < 0.05) the AID of phosphorus on d 21 and 35 compared to the NC diets.

3.4. Tibia Traits

Feeding NC-3 diets resulted in lower (p < 0.001) calcium and phosphorus contents in
the tibia compared to the PC on d 21 (see Table 5). The tibia phosphorus content was higher
(p < 0.001) in the broilers fed the NC-3-1500 compared to the other treatments on d 21 and
35. Furthermore, the birds fed the NC-3-1500 had higher (p < 0.01) contents of calcium on d
35 than those receiving the other treatments.

3.5. Inositol Phosphate Degradation

All the phytase-supplemented NC-3 diets recorded lower (p < 0.01) IP6 concentrations,
not only in the duodenum/jejunum but also in the ileum, on d 21 and 35 compared to the
PC diets (see Table 6). Regardless of the concentration, phytase supplementation in the
NC-3 resulted in a higher (p < 0.001) IP4 concentration in the ileum on d 35 compared to
the treatments without phytase. Birds fed the NC-3-1000 and NC-3-1500 diets had higher
(p < 0.001) IP3 concentrations in the duodenum/jejunum, as well as in the ileum, on d 21
and 35 compared to the PC diets.
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Table 4. Effect of phytase inclusion in diets on nutrient digestibility in broiler chickens 1.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

Day 21 (%)
Dry matter 64.20 64.84 64.73 64.83 64.36 64.71 64.51 0.397 0.999 0.711 0.906

Crude protein 80.72 81.05 79.33 79.50 79.95 80.87 79.95 0.214 0.180 0.452 0.417
Energy 79.32 e 75.22 c 72.70 b 70.03 a 76.03 cd 77.06 d 77.59 de 0.502 <0.001 <0.001 <0.001

Ash 53.37 48.43 47.50 46.82 48.69 51.92 53.46 1.060 0.434 0.007 0.020
Calcium 53.67 52.37 52.32 52.53 53.98 56.20 55.10 1.058 0.955 0.219 0.331

Phosphorus 60.56 ab 59.44 a 58.93 a 57.34 a 59.64 a 65.72 ab 73.29 b 1.342 0.011 0.001 0.004
Day 35 (%)
Dry matter 76.03 76.22 75.96 75.36 76.68 76.08 75.67 0.382 0.988 0.950 0.775

Crude protein 89.09 cd 87.62 bc 86.95 ab 85.32 a 87.56 bc 90.93 d 88.93 c 0.344 <0.001 0.001 <0.001
Energy 82.82 d 79.07 b 80.76 c 77.43 a 81.42 c 84.51 e 82.79 d 0.368 <0.001 <0.001 <0.001

Ash 60.93 b 56.68 ab 56.63 ab 52.89 a 63.01 b 63.25 b 63.56 b 1.047 0.021 0.032 0.032
Calcium 53.30 52.76 51.74 50.18 52.57 53.29 53.31 1.223 0.995 0.522 0.774

Phosphorus 63.16
abc 60.15 a 61.95 ab 59.87 a 64.02 abc 65.16 bc 66.67 c 0.642 0.026 0.006 0.019

1 Values are mean of six replicates per treatment. 2 PC: Positive control diet contained the recommended Ca and non-
phytate phosphorus; NC-1: negative control diet contained the recommended Ca and 0.10% available P deficiency;
NC-2: negative control diet contained the recommended Ca and 0.15% available P deficiency; NC-3: negative control
diet contained the recommended Ca and 0.20% available P deficiency; NC-3-500, NC-3-1000, and NC-3-1500 are
NC-3 plus phytase 500, 1000, 1500 FTU/kg, respectively. 3 Pooled standard error of mean. 4 Orthogonal polynomial
contrasts were conducted to assess the significance of the linear or quadratic effects of the supplementation with
phytase in the broilers. a–e Values in a row with different superscripts differ significantly (p < 0.05).

Table 5. Effect of phytase inclusion in diets on tibia traits of broiler chickens 1.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

Ash (%)
Day 21 50.24 44.42 43.67 41.37 46.69 47.59 51.48 1.053 0.120 0.007 0.028

Day 35 50.04 bc 48.26
abc 46.46 ab 44.50 a 48.38 bc 48.73 bc 52.03 c 0.581 0.012 <0.001 0.003

Ca (%)
Day 21 38.18 c 32.65 ab 30.28 a 28.20 a 37.18 bc 37.88 bc 41.83 c 1.500 <0.001 <0.001 <0.001
Day 35 35.33 b 33.08 ab 31.97 ab 30.28 a 33.37 ab 34.31 b 41.62 c 0.687 <0.001 <0.001 <0.001
P (%)

Day 21 17.48 c 14.40 ab 12.90 a 12.66 a 16.12 bc 16.54 bc 20.46 d 0.470 <0.001 <0.001 <0.001
Day 35 16.80 a 15.44 a 15.32 a 15.15 a 15.60 a 16.35 a 18.60 b 0.272 0.003 <0.001 <0.001

1 Values are mean of six replicates per treatment. 2 PC: Positive control diet contained the recommended Ca and non-
phytate phosphorus; NC-1: negative control diet contained the recommended Ca and 0.10% available P deficiency;
NC-2: negative control diet contained the recommended Ca and 0.15% available P deficiency; NC-3; negative control
diet contained the recommended Ca and 0.20% available P deficiency; NC-3-500, NC-3-1000, and NC-3-1500 are
NC-3 plus phytase 500, 1000, 1500 FTU/kg, respectively. 3 Pooled standard error of mean. 4 Orthogonal polynomial
contrasts were conducted to assess the significance of the linear or quadratic effects of the supplementation with
phytase in the broilers. a–d Values in a row with different superscripts differ significantly (p < 0.05).

Table 6. Effect of phytase inclusion in the diets on digesta IP6-3 concentrations in the duode-
num/jejunum and ileum of the broiler chickens 1.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

Digesta duodenum/jejunum on day 21 (µM/g)
IP6 0.791 c 0.702 c 0.726 c 0.687 c 0.503 b 0.359 a 0.404 ab 0.030 <0.001 0.001 0.001
IP5 0.398 0.375 0.484 0.345 0.275 0.343 0.258 0.027 0.350 0.540 0.828
IP4 0.097 a 0.123 ab 0.127 ab 0.130 ab 0.192 b 0.267 b 0.217 b 0.013 0.002 0.037 0.035
IP3 0.026 ab 0.005 a 0.015 a 0.017 a 0.047 b 0.077 c 0.145 d 0.008 <0.001 <0.001 <0.001

Digesta ileum on day 21 (µM/g)
IP6 0.661 b 0.667 b 0.668 b 0.651 b 0.322 a 0.255 a 0.229 a 0.036 <0.001 <0.001 <0.001
IP5 0.388 0.316 0.362 0.290 0.217 0.209 0.195 0.025 0.229 0.115 0.228
IP4 0.111 0.130 0.121 0.141 0.202 0.158 0.192 0.011 0.183 0.442 0.683
IP3 0.0258 a 0.0218 a 0.0358 a 0.0320 a 0.119 b 0.088 b 0.114 b 0.009 <0.001 0.058 0.078

Digesta duodenum/jejunum on day 35 (µM/g)
IP6 0.689 b 0.638 b 0.604 b 0.657 b 0.359 a 0.356 a 0.351 a 0.027 <0.001 <0.001 <0.001
IP5 0.315 0.315 0.299 0.302 0.240 0.264 0.222 0.016 0.566 0.303 0.583
IP4 0.124 0.110 0.118 0.128 0.167 0.164 0.182 0.009 0.187 0.116 0.268
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Table 6. Cont.

Period
Dietary Treatment 2

SEM 3 p-Value
Polynomial Contrast 4

PC NC-1 NC-2 NC-3 NC-3-500 NC-3-1000 NC-3-1500 Linear Quadratic

IP3 0.0097 a 0.0083 a 0.0153 a 0.0093 a 0.214 b 0.176 b 0.167 b 0.0181 <0.001 0.058 0.013
Digesta ileum on day 35 (µM/g)

IP6 0.676 c 0.684 c 0.620 c 0.606 bc 0.448 ab 0.433 a 0.423 a 0.027 0.005 0.083 0.133
IP5 0.332 bc 0.349 c 0.403 c 0.357 c 0.242 ab 0.224 a 0.199 a 0.016 0.001 <0.001 <0.001
IP4 0.0913 a 0.103 a 0.0907 a 0.103 a 0.212 b 0.190 b 0.190 b 0.0098 <0.001 0.014 0.001
IP3 0.0183 a 0.0277 a 0.0078 a 0.0441 a 0.133 b 0.147 b 0.106 b 0.0111 <0.001 0.152 0.029

1 IP6-3 (IP6 = Myo-inositol hexa-phosphates, IP5 = Myo-inositol penta-phosphates, IP4 = Myo-inositol tetra-
phosphates, and IP3 = Myo-inositol tri-phosphates): the means calculated from six replicates per treatment.
2 PC: Positive control diet contained the recommended Ca and non-phytate phosphorus; NC-1: negative control
diet contained the recommended Ca and 0.10% available P deficiency; NC-2: negative control diet contained the
recommended Ca and 0.15% available P deficiency; NC-3: negative control diet contained the recommended
Ca and 0.20% available P deficiency; NC-3-500, NC-3-1000, and NC-3-1500 are NC-3 plus phytase 500, 1000,
1500 FTU/kg, respectively. 3 Pooled standard error of mean. 4 Orthogonal polynomial contrasts were conducted
to assess the significance of the linear or quadratic effects of the supplementation with phytase in the broilers.
a–d Values in a row with different superscripts differ significantly (p < 0.05).

3.6. Regression Equations and Phosphorus Equivalency Values

The research findings regarding the relationship between increasing levels of dietary
AP and supplemental phytase are summarized in Table 7. The calculated phosphorus
equivalency values of the levels of phytase with NC-3 using linear and quadratic regressions
are presented in Table 8. Based on the linear and quadratic regression models, 500 FTU/kg
phytase was determined to be equivalent to 0.377% and 0.383% AP in the diet on d 21, and
0.317% and 0.307% AP in the diet on d 35, based on the concentrations of tibia phosphorus,
respectively. Likewise, 1000 FTU/kg phytase was determined to be equivalent to 0.476%
and 0.448% AP in the diet on d 21, and 0.437% and 0.403% AP in the diet on d 35, respectively.
Finally, 1500 FTU/kg phytase was determined to be equivalent to 0.574% and 0.504% AP in
the diet on d 21, and 0.557% and 0.500 AP in the diet on d 35, respectively.

Table 7. Regressions of the concentrations of tibia phosphorus on available phosphorus from the
diets and phytase supplementation.

Items

Day 21 Day 35

Regression Equation

Linear R2 Quadratic R2 Linear R2 Quadratic R2

Available phosphorus (AP)

Tibia P (%) Y = 5.80 +
25.37XAP

0.9542
Y = 15.80 −
33.90XAP +
83.82XAP

2
0.9916 Y = 13.11 +

8.36XAP
0.8876

Y = 17.83 −
22.53XAP +
47.73XAP

2
0.9915

Phytase

Tibia P (%) Y = 12.87 +
0.005Xphy

0.9283
Y = 12.99 +

0.004X + (4.6 ×
10−7)Xphy

2
0.9300 Y = 14.76 +

0.002Xphy
0.8748

Y = 15.21 −
0.0005Xphy +

(1.800 ×
10−6)Xphy

2

0.9898

Y = predicted performance for a given criteria; XAP = percentage of AP from the diet; Xphy = FTU of phytase per kg.

Table 8. Equivalency of available phosphorus (AP) and equivalency values (%) of phytase.

Items
Equivalency of AP Values (FTU/kg) 1

500 1000 1500

Calculated matrix value (%) 2

Linear equation Day 21 0.377 0.476 0.574
Day 35 0.317 0.437 0.557

Quadratic equation Day 21 0.383 0.448 0.504
Day 35 0.307 0.403 0.500

1 Equivalency of AP values (%) relative to NC-3 diet. 2 Calculated values were calculated by substituting the
phosphorus percent in the tibia to estimate the equivalency available phosphorus of phytase.
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4. Discussion

Several studies have evaluated the AP equivalency of phytase for a couple of inorganic
sources (i.e., monosodium phosphate and dicalcium phosphate) to determine their effective-
ness in diet formulation [9,11,19]. Despite having the highest P digestibility among inorganic
P sources in broiler diets [1,20], there is a scarcity of available data regarding the AP equiva-
lency of phytase with mono-calcium phosphate (MCP). The present research was designed to
investigate the efficacy and AP equivalency of phytase on growth performance, carcass traits,
nutrient digestibility, tibia bone mineralization, and inositol degradation in broilers.

In the current study, the growth performance of the broilers, except for the ADFI,
was found to be reduced in all periods as the content of available phosphorus decreased.
However, the body weight on d 35 increased by 17.86, 22.99%, and 20.98%, respectively,
when 500, 1000, and 1500 FTU/kg of phytase were added to the NC-3. Likewise, the ADG
for the entire experimental period improved by 18.28%, 23.54%, and 21.46%, respectively, for
the diets containing 500, 1000, and 1500 FTU/kg of phytase relative to NC-3. Furthermore,
the NC-3-500, NC-3-1000, and NC-3-1500 diets improved feed efficiency for the whole
period by 17.86%, 18.45%, and 18.45%, respectively, compared to NC-3. The results of this
current study are collectively in agreement with the findings of previous studies that have
shown that phytase improves the growth performance of broilers fed available phosphorus-
deficient diets [11,19,21]. Moreover, the observed decline in growth performance and feed
efficiency with decreasing levels of dietary available phosphorus substantiates the inability
of these birds to effectively utilize phytate phosphorus. This partial disagreement with
previous studies could be due to differences in the composition of the feed ingredients and
the type of inorganic phosphates.

With the exception of the tibia weights, the carcass traits were not influenced by a
P reduction or phytase supplementation among the different treatments. An available
phosphorus reduction without dietary phytase supplementation resulted in lowered tibia
weights. The outcome of this study suggests the capacity of phytase supplementation to
improve ileal mineral absorption and bone mineralization, which ultimately improves
the tibia weight. Phytase supplementation could also correct the negative impact of low
available phosphorus contents in the diets by improving the ileal Ca and P digestibility for
improved tibia weights, as was observed. Although these results are consistent with [22],
who found that supplementation with phytase did not affect the carcass traits, the research
regarding the available phosphorus content and carcass traits remains insufficient.

In the current study, as the AP levels were decreased in the adequate PC diet, which
was sufficient to meet nutrient requirements, the digestibility of the energy and phosphorus
in the diets was negatively affected. According to [23], elevated dietary phytate concen-
trations result in diminished energy utilization and ileal digestibility of protein due to the
inhibitory effects of phytate. The inhibitory action of elevated phytate levels results in
nutrient-binding complexes that lower the hydrolyzing of endogenous enzymes and, thus,
the availability of minerals and energy is hampered. In this present study, the digestibility
of energy, phosphorus, crude protein, and ash on d 35 was increased in response to phytase
supplementation in the reduced AP of diets. Increased nutrient digestibility is evidence
of phytase activity resulting in the considerable breakdown of the phytate structure and
the reduction in anti-nutritional factors. The breakdown of phytate into lower esters leads
to a subsequent improvement not only of P, but could exert “extra-phosphoric effects”
to improve the digestibility of energy, crude protein, and ash, as has been previously
reported [4,24].

Due to its involvement in improving Ca and P digestibility and, thus, improved bone
mineralization, it was also observed that dietary phytase supplementation improved the tibia
characteristics, especially the total ash content, as has been previously reported [11,19,25].
While the current study is consistent with previous studies [11,19,25] regarding the tibia ash
content, a similar trend was observed for the concentrations of calcium and phosphorus in the
tibia. Likewise, ref. [9] demonstrated improvements in the tibia phosphorus content when
increasing the graded levels of phytase in low-phosphorus diets. In line with the findings
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of [26], phytase supplementation contributes to increased phosphorus digestibility, conse-
quently leading to higher concentrations of substrate available for tibia mineral deposition.
This effect is supported by the observed increase in tibia ash and phosphorus contents in
this study. However, ref. [21] noted that there was no difference in tibia phosphorus and
calcium level related to the non-phytate phosphorus and phytase contents of the diets. The
discrepancy between these results could be due to differences in the composition of the feed
ingredients, inorganic phosphate types, and the age of the broilers.

It is expected that phytase supplementation facilitates a process in which phosphate
molecules are released through a step-by-step dephosphorylation pathway, breaking down
IP6 into lower esters, including IP4 and IP3, which are also known to be antinutritive in
nature [27]. The analysis of the inositol phosphate profiles in the duodenal/jejunal and ileal
digesta from this experiment suggests that the highest proportion of IP6 concentrations
are found in diets without phytase supplementation, particularly in the PC and NC diets
(i.e., NC-1, NC-2, and NC-3). Subsequently, phytase supplementation in the NC-3-500,
NC-3-1000, and NC-3-1500 diets results in the hydrolysis of IP6 into IP5-3 and lower esters.
It has been reported [28] that phytase readily targets higher molecular weight esters to
release IP5 more efficiently than the other esters. However, a focus should also be placed
on improving the content of the lower esters, including IP4 and IP3. The superdosing of
phytase as a concept is targeted at supplying higher phytase levels to result in as much
IP5, IP4, and IP3 as possible, as well as the eventual release of inositol. These findings are
consistent with those of [6,29], who demonstrated a reduction in IP6 and an increase in
IP3 in the ileum following dietary phytase supplementation. Going forward, the focus
should be not only on the release of IP4 and IP3, but on their subsequent breakdown as
well which results in the eventual release of inositol. Zinc, as a co-factor of pancreatic
secretions, is known to be precipitated at higher pH levels in the ileum by IP4 and IP3, thus
hindering protein degradation. This could be due to the pancreatic duct secreting zinc into
the small intestine, which induces an increasing digesta pH and reduces the activity of
phytase or, more plausibly, the impact of dietary phosphorus on the hydrolysis of phytate
by exogenous phytase [30,31]. Unfortunately, we were not able to test this notion in the
current study.

5. Conclusions

Phytase supplementation resulted in a reduction in the IP6 concentration and a corre-
sponding increase in IP3 concentrations in various sections of the GI tract at 21 and 35 days
of age compared to the control diet. Based on the linear regression model, supplementation
with 500, 1000, and 1500 phytase units per kg of diet was determined to be equivalent
to 0.377, 0.476, and 0.574% AP on d 21, and 0.317, 0.437, and 0.557% on d 35, respec-
tively. Additionally, employing the quadratic equation, supplementation with 500, 1000,
and 1500 phytase units per kg of diet corresponded to 0.383, 0.448, and 0.504% AP on d
21, and 0.307, 0.403, and 0.500% on d 35, respectively. Our data consistently suggest that
phytase can be used from 1 to 35 d of age in available phosphorus-deficient broiler diets to
improve nutrient digestibility (Ca, P, energy, ash, and crude protein) and to stimulate phy-
tate degradation into lower esters. Improved nutrient digestibility and phytate degradation
are directly responsible for the improved growth performance and bone mineralization
observed in the tibia in the current study.
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Simple Summary: Cold stress is considered an environmental stress and is an important manage-
mental factor in regions where winter temperatures drop below 18 ◦C. Although a low temperature
lowered the productive performance of laying hens, there are still unanswered questions as to the
physiological changes that occur when they are exposed to low temperature, especially changes
in antioxidants and stress indicators, which prompted us to set up the current study. Laying hens
reared at low temperature (12 ± 4.5 ◦C) showed impaired laying performance compared with laying
hens reared at normal temperature (24 ± 3 ◦C). However, eggshell color was intensified in laying
hens exposed to low temperature. During the early stage of exposure to low-temperature stress,
malondialdehyde levels in the egg yolk increased in laying hens raised at low temperature vs. normal
temperature. However, yolk corticosterone, an indicator of stress responses, remained unchanged.
Low temperature had an impact on total cholesterol and triglyceride levels in serum increases in
laying hens reared at low temperature. In essence, low temperature in laying hens altered antioxidant
systems and lipid metabolism without inducing stress responses.

Abstract: The present study investigated the effect of low temperature on laying performance, egg
quality, body temperature, yolk malondialdehyde, yolk corticosterone, and serum biochemistry in
laying hens. A total of 40 laying hens (Hy-Line Brown) aged 36 weeks were housed in one of two
environmental chambers kept at 12 ± 4.5 ◦C (low temperature) or 24 ± 3 ◦C (normal temperature) for
4 weeks. Low vs. normal temperature significantly increased (p < 0.05) live body weight, feed intake,
and feed conversion ratio in laying hens. Skin surface temperature, but not rectal temperature, was
decreased in laying hens exposed to low vs. normal temperature. Hens exposed to low temperature
laid an intense eggshell color compared with those raised in a normal temperature. Malondialdehyde
concentrations in yolk were increased in low-temperature-exposed laying hens compared with
those at normal temperature conditions, but this effect was only noted on day 7, post the low-
temperature exposure (p = 0.04). Finally, low vs. normal temperature increased the concentrations
of total cholesterol and triglyceride in serum. Collectively, this study indicates that exposure to low
temperature in laying hens initially disrupted antioxidant system and altered lipid metabolism in
laying hens without inducing stress responses.

Keywords: cold stress; egg production; egg quality; lipid metabolism; body temperature; laying hens

1. Introduction

The future of poultry husbandry will be focused on improved animal welfare, with
less reliance on preventative medical interventions. In the poultry husbandry environment,
animals are likely to encounter various kinds of simultaneous environmental stressors.
In emphasizing the latter, authors have tried to understand the physiological and stress
responses of laying hens exposed to various stressors, including stocking density, transport,
or ambient temperature [1]. It is generally understood that the thermal neutral zone for the
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optimal metabolic and productive activity of poultry ranges from around 18 to 23.9 ◦C [2]
with a relative humidity between 50% and 70% during the laying period [3]. Heat stress is
well-explored and acknowledged when laying hens are raised beyond the thermal neutral
zone [1]. In contrast to heat stress, our understanding of the impact of low temperature
(i.e., cold stress) on laying hens is still limited.

It has been reported that the ambient environmental temperature below 16 ◦C results in
negative effects on poultry production performance, such as egg production, egg mass, and
egg quality [4–6]. Cold stress is considered an environmental stress and can be considered
an important managemental factor in regions where environmental temperatures during
the winter periods drop below 18 ◦C. Earlier studies reported that cold exposure could
influence the antioxidant and immune system functions of the host [7–9]. During low-
temperature exposure, the hypothalamus, which acts as the control center for temperature
regulation, triggers homeostatic mechanisms to maintain body temperature by generating
heat. Also, upon experiencing stress, the activation of the hypothalamic–pituitary–adrenal
(HPA) axis leads to the elevated secretion of corticosterone (CORT) from the adrenal glands.
This process is intended to stimulate gluconeogenesis within various tissues and lipolysis
in adipose tissue, thereby augmenting both glucose accessibility and the metabolic rate of
energy [10].

In general, low temperature, as a physical environmental stressor, is known to in-
crease feed intake to meet energy requirements [11]. Low ambient temperatures also result
in decreased insulin and increased corticosterone (CORT) concentrations in the serum of
laying hens [12,13]. It is well-known that insulin and CORT are influenced by temperature
and these hormones play an important role in controlling nutrient metabolism [14,15].
In addition, a low temperature can disrupt the balance in an antioxidant system, lead-
ing to oxidative damage of several tissues by altering the enzymatic and non-enzymatic
antioxidant status, lipid peroxidation, antioxidant vitamins, and reactive oxygen species
production [16]. It has been reported that malondialdehyde (MDA) was increased in
chickens exposed to low temperature, when compared to normal-temperature-reared coun-
terparts [17,18]. Nonetheless, studies of the effects of low temperature on the egg quality,
body temperature (rectal and surface), MDA in yolk, and CORT in yolk of laying hens that
engage on a weekly basis are scarce, which prompted us to set up the current experiment.
Thus, this present study aimed to address the biological and physiological responses of
laying hens exposed to low ambient temperature.

2. Materials and Methods
2.1. Birds, Diets, and Experimental Design

A total of forty 36-week-old Hy-Line Brown laying hens with the average body weight
of 1871 ± 123 g were used in this study. The birds were housed (one bird/cage) in one of
two experimental chambers, which had one tier of 20 cages, 1 m high from the floor. Each
cage, measuring 41 × 37 × 40 cm (length × depth × height), had nipples and a trough-type
feeder. Two adjacent cages sharing one feeder were considered a replicate (n = 2/replicate,
10 replicates/treatment). The sample size (n = 10 per treatment) was calculated based on a
Type I error of 5%, 80% statistical power, an effect size of 7.6%, and a coefficient of variation
of 6%. In addition, to reduce variation within replicates, 2 laying hens per replicate were
used. Each hen was provided with a 1517 cm2 floor space. All birds were initially adapted
to the chambers for 7 days at an ambient temperature of 24 ◦C with a relative humidity of
40 ± 4% and a lighting program of 16L/8D. After adaptation periods, hens were exposed
to one of two temperature regimes (see Section 2.2 for the temperature regimes) for 28 days.
Corn, soybean meal, and dried distillers grains with a solubles-based commercial layer diet
were provided (Table 1), with feed and water supplied ad libitum.
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Table 1. Ingredients and chemical composition of the basal diet (%, as-fed basis).

Ingredients g/100 g

Corn 55.122
Corn dried distillers grains with solubles 13.500
Soybean meal, 44% CP 5.000
Wheat, 12% CP 4.000
Corn gluten meal, 60% CP 1.861
Rapeseed meal 1.933
Sesame meal 1.800
Meat meal 3.000
Feather meal 1.000
Full-fat soybeans 0.900
L-lysine-HCl, 78% 0.242
DL-methionine, 98% 0.152
Monocalcium phosphate 0.458
L-Threonine 0.025
Choline, 50% 0.200
Salt 0.230
Limestone 10.387
Vitamin premix 1 0.120
Mineral premix 2 0.070
Total 100.00

Calculated values
AMEn, kcal/kg 2800
Crude protein 18.02
Crude fat 3.82
Ca 3.95
Total phosphorus 0.64
Methionine + Cysteine 0.80
Lysine 0.84
Threonine 0.63
Tryptophan 0.20

1 Vitamin premix provided following nutrients per kg of diet: vitamin A, 24,000 IU; vitamin D3, 5520 IU; vitamin E,
48 mg; vitamin K3, 7.80 mg; thiamine, 4.32 mg; riboflavin, 9.60 mg; vitamin B6, 6.96 mg; vitamin B12, 0.05 mg;
niacin, 72 mg; biotin, 0.30 mg; pantothenic acid, 22.04 mg; folate, 1.68 mg. 2 Mineral premix provided following
nutrients per kg of diet: Fe, 49 mg; Mn, 56 mg; Zn, 42 mg; I, 0.7 mg; Se, 0.14 mg; Cu, 5.25 mg; Co, 0.09 mg.

2.2. Temperature Treatments and Temperature Monitor

Two environmental chambers were continuously set at 12 ± 4.5 ◦C (i.e., low tempera-
ture) and 24 ± 3.5 ◦C (i.e., normal temperature) and the average relative humidity inside
the chambers was maintained at 40 ± 4%. Each chamber was equipped with a heater
(MCP-300; MAXCON Co., Bucheon, Republic of Korea), air-conditioner (AR07J5174HA,
SAMSUNG, Suwon, Republic of Korea), humidifier (MH-601A; mtechwin Co., Gimhae,
Republic of Korea), dehumidifier (NED-062P; NAWOOEL Co., Gimpo, Republic of Korea),
and the main controller panel. Temperature and humidity loggers (MHT-381SD; Lutron
Electronic Enterprise Co., Taipei, Taiwan) were also installed to monitor the temperature
and relative humidity at 10 min intervals throughout the experiment.

2.3. Measurements of Rectal Temperature and Skin Surface Temperature

On days 7, 14, 21, and 28 following temperature treatment, the rectal and skin surface
temperature of laying hens was measured. One hen per replicate was randomly selected
and measured by inserting a rectal thermometer to a depth of 3 cm into the rectum. Skin
surface temperature was measured at three different sites (i.e., head, chest, and leg) using a
thermal imaging camera (Cat® S60: equipped with an FLIR™ Lepton, FLIR Systems Inc.,
Wilsonville, OR, USA), as previously described [19]. The hens were handled by wearing
latex gloves, to avoid the influences of heat and moisture of the hands on the temperature
of the feathers.
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2.4. Egg Production and Egg Quality

Body weight and feed intake were measured weekly. Eggs were collected daily and
weighed per replicate to calculate hen-day egg production. Feed conversion ratio was
expressed as kg of feed consumed per kg of eggs produced. Eggs (3 eggs per replicate)
collected on the preceding 3 consecutive days, at 7, 14, 21, and 28 days following the
temperature treatment, were used to measure egg quality with a digital egg tester (DET-
6000, Navel, Kyoto, Japan). Yolk color intensity was evaluated on a scale between 1 and 16,
with 1 being a very pale yellow and 16 being a dark orange. Eggshell color was measured
using an egg multi-tester made by TSS (QCR, Technical Services and Supplies Ltd., Yolk,
UK). Eggshell color intensity was evaluated on a scale between 0 and 100, with 0 being a
darkness and 100 being a lightness.

2.5. Malondialdehyde in Yolk Samples

Eggs were collected to measure yolk MDA concentrations at days 7, 14, 21, and 28. The
eggs were cracked open, and the yolks were separated from the albumin by gently rolling
the yolk on filter paper. Three yolks were pooled and homogenized. The yolk MDA was
measured using the OxiSelect TBARS Assay kit (Cell Biolabs Inc., San Diego, CA, USA).

2.6. Corticosterone in Yolk Samples

Yolk CORT concentrations were measured at 7, 14, 21, and 28 days, and 4 g of pooled
yolk were vortexed with an equal volume of PBS. Then, 1 mL of the yolk suspension was
mixed with an equal volume of ethanol, incubated at 37 ◦C for 1 h, and subsequently
centrifuged. The 50 µL of supernatants were mixed with 50 µL of ethanol and 50 µL of PBS
solution, and these mixtures were analyzed with a CORT ELISA kit (Enzo life science Inc.,
ADI-901-097, Farmingdale, NY, USA), as previously described [20,21].

2.7. Serum Parameters

At 28 days, one bird per replicate was selected to collect blood from a wing vein.
Serum was separated by centrifugation at 200 g for 15 min and stored at −20 ◦C until the
analysis. Serum samples were analyzed by using an automatic blood chemical analyzer
(Film DRI CHEM 7000i, Fuji film, Tokyo, Japan) to measure for total cholesterol, triglyceride,
high-density lipoprotein cholesterol, glutamic oxaloacetic transaminase, glutamic pyruvic
transaminase, and uric acid.

2.8. Statistical Analysis

Two adjacent cages were considered an experimental unit. All data were analyzed
using Student’s t-test procedure of SAS (SAS Institute Inc., Cary, NC, USA). Results were
presented as least square means and standard deviation. Differences were considered
significant at p < 0.05.

3. Results

Ambient temperature ranged from 21 to 27 ◦C (normal temperature) and from 7.5 to
16.5 ◦C (low temperature) in the normal- and low-temperature chambers (Figure 1).

Low temperature increased (p < 0.05) the final body weight, feed intake, and FCR of
laying hens compared with those raised at a normal temperature (Table 2).

153



Animals 2023, 13, 3824

Animals 2023, 13, x FOR PEER REVIEW 5 of 12 
 

3. Results 
Ambient temperature ranged from 21 to 27 °C (normal temperature) and from 7.5 to 

16.5 °C (low temperature) in the normal- and low-temperature chambers (Figure 1).  

 
Figure 1. Ambient temperatures in chambers were recorded at an interval of 10 min with a ther-
mometer. 

Low temperature increased (p < 0.05) the final body weight, feed intake, and FCR of 
laying hens compared with those raised at a normal temperature (Table 2).  

Table 2. The effect of cold stress on production performance 1. 

Item 
Temperature 

p-Value Low 3 Normal 
Mean SD 4 Mean SD 

0 to 28 days      
Initial body weight, kg 1.867 0.128 1.923 0.107 0.302 
Final body weight, kg 2.073 0.063 1.993 0.073 0.018 

Feed intake, g 133.7 5.273 112.7 8.655 <0.001 
FCR 2, kg/kg 2.691 0.451 2.020 0.132 <0.001 

Egg weight, g 64.04 1.861 65.28 2.702 0.248 
Egg production, % 89.82 8.164 92.68 4.795 0.353 

Egg mass 55.52 5.236 57.73 3.023 0.263 
1 n = 10 replicates per treatment. 2 FCR = feed conversion ratio (kg of feed consumed per kg of eggs 
produced). 3 Low = low temperature (12 ± 4.5 °C); Normal = normal temperature (24 ± 3 °C). 4 SD= 
standard deviation. 

However, egg weight, egg production and egg mass were not affected (p > 0.05) by 
temperature regimes. Rectal temperature during the experimental period was maintained 
from 41.27 to 41.58 °C and was not different between temperature treatment groups (Table 
3).  
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Table 2. The effect of cold stress on production performance 1.

Item

Temperature

p-ValueLow 3 Normal

Mean SD 4 Mean SD

0 to 28 days
Initial body weight, kg 1.867 0.128 1.923 0.107 0.302
Final body weight, kg 2.073 0.063 1.993 0.073 0.018

Feed intake, g 133.7 5.273 112.7 8.655 <0.001
FCR 2, kg/kg 2.691 0.451 2.020 0.132 <0.001
Egg weight, g 64.04 1.861 65.28 2.702 0.248

Egg production, % 89.82 8.164 92.68 4.795 0.353
Egg mass 55.52 5.236 57.73 3.023 0.263

1 n = 10 replicates per treatment. 2 FCR = feed conversion ratio (kg of feed consumed per kg of eggs produced).
3 Low = low temperature (12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C). 4 SD= standard deviation.

However, egg weight, egg production and egg mass were not affected (p > 0.05) by tem-
perature regimes. Rectal temperature during the experimental period was maintained from
41.27 to 41.58 ◦C and was not different between temperature treatment groups (Table 3).

Table 3. The effect of cold stress on rectal temperature (◦C) 1.

Item

Temperature

p-ValueLow 2 Normal

Mean SD 3 Mean SD

Day 7 41.58 0.175 41.52 0.248 0.507
Day 14 41.44 0.193 41.41 0.242 0.802
Day 21 41.41 0.280 41.27 0.342 0.330
Day 28 41.28 0.190 41.40 0.148 0.133

1 n = 10 replicates per treatment. 2 Low = low temperature (12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C).
3 SD = standard deviation.

Table 4 presents the skin surface temperature at 7, 14, 21, and 28 days. The laying hens
exposed to low temperature at all ages had lower skin (i.e., head, breast, and leg regions)
surface temperature compared with those raised at normal temperature (p < 0.05). Skin
surface temperature between low- vs. normal-temperature treatments was 5.7 to 12.2 ◦C
lower in the breast surface area, followed by the legs and the head areas.
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Table 4. The effect of cold stress on skin surface temperature (◦C) 1.

Item

Temperature

p-ValueLow 2 Normal

Mean SD 3 Mean SD

Day 7
Head 36.31 0.693 38.49 0.994 <0.0001
Breast 21.04 0.918 29.10 0.460 <0.0001

Leg 34.89 1.343 39.10 0.330 <0.0001
Day 14
Head 37.93 0.380 39.75 0.483 <0.0001
Breast 25.39 1.514 31.09 0.437 <0.0001

Leg 38.27 0.853 40.49 0.461 <0.0001
Day 21
Head 36.26 0.421 39.97 0.447 <0.0001
Breast 21.20 0.511 32.19 0.746 <0.0001

Leg 35.47 1.309 40.72 0.472 <0.0001
Day 28
Head 36.92 0.684 40.27 0.330 <0.0001
Breast 20.13 0.528 32.29 0.330 <0.0001

Leg 36.16 0.986 41.11 0.372 <0.0001
1 n = 10 replicates per treatment. 2 Low = low temperature (12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C).
3 SD = standard deviation.

Low temperature significantly increased (p < 0.05) eggshell color at days 7 and 28,
compared with normal-temperature-raised laying hens (Table 5). However, yolk color, the
Haugh unit, shell strength, and shell thickness were not affected by temperature treatments
on all days (p > 0.05).

Table 5. The effect of cold stress on egg quality 1.

Item

Temperature

p-ValueLow 4 Normal

Mean SD 5 Mean SD

Yolk color 2

Day 7 8.490 0.239 8.457 0.344 0.521
Day 14 8.486 0.243 8.652 0.528 0.182
Day 21 8.364 0.190 8.479 0.311 0.582
Day 28 8.326 0.325 8.236 0.310 0.252

Haugh unit
Day 7 90.98 1.924 91.32 2.789 0.807

Day 14 93.43 2.265 94.38 2.999 0.379
Day 21 95.81 1.479 93.83 5.683 0.333
Day 28 92.70 2.616 93.93 2.590 0.535

Shell strength, kgf
Day 7 5.126 0.323 5.319 0.802 0.748

Day 14 5.247 0.493 5.248 0.855 0.436
Day 21 5.500 0.404 4.984 0.666 0.333
Day 28 5.285 0.459 5.285 0.453 0.306

Shell thickness, mm
Day 7 0.399 0.024 0.434 0.029 0.490

Day 14 0.410 0.023 0.398 0.026 0.998
Day 21 0.437 0.020 0.424 0.021 0.051
Day 28 0.403 0.024 0.436 0.024 0.997

155



Animals 2023, 13, 3824

Table 5. Cont.

Item

Temperature

p-ValueLow 4 Normal

Mean SD 5 Mean SD

Eggshell color 3

Day 7 26.97 2.156 25.83 3.395 0.010
Day 14 27.26 3.041 25.77 3.176 0.295
Day 21 27.83 3.567 25.13 2.161 0.170
Day 28 27.76 2.806 24.71 2.282 0.007

1 n = 10 replicates per treatment. 2 Yolk color was determined using a digital egg tester (DET-6000, Navel, Kyoto,
Japan); scale between 1 to 16, with 1 being a very pale yellow and 16 being a dark orange. 3 Eggshell color
was measured by an Egg multi tester made by TSS (Technical Services and Sup-plies Ltd., Yolk, UK); scale
between 0 to 100, with 0 being a darkness and 100 being a lightness. 4 Low = low temperature (12 ± 4.5 ◦C);
Normal = normal temperature (24 ± 3 ◦C). 5 SD = standard deviation.

Yolk MDA concentrations were higher in laying hens exposed to low temperature,
compared with those in normal temperature at 7 days (Table 6). However, low-temperature-
induced decreases in yolk MDA concentrations were not noted (p > 0.05) at 14, 21, and
28 days.

Table 6. The effect of cold stress on malondialdehyde in egg yolk (µM) 1.

Item

Temperature

p-ValueLow 2 Normal

Mean SD 3 Mean SD

Day 7 47.47 7.612 41.04 4.098 0.040
Day 14 25.41 3.391 24.17 3.440 0.472
Day 21 51.37 6.537 50.78 4.711 0.818
Day 28 61.85 5.820 65.97 6.866 0.272

1 n = 10 replicates per treatment. 2 Low = low temperature (12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C).
3 SD = standard deviation.

The CORT concentrations were not different in laying hens exposed to low and normal
temperature (Table 7). Low vs. normal temperature increased (p < 0.05) the concentrations
of total cholesterol and triglycerides, but did not affect the concentrations of high-density
lipoprotein cholesterol, glutamic oxaloacetic transaminase, glutamic pyruvic transaminase,
and uric acid in serum samples (Table 8; p > 0.05).

Table 7. The effect of cold stress on corticosterone in egg yolk (ng/g) 1.

Item

Temperature

p-ValueLow 2 Normal

Mean SD 3 Mean SD

Day 7 257.7 126.29 236.0 87.19 0.740
Day 14 229.0 87.90 198.1 85.83 0.476
Day 21 108.9 56.32 96.6 49.97 0.622
Day 28 125.5 59.12 103.6 55.90 0.445

1 n = 10 replicates per treatment. 2 Low = low temperature (12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C).
3 SD = standard deviation.

156



Animals 2023, 13, 3824

Table 8. The effect of cold stress on serum biological parameters in serum 1.

Item 2

Temperature

p-ValueLow 3 Normal

Mean SD 4 Mean SD

TCHO, mg/dL 128.3 18.39 103.5 15.44 0.011
Triglyceride, mg/dL 2487 787.1 1832 567.4 0.047
HDL-CHO, mg/dL 13.20 3.225 14.00 3.300 0.590

GOT, IU/L 116.6 15.53 114.0 11.82 0.679
GPT, IU/L 28.30 1.337 28.50 2.321 0.816

Uric acid, mg/dL 5.130 0.811 4.870 1.200 0.577
1 n = 10 replicates per treatment. 2 TCHO = total cholesterol; HDL-CHO = high density lipoprotein cholesterol;
GOT = glutamic oxalacetic transaminase; GPT = glutamic pyruvic transaminase. 3 Low = low temperature
(12 ± 4.5 ◦C); Normal = normal temperature (24 ± 3 ◦C). 4 SD = standard deviation.

4. Discussion

The present study showed that low vs. normal ambient temperature increased final
body weight, feed intake, and FCR in laying hens. This finding is well-established because
chickens, as a homeothermic animal, are unable to warm themselves and so overfeed to
compensate for heat loss to the environment when they are exposed to low temperature
(e.g., 18 ◦C) [22]. As ambient temperature shifted from 30 to 18 ◦C, the abdominal fat
weight, abdominal fat rate, and subcutaneous fat thickness linearly increased, favoring
body fat deposition [23]. For these reasons, the present study indicates that heavier body
weight is due to increases in feed intake and concomitant body fat deposition, leading to a
higher FCR in laying hens exposed to low vs. normal temperature. It is well-documented
that low temperatures stimulate feed intakes in laying hens [6,24], broiler chickens [17,25],
quails [4,26] and turkeys [27].

In the present study, rectal temperature at all ages was not altered in birds exposed
to a low temperature or those at normal temperature, which agrees with previous studies
with turkeys [28] and laying hens [3]. These results suggest that body heat exchange
(e.g., production and loss) does not change above or below the normal rectal temperature
range when the homeostasis of warm-blooded animals is maintained [29]. On the other
hand, skin surface temperature, an important evaluable parameter, quickly shifts in re-
sponse to environmental changes and serves as an indicator of alterations in peripheral
blood flow and heat exchange [30]. Skin surface (e.g., head, chest, and leg) temperatures
were significantly decreased in laying hens raised at low temperature, compared with those
at normal temperature, during the whole experiment period. In line with our finding, lower
skin surface temperatures in broiler chickens [31] and laying hens [29] have been observed
when they were exposed to low vs. normal ambient temperature. It is understood as a way
of preventing the loss of heat by cold-induced peripheral vasoconstriction, which reduces
blood circulation to the body surface [31]. Additionally, the temperatures of the head and
legs were kept higher than that of the chest. It is speculated that this is because the head
and legs are featherless body surfaces, compared with the breast body surface, which is
covered by feathers [30].

We found that yolk color and eggshell strength were not altered in laying hens raised
at a low temperature compared with normal-temperature-raised laying hens, although the
former ate more. In contrast to our belief [24,32], our finding indicates that hens exposed
to low temperatures might not use excess feed-origin carotenoids and essential nutrients
(e.g., amino acids, Ca, Mg) to intensify yolk and to increase eggshell strength. It is of
interest that low-temperature-raised hens laid more intensified eggshell colors than hens
raised in normal ambient temperature. It is known that the endogenously synthesized
protoporphyrin IX is the major pigment in brown eggshell, and that stress factors, including
stocking density, fear, or molting, often deteriorate eggshell color pigmentation in brown
laying hens [33]. As the pigment is known to be synthesized in the shell gland of the
oviduct, it seems that low temperature per se may stimulate the synthetic process of
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pigment or effectively deposit it on the shell layers. Further studies are warranted to
reveal the underlying mechanisms that will show how low temperature affects shell color
deposition in laying hens.

It is reported that cold stress causes tissue damage [22] via increased metabolic rate,
which demands tissue requirement for oxygen in birds [34]. We found that yolk MDA levels
were elevated in low- vs. normal-temperature treatments, but this effect was only noted
at 7 days post temperature exposure. Rahmani et al. [17] reported that broiler chickens
exposed to 15 ◦C vs. 22 ◦C had increased plasma MDA concentrations. In addition, MDA
levels in plasma and liver samples were significantly higher in broiler chickens in the low
temperature group (from 10 to 15 ◦C) at 21 and 42 days [18].

In contrast to yolk MDA alterations caused by low temperature, no differences in yolk
CORT were noted between low-temperature and normal-condition groups. Exposure of
chickens to stress increases the secretion of CORT, a major stress hormone in chickens,
via the activation of the hypothalamic pituitary adrenal axis [35]. In earlier studies, the
levels of CORT in the albumen and yolk of chicken eggs were used as a non-invasive
method to measure stress [20,36,37]. The substances or hormone concentrations in the
blood during the egg’s formation phase are deposited in the yolk composition. Hence, if
there is an increase in plasma CORT, it would consequently be transferred into the eggs [36].
Also, catching animals for blood sampling can be stressful and it also causes an increase
in CORT [38]–therefore, egg yolks were used for an analysis of CORT concentrations in
this study. Conflicted results have been reported regarding plasma CORT in response to
low ambient temperature. With various treatments (durations of cold exposure, tempera-
ture, and age), increased plasma levels of CORT were reported in young broiler chickens
(19 ± 1 ◦C, 6 h/day, from the first to the seventh day of life) [39], male turkeys [40], chicks
(1.2 ◦C for 3 h) [41], and laying hens (0 ◦C for 72 h) [42]. On the other hand, Hangalapura
et al. [43] reported that low temperature (10.4 ± 0.5 ◦C) decreased plasma CORT in laying
hens and Hu and Cheng [44] reported no effect of low temperature on the CORT level in
laying hens. It is not clear at this stage why low temperature failed to affect yolk CORT
levels in this study, although the information on the effect of low temperature in yolk CORT
is scarce. The unaltered CORT could be due to the negative feedback of CORT on the
hypothalamus axis with chronic low-temperature exposure, resulting in an inhibition of
adrenocorticotropin secretion [45]. Similarly, previous studies have reported that consis-
tently increased CORT is not commonly seen during chronic stress, possibly due to the
negative feedback of CORT on the hypothalamus axis [43,44,46].

The finding that low temperature increased the concentrations of total cholesterol and
triglyceride is in agreement with the results of [17,47]. This finding indicates that a low-
temperature-induced increase in feed intake, coupled with cold stress response in chickens,
could stimulate hepatic lipogenic and hypercholesterolemic metabolic pathways [48,49].
On the other hand, glutamic oxaloacetic transaminase and glutamic pyruvic transaminase
were not altered by low temperatures, indicating the maintenance of the hepatic function.

5. Conclusions

In conclusion, low vs. normal ambient temperature stimulated feed intake and in-
creased body weight and FCR. Eggshell color was intensified in laying hens exposed to low
temperature. Low temperature elevated skin surface temperature without affecting rectal
temperature. Finally, low temperature did not influence stress responses, as manifested by
constant yolk CORT concentrations, but altered MDA, total cholesterol, and triglyceride
levels. Taken together, our study indicates that the exposure of laying hens to low tem-
perature disrupted the antioxidant system, especially at an early stage of exposure, and
altered lipid metabolism (i.e., total cholesterol and triglyceride) without inducing stress
responses. The low-temperature-mediated increase in eggshell color seen in this study
warrants further study.

Author Contributions: Conceptualization, D.-H.K. and K.-W.L.; methodology, D.-H.K.; formal
analysis, J.P., B.-Y.K. and J.-Y.S.; investigation, D.-H.K., J.P., B.-Y.K. and J.-Y.S.; resources, K.-W.L.;

158



Animals 2023, 13, 3824

writing—original draft preparation, D.-H.K.; writing—review and editing, D.-H.K. and K.-W.L.;
project administration, K.-W.L.; funding acquisition, K.-W.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Konkuk University (KU22031).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated or analyzed during the current study are not
publicly available but are available from the corresponding author at reasonable request.

Acknowledgments: This paper was supported by Konkuk University in 2023.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tilbrook, A.J.; Fisher, A.D. Stress, health and the welfare of laying hens. Anim. Prod. Sci. 2020, 61, 931–943. [CrossRef]
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Simple Summary: Necrotic enteritis is an enterotoxemic disease caused by Clostridium perfringens,
leading to diarrhea or necrotizing lesions in the intestines of animals, with severe cases leading to
death. The butyrate attenuated the inflammatory response and improved intestinal health in piglets
challenged with pathogenic bacteria, but it was absorbed by the anterior segment of the gastrointesti-
nal tract. Microencapsulation is a simple and effective method to prevent butyrate from absorption.
Thus, we evaluate the effectiveness to two butyrate alleviates clostridium perfringens infections. Our
results indicate that dietary supplementation with sodium butyrate or microencapsulated sodium
butyrate improves the immune status and morphology of intestinal villi, increases the production of
VFAs, and modulates cecal microbiota in chickens challenged with Clostridium perfringens. Moreover,
microencapsulated sodium butyrate contains less butyrate than sodium butyrate. These findings
indicate that microencapsulated sodium butyrate was more effective than sodium butyrate with the
same butyrate supplemental amount.

Abstract: Microencapsulated sodium butyrate (MS-SB) is an effective sodium butyrate additive
which can reduce the release of sodium butyrate (SB) in the fore gastrointestinal tract. In this study,
we assess the protective effects and mechanisms of MS-SB in Clostridium perfringens (C. perfringens)-
challenged broilers. Broiler chickens were pre-treated with SB or MS-SB for 56 days and then
challenged with C. perfringens three times. Our results indicate that the addition of MS-SB or SB
before C. perfringens infection significantly decreased the thymus index (p < 0.05). Serum IgA, IgY, and
IgM concentrations were significantly increased (p < 0.05), while pro-inflammatory IL-1β, IL-6, and
TNF-α were significantly decreased (p < 0.05) under MS-SB or SB supplementation. Compared with
SB, MS-SB presented a stronger performance, with higher IgA content, as well as a lower IL-1β level
when normal or C. perfringens-challenged. While C. perfringens challenge significantly decreased
the villus height (p < 0.05), MS-SB or SB administration significantly increased the villus height
and villus height/crypt depth (V/C ratio) (p < 0.05). Varying degrees of SB or MS-SB increased the
concentrations of volatile fatty acids (VFAs) during C. perfringens challenge, where MS-SB presented
a stronger performance, as evidenced by the higher content of isovaleric acid and valeric acid.
Microbial analysis demonstrated that both SB or MS-SB addition and C. perfringens infection increase
variation in the microbiota community. The results also indicate that the proportions of Bacteroides,
Faecalibacterium, Clostridia, Ruminococcaceae, Alistipes, and Clostridia were significantly higher in the
MS-SB addition group while, at same time, C. perfringens infection increased the abundance of
Bacteroides and Alistipes. In summary, dietary supplementation with SB or MS-SB improves the
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immune status and morphology of intestinal villi, increases the production of VFAs, and modulates
cecal microbiota in chickens challenged with C. perfringens. Moreover, MS-SB was more effective than
SB with the same supplemental amount.

Keywords: microencapsulated sodium butyrate; broiler chicken; immunity; cecum microflora;
Clostridium perfringens

1. Introduction

Antibiotic growth promoters have been used to improve animal growth and to control
or prevent animal disease during rearing; however, many countries have forbidden the
dietary use of antimicrobial agents to avoid the emergence of antibiotic-resistant bacteria [1].
Thus, animal nutritionists have been attempting to discover antibiotic alternatives that
are low-cost, widely used, and which have an obvious effect. Butyric acid has a positive
effect on the normal intestinal mucosa, which can be attributed to a major energy source for
intestinal epithelial cells [2,3]. In the intestine, an appropriate concentration of butyric acid
is beneficial in protecting against the invasion of micro-organisms, which may be attributed
to the effects of VFAs in terms of maintaining the pH of the intestinal lumen [4]. In a
previous study, butyrate significantly ameliorated the mice intestine and intestinal epithelial
cell inflammatory response and intestinal epithelium barrier dysfunction caused by 2,4,6-
trinitrobenzene sulphonic acid (TNBS) [5]. Butyrate also has an immunomodulatory effect;
for example, butyrate attenuated steatohepatitis through restoring the dysbiosis of gut
microbiota. As such, butyrate has been considered as a potential gut microbiota modulator
and therapeutic substance for non-alcoholic fatty liver disease (NAFLD) [6].

In the context of animal rearing, the harsh environment, stress, harmful bacteria, and
other factors may result in intestinal health damage, expressed as intestinal inflammatory
responses, intestinal barrier injury, and intestinal flora imbalances. Necrotic enteritis is an
enterotoxemic disease caused by C. perfringens, leading to diarrhea or necrotizing lesions in
the intestines of livestock and humans and, in severe cases, leading to death, with mortality
rates of up to 100% in affected piglets [7]. As one of the most economically important
diseases affecting poultry worldwide, necrotic enteritis causes $6 billion in annual losses
globally [8]. In animals, associated lesions caused by C. perfringens have been found in
the whole intestine, and were significantly more severe in the jejunum compared to the
duodenum and ileum [9]. In healthy chickens, it is hard to find C. perfringens spores in the
gastrointestinal tract, but the total number of vegetative C. perfringens cells increased when
necrotic enteritis occurred, presenting a positive correlation between presence in the duode-
num, jejunum, and ileum and disease severity [9,10]. In a retrospective study, C. perfringens
was also found to cause liver morphological lesions, necrotizing hepatitis, congested lungs,
and neurological diseases, manifesting as tremors, stargazing, and incoordination [11].

In a previous study, dietary supplementation with butyrate attenuated the inflamma-
tory response and improved intestinal health in piglets challenged with enterotoxigenic
Escherichia coli (ETEC) through inhibiting the activation of NF-κB/MAPK and modulating
the hindgut microbiota [12]. Another study used an adherent-invasive Escherichia coli
(AIEC) challenge model and showed that butyrate augmented AIEC invasiveness, while
concurrently bolstering the intestinal epithelial barrier and reducing intestinal inflamma-
tion [13]. However, to the best of our knowledge, there have been few studies on the effect
of butyrate in mitigating C. perfringens infection in broilers. In addition, butyrate given
orally is quickly absorbed and used as energy by mucosal cells, absorbed and metabo-
lized by the bird ingluvies and throughout the whole gastrointestinal tract, limiting the
amount of butyrate that reaches the hindgut and restricting its practical use in the animal
production context [14]. In order to prevent butyrate from absorption and metabolization
in the anterior segment of the gastrointestinal tract, encapsulation is a simple and effective
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method. Previous studies have shown that microencapsulation reduces the release of
contents into gastrointestinal fluid [15].

Here, we propose the hypothesis that microencapsulated sodium butyrate has a better
protective effect than sodium butyrate in broilers challenged with C. perfringens. Conse-
quently, we systematically assess the protective and underlying mechanisms of sodium
butyrate (SB) and microencapsulated sodium butyrate (MS-SB) against C. perfringens in-
fection in broilers. This study possesses considerable theoretical significance in relation to
protection against the occurrence of necrotic enteritis and providing a strategy for effectively
utilizing gastrointestinal-sensitive biological agents.

2. Materials and Methods
2.1. Animals and Diets

A total of 360 1-day-old male yellow feather broiler chickens were obtained from a
commercial hatchery. The chickens were completely randomly allocated into 6 groups, with
6 replicates, and each replicate containing 10 chickens. The study adopted a completely ran-
domized design with a 3 × 2 factorial pattern (3 kinds of diet and C. perfringens-challenged
or not). The chickens were reared in a temperature-controlled room and maintained on
a 24 h constant light schedule, and allowed ad libitum access to feed and water. The
experiment last 57 days. The basal diet was formulated based on the NRC (1994) [16] and
nutrient requirements for yellow chickens [17]; see Table 1. During the experimental period,
chickens were fed a basal diet (basic), a basal diet with 1000 mg/kg sodium butyrate (SB),
or 1000 mg/kg microencapsulated sodium butyrate (MS-SB), respectively. At 53 days old,
the challenged group of chickens were challenged with 1 mL C. perfringens suspension
(109 CFU/mL) via intragastric administration every other day, and the non-challenged
group of chickens were given 1 mL media in the same way. The C. perfringens used in
this study were kept in our laboratory. The SB contained 98% sodium butyrate, and was
purchase from Wuhan Jiyesheng Chemical Co., Ltd. (Wuhan, China). The MS-SB was
coated with a polymer enteral material and contained 40% sodium butyrate, and was
provided by Zhejiang Vegamax Biotechnology Co., Ltd. (Huzhou, China).

Table 1. Ingredients and nutrient composition of base diets, as feed basis.

Ingredients (%) Starter
(Days 1–28)

Grower
(Days 29–56) Nutritional Level Starter

(Days 1–28)
Grower

(Days 29–56)

Corn 54.4 53 Me (kcal/kg) 2983 3090
Soybean meal 23.6 16 CP (%) 20.4 17.2

Expanded soybean 5 3 Lysine (%) 1.18 0.96
Rice DDGS 5 8 Methionine (%) 0.55 0.44
Rice bran / 8 Met + Cys (%) 0.90 0.74
Corn bran / 2 Tryptophan (%) 0.22 0.20

Soybean oil 2.2 4.5 Threonine (%) 0.88 0.78
Limestone 1.5 1.9 Calcium (%) 0.86 0.73

Fermented soybean meal 2.5 / Total P (%) 0.70 0.71
Corn gluten meal 2.0 / Available P (%) 0.43 0.44
CaHPO4 (2H2O) 2.0 1.8

NaCl 0.3 0.3
Premix a 1.5 1.5

Total 100.00 100.00
a The following substances were supplied per kilogram of diet: vitamin A, 10,000 IU; vitamin D3, 2500 IU; vitamin
E, 20 mg; vitamin B1, 1.5 mg; vitamin B2, 3.5 mg; pantothenic acid, 10 mg; vitamin B12, 0.01 mg; folic acid, 1 mg;
niacin 30 mg; Choline chloride, 1000 mg; Cu (CuSO4·5H2O), 8 mg; Fe (FeSO4·7H2O), 80 mg; Zn (MnSO4·7H2O),
60 mg; Se (NaSeO3), 0.15 mg; I (KI), 0.2 mg.

2.2. Sample Collection

At 58 days old, blood was collected from the jugular vein after the chickens were
starved overnight and weighted. It was centrifuged at 3500× g for 15 min at 4 ◦C, then
stored at −20 ◦C for future analyses. The chickens were slaughtered by cervical dislocation.
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The middle segments of jejunum were collected and fixed with 4% paraformaldehyde. The
cecal contents were aseptically collected and assessed for volatile fatty acids (VFAs) and
microflora composition.

2.3. Organ Index

The liver, spleen, thymus, and bursa of Fabricius of each sampling broiler were
removed, the blood stains were wiped off the surface, then they were weighed. The relative
organ weights were calculated as per the following equation:

Organ weight indexes = Organ weight (g)/Body weight (g) × 100

2.4. Serum Immune Indicators

The concentrations of serum immunoglobulin A (IgA) (CAS:ANG-E32004C;
10–600 ng/mL), immunoglobulin M (IgM) (CAS:ANG-E32005C; 0.1405–11.25 µg/mL),
immunoglobulin Y (IgY) (CAS:ANG-E32209C; 0.062.5–3.75 ng/mL), interleukin-1β (IL-1β)
(CAS:ANG-E32031C; 1.875–112.5 ng/L), interleukin-6 (IL-6) (CAS:ANG-E32013C; 1–60 ng/L),
and tumor necrosis factor-α (TNF-α) (CAS:ANG-E32030C; 1.25–75 ng/L) were measured
using an enzymatic chromatometric method using the ELISA Kits that were purchased
from Angle Gene Biotechnology Co., Ltd. (Nanjing, Jiangsu, China), according to the
manufacturer’s instructions.

2.5. Jejunum Morphology Analysis

The fixed and pruned jejunum was dehydrated with gradient ethanol, followed by
cleaning with xylene, waxing, embedding, slicing, and staining with hematoxylin–eosin
(HE). Finally, we took pictures using a microscope (Nikon, Tokyo, Japan). Ten intact villi for
each sample were randomly selected to measure the villus height (V) and crypt depth (C)
using the Image Pro Plus 6.0 software (Rockville, MD, USA), and the ratio of villus height
to crypt depth (V/C) was calculated.

2.6. Volatile Fatty Acid (VFA) Analysis

The VFAs in cecum content were determined via gas chromatography according to
the method of Yu et al. (2023) [18]. In brief, a sample containing about 0.5 g of cecum
content was mixed with pre-cooled water at a mass volume ratio of 1:3 and centrifuged
at 12,000× g for 10 min at 4 ◦C. The supernatant was mixed with 25% metaphosphoric
acid in a 5:1 ratio and rested for 30 min, followed by centrifugation at 10,000× g for 10 min
at 4 ◦C. Then, the supernatant was transferred into a sample bottle for testing using an
Agilent Technologies 7890B GC System (column parameter: 30 m × 0.25 mm × 0.25 µm;
Agilent Technologies, Santa Clara, CA, USA). Pure acetic acid, propionic acid, isobutyric
acid, butyric acid, isovaleric acid, and valeric acid solutions were used as standards to
calculate relevant concentrations in the sample.

2.7. Cecum Microflora

Total bacterial DNA of cecum microbiota was extracted using a DNA extraction
kit, and the DNA concentration was determined using agarose gel electrophoresis. The
V3–V4 regions of 16S rRNA were amplified with universal primers 515F/806R using the
Applied Biosystems GENEAMP 9700 (Thermo Fischer Scientific, Waltham, MA, USA).
The amplification products were recovered after purification using an AXYGEN DNA
Gel Extraction Kit (Union City, CA, USA). The amplification products were sequenced on
an Illumina miseq (PE300) platform provided by Majorbio Co., Ltd. (Shanghai, China),
after quantitative analysis conducted using a quantifluortm blue fluorescence quantitative
system (Promega, WI, USA). In order to obtain the Amplicon Sequence Variant (ASV)
variants and feature lists, the DADA2 variants in QIIME2 were used to optimize the
data obtained through sequencing. The alpha diversity component, Shannon, Chao, and
Simpson indices were adopted to indicate the diversity of microbiota. Principal component
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analysis (PCA) and principal co-ordinates analysis (PCoA) were conducted to analyze the
species indices, including the β-diversity component between different groups. Finally,
linear discriminant analysis coupled with effect size (LEfSe) was used to identify microbial
differences among all treatment groups.

2.8. Statistical Analysis

The data were tested for normality and homogeneity of variance through the Levene
test. Then, two-factor analysis of variance and Tukey’s HSD were carried out using the
JMP Pro software 13.0 (SAS, Carrey, MS, USA). The model equation included the main
effects (sodium butyrate addition and C. perfringens challenge) and their interactions. The
differences among treatments were tested using Tukey’s test when the main effects or
interactions were significant. The statistical significance was set to p < 0.05. All values are
shown as mean ± SEM. The resulting data were plotted using the GraphPad Prism 8.0
software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Microencapsulated Sodium Butyrate Alleviated C. perfringens Infection

At 53–57 days old, the broilers were challenged with C. perfringens three times through
gavage administration every other day. As shown in Table 2, the C. perfringens challenge
significantly decreased the thymus index and significantly increased the spleen index
(p < 0.05). The addition of SB significantly decreased the thymus index (p < 0.05), and
MS-SB had the same effect as sodium butyrate. It is worth noting that the addition of SB
and MS-SB decreased the thymus index under C. perfringens infection.

Table 2. Effect of microencapsulated sodium butyrate on the organ index of broiler chickens chal-
lenged with clostridium perfringens.

Diet Challenge Liver Index Spleen Index Bursa of Fabricius Index Thymus Index

Control
CON

16.99 1.37 1.14 2.34 a

SB 18.04 1.49 1.23 1.84 ab

MS-SB 17.67 1.77 0.76 2.43 a

Control
CP

17.77 1.84 0.53 1.46 bc

SB 19.74 1.89 0.75 0.98 c

MS-SB 17.25 1.62 0.92 0.97 c

SEM 0.65 0.11 0.19 0.14
Main effect

Diet Control 17.38 1.60 0.83 1.90 a

SB 18.86 1.70 0.99 1.41 b

MS-SB 17.46 1.69 0.84 1.63 b

Challenge CON 17.56 1.54 b 0.73 2.24 a

CP 18.25 1.78 a 1.04 1.37 b

p-value
Diet 0.057 0.743 0.694 0.005

Challenge 0.221 0.034 0.063 <0.001
Diet × Challenge 0.304 0.051 0.128 0.023

Note. Number with different letters in the same column are statistically significant.

3.2. Microencapsulated Sodium Butyrate Alleviated Reduced Systemic Inflammation Caused by
C. perfringens

The levels of inflammatory factors and immunoglobulin in sera are shown in Figure 1.
The C. perfringens challenge had no influence on inflammatory factor and immunoglobulin
content in sera. However, SB addition significantly increased the immunoglobulin content
in sera, including IgA, IgM, and IgY (p < 0.05). In addition, SB significantly decreased
the content of IL-1β, IL-6, and TNF-α (p < 0.05). Compared with SB, MS-SB presented a
stronger performance, with higher IgA content, as well as a lower IL-1β level when normal
or C. perfringens-challenged.
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3.3. Microencapsulated Sodium Butyrate Repaired Intestinal Morphology Damaged by
C. perfringens

We also measured the parameters of jejunum villi through HE stains, and the results
are shown in Figure 2. The results revealed that SB administration significantly increased
the villus height and V/C ratio (p < 0.05), especially the MS-SB addition. However, C.
perfringens challenge significantly decreased the villus height (p < 0.05) without affecting
the V/C ratio.
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3.4. Microencapsulated Sodium Butyrate Ameliorated VFAs under C. perfringens Challenge

For this study, we also detected the VFA content in the broiler cecum, and the results
are shown in Figure 3. The results indicated that the C. perfringens challenge had no effect on
the VFA content. However, the addition of SB significantly decreased the content of acetic
acid (p < 0.05) under C. perfringens non-challenge; at same time, SB or MS-SB presented
varying degrees of increased fatty acid concentrations during C. perfringens challenge. It
should be noted that MS-SB had a stronger performance, with a higher content of isobutyric
acid, isovaleric acid, and valeric acid.
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3.5. Microencapsulated Sodium Butyrate Modulated Gut Microbiota Community Variation Caused
by C. perfringens

The changes in the diversity of cecum microbiota are summarized in Figure 4. A total
of 921 ASVs were shared among the five treatment groups based on the Venn diagram,
with non-overlapping regions indicating unique OTUs in the CON group (n = 569), SB
group (n = 658), MS-SB group (n = 743), CON-CP group (n = 592), and MS-SB-CP group
(n = 611); see Figure 4A. We adopted the Chao index, Shannon index, and Simpson index
to assess the microbiota community diversity. The results indicated that C. perfringens
infection and SB addition individually presented more significant diversity in cecum
microbiota when compared to the CON group, but there was no difference between them
(Figure 4B–D). Principal component analysis (PCA) and principal coordinate analysis
(PCoA) were performed to investigate the differences in species complexity and structural
alterations in microbial communities. PCoA and PCA plots revealed the degree of diversity
discrepancy in cecum microbiota between different treatments; in particular, the PCoA plot
indicated that the CON group was separated from the other groups (Figure 4E,F).

3.6. Microencapsulated Sodium Butyrate Modulated Gut Microbiota Community Composition
Caused by C. perfringens

In order to explore the change in cecum microbiota structure, we analyzed the rel-
ative abundance of cecum microbiota at phylum to species levels. At the phylum level,
about 4 major phyla were detected, including Firmicutes, Bacteroidota, Verrucomicrobiota,
and Actinobacteriota (Figure 5A), and the relative abundance of Proteobacteria was higher
in the C. perfringens infection groups than non-infection groups. The addition of MS-SB
significantly increased the relative abundance of Campilobacteria (Figure 5D). At the genus
level, about 13 major phyla were detected as dominant genera (Figure 5B). The relative
abundances of Bacteroides in the C. perfringens infection groups were higher than in the
non-infection groups, and the relative abundances of Ruminococcus_torques and Alistipes
in the MS-SB-CP groups were higher than in other groups (Figure 5E). At the species
level, about 11 major phyla were detected as dominant flora (Figure 5C). In addition, the
relative abundances of 6 bacteria were higher with MS-SB addition than in the CON group,
including Bacteroides, Faecalibacterium, Clostridia_UCG-014, Ruminococcaceae, Alistipes_inops,
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and Clostridia_vadinBB60. The C. perfringens infection increased the abundance of Bacteroides
and Alistipes_inops (Figure 5F). Finally, we analyzed the association between VFAs and mi-
crobiota composition. The results demonstrated that Ruminococcaceae_torques and Alistipes
were positively correlated with isobutyric acid concentration, while Lachnospiraceae, Ru-
minococcaceae_torques, and Alistipes were positively correlated with valeric acid (Figure 6A).
At the species level, Ruminococcaceae_torques and Alistipes were positively correlated with
isobutyric acid, and Lachnospiraceae, Ruminococcaceae_torques, and Alistipes were positively
correlated with valeric acid (Figure 6B).
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4. Discussion

In intensive animal production, the animals are faced with a variety of external factors
at any time, such as production environment stress and physiological stress. In healthy
animals, bacteria and health stand at either end of a pair of scales; once this balance
is broken, harmful bacteria in the environment and body can cause damage to animal
health, including intestinal inflammation, immune stress, and so on [19]. C. perfringens is
consumed by chickens from environmental sources during rearing, including contaminated
feed, water, and the farm environment [20]. As previously reported, the immune organ
changes in response to infection with C. perfringens, shown in terms of the morphology
and weight of the bursa of Fabricius, spleen, and thymus [21]. In this study, the results
indicated that the spleen index increased, which is consistent with previous findings, as
well as showing expected changes in the thymus index. This may be attributed to the age
and species, as broilers near the end of growth were used in this study. Thus, these results
indicate the validity of the C. perfringens infection model.

Moreover, we demonstrated that the addition of SB or MS-SB had no promotive or
protective effects on the immune organs in this study. The results are not consistent with
the results of a previous study, in which the thymus, spleen, and bursa weighed more in
the SB addition group compared with control group [22]. Moreover, in a study in quails,
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dietary supplementation with 1000 mg/kg SB significantly increased the thymus and
bursa of Fabricius [23]. As a matter of fact, we have also confirmed that SB and MS-SB
could enhance immune organ development throughout the growth period in a previous
study (unpublished). Thus, according to the results of this study, SB or MS-SB have no
protective effect against the immune organ changes caused by C. perfringens infection,
evidenced by the fact that SB or MS-SB were unable to reverse the organ changes induced
by C. perfringens.

The immune organs, immune cells, and immune molecules make up the immune
system of animals, and can be categorized into two parts—the innate immune system and
the adaptive immune system—according to the manner in which they act against invading
pathogens [24]. As our results indicated that SB and MS-SB could enhance immune organ
development during the growth period (unpublished), we further determined the levels
of immunoglobulins and immunomodulatory cytokines in sera. Immunoglobulins are
synthesized and secreted by B-cells after immune cells are activated by antigens, which can
bind to specific antigens in order to defend against invading pathogens [25]. In this study,
the results showed that C. perfringens infection decreased the immunoglobulin levels in
sera, while SB and MS-SB improved the secretion of immunoglobulins, consistent with the
results of previous studies [26]. However, it should be noted that the enhancement brought
by SB and MS-SB was diminished under C. perfringens infection, when compared to normal
conditions. Immunomodulatory cytokines are produced by immune cells and act on other
immune cells, which can be classified as pro-inflammatory or anti-inflammatory according
to their function [27]. Pro-inflammatory cytokines (e.g., IL-1α/β, TNF-α/β, and IL-6)
up-regulate inflammatory reactions, while anti-inflammatory cytokines (e.g., IL-10) down-
regulate inflammatory responses and promote tissue healing [28]. In rat models, necrotic
enteritis causes enteric inflammation accompanied by serum proinflammatory cytokine
production [29]. Thus, we proceeded to determine the content of inflammatory factors
in sera. The results demonstrated that SB or MS-SB exhibited a potent anti-inflammatory
effect, evidenced by reductions in IL-1β, IL-6, and TNF-α, especially in the case of the
slight increase in inflammatory factors caused by C. perfringens. Similar to the results of
our study, the study published by Sun et al. (2021) reported that sodium butyrate inhibited
intestinal inflammation through the HMGB1-TLR4/NF-κB pathway [3]. Therefore, we
speculate that SB or MS-SB may enhance immune function by regulating serum inflamma-
tory cytokines in broiler chickens. Moreover, compared with SB, MS-SB presented a better
anti-inflammatory effect.

As an organ for nutrient digestion and absorption, the intestinal tract is also an
important barrier to maintain the homeostasis of the internal environment, and is the first
barrier to deal with foreign harmful bacteria [30]. Normal intestinal permeability prevents
water and electrolyte loss, promotes the absorption of dietary nutrients, and prevents the
entry of antigens and micro-organisms into the body, which are dependent on the integrity
of the intestinal villi [31]. In a previous study, necrotic enteritis caused by C. perfringens
was mostly observed in the jejunum, manifesting as intestinal morphological damage and
inflammation [9]. In addition, SCFA can improve the proliferation of gut epithelial cells and
increase their villi height, which subsequently helps to improve the capacity of the intestine
for nutrient absorption [32]. Thus, we detected the morphology of the jejunum using HE
staining, and the results indicated that C. perfringens negatively affected the intestinal villi
morphology, decreasing both the villus height and crypt depth. These results are similar
to those previously reported in broilers [33,34] and mice [35]. We cannot ignore that the
addition of SB or MS-SB alleviated the morphological damage to the intestinal villi, and
the performance of MS-SB was particularly prominent compared with that of SB. Similar
results have also been confirmed in a study using a mouse model [5].

In previous research, VFAs have been shown to inhibit pathogenic micro-organisms
and increase the absorption of nutrients, which may contribute to a reduction in the luminal
pH [36]. Acetic acid is the shortest fatty acid with a carbon chain, which has been shown
to be an intermediary involved in bifidobacteria inhibiting the proliferation of intestinal
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pathogens [37]. Propionate and butyrate have been reported to assist in controlling intesti-
nal inflammation by inducing the differentiation of T-regulatory cells, and the inhibition
of histone deacetylation may be involved in the relevant regulatory mechanism [2,38].
In addition, recent studies have shown that valerate inhibits the proliferation of Clostrid-
ium difficile in the intestinal tract, thereby protecting or treating intestinal diseases [39].
Moreover, butyric acid is usually produced in the large intestine by intestinal bacteria
and plays important roles, such as fueling intestinal epithelial cells and increasing mucin
production, which may result in changes in bacterial adhesion and improved tight-junction
integrity [40,41]. Thus, VFAs seem to play an important role in the maintenance of gut
barrier function [42]. We also measured the concentrations of VFAs in the cecum, such
as acetic acid, butyric acid (isobutyric acid), and valeric acid (isovaleric acid). The results
indicated that C. perfringens infection has no effect on the VFA content in the cecum. How-
ever, SB or MS-SB increased the concentrations of fatty acids to varying degrees under
the C. perfringens challenge. Our results are partially consistent with previous findings in
broilers [43], and the dietary composition and butyric acid originating from foregut may be
the cause of this result, as a result of butyric acid and other VFAs being produced through
the bacterial fermentation of unabsorbed carbohydrates or food scraps [44]. Meanwhile,
MS-SB was used in our study, which can significantly delay the enteric release of butyric
acid, thus reducing small intestinal absorption and enhancing colonic delivery [44–46].
This may explain the difference between our results and those reported in previous studies.

Numerous studies have revealed that the gut microbiota that improve growth and
metabolism promote host nutrient absorption and modulate the immune system, which
are all behaviors providing irreplaceable functionality [47,48]. Furthermore, the diversity
of the microbial community helps to maintain the homeostasis of the intestinal microbiome
and improve resistance to pathogens in the host [49]. Our results on alpha diversity and
beta diversity in the cecum content revealed a degree of diversity discrepancy in the cecum
microbiota. Both the C. perfringens challenge and addition of SB improved the diversity of
bacterial flora. This result is not consistent with previous studies, such as that of Pammi
et al. (2017), in which the intestinal flora diversity in necrotizing enterocolitis patients was
lower than that in unaffected patients, such as the lower relative abundance of Firmicutes
and Bacteroides and higher relative abundance of Proteobacteria [50]. Meanwhile, our results
were consistent with those of Zhang et al. (2018), who revealed the α-diversity index of
broiler gut microbial community after C. perfringens infection [51]. This may be explained
by the fact that C. perfringens infection can destroy the ecological balance of intestinal flora,
resulting in intestinal ecological imbalance [52]. In addition, C. perfringens strains and
dietary components, as well as the timing and duration of the C. perfringens challenge,
may have contributed to the observed discrepancy [53]. In this study, the results indicated
that the proportions of Bacteroides, Faecalibacterium, Clostridia, Ruminococcaceae, Alistipes,
and Clostridia were significantly higher in the MS-SB addition group; at the same time, C.
perfringens infection increased the abundance of Bacteroides and Alistipes. In previous studies,
the genera Alistipes and Bacteroides have been identified as butyrate producers in the gut
and have demonstrated good anti-inflammatory effects through butyrate [54]. The results
of the correlation analysis considering VFAs and microbiota indicated that the isobutyric
acid content increased and was positively correlated with the abundance of Alistipes and
Clostridia. Thus, our findings demonstrate that SB and MS-SB exhibit a protective role to
suppress C. perfringens-induced intestinal damage and microbiota disturbances.

5. Conclusions

In summary, sodium butyrate ameliorated C. perfringens infection by reducing inflam-
mation, repairing intestinal damage, and modulating the cecum microbiota. Compared to
sodium butyrate, microencapsulated sodium butyrate presented a better effect. This study
highlights the effectiveness of microencapsulated sodium butyrate and provides a novel
strategy for protection against C. perfringens infection through the effective utilization of
gastrointestinal-sensitive biological agents.
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Simple Summary: Thermal stress is an environmental factor that negatively affects poultry produc-
tion globally. It elicits behavioural and physiological changes in broiler chickens, hence the need to
find ways of ameliorating its detrimental effects which are mainly expressed as oxidative stress. This
study was designed as an intervention on the effect of heat stress during the hot summer season in
broiler chickens’ production using probiotic and ascorbic acid as anti-stress agents. From the results,
probiotic and/or ascorbic acid were effective in enhancing the antioxidant enzyme activities and
performance of the broiler chickens. This study stands as a basis for application in animal production
trials with a larger sample size.

Abstract: Oxidative stress negatively affects the welfare of broiler chickens leading to poor productiv-
ity and even death. This study examined the negative effect of heat stress on antioxidant enzyme
activities, small intestinal morphology and performance in broiler chickens administered probiotic
and ascorbic acid during the hot summer season, under otherwise controlled conditions. The study
made use of 56 broiler chickens; which were divided into control; probiotic (1 g/kg); ascorbic acid
(200 mg/kg) and probiotic + ascorbic acid (1 g/kg and 200 mg/kg, respectively). All administrations
were given via feed from D1 to D35 of this study. Superoxide dismutase, glutathione peroxidase
and catalase activities were highly significant (p < 0.0001) in the treatment groups compared to
the control. Performance indicators (water intake and body weight gain) were significantly higher
(p < 0.05) in the probiotic and probiotic + ascorbic acid group. The height of duodenal, jejunal and ileal
villi, and goblet cell counts of broiler chickens were significantly different in the treatment groups. In
conclusion, the study showed that heat stress negatively affects the levels of endogenous antioxidant
enzymes, performance and the morphology of small intestinal epithelium, while the antioxidants
were efficacious in ameliorating these adverse effects.

Keywords: ascorbic acid; probiotic; antioxidant enzymes; performance; small intestinal morphology

1. Introduction

Thermal stress is a considerable problem experienced globally, especially during the
summer in the sub-tropics and tropics [1,2]. Heat stress in poultry production severely
affects the profitability of both small- and large-scale farms due to lower productivity and
growth in the stressed birds [3,4]. High ambient temperature (AT) induces an increase in
the production of reactive oxygen species (ROS) above the levels that the body can tolerate,
with resultant oxidative stress [5]. Oxidative stress results from an imbalance between free
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radicals and antioxidant enzymes in the body system [6]. Oxidative stress induces DNA
mutations, damages the respiratory chain and alters the permeability of the membrane in
the mitochondria. Of the various effects of oxidative stress, one is lipid peroxidation where
the free radicals tend to extract electrons from lipids in the cell membrane which leads to
damage in all cell types [7].

Endogenous antioxidants like catalase (CAT), glutathione peroxidase (GPx) and su-
peroxide dismutase (SOD), are important enzymes that improve the immune status of
individuals [8,9]. While the concentrations of these enzymes are adequate for preserving
normal cellular functionality under normal physiology; however, under increased ROS
production such as during heat stress, they are often depleted necessitating the need for
exogenous antioxidants [10,11] or for precursors to be administered [12,13]. The small
intestine is a vital organ involved with the role of digestion and absorption of nutrients
from the diet, alterations in its function negatively impact other organ systems’ functions in
an individual. Oxidative stress adversely affects the intestinal integrity of broiler chickens
necessitating the administration of anti-stress agents to protect the morphology of the intes-
tine [14,15]. Although some osmolytes (betaine), phytochemicals (lycopene), electrolytes
(bicarbonate ions), minerals and vitamins were reported to be effective in mitigating heat
stress, not all were found to be effective in the gut [16].

Probiotics generally provide protection against gut pathogens, improve the intestinal
microbial balance, and modulate the immune system [17,18]. A probiotic is a living organism
that elicits an antioxidant, anti-stress and a growth-promoting effect in a host. They are rich
in vitamin B, protein, fat and enzymes such as phytase and cellulase [19–21]. Ascorbic acid,
a water-soluble vitamin, serves as both an antioxidant and anti-stress agent, it protects
the body against ROS’s deleterious effects by preventing the formation of excessive free
radicals above what the body can cope with [22].

Our aim was to intervene in broiler chicken production by alleviating the adverse
effects of heat stress during summer under semi-controlled conditions via the administra-
tion of probiotic and/or ascorbic acid in their feed. This study is interventionist by design
and allowed the animals to be closely monitored, repeatedly sampled and to minimize the
potential of additional stressors associated with large group housing.

2. Materials and Methods
2.1. Experimental Animals, Management, and Environmental Conditions

A total of 56 (day-old) male and female broiler chicks (Ross 308) with an average
weight of 40 g that were apparently healthy according to chick classification methods, were
purchased from Gauteng poultry farmers Alfa chicks (215 Loerie Street, Haakdoornboom,
Pretoria, South Africa). The sample size was calculated using G*Power software version
3.1.9.7, with an effect size f value of 0.59, critical F of 2.78 and power of 0.95.

The broiler chicks were kept under an intensive management system with prevailing
natural environmental conditions at the Onderstepoort Veterinary Animal Research Unit,
Faculty of Veterinary Science, University of Pretoria, South Africa. The guidelines of the
Research Ethics Committee and Animal Ethics Committee of the University of Pretoria,
South Africa (REC050-20) were adhered to. Electric sensors (Hobo) were used to monitor the
ambient temperature of the pens. Infra-red bulbs were used as a source of warmth during
brooding for 14 days at 32 ◦C. The relative humidity and ambient temperature of the pen
were 75–80% and 30–36 ◦C, respectively. The broiler chicks were allowed access to feed
(Epol commercial feed, Gauteng, South Africa) and water ad libitum. The broiler chicks were
divided into 4 groups of 14 each and they were fed with broiler starter (D1–D14), broiler
grower (D15–D25) and broiler finisher (D26–D35). The feed analysis is presented in Table 1.

The pen was made of concrete floor, cement blocks, with tunnel ventilation and an
aluminium roof. Foot baths (F10SC, Health and Hygiene (Pty) Ltd., Roodepoort, South Africa),
protective clothing and footwear were provided for the assistants to enhance biosecurity.
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Table 1. Proximate composition of feed.

Feed Composition Starter Grower Finisher

Proximate analysis (%)
Protein 18.22 18.23 18.24

Total lysine 1.67 1.68 1.69
Total methionine 0.63 0.64 0.65

Fat 3.45 3.46 3.47
Fibre 5.54 5.55 5.56

Calcium 0.58 0.59 0.6
Phosphorus 0.52 0.53 0.54

Metabolizable energy (kcal/kg) 2910 2980 3000

2.2. Experimental Design

The broiler chickens (n = 56) were divided into control; probiotic Saccharomyces cere-
visiae (1 g/kg of feed) [20]; ascorbic acid (200 mg/kg of feed) [22]; probiotic (Saccharomyces
cerevisiae); and ascorbic acid groups (1 g/kg of feed and 200 mg/kg of feed), respectively.
These agents were mixed with the feed of the chickens during the study, taking the above
dose rates into consideration. Colour markings and wing tags were used as a means of
identification for each broiler chicken.

2.3. Measurement of Oxidative Stress Biomarkers
2.3.1. Superoxide Dismutase Activity

Seven broiler chickens were randomly selected and fasted at D35 of this study. They
were sacrificed via euthanasia with the use of a gas mixture (35% CO2, 35% N2 and 30%
O2). The breast muscle tissues were severed, and 5 g of the tissue was placed in tubes
and homogenised. SOD activity was determined using an ELISA kit (BIOCOM Africa,
Clubview, Gauteng, South Africa). Briefly, reagent 1 (1 mL) was added to 2 mL of the
samples in each well. Reagent 2 (0.1 mL), reagent 3 (0.1 mL) and reagent 4 (0.1 mL) were
added to the wells. The mixture was gently mixed by shaking and incubated for 40 min at
37 ◦C. Chromogenic agent (2 mL) was added to each well and mixed for 10 min. The optical
density (OD) was determined at 550 nm using a spectrophotometer (UV-VIS, Perlong
Medical Equipment Co., Ltd., Nanjing, China).

2.3.2. Catalase Activity

The activity of catalase (CAT) was determined with the aid of a CAT ELISA kit
(BIOCOM Africa, Clubview, Gauteng, South Africa). Briefly, reagent 1 (200 µL) was added
to about 20 µL of the samples in each well and incubated for 5 min at 37 ◦C. Reagent 2
(20 µL) was added to the wells and mixed for 1 min; 200 µL of reagent 3 application solution
and reagent 4 (20 µL) were added, respectively, to each well. It was mixed and incubated
for 10 min (at room temperature). OD was measured at 405 nm with a spectrophotometer.

2.3.3. Glutathione Peroxidase Activity

The activity of glutathione peroxidase (GPx) was determined with the aid of a GPx
ELISA kit (BIOCOM Africa). Briefly, 50 µL of the sample was added to the wells and
biotinylated detection antibodies (50 µL) were added to each well immediately. The
mixture was incubated for 45 min at 37 ◦C; after that, it was aspirated and washed thrice.
HRP conjugate (100 µL) was added to the wells and incubated (for 30 min at 37 ◦C). The
mixture was washed and 90 µL of substrate reagent was added. Stop solution (50 µL) was
also added to each well and the OD was determined at 450 nm immediately after, with the
aid of a spectrophotometer.
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2.4. Measurement of Performance Parameters
2.4.1. Measurement of Feed Intake

Broiler chickens’ feed intake was measured daily at 07:00 h. The feed weight before
placement, and the remnant feed after 24 h of feeding were measured using a Digital
Precision (Mettler Toledo®) weighing balance (Greifensee, Switzerland). Absolute feed
intake for each day was calculated as the difference between the amount of left-over feed
and the amount of feed supplied to the broiler chickens.

2.4.2. Measurement of Water Intake

A graduated cylinder (Rutland Industries, 8 Theodore Road, Benrose, Johannesburg,
South Africa) was used to measure the quantity of water before placement and after
consumption (24 h later).

2.4.3. Measurement of Body Weight Gain

Upon arrival at the poultry pen, each broiler chicken was weighed at D1 and these
values served as the initial body weight. The broiler chickens’ weights were measured once
weekly to determine the average weekly body weight gain. The study was terminated after
the broiler chickens were euthanized via the use of a gas mixture (35% CO2, 35% N2 and
30% O2).

2.5. Measurement of Small Intestinal Morphology

At D35 of the experiment, seven broiler chickens were selected at random from various
groups and fasted (for 12 h). About 3 cm length of the middle portion of the ileum and
jejunum and the descending portion of the duodenum for each broiler chicken were taken
and stored in a tube containing 10% solution of buffered neutral formaldehyde (pH 7.2–7.4).
After dehydration, the samples were placed in paraffin blocks, they were sectioned and
stained with periodic acid–Schiff reagent according to the method of Luna [23]. The crypt
width and height, villus width and height, villus and crypt surface areas and goblet cells of
the small intestinal epithelium were measured at 100× magnification (Sigma Scan, Jandel
Scientific, San Rafael, CA, USA).

Transmission electron microscopy was used to evaluate the morphology of the goblet
cells. 0.5 × 0.5 × 0.5 cm tissue blocks of the ileum, jejunum and duodenum were taken
and inserted into a tube containing 2.5% glutaraldehyde and processed according to the
standard method of Cheville and Stasko [24]. Briefly, tiny pieces of the small intestinal
tissue were placed into glutaraldehyde and fixed at room temperature for 1 h, and then
were post fixed in osmium tetroxide. The fixed cells were embedded in agar and afterward
were dehydrated in ethanol-graded concentrations (with propylene oxide). A glass knife
was used to cut the tissue sections from blocks for thinning. The thin sections were placed
on copper grids; uranyl acetate and lead citrate were used for impregnation and scoping.
Stained sections were visualised using a JEOL 1400 electron microscope operated at 80 kV.

2.6. Data Analyses

Antioxidant enzymes and morphological data were subjected to one-way analysis
of variance (ANOVA), while the performance parameters were subjected to two-way
ANOVA followed by Tukey’s multiple comparison post hoc test to compare differences
between the treatment and control groups’ means. The data obtained were expressed
as mean ± standard error of the mean (Mean ± SEM). Version 27 (Armonk, NY, USA:
IBM Corp.) SPSS Statistics for Windows software was used for the analysis. Values of
p < 0.05 were considered significant.

3. Results
3.1. Superoxide Dismutase Enzyme Activity

There were no differences (p > 0.05) in SOD activity obtained between the probi-
otic, probiotic + ascorbic acid and ascorbic acid groups. The activity of SOD was higher
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(p < 0.0001) in the probiotic, probiotic + ascorbic acid and ascorbic acid groups of broiler
chickens when compared to the control group (Figure 1).

Animals 2023, 13, x FOR PEER REVIEW 5 of 13 
 

Corp.) SPSS Statistics for Windows software was used for the analysis. Values of p ˂ 0.05 
were considered significant. 

3. Results 
3.1. Superoxide Dismutase Enzyme Activity 

There were no differences (p > 0.05) in SOD activity obtained between the probiotic, 
probiotic + ascorbic acid and ascorbic acid groups. The activity of SOD was higher (p < 
0.0001) in the probiotic, probiotic + ascorbic acid and ascorbic acid groups of broiler 
chickens when compared to the control group (Figure 1). 

 
Figure 1. Superoxide dismutase activity in broiler chickens’ muscle tissue exposed to heat stress 
and administered probiotic and ascorbic acid. p < 0.001. Data are expressed as Mean ± SEM. Vertical 
bars with different superscript letters a,b are significantly different at p < 0.05. 

3.2. Catalase Enzyme Activity 
There was a significant difference (p < 0.05) in CAT activity obtained between the 

probiotic and ascorbic acid groups. The activity of CAT was higher (p < 0.0001) in the 
probiotic, probiotic + ascorbic acid and ascorbic acid groups of broiler chickens in com-
parison with the control group (Figure 2). 

Figure 1. Superoxide dismutase activity in broiler chickens’ muscle tissue exposed to heat stress and
administered probiotic and ascorbic acid. p < 0.001. Data are expressed as Mean ± SEM. Vertical bars
with different superscript letters a,b are significantly different at p < 0.05.

3.2. Catalase Enzyme Activity

There was a significant difference (p < 0.05) in CAT activity obtained between the pro-
biotic and ascorbic acid groups. The activity of CAT was higher (p < 0.0001) in the probiotic,
probiotic + ascorbic acid and ascorbic acid groups of broiler chickens in comparison with
the control group (Figure 2).
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3.3. Glutathione Peroxidase Enzyme Activity

The activity of GPx was higher (p < 0.0001) in the probiotic + ascorbic acid, probiotic
and ascorbic acid groups of broiler chickens when compared to the control. There was no
difference (p > 0.05) in GPx activity obtained between the treatment groups (Figure 3).
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3.4. Feed and Water Intake, and Body Weight Gain

Values of feed intake recorded in the treatment groups were not different (p > 0.05)
when compared with the control group. Water intake recorded in the ascorbic acid and
probiotic + ascorbic acid groups was higher (p < 0.05) when compared with the values
obtained in the control group at D 21 to D 35. Body weight gain of broiler chickens in
the probiotic + ascorbic acid and ascorbic acid groups were not significantly different in
comparison with the control, while that of the probiotic group was higher (p < 0.05) when
compared with the control group at D 28 to D 35 (Table 2).

Table 2. Performance indicators in broiler chickens treated with probiotic and ascorbic acid.

Group Day 0–7 Day 8–14 Day 15–21 Day 22–28 Day 29–35

Feed intake (g)

Control 675.14 ± 157.20 1027.57 ± 58.95 1836.71 ± 80.19 2505.43 ± 70.01 2656.86 ± 45.88
Probiotic 674.43 ± 137.40 981.57 ± 64.21 1923.00 ± 134.98 2821.86 ± 41.10 3126.71 ± 56.54

Ascorbic acid 708.71 ± 153.98 1045.00 ± 64.21 2327.71 ± 175.52 2626.00 ± 31.61 2792.29 ± 70.02
Prob + AA 672.29 ± 139.07 1322.29 ± 71.42 2066.57 ± 87.43 2571.43 ± 16.12 2920.71 ± 62.78

Water intake (mL)

Control 1400.00 ± 293.58a 2542.86 ± 184.98a 4585.71 ± 280.67a 5928.57 ± 184.80a 7350.00 ± 227.26a

Probiotic 2000.00 ± 243.98b 2971.43 ± 176.90a 4900.00 ± 325.87a 6828.57 ± 164.34b 8628.57 ± 316.77a

Ascorbic acid 1942.86 ± 220.23a 3200.00 ± 211.57b 5142.86 ± 348.37b 7057.14 ± 165.99b 8771.43 ± 222.23b

Prob + AA 1928.57 ± 229.61a 2971.43 ± 178.24a 5085.71 ± 317.30b 6871.43 ± 171.43b 7471.43 ± 153.86b
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Table 2. Cont.

Group Day 0–7 Day 8–14 Day 15–21 Day 22–28 Day 29–35

Body weight gain
(g)

Control 181.50 ± 2.24 505.86 ± 15.14 1031.21 ± 29.89 1756.50 ± 48.23a 2138.50 ± 68.02a

Probiotic 183.93 ± 1.16 515.57 ± 19.33 1289.07 ± 90.23 1822.41 ± 41.00b 2730.79 ± 55.26b

Ascorbic acid 190.07 ± 1.95 521.14 ± 16.33 1063.14 ± 30.99 1768.86 ± 45.56a 2321.71 ± 58.36a

Prob + AA 185.07 ± 2.93 522.21 ± 15.89 1077.64 ± 34.02 1629.02 ± 54.73a 2432.64 ± 58.82b

Mean ± SEM with different superscript letters a,b within the same column are significantly different at p < 0.01.
Prob + AA = Probiotic + Ascorbic acid, n = 14.

3.5. Morphological Analysis

Morphological analysis of the villus width and height revealed that villus width and
height were different (p < 0.001) in the probiotic and probiotic + ascorbic acid groups in
comparison with the control group. The crypt width and depth of the ileum, jejunum and
duodenum were greater (p < 0.0001) in the probiotic and probiotic + ascorbic acid groups
in comparison with the control. The probiotic and probiotic + ascorbic acid groups had
significantly different surface areas of villi and crypts of the small intestine when compared
to the control group. The number of goblet cells of the duodenum, ileum and jejunum was
greater (p < 0.001) in the treatment groups in comparison with the control group during
this study (Table 3).

Table 3. Histomorphometry of the duodenum, ileum and jejunum of broiler chickens treated with
probiotic and/or ascorbic acid during heat stress.

Parameters Control Probiotic Ascorbic Acid Probiotic + AA

Duodenum

Villus height (µm) 652.18 ± 39.94c 1706.92 ± 129.15a 1427.69 ± 66.69b 1230.55 ± 81.85b

Villus width (µm) 117.33 ± 6.98b 288.21 ± 53.41a 173.55 ± 8.23b 278.15 ± 44.77a

Crypt depth (µm) 95.61 ± 12.29c 329.45 ± 37.26a 267.20 ± 53.10b 324.23 ± 43.89b

Crypt width (µm) 48.16 ± 4.86d 159.57 ± 16.87a 125.07 ± 20.47c 140.95 ± 25.55b

Villus height/crypt depth 2.40 ± 0.10c 4.03 ± 0.62a 3.24 ± 1.24b 3.03 ± 0.66b

Villus SA (mm2) 5.40 ± 1.29c 16.00 ± 2.98a 7.50 ± 3.21b 10.80 ± 1.32b

Crypt SA (mm2) 2.80 ± 0.66c 12.80 ± 2.13a 3.80 ± 1.24c 8.40 ± 1.03b

Goblet cells 58.00 ± 13.99c 101.00 ± 4.92b 108.20 ± 9.32a 102.80 ± 12.14b

Ileum

Villus height (µm) 284.58 ± 56.72d 1025.07 ± 66.80a 678.08 ± 58.14c 865.22 ± 68.37b

Villus width (µm) 84.70 ± 19.19c 236.10 ± 41.28a 107.93 ± 8.03b 230.98 ± 19.38a

Crypt depth (µm) 98.95 ± 5.09d 159.73 ± 25.54b 135.13 ± 21.12c 231.73 ± 35.60a

Crypt width (µm) 40.80 ± 5.94c 88.70 ± 10.96a 65.38 ± 5.05b 92.28 ± 7.71a

Villus height/crypt depth 1.22 ± 0.01c 2.41 ± 0.10a 1.49 ± 5.01b 2.00 ± 1.01b

Villus SA (mm2) 3.60 ± 0.93b 10.40 ± 1.44a 7.60 ± 1.60a 9.00 ± 1.22a

Crypt SA (mm2) 3.60 ± 0.68b 7.40 ± 1.12a 3.60 ± 1.21b 7.40 ± 0.93a

Goblet cells 52.40 ± 9.69c 183.20 ± 20.61a 125.40 ± 22.65b 122.20 ± 13.40b

Jejunum

Villus height (µm) 362.95 ± 68.90c 1205.70 ± 105.67a 1010.33 ± 62.26b 1066.50 ± 51.31b

Villus width (µm) 102.81 ± 11.09c 204.58 ± 20.54b 202.58 ± 37.60b 220.48 ± 35.19a

Crypt depth (µm) 123.46 ± 11.16c 303.43 ± 36.83a 240.39 ± 39.34b 279.19 ± 26.99b

Crypt width (µm) 48.47 ± 4.33c 98.71 ± 14.12a 84.21 ± 5.62b 88.41 ± 9.57b

Villus height/crypt depth 1.10 ± 0.01c 2.44 ± 3.00a 1.90 ±1.02b 2.00 ± 0.01b

Villus SA (mm2) 2.70 ± 0.49c 10.20 ± 1.39b 11.40 ± 3.06a 9.80 ± 0.86b

Crypt SA (mm2) 2.80 ± 0.66c 8.20 ± 1.28a 6.40 ± 1.57b 7.80 ± 1.02a

Goblet cells 56.00 ± 8.15c 150.60 ± 20.92a 93.00 ± 9.95b 102.60 ± 6.37b

Mean ± SEM with different superscript letters a,b,c,d along the same row are significantly different. n = 7.
AA = ascorbic acid, SA = surface area.

The histological representations of the effect of heat stress on the jejunal epithelium of
broiler chickens in the treatment and control groups are shown in Figures 4 and 5.
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(b) treated with probiotic, showing the goblet cell and presence of mucin (thick white arrow);
(c) treated with ascorbic acid, and there was no presence of mucin but presence of dilations within
the lobules of the goblet cell (thin black arrow); and (d) treated with probiotic and ascorbic acid, in
which the goblet cell has a well-defined contour (thin white arrow), GC = goblet cell.

4. Discussion
4.1. Antioxidant Enzyme Activities

The decreased values of SOD, CAT and GPx were evident that the broiler chickens
were negatively affected by heat stress. Increased ROS production which occurs during
heat stress generally impacts the activities of endogenous enzymes if no exogenous source
is used for augmentation in broiler chickens [25]. As shown from previous studies, heat
stress stimulates the process of lipid peroxidation which occurs due to the depletion of the
antioxidant defence system in broiler chickens [26]. Xue et al. [27] also reported a drastic
depletion in the antioxidant activities of broiler chickens exposed to heat stress. They
attributed this to the fact that depletion of the antioxidant defence system occurs during
heat stress, resulting in cellular damage from rapid oxidation processes. From the treatment
groups, the probiotic group had the highest SOD, CAT and GPx activities followed by the
combination and the ascorbic acid groups. Antioxidants directly react with free radicals
converting them to nonradical products that are stable [28].

According to Winiarska-Mieczan et al. [29], exogenous antioxidants induce the activi-
ties of SOD, CAT and GSH in the muscle tissue of broiler chickens leading to the protection
of the cellular membranes from peroxidation. Kumar et al. [30] stated in their findings
that the use of ascorbic acid and Moringa oleifera in broiler chickens raised in the tropics
augmented the activities of CAT, SOD and GSH, and lipid peroxidation was reduced signif-
icantly. This was based on the ability of the above antioxidants to attach to the cytoplasmic
membrane and inhibit oxidases. Deng et al. [31] reported that the supplementation of
broiler chickens’ diet with yeast probiotic improved their antioxidant status, which is
suggestive of their strong antioxidant potential as compared to selenium which had no
effect. This was due to the ability of yeast probiotic to scavenge free radicals during normal
metabolism in the body.

4.2. Performance Indicators

Generally, it is assumed that the non-significant value in feed intake observed between
the control and treatment groups might be due to the degree of high ambient temperature
the broiler chickens were exposed to as water intake is prioritized over feed intake during
prolonged exposure to thermal stress. The finding agrees with that of Moataz et al. [32],
who reported decreased feed intake in layers exposed to heat stress when compared with
the groups that were administered the Bacillus subtilis probiotic. He associated the decrease
to the degree of heat stress the layers were exposed to.

The decreased water intake observed in the control may be based on their low feed
intake, as the quantity of feed intake may be directly proportional to water intake to further
enhance digestibility. Ascorbic acid-administered group had an increase in water intake,
which could be supported by the fact that feed intake stimulates an increase in water intake.
Generally, increased water intake obtained in the treatment groups could also be assumed
as a thermoregulatory measure to rid the body of excessive heat during the period of study.
The increase in water intake recorded in the treatment groups agrees with that of Egbuniwe
et al. [33] who reported an increase in water intake in the group of chickens administered
ascorbic acid and/or betaine than the control group. They also attributed the increase to a
means of thermoregulation.

Body weight gain obtained in the control group was lowest during the study period.
This may be in line with the lower feed (though not significantly different) and water
intake obtained when compared with the probiotic and probiotic + ascorbic acid groups.
It is important to note that the Ross breed of broiler chickens utilized for this study was
reported to attain the highest weight of 2.5 kg at D42 under a thermoneutral condition
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according to the Ross broiler pocket guide [34], but the probiotic-supplemented group had
the highest body weight gain (2.8 kg) at D35 (5 weeks) of this study. This increase may be
linked to the fact that probiotics are gut effective and increased water intake may further
enhance the rate at which ingested feed is utilized for optimum body weight gain Aluwong
et al. [18]. Additionally, probiotics could be vital in the process of nutrient digestion due to
the optimization of the gut microflora, although its effect on the transportation of nutrients
within the body system remains a grey area for further examination.

To the best of our knowledge, most researchers conducted their studies using probiotics
to optimize the rate of performance in broiler chickens within 42 days (6 weeks), but our
study achieved better outcomes within 35 days with an average weight of 2.7 kg being
recorded in the probiotic-administered group. Olnood et al. [35] and Aluwong et al. [36]
speculated that the administration of probiotics via gavage is the fastest route that promotes
broiler chickens’ performance. Nevertheless, we administered the yeast probiotic via feed
(oral route) and from the results, improved performance indices were observed in this
group of broiler chickens during our study. Wang et al. [37] reported that probiotics (Bacillus
subtilis) increased the body weight gain of broiler chickens to 2.3 kg at D43 of their study
and this was attributed to the gut enhancement effect of the additive. Increased body
weight gain attained in the ascorbic acid group might be due to the improved feed and
water intake recorded in this group based on its antioxidant effects in improving wellness
which could further stimulate an improvement in performance. The finding is in line
with that of Egbuniwe et al. [33] who reported an increase in body weight gain in a group
of chickens administered ascorbic acid singly during the heat stress, they presumed the
increase to be a result of the anti-stress effect of the agent.

4.3. Small Intestinal Morphology

In addition to the changes in the specific markers, the villus height and width, crypt
depth and width were shortened, while the villus and crypt surface areas and goblet cell
count of the duodenum, jejunum and ileum in the control group were decreased. Intestinal
distortion is basically a primary response to heat stress, and this could further compromise
the barrier function and integrity of the intestine in broiler chickens as observed in this
group in comparison with the treatment group.

Also, the jejunal epithelia lacteal of the control group of broiler chickens was distorted
based on the adverse effects of heat stress. The epithelia lacteal is responsible for the
absorption of fatty acids and cholesterol in the small intestine, therefore, any form of
alteration in their morphology could affect the process of absorption. The gastrointestinal
tract has been reported to be more susceptible to any form of stressors, especially heat
stress because it impairs the integrity of the epithelium via decreasing crypt depth and
villus height [38–40]. Zampiga et al. [41] stated that heat stress induces damage in the
small intestinal mucosa of broiler chickens by increasing the permeability of the intestine
to endotoxins which subsequently leads to a reduction in their growth performance.

The treatment groups, especially the probiotic-administered broiler chickens had an
improved morphology in comparison with the ascorbic acid group. It could be speculated
that ascorbic acid was not as effective as probiotics in the gut due to the poor epithelial
turnover obtained during the study. Enhanced epithelial turnover directly influences the
height of the small intestinal epithelium via the stem cells of the crypts of Lieberkuhn that
is responsible for the rapid renewal of the functional villus epithelium as yeast probiotics
generally improve the intestinal epithelial cell integrity in broiler chickens [40–42]. In
broiler chickens, the stimulation of mixing movements exposes digesta to the enzymes and
improves the process of digestion and absorption of nutrients, this could further enhance
the growth performance of broiler chickens. The presence of adequate mucins in the goblet
cells of broiler chickens treated with probiotics could have influenced their growth rate
as they are responsible for protecting the epithelium and regulating the concentration
and passage of some immune mediators (antimicrobial peptides), ions and water [43].
Sen et al. [44] suggested that increased intestinal morphology enhances the digestion
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and absorption capacity of the small intestine in broiler chickens supplemented with
Bacillus subtilis.

Even though changes to morphology can account for part of the mechanisms of action
of probiotics, the specific mechanisms by which it influences transport across the epithelium
remain an area for further research.

5. Conclusions

Heat stress negatively affects antioxidant enzymes, performance and small intestinal
morphology of the broiler chickens, although probiotic and/or ascorbic acid administra-
tions were efficacious in alleviating the detrimental effects of heat stress during this study.
This was evident by an increase in endogenous antioxidant enzyme activities. The probiotic-
administered group had the highest body weight gain, followed by the co-administered
and ascorbic acid groups, respectively. The morphology of the small intestinal epithelium
was enhanced by these treatments in the phase of heat stress exposure. Also, it would
be important to determine if the effect of probiotic and/or ascorbic acid evident under
controlled conditions would be translatable to open ventilated broiler houses where birds
would be exposed to both production conditions and higher thermal conditions.
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Simple Summary: Stocking density in broilers (intensive production) is a method to increase meat
production and profitability. However, the use of gum arabic as a prebiotic (soluble fiber) is a
possible strategy to maintain performance and gut health and prevent physiological stress in this
intensive production. Therefore, the aim of this study was to investigate the interaction between the
addition of gum arabic and various stocking densities on performance, intestinal morphology, carcass
characteristics, lymphoid organs, and selected blood indices of broiler chickens. In this study, gum
arabic as a prebiotic was found to improve growth performance, production efficiency, and intestinal
morphology, while high stocking density had negative effects on broilers. Further studies are needed
to determine the mechanism under various conditions.

Abstract: The present study aims to investigate the interaction between the addition of gum arabic
as a prebiotic and various stocking densities on performance indicators, intestinal morphology,
carcass characteristics, lymphoid organs, and selected blood indices of broiler chickens. A total of
816 1-day-old male broilers (Ross 308) were used and randomly divided into six blocks as replicates
with eight treatments per block (forty-eight floor pens) based on 4 × 2 factorial arrangements with
four dietary treatments containing 0.00% (CONT), 0.12% gum arabic (T1), 0.25% gum arabic (T2), and
0.10% commercial prebiotic (T3) and two stocking densities (normal = 28 kg/m2; high = 50 kg/m2).
All performance indicators were evaluated during the feeding phases. Blood biochemical indicators
were analyzed at 36 days of age. At 37 days of age, carcass characteristics, lymphoid organs, and
intestinal morphology were measured. On days 1–36, growth performance indicators were negatively
affected at high stocking density, but all growth performance indicators except feed intake improved
in chickens receiving T1–T3 compared to CONT (p < 0.05). The relative weight of total small
intestine and weight-to-length ratio showed a significant interaction between treatments and stocking
density (p < 0.05). A high stocking density decreased pre-slaughter weight, carcass weight, and
dressing yield, while legs and thymus increased (p < 0.05). None of the interactions or treatments
affected carcass characteristics or lymphoid organs (p > 0.05). Indicators of blood biochemistry
were not affected by treatments, stocking density, or their interaction (p > 0.05), except for uric acid,
creatinine, and aspartate aminotransferase, which were higher at a high stocking density (p < 0.05).
In conclusion, gum arabic as a prebiotic improved growth performance, production efficiency, and
intestinal morphology in broilers. In contrast, high stocking density negatively affected performance,
production efficiency, some blood indices, carcass weight, dressing yield, and intestinal morphology.
Further research is needed to determine the mechanism.

Keywords: broiler; performance; blood; carcass; morphology; gum arabic; prebiotic
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1. Introduction

The modern poultry meat industry relies on intensive production in confined housing
systems with large numbers of birds. Such intensive production maximizes meat produc-
tion while minimizing costs. However, birds raised in this manner may become stressed
and susceptible to disease [1,2]. Therefore, many previous studies continuously try to
achieve the highest possible stocking density of broilers in the smallest possible floor space
(more kg live weight per 1 m2) to reduce production costs and increase profitability while
maintaining broiler chickens’ performance [3–5]. Vargas-Rodrıguez et al. [6] found that
stocking density (10 or 16 chickens/m2) within the normal range had no effect on broiler
performance or health. However, exceeding the stocking density of 28 to 40 kg/m2 at the
end of the growing season (marketing age) could affect broiler health and performance [7].
High stocking density negatively affects the balance of gut microbiota of broilers and causes
dysbiosis [8]. In addition, the morphology of the small intestine of broilers was affected
by high stocking density, which reduced their ability to absorb nutrients [9]. Gum arabic
is one of the most important natural prebiotics because it mainly contains soluble fiber
such as rhamnose, arabinose, and galactose, which have a beneficial effect on the host by
stimulating the activity of beneficial bacteria through their ability to ferment in the cecum
of birds [10,11]. In addition, the use of soluble fiber, including gum arabic and prebiotics, is
one of the possible approaches to maintaining performance and gut health and preventing
physiological stress in broiler chickens [12–14]. Previous studies have shown that use of
gum arabic can effectively improve growth performance, small intestine development,
nutrient absorption, and some blood biochemical indicators in broiler chickens [15–19].
Another study found that chickens fed various levels of gum arabic had no effect on carcass
characteristics [20].

The hypothesis of the present study is that greater crowding (high stocking density)
means a less hygienic environment, and this may be a stress factor for broiler chickens. The
additional administration of gum arabic as prebiotic may be beneficial in such conditions to
help broilers cope with stress. Therefore, the aim of this study was to investigate the effect
of gum arabic on growth performance, small intestine morphology, carcass characteristics,
lymphoid organs, and selected blood biochemical indicators of broiler chickens raised in
floor pens under various stocking density conditions.

2. Materials and Methods
2.1. Ethics Approval

The procedures and samples used in the present study were approved by the Ethics
Committee of the Deanery of Scientific Research, King Saud University, Kingdom of Saudi
Arabia (internal reference number: KSU-SE-20-39).

2.2. Feed Additives Used

Gum arabic (Acacia senegal) was obtained from an export company in Khartoum
State, Sudan. The gum arabic in powder form was chemically analyzed according to the
method described by Hani et al. [14]. The prebiotic (Saccharomyces cerevisiae) was purchased
commercially with a description of the chemical analysis and then used according to the
manufacturer’s recommendation. The chemical composition of gum arabic and prebiotic is
shown in Table 1.

Table 1. Chemical composition of gum arabic and commercial prebiotic on dry matter basis.

Item Gum Arabic 1 Commercial Prebiotic 2

Crude Analysis
Dry matter 90.68 92.00

Crude protein 2.30 28.90
Lipid 0.10 2.57
Ash 5.13 7.8

Mannanoligosacharide - 16.00
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Table 1. Cont.

Item Gum Arabic 1 Commercial Prebiotic 2

β-glucan - 18.00
Rhamnose 8.40 -
Arabinose 26.00 -
Galactose 40.18 -

Glucuronic acid 18.23 -
Amino acid Analysis

Threonine 0.14 1.06
Glutamic acid 0.17 1.11

Valine 0.13 1.21
Isoleucine 0.03 1.10
Leucine 0.17 1.66
Tyrosine 0.06 0.88

Phenylalanine 0.12 0.93
Histidine 0.15 0.64

Lysine 0.06 1.39
Arginine 0.03 1.02
Cysteine 0.10 0.39

Mineral Analysis
Calcium 1.10 0.23

Phosphorus 0.60 3.6
Sodium 0.02 0.50

Magnesium 0.46 0.90
Zinc 0.0002 1.5
Iron 0.75 0.71

1 The chemical composition analysis of gum arabic was performed according to Al-Baadani et al. [14]. 2 The chem-
ical composition analysis of the commercial prebiotic (Saccharomyces cerevisiae) was obtained by the manufacturer
of the product.

2.3. Study Design, Birds, and Housing

A total of 816 one-day-old male broilers (Ross 308) were housed in floor pens
(0.90 m × 0.90 m) based on market weight at 36 days of age in a completely random-
ized block design with 4 × 2 factorial arrangements with four dietary treatments and two
different stocking densities. All chicks were weighed and randomly assigned to six blocks
as replicates with eight treatments per block (forty-eight pens). The dietary treatments
were as follows: Control (CONT) broilers received a basal diet without additives, while T1
and T2 received a basal diet with 0.12 and 0.25% gum arabic, respectively; T3 received a
basal diet with 0.10% inactivated stabilized Saccharomyces cerevisiae as a commercial pre-
biotic (Milan, Italy). Within each dietary treatment, two different stocking densities were
performed as follows: a normal stocking density of 28 kg/m2 (12 chickens/pen) according
to Ross broiler management guidelines in houses with controlled environment and a high
stocking density of 50 kg/m2 (22 chickens/pen).

The basal diet was formulated on form mash in two feeding stages, starter (1–14 days)
and grower (15–36 days), to meet the nutrient requirements of Ross 308 (Aviagen, 2019,
New York, USA) as indicated in Table 2. Room temperature (◦C) and relative humidity
(HR%) were set at 35 ◦C and 22% HR when the chicks arrived (first day) and then decreased
by 2 ◦C every three days until they were constant at nearly 22 ◦C and 53% HR after 25 days.
The lighting program was offered for 24 h (30–40 lux) until 7 days of age, then 23 h of light
(minimum 20 lux) and 1 h of darkness from 8 to 36 days. Feed and water were available
to all birds throughout the duration of the study. In addition, there were no differences
between stocking density factors in terms of space for feeder and drinker [1]. All chicks
were vaccinated against Newcastle disease at the hatchery according to the manufacturer’s
instructions (Fort Dodge Animal Health-USA, Overland Park, KS, USA).
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Table 2. Basal diet components and nutrients content on a dry matter basis.

Basal Diet Components, %
Feeding Stages

Starter
(1–14 Days)

Grower
(15–36 Days)

Corn 53.84 55.50
Soybean meal (48% CP) 38.24 35.90

Soy oil 3.43 4.65
Monocalcium phosphate 1.59 1.41

Limestone 1.54 1.39
DL-Methionine 0.37 0.31
L-Lysine HCL 0.25 0.15
L-Threonine 0.16 0.10
Common salt 0.38 0.38

Vitamin Premix a 0.10 0.10
Mineral Premix b 0.10 0.10
Choline CL 60% 0.003 0.00

Total 100 100
Calculated nutrient, %

Metabolizable energy, kcal/kg 3000 3100
Dry matter 88.91 88.98

Crude protein 22.58 21.48
Crude fat 6.18 7.41

Crude fiber 2.55 2.49
Calcium 0.96 0.87

Non-phytate P 0.48 0.43
Digestible lysine 1.28 1.15

Digestible methionine 0.67 0.60
Digestible methionine and cysteine 0.95 0.87

Digestible threonine 0.86 0.77
Digestible arginine 1.32 1.26

a Contains (in kg of vitamin premix): 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. B3 = 8000 mg; Vit. B5 = 3000 mg; Vit. B6 = 1000 mg; Vit.
B7 = 40 mg; Vit. B9 = 400 mg; Vit. B12 = 6 mg. b Contains in kg of mineral premix: Cu = 2000 mg; Fe = 1200 mg;
Mn = 18,000 mg; Se = 60 mg; Zn = 14,000 mg; I = 400 mg; Co = 80 mg.

2.4. General Performance Evaluation

All birds were weighed on days 1, 14, and 36 during the study period to determine
their average body weight. Weight gain and feed intake were calculated for the starter
(1–14 days), grower (15–36 days), and the entire stages (1–36 days) according to Diler
et al. [21]. Feed conversion ratio was determined based on weight gain and feed intake
during the feeding stage [22]. Production efficiency index as a parameter of economic, pro-
ductive, and welfare status of broiler chickens was evaluated during the feeding stage [23].
The cumulative mortality rate for each dietary treatment was expressed as a percentage
during the feeding stages [24].

2.5. Small Intestine Morphology

After slaughter (37 days of age), 12 chickens from each treatment were randomly
selected to remove the small intestine. The small intestine and its fragments (duodenum,
jejunum, and ileum) were measured [25]. The weight and length of duodenum, jejunum,
and ileum were expressed as a percentage of the total small intestine. In addition, the
weight of the total small intestine (SI) was calculated as a percentage of the live weight. The
weight (W) and length (L) of the small intestine were used to calculate the weight-to-length
ratio (W/L).

2.6. Carcass Characteristics

At 37 days of age, as appropriate to local commercial conditions, 12 chickens from
each treatment (2 chickens from each experimental unit (pen) within the dietary treatment)
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were randomly selected and slaughtered via decapitation after being deprived of feed for
10 h to ensure that the digestive tract was empty. Then, pre-slaughter weight (PSW) was
determined using an electronic scale (Adventurer OHAUS, AR3130, Pine Brook, NJ, USA).
After slaughter, the carcasses (CW) were weighed.

The breast (pectoralis major and minor) and legs (thigh and drumstick) were weighed
separately and expressed as a percentage of live weight [25]. The percentage of dressing
yield (DY) was calculated according to Thema et al. [26]. All lymphoid organs (thymus,
bursa, and spleen) were removed and weighed separately to calculate the percentage of
live weight [27].

2.7. Serum Biochemical Indices

Blood samples (3 mL) were collected at the end of the grower stage (35 days) from
2 chickens per pen (12 chickens per treatment, density) via the wing vein in tubes without
heparin. All samples were immediately separated into serum by centrifugation (Thermo
Fisher Scientific, Labofuge 200, Dreieich, Germany) at 2500× g for 20 min and then stored
at −20 ◦C until analysis of blood biochemical indicators. Blood biochemical indicators
include total protein (TP), albumin (ALB), glucose (GLU), triglycerides (TG), cholesterol
(CHO), uric acid (UA), creatinine (CREA), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST), which were analyzed with colorimetric kits (Randox Laboratories
Limited, London, UK) according to the manufacturer’s instructions using an automated
spectrophotometric analyzer (Chem Well, Awareness Technology, Palm City, FL, USA).

2.8. Statistical Analysis

The pens were used as the experimental unit for all parameters studied, based on
a completely randomized block design. Data were statistically analyzed based on a
2 × 4 factorial analysis of variance (two different SD × four TRT) using the general linear
models of the Statistical Analysis System software [28]. The statistical model used was as
follows: Observed (Yijb) = general mean (µ) + stocking density (SDi; i = low, high) + dietary
treatments (TRTj; j = CONT, T1, T2, T3) + SD × TRTij + block (Bb) + the random error (eijb).
A normality test (Shapiro–Wilk test) and homogeneity of variances (Levene’s test) were
performed before the statistical analysis of the data. Tukey’s test (p < 0.05) was used to
detect significant differences between means. On the other hand, all relative data were
transformed (data/100) to check for significant differences at p < 0.05. Finally, all values
were expressed as mean ± standard error of the means (SEM) for each parameter.

3. Results
3.1. Growth Performance Parameters

The effects of dietary treatments and stocking density on growth parameters of broiler
chickens are shown in Table 3. The results showed that live weight and weight gain
at 14 days and at 1–14 days, respectively, had a significant interaction effect between
treatments and stocking density (p = 0.014 and p = 0.014; respectively). In chickens fed
0.12% gum arabic (T1), body weight and weight gain increased at a normal stocking density
and decreased at a high stocking density compared with CONT, T2, and T3. Live weight
(36 days) and weight gain (15–36 days and 1–36 days) were lower in chickens at high
stocking density compared with normal stocking density (p < 0.001). In addition, chickens
fed diet supplements (T1–T3) had higher live weight and weight gain than chickens
fed CONT (p < 0.001), while these values were not affected by the interaction between
treatments and stocking density (p > 0.05).

For the starter stage (1–14 d), there was a significant interaction effect between stocking
density and treatment on feed intake (p = 0.008). Feed intake was higher in chickens receiv-
ing T1 at normal stocking density, while it decreased at high stocking density compared
with the other treatments. On days 15–36 d and 1–36 d, feed intake was decreased at high
stocking density compared with normal stocking density (p < 0.001). In contrast, feed
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intake was not affected by the interaction between treatments and stocking density or by
the response during this stage (p > 0.05).

Table 3. Effect of gum arabic supplementation and stocking density on growth parameters of
broiler chickens.

Item
Live Body Weight Weight Gain Feed Intake

1 d 14 d 36 d 1–14 d 15–36 d 1–36 d 1–14 d 15–36 d 1–36 d

TRT 1 SD 2

CONT

Normal

39.17 397 b 2269 358 b 1871 2229 457 b 2934 3392
T1 39.19 413 a 2477 374 a 2064 2438 471 a 3017 3489
T2 39.17 391 b 2413 352 b 2022 2374 445 b 2928 3373
T3 39.21 400 b 2460 361 b 2061 2421 454 b 2976 3429

CONT

High

39.19 415 a 2150 376 a 1735 2111 446 b 2822 3268
T1 39.20 399 b 2263 360 b 1864 2224 425 c 2847 3272
T2 39.19 425 a 2318 386 a 1893 2279 464 ab 2845 3308
T3 39.20 416 a 2317 377 a 1900 2277 445 bc 2837 3282

SEM 3 0.02 7.08 28.72 7.12 26.60 28.70 8.90 27.64 31.74
SD

Normal 39.19 400 2405 a 361 2005 a 2366 a 456 2964 a 3421 a

High 39.20 414 2262 b 374 1848 b 2223 b 445 2838 b 3283 b

SEM 3 0.01 3.54 14.36 3.56 13.30 14.35 4.45 13.82 15.87
TRT

CONT 39.18 406 2209 b 366 1803 b 2170 b 452 2878 3330
T1 39.20 406 2370 a 367 1964 a 2331 a 448 2932 3381
T2 39.18 408 2365 a 369 1958 a 2326 a 454 2887 3341
T3 39.20 408 2388 a 369 1981 a 2349 a 449 2906 3356

SEM 3 0.01 5.01 20.31 5.03 18.81 20.29 6.29 19.54 22.44
Source of variance (p-Value)

SD × TRT 0.864 0.014 0.2061 0.014 0.552 0.207 0.008 0.448 0.137
SD 0.350 0.012 <0.001 0.012 <0.001 <0.001 0.071 <0.001 <0.001

TRT 0.604 0.980 <0.001 0.977 <0.001 <0.001 0.917 0.232 0.428
a–c Superscripts above the means for each parameter within column express the significant difference (p < 0.05).
1 Dietary treatments (TRT): CONT = the basal diet without supplement, T1 = the basal diets supplemented
with 0.12% gum arabic, T2 = the basal diets supplemented with 0.25% gum arabic, and T3 = the basal diets
supplemented with 0.10% inactivated stabilized Saccharomyces cerevisiae as commercial prebiotic. 2 Stocking
density (SD): normal stocking density = 28 kg/m2 (12 chickens/pen), and high stocking density = 50 kg/m2

(22 chickens/pens). 3 SEM = Standard error of mean.

The effects of dietary treatments with stocking density on feed efficiency and pro-
duction of broiler chickens are shown in Table 4. The results of the current study showed
that a high stocking density improved the feed conversion ratio and production efficiency
index on days 1–14, while there was a negative effect on days 15–36 and 1–36 compared to
normal stocking density (p < 0.001). In addition, chickens fed dietary supplements (T1–T3)
increased the production efficiency index and improved the feed conversion ratio on days
15–36 and 1–36 (p < 0.001), whereas it had no effect on days 1–14 (p > 0.05), compared with
CONT. The interaction between treatments and stocking density had no effect on the feed
conversion ratio and production efficiency index (p > 0.05).

The mortality rate was the same for all dietary treatments and the control group at
a high stocking density (one chicken per treatment) during the grower stage (15–36 days
old), while there was no mortality in chickens raised at a low stocking density, so no data
were published in this study.
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Table 4. Effect of gum arabic supplementation and stocking density on feed efficiency and production
of broiler chickens.

Item
Feed Conversion Ratio Production Efficiency Index

1–14 d 15–36 d 1–36 d 1–14 d 15–36 d 1–36 d

TRT 1 SD 2

CONT

Normal

1.28 1.56 1.52 221.7 402.2 414.5
T1 1.26 1.46 1.43 234.8 470.7 481.0
T2 1.26 1.45 1.43 221.5 462.8 471.8
T3 1.26 1.44 1.42 227.3 473.5 483.0

CONT

High

1.19 1.63 1.55 249.5 367.5 386.0
T1 1.18 1.53 1.47 241.7 411.7 427.2
T2 1.20 1.50 1.45 252.3 428.3 443.5
T3 1.18 1.49 1.44 252.2 431.0 446.5

SEM 3 0.016 0.014 0.012 6.01 8.27 8.22
SD

Normal 1.26 a 1.48 b 1.45 b 226.3 b 452.2 a 462.5 a

High 1.19 b 1.54 a 1.48 a 248.9 a 409.6 b 425.7 b

SEM 3 0.008 0.007 0.006 3.00 4.13 4.11
TRT

CONT 1.23 1.60 a 1.53 a 235.6 384.8 b 400.2 b

T1 1.22 1.50 b 1.45 b 238.2 441.2 a 454.1 a

T2 1.23 1.48 b 1.44 b 236.9 445.6 a 457.7 a

T3 1.22 1.47 b 1.43 b 239.7 452.2 a 464.7 a

SEM 3 0.011 0.009 0.008 4.25 5.84 5.81
Source of variance (p-Value)

SD × TRT 0.799 0.967 0.965 0.205 0.418 0.377
SD <0.001 <0.001 0.001 <0.001 <0.001 <0.001

TRT 0.804 <0.001 <0.001 0.911 <0.001 <0.001
a,b Superscripts above the means for each parameter within column express the significant difference (p < 0.05).
1 Dietary treatments (TRT): CONT = the basal diet without supplement, T1 = the basal diets supplemented
with 0.12% gum arabic, T2 = the basal diets supplemented with 0.25% gum arabic, and T3 = the basal diets
supplemented with 0.10% inactivated stabilized Saccharomyces cerevisiae as commercial prebiotic. 2 Stocking
density (SD): normal stocking density = 28 kg/m2 (12 chickens/pen), and high stocking density = 50 kg/m2

(22 chickens/pens). 3 SEM = Standard error of mean.

3.2. Small Intestine Morphology

The effects of dietary treatments with stocking density on small intestine morphology
of broiler chickens are shown in Table 5. The results show that the relative weight and
length of small intestinal fragments (duodenum, jejunum, and ileum) were not affected
by the treatments, stocking density, or their interaction (p > 0.05). The SI ratio and W:L
showed a significant interaction effect between treatments and stocking density (p = 0.025
and p = 0.007; respectively). Chickens fed the diet treatments (T1–T3) had higher W:L and
SI under a normal stocking density compared with CONT and a high stocking density
(p < 0.05), but it had no effect compared with T3.

Table 5. Effect of gum arabic supplementation and stocking density on relative small intestine
morphology of broiler chickens.

Item
Weight 4 Length 4

Doud. Jej. Ile. Total SI Doud. Jej. Ile. W:L

TRT 1 SD 2

CONT

Normal

21.70 42.31 35.98 2.96 b 16.48 42.91 40.59 0.37 b

T1 22.24 40.37 37.38 4.06 a 16.08 41.58 42.33 0.50 a

T2 21.29 40.17 38.53 3.81 a 16.80 41.91 41.28 0.48 a

T3 20.52 37.88 41.58 3.59 a 16.78 40.16 43.05 0.46 a
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Table 5. Cont.

Item
Weight 4 Length 4

Doud. Jej. Ile. Total SI Doud. Jej. Ile. W:L

CONT

High

20.80 42.44 36.75 2.93 b 17.10 41.09 41.80 0.37 b

T1 22.87 38.88 38.24 2.99 b 17.18 41.07 41.73 0.35 b

T2 21.61 38.94 39.44 3.07 b 16.00 40.77 43.22 0.36 b

T3 21.88 40.14 37.96 2.83 b 16.29 42.08 41.62 0.34 b

SEM 3 1.31 1.74 2.09 0.16 0.73 0.70 0.75 0.02
SD

Normal 21.43 40.18 38.37 3.60 16.53 41.64 41.81 0.46
High 21.79 40.10 38.09 2.95 16.64 41.25 42.09 0.36

SEM 3 0.65 0.87 1.04 0.08 0.37 0.35 0.37 0.01
TRT

CONT 21.25 42.37 36.36 2.95 16.79 42.00 41.20 0.37
T1 22.55 39.63 37.81 3.53 16.63 41.32 42.03 0.43
T2 21.45 39.55 38.98 3.44 16.40 41.34 42.25 0.42
T3 21.20 39.01 39.77 3.21 16.53 41.12 42.33 0.40

SEM 3 0.92 1.23 1.48 0.11 0.52 0.49 0.53 0.02
Source of variance (p-Value)

SD × TRT 0.855 0.698 0.638 0.025 0.527 0.060 0.110 0.007
SD 0.703 0.948 0.854 <0.001 0.839 0.440 0.600 <0.001

TRT 0.705 0.233 0.402 0.006 0.959 0.624 0.426 0.041
a,b Superscripts above the means for each parameter within column express the significant difference (p < 0.05).
1 Dietary treatments (TRT): CONT = the basal diet without supplement, T1 = the basal diets supplemented
with 0.12% gum arabic, T2 = the basal diets supplemented with 0.25% gum arabic, and T3 = the basal diets
supplemented with 0.10% inactivated stabilized Saccharomyces cerevisiae as commercial prebiotic. 2 Stocking
density (SD): normal stocking density = 28 kg/m2 (12 chickens/pen), and high stocking density = 50 kg/m2

(22 chickens/pens). 3 SEM = Standard error of mean. 4 Doud = duodenum; Jej = jejunum; Ile = ileum; SI = small
intestine; W:L = weight-to-length ratio.

3.3. Carcass Characteristics and Lymphoid Organs

The effects of dietary treatments with stocking density on carcass characteristics and
lymphoid organs of broiler chickens are shown in Table 6. The current results show that a
high stocking density resulted in a decrease in PSW, CW, DY, and back (p < 0.001), while
the relative weight of legs and thymus increased compared with normal stocking density
(p = 0.023 and p = 0.001; respectively). The relative weights of breast, bursa, and spleen
were not affected by stocking density (p > 0.05). The interaction effect or dietary treatments
did not affect all parameters of carcass characteristics and lymphoid organs (p > 0.05).

Table 6. Effect of gum arabic supplementation and stocking density on carcass characteristics and
lymphoid organs of broiler chickens.

Item

Parameters 4

PSW
(g)

CW
(g)

DY
(%)

Breast
(%)

Legs
(%)

Back
(%)

Thymus
(%)

Bursa
(%)

Spleen
(%)

TRT 1 SD 2

CONT

Normal

2597 1968 75.85 28.70 28.09 8.19 0.33 0.15 0.10
T1 2639 1992 75.47 28.99 27.74 8.73 0.41 0.19 0.09
T2 2631 1983 75.39 29.17 26.50 7.49 0.40 0.19 0.09
T3 2652 1974 74.42 29.39 27.76 8.03 0.38 0.19 0.10

CONT

High

2283 1667 73.02 30.46 28.67 7.88 0.45 0.21 0.10
T1 2371 1766 74.49 29.90 29.10 7.94 0.57 0.20 0.10
T2 2446 1811 74.01 29.95 28.22 8.17 0.46 0.18 0.08
T3 2436 1809 74.25 29.44 28.52 8.26 0.46 0.17 0.09

SEM 3 44.60 33.69 0.47 0.66 0.65 0.25 0.04 0.02 0.01
SD

Normal 2630 a 1979 a 75.28 a 29.06 27.52 b 8.11 a 0.38 b 0.18 0.10
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Table 6. Cont.

Item

Parameters 4

PSW
(g)

CW
(g)

DY
(%)

Breast
(%)

Legs
(%)

Back
(%)

Thymus
(%)

Bursa
(%)

Spleen
(%)

High 2384 b 1763 b 73.94 b 29.94 28.63 a 8.06 b 0.48 a 0.19 0.09
SEM 3 22.30 16.84 0.23 0.33 0.32 0.12 0.02 0.01 0.01
TRT

CONT 2440 1817 74.43 29.58 28.38 8.04 0.39 0.18 0.10
T1 2505 1879 74.98 29.45 28.42 8.33 0.49 0.20 0.09
T2 2538 1897 74.69 29.56 27.36 7.83 0.43 0.18 0.08
T3 2544 1892 74.33 29.42 28.14 8.15 0.42 0.18 0.09

SEM 3 31.54 23.82 0.33 0.47 0.46 0.18 0.03 0.01 0.01
Source of variance (p-Value)

SD × TRT 0.494 0.177 0.092 0.660 0.790 0.054 0.592 0.105 0.555
SD <0.001 <0.001 0.001 0.069 0.023 0.001 0.001 0.367 0.426

TRT 0.093 0.088 0.454 0.976 0.426 0.135 0.135 0.682 0.428
a,b Superscripts above the means for each parameter within column express the significant difference (p < 0.05).
1 Dietary treatments (TRT): CONT = the basal diet without supplement, T1 = the basal diets supplemented
with 0.12% gum arabic, T2 = the basal diets supplemented with 0.25% gum arabic, and T3 = the basal diets
supplemented with 0.10% inactivated stabilized Saccharomyces cerevisiae as commercial prebiotic. 2 Stocking
density (SD): normal stocking density = 28 kg/m2 (12 chickens/pen), and high stocking density = 50 kg/m2

(22 chickens/pens). 3 SEM = Standard error of mean. 4 PSW = pre-slaughter weight; CW = carcass weight;
DY = dressing yield. Body components and lymphoid organs were computed as a ratio to live weight.

3.4. Blood Biochemical Indices

The effects of dietary treatments with stocking density on blood biochemistry indica-
tors of broiler chickens are shown in Table 7. The results show that the blood biochemistry
indicators including the concentrations of TP, GLU, TG, CHO, UA, CREA, ALT, and AST
were not affected by the treatments and the interaction between treatments and stocking
density (p > 0.05). Albumen concentration (ALB) showed a significant interaction effect
between treatments and stocking density (p = 0.001). A high stocking density resulted
in higher UA, CREA, and AST concentrations compared with a normal stocking density
(p = 0.003, p = 0.008, and p = 0.001; respectively). Other blood biochemical indicators (TP,
ALB, GLU, TG, CHO, and ALT) had no effect on the stocking density (p > 0.05).

Table 7. Effect of gum arabic supplementation and stocking density on blood biochemistry indicators
of broiler chickens.

Item

Parameters 4

TP
(g/dL)

ALB
(g/dL)

GLU
(mg/dL)

TG
(mg/dL)

CHO
(mg/dL)

UA
(mg/dL)

CREA
(mg/dL)

ALT
(U/L)

AST
(U/L)

TRT 1 SD 2

CONT

Normal

3.39 1.95 b 169.6 93.4 103.85 4.53 1.09 12 40
T1 3.40 1.72 c 152.3 99.0 97.10 4.57 0.93 16 39
T2 3.39 1.70 c 158.3 100.6 87.03 4.55 1.05 13 41
T3 3.23 2.13 a 152.8 92.3 70.81 4.26 0.75 14 42

CONT

High

3.31 1.87 b 155.2 105.0 78.95 4.94 1.02 15 57
T1 3.51 2.02 a 163.6 110.4 96.91 4.64 1.17 16 49
T2 3.63 2.06 a 150.7 106.7 91.95 4.80 1.25 15 45
T3 3.51 1.62 c 154.8 96.5 92.98 5.03 1.28 14 51

SEM 3 0.17 0.11 8.70 9.79 6.92 0.17 0.12 2.03 3.23
SD

Normal 3.35 1.88 158.2 96.3 89.70 4.48 b 0.95 b 14 41 b

High 3.49 1.89 156.1 104.6 90.20 4.85 a 1.18 a 15 51 a

SEM 3 0.09 0.05 4.35 4.89 3.46 0.09 0.06 1.01 1.61
TRT
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Table 7. Cont.

Item

Parameters 4

TP
(g/dL)

ALB
(g/dL)

GLU
(mg/dL)

TG
(mg/dL)

CHO
(mg/dL)

UA
(mg/dL)

CREA
(mg/dL)

ALT
(U/L)

AST
(U/L)

CONT 3.35 1.91 162.4 99.2 91.40 4.73 1.05 14 49
T1 3.45 1.87 158.0 104.7 97.01 4.60 1.05 16 45
T2 3.51 1.89 154.5 103.7 89.49 4.67 1.153 14 44
T3 3.37 1.89 153.8 94.4 81.90 4.65 1.01 15 47

SEM 3 0.12 0.08 6.15 6.92 4.89 0.12 0.08 1.43 2.28
Source of variance (p-Value)

SD × TRT 0.732 0.001 0.486 0.974 0.015 0.232 0.095 0.789 0.288
SD 0.270 0.847 0.730 0.238 0.919 0.003 0.008 0.401 0.001

TRT 0.786 0.983 0.748 0.709 0.200 0.894 0.668 0.702 0.398
a–c Superscripts above the means for each parameter within column express the significant difference (p < 0.05).
1 Dietary treatments (TRT): CONT = the basal diet without supplement, T1 = the basal diets supplemented
with 0.12% gum arabic, T2 = the basal diets supplemented with 0.25% gum arabic, and T3 = the basal diets
supplemented with 0.10% inactivated stabilized Saccharomyces cerevisiae as commercial prebiotic. 2 Stocking
density (SD): normal stocking density = 28 kg/m2 (12 chickens/pen), and high stocking density = 50 kg/m2

(22 chickens/pens). 3 SEM = Standard error of mean. 4 TP = total protein, ALB = albumin, GLU = glucose,
TG = triglycerides, CHO = cholesterol, UA = uric acid, CREA = creatinine, ALT = alanine aminotransferase, and
AST = aspartate aminotransferase.

4. Discussion

Greater crowding (high stocking density) means a less hygienic environment, and
this can be a stressor on broiler performance. The additional administration of gum
arabic as a prebiotic could be beneficial in such conditions to help broilers cope with
stress. Accordingly, this study was conducted to investigate this objective by using two
different stocking densities with the addition of gum arabic or prebiotics to broiler diets
and measuring their effects on growth performance, intestine morphology, carcass yield,
lymphoid organs, and selected blood indices. The current results showed that weight
gain and production efficiency increased and feed conversion improved, but there was
no difference in feed intake when chickens were raised at high stocking density in the
starter stage (1–14 days of age) compared to normal stocking density. This could indicate
that high stocking density during this period has a positive effect on chick performance
by maintaining thermoregulation, which is incomplete at 1–14 days of age, which could
also be due to their smaller size and space requirements. On the other hand, our results
showed that body weight, weight gain, feed conversion ratio, and production efficiency
were negatively affected when chickens were raised at a high stocking density at 15–36 and
1–36 days of age. These results are consistent with those of Heidari et al. [29] and Miao
et al. [30], who confirmed that a high stocking density (18 and 20 chickens/m2) at 35 days
of age resulted in a decrease in weight gain and feed consumption compared to chickens
with normal stocking density. Ghanima et al. [2] reported that a high stocking density has a
negative impact on performance indicators of broiler chickens. A high stocking density
deteriorates litter and air quality by increasing litter moisture and the volatilization of
ammonia, which negatively affects growth performance during the grower stage due to
the increasing size of chickens [31]. In addition, the disruption of gut microbial ecology
that supports digestion, absorption, and production of beneficial molecules may contribute
to poor growth performance of broiler chickens raised at 22–42 and 1–42 days of age at
high stocking density [32]. Therefore, high stocking density is one of the stressors that
negatively affect growth performance such as body weight, weight gain, and feed intake [9].
Production efficiency and feed conversion ratio are used as indicators of the economic
status of broiler production [33]. Thus, a higher production efficiency index and lower
feed conversion indicate better performance and feed efficiency when chickens are kept at
normal stocking density (28 kg/m2).

The current results show that gum arabic and prebiotics (T1–T3) improved growth
performance parameters by increasing live weight, weight gain, and production efficiency,
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while feed intake did not differ during grower and overall stage (15–36 and 1–36 days
of age). These results are consistent with those of Khan et al. [34,35], who found that
the administration of gum arabic as a prebiotic improved overall performance indicator
in broilers. A prebiotic-enriched diet improved weight gain, feed intake, and carcass
weight in broilers [36]. Zhen et al. [37] reported that a Saccharomyces cerevisiae-derived
prebiotic increased the body weight gain and feed intake and improved the feed conversion
ratio in broilers. The improvement in the feed conversion ratio via dietary treatments
could be attributed to the increase in body weight gain by improving the activity of gut
microbiota and feed digestibility. Gum arabic has the ability to ferment through the activity
of commensal bacteria in the gut, which could reflect its positive effect on the performance
indicators of broilers [38]. In contrast, Tabidi and Ekram [39] reported that gum arabic had
no effect on weight gain, feed intake, and feed conversion in broilers. Houshmand et al. [40]
showed that the use of mannooligosaccharide derived from the cell wall of Saccharomyces
cerevisiae as a feed additive had no effect on growth performance parameters of broilers.
Morphological measurements of the intestine are used as indicators to evaluate the function
of the small intestine and its absorption capacity [41]. Chickens fed T1 to T3 had a higher
relative W:L ratio and higher SI compared to CONT at a normal stocking density. However,
gum arabic as a natural prebiotic may improve nutrient absorption in broilers [16,42]. This
suggests that dietary supplementation improves intestinal morphology, which is reflected
in performance parameters and carcass yield by increasing the surface area for nutrient
absorption in broilers. The relative weight of SI and the W:L ratio decreased when chickens
were kept at a high stocking density compared to a normal stocking density. This suggests
that the decrease in the relative weight of the W:L ratio and the total weight of SI leads to
a decrease in nutrient uptake ability and thus negatively affects growth performance at a
high stocking density during the grower stage [9,43].

Selected biochemical indicators in blood are among the tests performed to evaluate the
body metabolism of broiler chickens [44]. Therefore, selected blood biochemical indicators
were determined to investigate the effects of feed additives and various stocking densities
on the health and nutritional status of broiler chickens. Our results showed that the
concentrations of TP, GLU, TG, CHO, and ALT were not affected by the treatments, stocking
density or their interaction. Singh et al. [45] reported that the biochemical indicators in the
blood of broiler chickens were not affected by high stocking density. The gum arabic-fed
groups (T1 and T2) had lower ALB concentrations, while the addition of a prebiotic (T3) at
a normal stocking density gave a higher concentration of ALB than that in CONT and other
treatments at a high stocking density. Normally, a high albumin concentration is one of the
physiological stress indicators in broiler chickens [46]. Therefore, the ALB concentration
was probably increased in T1 and T2 at a high stocking density as a homeostatic response
to stress. A high stocking density resulted in higher UA, CREA, and AST concentrations
compared to normal stocking density. These results suggest that some changes in blood
biochemical indicators (UA, CREA, and AST) may be due to broiler stocking density. These
results are in agreement with those of Ghanima et al. [2] and Nasr et al. [47], who reported
that a high stocking density (40 kg/m2) at 35 days of age resulted in a decrease in the
concentrations of UA, CREA, and AST compared to chickens with a normal stocking
density. The high AST activity in broiler chickens kept at a high stocking density could be
due to increased competition for feed and water, which increases muscle injury, which is
the reason for the higher AST activity in blood [48]. The addition of gum arabic had no
effect on the ALT and AST activity of rabbits [19].

Dressing yield and carcass components are important criteria for evaluating the carcass
traits and slaughter value of broiler chickens [49]. The results of the current study showed
that carcass traits and lymphoid organs were not affected by treatments or by the interaction
between treatments and stocking density. In contrast to our results, chickens fed prebiotics
had a higher carcass and breast meat yield [50]. Pre-slaughter weight (PSW), CW, and
DY decreased, while relative leg and thymus weight increased when chickens were kept
at a high stocking density compared to a normal stocking density. Similarly, the results
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of Cengiz et al. [33] showed that a high stocking density decreased the slaughter weight
and dressing yield of broiler chickens. In contrast, several studies showed that stocking
density had no effect on carcass characteristics, DY, and lymphoid organs [27,51,52]. Other
relative weights of lymphoid organs (bursa and spleen) were not affected by treatments,
stocking density, or their interaction. These results do not agree with those of Sato et al. [53],
who found that the relative weights of lymphoid organs (bursa and spleen) were higher in
broiler chickens fed gum arabic. Dietary supplementation with prebiotics (β-glucan and
mannooligosaccharide) resulted in higher relative weights of lymphoid organs [54]. In
contrast, Houshmand et al. [40] found that mannooligosaccharide as a prebiotic supplement
at rate of 0.10% had no effect on the relative weight of lymphoid organs.

5. Conclusions

In conclusion, the present results provide useful evidence that the use of gum arabic
as a prebiotic improves growth performance, production efficiency, and small intestinal
morphology without negatively affecting blood biochemical indicators, carcass characteris-
tics, or lymphoid organs to the same extent as the prebiotic (Saccharomyces cerevisiae), based
on the results of the entire experimental period (1–36 d) in broiler chickens. At the same
time, they do not provide a solution for chickens kept at a high stocking density. Higher
stocking density (50 kg/m2) of broilers negatively affected growth performance, production
efficiency, some blood indices (UA, CREA and AST), carcass weight, dressing yield, and
intestinal morphology. Further studies are needed to determine the potential mechanism
of this supplementation by testing for stress indicators and the intestinal ecosystem.
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