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ABSTRACT The effects of a blend of encapsulated
organic acids with essential oils (EQA) as an alternative
to antimicrobial growth promoter (AGP) on growth per-
formance and gut health of Eimeria spp./Clostridium
perfringens (C. perfringens) in chickens infected with
necrotic enteritis (NE) broilers was investigated. A total
of 432 male Arbor Acres broilers (1-day-old) were ran-
domly distributed into 6 treatment groups, namely non-
infected negative control (A); NE-infected positive
control (D); NE-infected broiler chickens fed a basal diet
supplemented with 250 mg/kg bacitracin methylene disa-
licylate (BMD) plus 90 mg/kg monensin; and NE-
infected broiler chicken fed 200; 500; and 800 mg/kg
EOA (E, F, G, and H group). Feeding EOA at 200 and
500 mg/kg considerably improved the feed conversion
ratio, reduced gut lesions, serum fluorescein isothiocya-
nate dextran level, and C. perfringens load in the caecum
and liver of the NE-infected broiler chickens. This feed
was similar to AGP. Furthermore, the increased villous
height-to-crypt depth ratio and goblet cells counts, upre-
gulated claudin-1, glucagon-like peptide-2 (GLP-2),

insulin-like growth factor-2 (IGF-2) mRNA gene
expression, downregulated occludin, zonula occlu-
dens-1 (ZO-1), toll-like receptor (TLR-4), interleu-
kin (IL-1pB), interferon y (IFN-y), TNF receptor-
associated factor 6 (TRAF-6), tumor necrosis factor
superfamily member 15 (TNFSF15), and Toll-inter-
acting protein (Tollip) genes expression in the jeju-
num were observed in the NE-infected broiler
chickens that received EOA at 200 and 500 mg/kg
compared with those of the single NE-challenged
groups without EOA supplementations (P < 0.05).
The 16S analysis revealed that EOA supplemented
with 200 or 500 mg/kg enriched relative abundance
of Lactobacillus, unclassified Lachnospiraceae, and
FEnterococcus, and carbohydrate metabolic pathways
but suppressed unclassified Erysipelotrichacease and
organismal systems involved in the immune system
(P < 0.05). Feeding EOA could alleviate NE-induced
gut impairment and growth depression and modulate
cecal microbiota composition, which has potential as
antimicrobial alternatives.
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INTRODUCTION

Necrotic enteritis (NE) is a common disease in poultry
flocks. This disease typically occurs in broiler chickens
and is characterized by reduced weight gains, increased
mortality, poor feed conversion ratio (FCR), and consid-
erable economic losses. Critically, contaminated chicken
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products can cause serious health problems in humans
(Timbermont et al., 2011; Wade et al., 2015). In the last
decades, antibiotics were added to animal feed to not
only promote growth but also diminish intestinal patho-
gen concentration and incidence of enteric diseases such
as NE. Antibiotics as antimicrobial growth promoter
(AGP) for poultry have gradually been banned or lim-
ited in some countries, including EU, USA, Canada, Mex-
ico, Japan, Hong Kong, and China, because of the
increasing antimicrobial resistance and drug residue in
poultry products (Salim et al., 2018). However, research
data have revealed that the removal of AGPs from poul-
try feed causes frequent occurrence of enteric disorders,
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such as NE and reduced performance, in many countries
(Kaldhusdal et al., 2016). Therefore, effective and safe
alternatives should be proposed to prevent undesirable
effects, such as occurrence of NE, resulting from the
removal of AGPs from chicken diets.

Essential oils (EOs) have been used as a promising in-
feed antibiotics alternatives due to their natural, low-toxic-
ity, and no-residue properties (Bassolé and Juliani, 2012).
In vitro and in vivo trials have demonstrated that EOs
exhibit different biological functions, including antioxidant
status (Chowdhury et al., 2018; Pirgozliev et al., 2019b)
and antibacterial, anti-inflammatory (Liu et al., 2019),
antiviral (El-Shall et al. 2020), and antiparasitic activities
(Bozkurt et al., 2016). Poultry studies have revealed that
the inclusion of EOs into chicken diets could not only
improve growth performance (Cross et al., 2007;
Hashemipour et al., 2015; Pirgozliev et al., 2015, 2019a;
Sun et al., 2015; Peng et al., 2016; Liu et al., 2017, 2018;
Chowdhury et al., 2018; Wang et al., 2019) and regulate
the gut microbiota compositions (Hume et al. 2011) but
also considerably reduce growth loss and alleviate negative
effects caused by pathogenic Salmonella (Alali et al. 2013),
Escherichia coli (Liu et al., 2018), Clostridium perfringens
(Mitsch et al., 2004; Jerzsele et al., 2012; Du et al., 2015,
2016; Sun et al., 2015; Yin et al., 2017), and Eimeria spp
(Bozkurt et al., 2016; Upadhaya et al., 2019).

Organic acids (OAs) are also termed as fatty acids char-
acterized by aliphatic chains with 4—28 carbons. OAs are
chemically classified according to their carbon chain length
into short-chain fatty acids (SCFAs; 1—6 carbon atoms),
medium-chain fatty acids (MCF As; 7—12 carbon atoms),
or long chain fatty acids (LCFAs; 13-21 carbon atoms)
(Ferronato and Prandini, 2020). OAs exhibit numerous
physiological effects, including antimicrobial activity, anti-
stress effect, gut development promotion, immune modula-
tion, and energy supply for intestinal cells, which
eventually leads to a positive effect on animal health and
their productivity. Thus, they are excellent feed additive
and promising antibiotic alternatives in livestock
(Zentek et al., 2011; Abudabos et al. 2016; Emami et al.,
2017; Polycarpo et al. 2017; Song et al. 201T7;
Dittoe et al. 2018; Nguyen et al. 2020). According to stud-
ies on poultry, dietary coated OA administration improves
nutrient digestibility, increases the populations of benefi-
cial microflora (Lactobacillus spp.), reduces harmful bacte-
ria counts (C. perfringens, E. coli and Salmonella spp.) in
gut contents, allowing OAs to function along the gastroin-
testinal tract (GIT) (Abudabos and Al-Mufarrej, 2014;
Dai et al., 2021) and exhibit antimicrobial activities
against poultry pathogen infections, including F. coli
(Kazempour and Jahanian, 2017; Khodambashi Emami
et al., 2017), Salmonella spp. (Van Immerseel et al., 2006;
Abudabos et al., 2016; Kazempour and Jahanian, 2017),
and C. perfringens (Geier et al., 2010); thereby improving
intestinal immune responses and mucosal integrity and
function. For example, MCFA (caproic, caprylic, and cap-
ric acid) decreases the number of Salmonella in chicken
(Upadhyaya et al., 2015). Adding an OA mixture (com-
prising 30% lactic acid, 25.5% benzoic acid, 7% formic
acid, 8% citric acid, and 6.5% acetic acid) in broiler diets

improves growth performance (Fascina et al., 2012). Fur-
thermore, 30% sodium n-butyrate upregulated claudin-1,
claudin-4, ZO-1, occludin, LEAP-2, and mucin-2 levels are
found in the jejunum (Song et al., 2017).

The combination of lipophilic EOs with hydrophobic
OAs in animal and poultry feed as antibiotics alternatives
has received considerable research attention because com-
bining EOs and essential OA (EOA) products is efficacious
on growth performance, intestinal microbiota community,
antimicrobial action, and intestinal health in broiler chick-
ens (Liu et al., 2017; Omonijo et al., 2018; Yang et al.,
2018, 2019; Abdelli et al., 2020; Stefanello et al., 2020). For
example, several protected combinations of EOs and OAs
products have been reported to effectively reduce Salmo-
nella (Cerisuelo et al., 2014; Zhang et al., 2019), E. coli
(Basmacioglu-Malayoglu et al., 2016; Yang et al., 2019),
C. jejuni infection in chickens (Thibodeau et al., 2015).
Studies have revealed that dietary supplementation of
microencapsulated and targeted-release EOAs blends can
improve gut microbiome, morphological traits, and absorp-
tive capacity of the intestine of broiler chickens when
exposed to C. perfringens infection (Timbermont et al.,
2010; Jerzsele et al., 2012; Abdelli et al., 2020;
Stamilla et al., 2020; Stefanello et al., 2020).

However, the efficacy of EOA products for chicken
growth performance and gut health was influenced by
many factors, such as the structure of EOs or OAs, EOA
formula composition, EOA coating and dosage, chicken
health status, dietary form and composition, and rearing
in environmental and hygienic conditions (Zhai et al.,
2018). In this study, we assessed the effects of a novel
EO and OA mixture product on the growth perfor-
mance, gut microbiota composition, immune responses,
and gut barrier function of NE-infected broiler chickens
and compared the results with findings for in-feed antibi-
otic bacitracin methylene disalicylate (BMD). We
hypothesized that these EOAs could be used as alterna-
tives for AGP to improve the growth and gut health and
control NE infection in broiler chickens.

MATERIALS AND METHODS

Broiler Chickens, Diets, and Experimental
Design

All the procedures implemented in this study were
approved by the Animal Care and Use Committee of
China Agricultural University (statement no: SYXK
2019-0026).

A total of 432 male Arbor Acres broiler chickens (1-
day-old) procured from a local commercial hatchery
were weighed and randomly allocated to 36 floor pens
with 6 dietary treatment groups, with 6 replicates and
12 chickens per pen. The experimental treatment pro-
ceeded as follows: 1) nonchallenged negative control (A,
fed with a basal diet); 2) challenged positive control (D;
fed with basal diet + co-challenged with sporulated
oocysts of Eimeria and C. perfringens); 3) AGP group
(E; infected broiler chickens fed the basal diet with
250 mg/kg BMD plus 90 mg/kg monensin); 4) Three
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inclusion levels of EOA-treated groups (F, G, H groups;
infected broiler chickens received the basal diet with
200, 500, and 800 mg EOA /kg of diet, respectively). The
blend of encapsulated OAs and EOAs used in the experi-
ment was provided by a commercial company (Menon
Co., Ltd., Shanghai, China). Its active ingredients were
4% carvacrol, 4% thyme, 0.5% hexanoic, 3.5% benzoic,
and 0.5 % butyric acid. The ingredient composition of
the basal diets refers to Arbor Acres broiler chicken
nutrient specifications (Aviagen Arbor Acres broiler
Nutrition Specifications, 2019). The experimental basal
feed was antibiotic-free and coccidiostat-free corn-soy-
bean pelleted diet. The experiment performed in envi-
ronment floor pens and temperature-controlled rooms at
a Zhuozhou poultry farm (Hebei, China). All the pens
were within the same environmentally controlled facil-
ity, which was equipped with a nipple drinker and a
plastic feeder. Chickens had free access to feed and
water. The temperature, lighting program, and relative
humidity were set according to the commercial Arbor
Acres manual.

NE Challenge

The previously described NE model with minor modi-
fications was used in this study (Shojadoost et al., 2012).
At d 14, all the groups in the experiment (except group
A) were orally gavaged with the mixed oocysts contain-
ing Eimeria mazima and Eimeria necatriz (1.0 x 10*
oocysts/chick, 5.0 x 10° oocysts/chick, respectively)
provided by Dr. Suoxun, College of Veterinary Medi-
cine, China Agricultural University. Four d after mixing
Eimeria oocysts, infected chickens were continuously
inoculated through the crop with C. perfringens type A
CVCC52 (1 mL/chick/d, 2.2 x 10° CFU/mL, China
Veterinary Culture Collection Center, China Institute
of Veterinary Drug Control, Beijing, China) on d 18, 19,
and 20. Similarly, broiler chickens in the negative con-
trol group (unchallenged) received 1 mL/chick of sterile
thioglycollate broth. Chickens were starved for 8 h
before inoculation.

Measurement of Growth Performance
Parameters (Traits)

On d 1, 21, and 42, pen feed intake and chicken body
weight were weighed and recorded. All broiler chickens
were examined daily, and chicken deaths were recorded.
Average body weight gain (BWG), average feed intake
(AFI), and FCR were calculated for all the phases.

Gut Lesion Scoring and Samples Collection

On d 7 after d postinfection (7DPI), 2 broiler chick-
ens/pen were randomly selected and weighed individu-
ally, and cervical dislocation was performed to euthanize
them. The duodenum, jejunum, and ileum were collected
and scored for NE lesions for each of the upper and
lower gut on a scale of 0—4 by 3 independent observers,

as previously described (Gholamiandehkordi et al.,
2007). The middle intestinal sections of the jejunum
were cut off (approximately 1 cm) and carefully washed
with sterile saline and subsequently placed into a sterile
tube and snap frozen in a liquid nitrogen solution and
stored at —80°C until subsequent analysis for mRNA
expression. Another jejunum sample (approximately 2
cm) was rinsed in 0.9% of physiological saline and stored
in 4% buffered paraformaldehyde solution at 21°C for
subsequent morphological analysis (Wu et al., 2019).
Liver samples and cecal samples from each broiler were
aseptically collected into sterile tubes, immediately fro-
zen in liquid nitrogen, stored at —80°C, and transported
to the laboratory for microbiota culture and microbial
16S rRNA analyses.

Assay of Jejunum Morphology and Goblet
Cells

The jejunum morphological structure was determined
according to a previously described method (Shao et al.,
2013). The jejunal samples were washed with phosphate
buffer solution (PBS) and then fixed in a 4% parafor-
maldehyde solution. The fixed samples were dehydrated,
cleared, and infiltrated with paraffin in a tissue proces-
sor, and then embedded in paraffin blocks. The blocks
were sectioned in 5.0-um-thick slices, with 2 slices per
block. The sections were placed on a glass slide and
stained with hematoxylin and eosin. Morphometric anal-
ysis was performed using a Nikon phase-contrast micro-
scope coupled with a MicroComp integrated digital
imaging analysis system (Nikon Eclipse 80i, Nikon,
Tokyo, Japan). At least 5 villi and 5 crypt per section
and 2 sections per segments were individually measured
for determining the villi height (VH) and crypt depth
(CD), and their average values were used for statistical
analyses. Average VH, CD, and VH/CD ratios were cal-
culated. Goblet cells (GC) in the jejunum segments
were stained with periodic acid-Schiff (PAS) as stated
previously (Shao et al., 2013). The number of PAS posi-
tive cells per villi was measured and counted by using
image J software.

Microbiological Measurements

Approximately 1 g of the collected liver and cecal
samples of each replicate were analyzed to determine the
number of lactic acid bacteria, Coliform bacteria (caecal
samples only), and C. perfringens (both liver and cecal
samples) by using culture methods on selective media:
C. perfringens on cycloserine supplemented tryptose sul-
fite cycloserine agar media; E. coli on eosin-methylene
blue agar, and Lactobacillus on de Man, Rogosa, Sharpe
agar media. These samples were homogenized and
diluted from 107" to 10~7 with the PBS solution under
sterile conditions and subsequently plated on selective
agar plates to detect bacteria. The incubation conditions
and calculation of the number of colony-forming units
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Table 1. Composition of the experimental basal diet, %.

Grower and finisher

Items Starter (d 1-21) d (22-42)

Composition, %

Corn (CP 7.8%) 39.70 57.0

Soybean meal (CP 33.0 30.0
46.0%)

Wheat 19.0 0

Soybean oil 4.00 4.40

‘Wheat middlings 0 5

Limestone 1.50 1.50

Dicalcium phosphate 1.50 1.36

Sodium chloride 0.30 0.30

DL-Methionine, 98% 0.27 0.19

L-Lysine sulfate, 0.20 0.11
78%

Choline chloride, 0.25 0.15
50%

Mineral Premix" 0.20 0.20

Vitamin Premix” 0.03 0.03

Phytase 0.02 0.03

Ethoxyquinoline, 0.05 0.03
33%

Total 100 100

Calculated nutrient

Metabolizable 3.02 3.10
energy, Mcal /kg

Crude protein, % 21.37 19.27

Calcium, % 0.99 0.93

Available phospho- 0.45 0.43
rus %

Digestible Lysine, % 1.20 1.05

Digestible Methio- 0.57 0.46
nine, %

Digestible

Methionine + Cysteine, %0.900.78

“Composition of vitamin premix provided per kg of complete diet: vita-
min A (retinyl acetate), 12,500 IU; vitamin D3 (cholecalciferol), 2500 IU;
vitamin E (DL-a-tocopherol acetate), 30 IU; vitamin Kz (menadione
sodium bisulfate), 2.65 mg; vitamin By (cyanocobalamin), 0.025 mg; bio-
tin, 0.30 mg; folic acid, 1.25 mg; nicotinic acid, 50 mg; d-pantothenic acid,
12 mg; pyridoxine hydrochloride, 6.0 mg; riboflavin, 6.5 mg; thiamine
mononitrate, 3.0 mg.

PMineral premix provided per kg of complete diet: iron, 80 mg; copper,
8 mg; manganese, 100 mg; zinc, 80 mg; iodine, 0.35 mg; selenium, 0.15 mg.

were followed according to the conventional methods in
microbiology (Wu et al., 2019).

Serum Fluorescein Isothiocyanate Dextran
Determination

At 7 DPI, 2 chickens were oral gavaged fluorescein iso-
thiocyanate dextran (FITC-d-mol weight (MW) 3000
—5000, Sigma - Aldrich, St. Louis, MO) at 8.32 mg/mL/
chick. At 1 and 2.5 h after FITC-d gavage, blood sam-
ples were collected through wing veins, and centrifuged
at 3000 rpm for 10 min to separate serum and stored at
—40°C until measurement of the serum FITC-d level
according to the previously described method
(Baxter et al., 2017).

mRNA Expression Analysis by Using
Quantitative Real-Time Polymerase Chain
Reaction

The trizol reagent (Invitrogen Life Technologies,
Carlsbad, CA) was used to isolate total RNA of jejunum

Table 2. Nucleotide sequences of primers (TLR-mediated signal-
ing pathway-related cytokines, chemokines and negative regula-
tors) for quantitative real-time PCR assay.

Genes Primer sequence (forward and reverse) Accession number

TLR-2 F: GGGGCTCACAGGCAAAATC

R: AGCAGGGTTCTCAGGTTCACA

NM_001161650.1

TLR-4 F:CCACTATTCGGTTGGTGGAC NM_001030693.1
R:ACAGCTTCTCAGCAGGCAAT

TNFSF15  F- CCAAGAGCACACCTGACAGT NM_001024578.1
R- CACAGGTATCACCAGTGCGT

MyD88 F:GGATGGTGGTCGTCATTTCA NM_001030962.1
R:GAGATTTTGCCAGTCTTGTCCA

TRAF-6 F: CACAGAGGAGACGCAGGGATA XM_001235884.1
R: AACAGATCGGGCACTCGTATTT

NF-kB F:TGGAGAAGGCTATGCAGCTT NM_205134.1
R:CATCCTGGACAGCAGTGAGA

IL-18 F-CAGCAGCCTCAGCGAAGAG NM_204524.1
R-CTGTGGTGTGCTCAGAATCCA

IL-8 F-GGCTTGCTAGGGGAAATGA AJ009800
R-AGCTGACTCTGACTAGGAAACTGT

IL-10 F:CGCTGTCACCGCTTCTTCA NM_001004414.2
R:CGTCTCCTTGATCTGCTTGATG

IFN-y F-AAAGCCGCACATCAAACACA NM_205149.1
R-GCCATCAGGAAGGTTGTTTTTC

Tollip F:CATGGTACCTGTGGCAATACC NM_ 001006471
R:GCACTGAGCGGATTACTTCC

PI3K F:AACATCTGGCAAAACCAAGG NM_ 001004410
R:CTGCAATGCTCCCTTTAAGC

A20 F:GAGAACGCAGAGCCTACACC NM_001277522.1
R:CCAACCTTCTTCCTGCACAT

SOCS-1 F:GCTCTCAGGCTCGAGGTTAC NM_001137648.1
R:GCTTGCTCGAGTGATGCTACT

SOCS-6 F: CAGATATCTTTGTGGACCAGG NM_ 001127312

CAGTGAA
R: GGTAGCAAAGGTGAAAGTGGAG
GGACATC

Abbreviations: A20, protein A20; IFN-y, interferon y; IL, interleukin;
MyDS8, myeloid differential protein-88; NF-«B, nuclear factor kappa-light-
chain-enhancer of activated B cells; PI3K, phosphatidylinositol 3-kinase;
SOCS, suppressor of cytokine signaling; TLR, toll-like receptor;
TNFSF15, tumor necrosis factor superfamily member 15; Tollip, toll-
interacting protein; TRAF-6, TNF receptor-associated factor 6.

mucosa (~60 mg) according to manufacturer’s instruc-
tions. RNA quality was evaluated on an agarose gel, and
the concentration and purity of the extracted RNA were
measured using a Nanodrop-2000 spectrophotometer
(260 and 260/280 nm) (Thermo Fisher Scientific, Wal-
tham, MA). Next, a Primer ScriptRT reagent Kit
(Takara Bio Inc.) was used to reverse transcribed RNA
to complementary DNA and stored at —20°C until anal-
ysis. The target gene sequences and primers for the refer-
ence gene are presented in Tables 2 and 3. The
expressions of TLR-2, TLR-4, MyD88, TRAF-6, NF-kB,
TNFSF15, IL-18, IL-8, IFN-y, IL-10, Tollip, PI3K, A20,
SOCS-1, SOCS-6, tight junction proteins genes, growth
factors genes (Claudin-1, Occlaudin, ZO-1, Mucin-2,
TGF-83, IGF-2, EGFR, GLP-2), and housekeeping
gene B-actin were quantified using SYBR Premix Ex
TaqTM kits (TaKaRa) on the Applied Biosystems 7500
Fast Real-Time PCR System. The specificity and effi-
ciency of the primer was determined by conducting melt
curve analysis. The 2 ~*2°T method was used to calcu-
late the levels of mRNA expressions of target genes using
B-actin as the reference gene (Livak and Schmitt-
gen, 2001).
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Table 3. Nucleotide sequences of primers (tight junction proteins
and growth factors) for quantitative real-time PCR assay.

Genes Primer sequence (forward and reverse) Accession number

Tight junctions
Claudin-1 F: AAGTGCATGGAGGATGACCA
R: GCCACTCTGTTGCCATACCA
F:TCATCGCCTCCATCGTCTAC

R:TCTTACTGCGCGTCTTCTGG

NM _001013611.2

Occlaudin NM_205128.1

Z0-1 F: TATGAAGATCGTGCGCCTCC XM 015278981.1
R: GAGGTCTGCCATCGTAGCTC

Mucin-2 F: AGCGAGATGTTGGCGATGAT NM 001318434.1
R: AAGTTGCCACACAGACCACA

Growth factors

TGF-B3 F:.TGCGGCCAGATGAGCAT NM _ 205454.1
R:TGCACATTCCTGCCACTGA

IGF-2 F: TGGCTCTGCTGGAAACCTAC NM_001030342.2
R: ACTTGGCATGAGATGGCTTC

EGFR F: ACCAGCCTGCAGAGAATGTA NM_ 205497
R: CACCATGTTAAGCGCAATGA

GLP-2 F:AAGCTTCCCAGTCTGAACCA NM  205260.4

R:ATCCTGAGCTCGTCTGCTGT
House-keeping genes
B-actin F: GAGAAATTGTGCGTGACATCA
R: CCTGAACCTCTCATTGCCA

NM 205518

Abbreviations: EGFR, epidermal growth factor receptor; GLP-2, gluca-
gon-like peptide-2; IGF-2, insulin-like growth factor-2; TGF- 83, trans-
forming growth factor beta 3; ZO-1, zonula occludens-1.

DNA Extraction, 16S rRNA Gene
Sequencing, and Analysis

The microbial genome DNA of the caecal sample (d 28
of age) was extracted using the QIAamp Fast DNA stool
mini kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. Before PCR amplification,
quantity and quality of DNA were determined using a
Nanodrop-2000 spectrophotometer. DNA integrity was
analyzed using agarose gel electrophoresis. Subse-
quently, the qualified DNA was used as a template
for the microbial 16S RNA V3-V4 gene region to be
amplified with barcoded primer pair: F341 (5'-ACTCC-
TACGGGAGGCAGCA-3’) and R806 (5-GGAC-
TACHVGGGTWTCTAAT-3’) (using the KAPA HiFi
Hotstart Ready Mix PCR kit - Kapa Biosystems, Wil-
mington, MA). The PCR amplification process and con-
ditions used were as follows: 94°C for 5 min, 95°C for
30 s (30 cycles), 50°C for 30 s, 72°C for 30 s, and 72°C for
5 min. The PCR amplification products were analyzed
by 2% agarose gel electrophoresis and purified with QIA
quick Gel Extraction Kit (QIAGEN, Hilden, Germany).
The Ilumina MiSeq PE250 platform (Illumina, Santa
Clara, CA) was used to determine amplicon libraries
sequencing with MiSeq Reagent Kit and by following
standard protocols (Shanghai Personal Biotechnology
Co., Ltd., Shanghai, China).

The raw data and Quantitative Insights into Micro-
bial Ecology (QIIME) were filtered and demultiplexed
by using the Ilumina MiSeq platform (version 1.8.0-
dev). Raw tags were obtained by merging sequence data
using FLAST (Magoc and Salzberg, 2011). Forward and
reverse sequences were combined after trimming and
then uploaded to QIIME to analyze their richness
(Caporaso et al., 2011). The sequences and reference
operational taxonomic units (OTU 97% similarity) were

clustered and classified by using UCLUST and with
QIIME software. Next, MOTHUR, software was used to
conduct  a-diversity and  B-diversity = analysis
(Lozupone et al., 2007). The Mann—The Whitney U
test was used to compare significant differences between
microbiota components, and the principal component
was analyzed based on the level of phylum and genus
compositional profiles (Ramette, 2007). A Venn diagram
was created with R software to visualize the shared and
unique OTUs among samples based on Silva taxonomic
database (Zaura et al., 2009). Differences of microorgan-
isms between experimental groups were determined
using PLS-DA (partial least squares discriminant analy-
sis) through “mix Omics” (Chen et al., 2011). Further-
more, the phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) was
used to predict the functionality of cecal microbiota by
relying on high-quality sequences (Langille et al., 2013).
The functions were deduced using Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotations for level 2
pathways.

Statistical Analysis

The one-way analysis of variance (ANOVA) in
SPSS 20.0 (SPSS Inc., Chicago, IL) was used to ana-
lyze the results for performance, gut lesion scores,
level of cecum and liver C. perfringens load, jejunum
histomorphology, serum FITC-d concentration, and
relative mRNA expressions by using the multivari-
able and univariable ANOVA to compare the differ-
ences between groups. Mean separations were
performed by using Tukey’s multiple comparison
test. The statistical analysis of the number of bacte-
ria converted to log colony-forming units. The Krus-
kal—Wallis test with Benjamini—Hochberg P-value
correction was used to calculate species abundances
for comparing groups. In this experiment, P < 0.05
was used as the value for statistical significance, and
0.05 £ P £ 0.10 was used because these values tend
to be reliable.

RESULTS
Growth Performance

Table 4 presents the results of growth performance.
During d 1 to 21, NE infection (D) significantly reduced
BWG and AFT and increased feed consumption/weight
gain ratio (F:G) compared with the noninfected negative
group (A). The infected broiler chickens received antibi-
otics growth promoters (D) (P < 0.05). No difference
was observed for aforementioned parameters compared
with the other infected broiler chickens fed with different
doses of EOA.

From d 22 to 42, although NE infection did not affect
the indicators of BWG and AFI, the infected broiler
chickens fed EOA at 200 mg/kg EOA of feed exhibited
improved FCR compared with the noninfected negative
control group, the infected positive treatment, and the


https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=62177139
https://www.ncbi.nlm.nih.gov/nuccore/NM_001030342.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001190165.3

6 PHAM ET AL.

Table 4. Effects of dietary EOA supplementation on growth performances of broiler chickens coinfected with Eimeria mazima and Clos-

tridium perfringens'.

Experimental design

Ttems A D E F G H SEM? P-values®
D1to21

BWG, g/bird 870" 655" 830" 657" 647" 636" 16.25 <0.01
AFI, g/bird 1249" 1047" 1219° 1042" 1057" 1028" 15.57 <0.01
FCR, g/g 1.44" 1.60" 1.46" 1.60" 1.64" 1.62" 0.01 <0.01
D22 to 42

BWG, g/bird 1904 1891 2071 1929 1919 1840 23.67 0.059
AFI, g/bird 3095 3114 3275 3047 3083 2976 31.75 0.120
FCR, g/g 1.63"" 1.65" 1.58" 1.56° 1.60"" 1.62"" 0.01 0.011
d1 to 42

BWG, g/bird 2774 2546" 2904" 2596" 2566" 2476" 32.38 <0.01
AFI, g/bird 4344™ 4161 4494" 4089"° 4140™ 4004° 42.48 0.002
FCR, g/g 1.54" 1.63" 1.52° 1.57" 1.61°" 1.62°" 0.01 <0.01

abed)Jeans within the same row without a common superscript differ significantly (P <0.05).

'Each value represents the mean of 6 replicates. A: the uninfected and untreated control; D: the infected and untreated control; E: the infected
birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected
birds fed basal diet supplemented with 200 mg/kg EOA; G: the infected birds fed basal diet supplemented with 500 mg/kg EOA; H: the infected
birds fed basal diet supplemented with 800 mg/kg EOA. 2SEM, standard error of the mean. *P-values represent the interaction between the die-
tary treatments. Abbreviations: AFI, average feed intake, g/bird; BWG, average body weight gain, g/bird; FCR, feed conversion ratio (g of feed

intake/g of BW gain, g/g).

infected broiler chickens that received 800 mg/kg EOA
(P < 0.05) treatment, but no significant difference in
these performance parameters was observed when com-
pared with the infected broiler chickens supplemented
with either AGP or 500 mg/kg EOA.

During the period, infected broiler chickens fed
with AGP exhibited the highest BWG and AFI as
well as the lowest FCR (P < 0.05) compared with
the infected positive control and the EOA-added
groups, but were the same as the noninfected and
untreated groups. Compared with the NE-infected
positive control, only the 200 mg/kg EOA group
exhibited improved FCR (P < 0.05), the 500 mg/kg
EOA group exhibited a decreasing trend for FCR,
and the 800 mg/kg EOA group revealed no effect on
FCR. NE-infected broiler chickens fed with different
amounts of EOA exhibited no remarkable influence
(P < 0.05) on BWG and AFI compared with the
infected broiler chicken control.

Concentration of C. perfringens in Liver and
Cecum Samples

As listed in Table 5, dietary EOA or AGP treatments
did not affect (P > 0.05) cecal E.coli and Lactobacillus
(P = 0.100) counts. Single NE infection significantly
increased (P < 0.01) the amount of C. perfringens in the
liver and caecum compared with noninfected treatment
and other infected treatments. Compared with the
infected control, infected broiler chickens receiving AGP
or different levels of EOA revealed a considerable
decrease (P < 0.05) in the number of C. perfringens in
the liver and intestine. In addition, AGP addition
sharply reduced C. perfringens numbers (P < 0.05) in
the cecum of the infected treatment groups compared
with that in the infected groups with EOA addition.
However, EOA inclusion dosage resulted in no notable

difference (P > 0.05) on the amount of C. perfringens in
the liver and cecum.

Intestinal Lesion Score Observation and
Morphological Evaluation

Intestinal lesion scores and morphological observa-
tions on 7DPI are presented in Tables 6 and 7. The
broiler chickens infected with NE alone exhibited the
most severe gut lesions in the duodenum, jejunum,
and ileum compared with the uninfected groups and
the infected broiler chickens given in-feed antibiotics
or EOA treatments (P < 0.05). The infected broiler
chickens treated with AGP exhibited the lowest gut
lesions (P < 0.05), which was similar to the result of
the infected broiler chickens given EOA at 200 mg/
kg and 500 mg/kg, compared with the infected
broiler chickens. Thus, adding EOA at 200 mg/kg
and 500 mg/kg to basal diets could significantly (P <
0.05) reduce intestinal lesions scores of infected
broiler chickens. However, infected broiler chickens
receiving 800 mg/kg FOA revealed higher gross path-
ological scores (P < 0.05) than the uninfected groups
and infected broiler chickens supplemented with AGP
did but had no significant difference (P > 0.05)
related with the infected broiler chickens treated with
EOA at 200 mg/kg and 500 mg/kg.

Jejunal morphological and goblet cells examination
(Table 7) revealed that single NE infection significantly
increased the depth of intestinal CD and reduced VH/
CD and GC cells numbers compared with other groups
(P < 0.05). The addition of AGP or different levels of
EOA to the infected broiler chickens significantly
declined CD and remarkably improved VH/CD and GC
cell counts compared with the single NE-infected positive
control (P < 0.01). In addition, the jejunal VH/CD ratio
of the infected broiler chickens given EOA at 200 mg/kg
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Table 5. Effect of EOA on intestinal bacterial concentration and liver Clostridium perfringens numbers (at 7 DPI) of broiler chickens
challenged with NE'.

Experimental design

Items Bacteria A D E F G H SEM?2 P-values®
Cecal
Clostridium perfringens 0.00° 4.69" 0.00° 2.26" 2.23" 1.57" 0.31 <0.01
FEscherichia coli 6.54 8.00 6.69 7.40 7.06 7.87 0.23 0.334
Lactobacillus 9.55 8.92 9.61 9.64 10.60 9.61 0.16 0.100
Liver Clostridium perfringens 0.32" 1.93" 0.11° 0.40™ 0.42" 1.09" 0.14 <0.01

abed)[eans within the same row without a common superscript differ significantly (P <0.05).

'Each value represents the mean of six replicates. A: the uninfected and untreated control; D: the infected and untreated control; E: the infected birds
fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected birds fed basal
diet supplemented with 200 mg/kg EOA; G: the infected birds fed basal diet supplemented with 500 mg/kg EOA; H: the 1nfected birds fed basal diet sup-

plemented with 800 mg/kg EOA. >SEM, Standard error of the mean. ® P-values represent the interaction between the dietary treatments.

Table 6. Effect of dietary EOA supplementation on gut lesion scores (at 7 DPI) of broiler chickens challenged necrotic enteritis.

Experimental design

Ttems A D E F G H SEM' P-values®
Duodenum 0.07° 1.58" 0.29° 0.58" 0.67" 0.83" 0.09 <0.01
Jejunum 0.36" 1.33" 0.363" 0.673" 0.583" 0.58" 0.07 <0.01
Tleum 0.00° 0.83" 0.29" 0.30™ 0.25" 0.67"" 0.08 0.028
Pathological scores 0.14° 1.25° 0.31° 0.51" 0.50" 0.723" 0.22 <0.01

abed)\Jeans within the same row without a common superscript differ significantly (P < 0.05); A: uninfected and untreated control; D: infected and
untreated control; E: infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg mon-
ensin; F: infected birds fed basal diet supplemented with 200 mg/kg EOA; G: infected birds fed basal diet supplemented with 500 mg/kg EOA; H: infected

birds fed basal diet supplemented with 800 mg/kg EOA.
}SEM, standard error of the mean.
2 P-values represent the interaction between the dietary treatments.

Table 7. Effect of EOA on jejunal morphology and goblet cell numbers of broiler chickens challenged with NE.

Experimental design 1 2
Ttems A D E F G H SEM P-values
Villous height, pm 439.66 398.69 444.83 460.95 446.39 478.87 9.72 0.302
Crypt depth, um 61.93° 112.52" 94.48" 88.04" 66.69° 66.48° 3.65 <0.01
VH/CD'S 7.07" 3.56° 4.77" 5.33" 6.75" 7.36" 0.26 <0.01
GC' cells 23.57° 17.23" 21.43" 22.93" 23.87° 21.13" 0.74 0.091

ab.¢d)\Jeans within the same row without a common superscript differ significantly (P < 0.05); A: uninfected and untreated control; D: infected and
untreated control; E: infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg mon-
ensin; F: infected birds fed basal diet supplemented with 200 mg/kg EOA; G: infected birds fed basal diet supplemented with 500 mg/kg EOA; H: infected

birds fed basal diet supplemented with 800 mg/kg EOA.
ISEM, standard error of the mean.
2 P-values represent the interaction between the dietary treatments.
3VH/CD = villus height to crypt depth ratio
4GC cells = goblet cells numbers per mm?.

was closed to that of the AGP-treated group, except that
of the other EOA-treated broiler chickens (P < 0.05).

Serum FITC-d Levels

Table 8 reveals the results of the serum FITC-d con-
centration. Compared with the positive control groups,
infected chickens given AGP or different levels of EOA
exhibited significantly reduced concentrations of serum
FITC-d at 1 h after administering FITC-d (P < 0.05),
and the lowest concentration of serum FITC-d was
observed in the infected broiler chickens receiving die-
tary addition with 800 mg EOA /kg of feed, whereas no
notable difference was observed between several EOA-
treated and the AGP-treated groups (P > 0.05). More-
over, no significant difference was observed on serum
FITC-d levels among all the treatments at 2.5 h post
administration of FITC-d (P > 0.05).

Results of mMRNA Gene Expression in the
Jejunum Samples

As presented in Table 9, compared with the unin-
fected negative control, NE infection alone significantly
downregulated ZO-1 mRNA levels (P < 0.05) and
numerically downregulated claudin-1, mucin-2 and
EGFR mRNA in jejunum. Compared with the NE-
infected and untreated broiler chickens, the infected
broiler chickens’ diet supplemented with antibiotic AGP
significantly reduced ZO-1 mRNA but significantly
increased mucin-2, TGF-8, and EGFR gene expression
in jejunum (P < 0.05). The challenged broiler chickens
given different doses of EOA wupregulated (EOA
200 mg/kg feed) or tended to increase (500 mg/kg and
800 mg/kg feed) claudin-1 mRNA levels (P < 0.05), but
no remarkable effect was observed on the level of mucin-
2, TGF-83, and EGFR (P > 0.05). The dietary adminis-
tration of 500 or 800 mg/kg EOA downregulated ZO-1
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Table 8. Effects of dietary supplemental with EOA on intestinal permeability (serum fluorescein isothiocyanate dextran (FITC-d) con-
centration, ng/mL) broiler chickens challenged with NE.

Experimental design 1 2
Ttems A D E F G H SEM P-values
1h 9.74"" 9.88" 9.29" 9.12" 9.22" 9.01° 0.09 0.030
2.5h 9.84 10.00 9.81 9.93 9.83 9.99 0.03 0.387

abed)feans within the same row without a common superscript differ significantly (P < 0.05); A: uninfected and untreated control; D: infected and
untreated control; E: infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg mon-
ensin; F: infected birds fed basal diet supplemented with 200 mg/kg EOA; G: infected birds fed basal diet supplemented with 500 mg/kg EOA; H: infected
birds fed basal diet supplemented with 800 mg/kg EOA.

ISEM, standard error of the mean. ? P-values represent the interaction between the dietary treatments.

Table 9. Effects of dietary supplemental with EOA on gene expressions of tight junction proteins, growth factors, and mucin-2 in the
jejunum of broiler chickens challenged with NE.

Experimental design 1 2

Ttems A D E F G H SEM P-values
Claudin-1 0.82"" 0.56" 0.51" 1.26" 1.02"" 0.97"" 0.09 0.036
Occludin 1.02° 0.93" 0.80"" 0.76"" 0.57" 0.68" 0.05 0.068
Z0-1 1.07" 0.66" 0.31° 0.43" 0.21° 0.23° 0.06 <0.01
Mucin-2 1.05"" 0.71" 1.35" 0.64" 0.55° 0.722" 0.07 <0.01
TGF- 83 1.03" 0.89" 1.61 0.81" 1.17" 1.06" 0.06 <0.01
IGF-2 1.04¢ 1.34¢ 1.79" 1.31¢ 247" 2.33"0 0.12 <0.01
EGFR 1.02°" 0.86" 1.26" 0.74" 0.60° 0.80™ 0.06 0.009
GLP-2 1.04¢ 1.05¢ 1.33" 1.58"" 1.84" 1.27% 0.08 0.010

abed)feans within the same row without a common superscript differ significantly (P < 0.05); A: uninfected and untreated control; D: infected and
untreated control; E: infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg mon-
ensin; F: infected birds fed basal diet supplemented with 200 mg/kg EOA; G: infected birds fed basal diet supplemented with 500 mg/kg EOA; H: infected

birds fed basal diet supplemented with 800 mg/kg EOA.

ISEM, standard error of the mean. >P-values represent the interaction between the dietary treatments.

and occludin mRNA levels and upregulated IGF-2 (P <
0.05) gene expression in the jejunum of the infected
broiler chickens. Additionally, the infected broiler chick-
ens given EOA at 200 mg/kg or 500 mg/kg exhibited an
increase in the levels of GLP-2 mRNA compared with
the infected broiler chicken control. Compared with the
infected broiler chickens given AGP, the inclusion of
EOA at 500 mg/kg in the diets of the infected broiler
chickens considerably (P < 0.05) enhanced the levels of
IGF-2 and GLP-2 mRNA in jejunum, whereas EOA
supplements with 200 mg/kg reduced jejunal mucin-2,
TGF-, and EGFR mRNA levels (P < 0.05).

As summarized in Table 10, NE infection alone signifi-
cantly upregulated TLR-4 and IFN-y mRNA levels and
considerably downregulated the PI3K gene expression
(P < 0.05) in jejunum compared with the negative con-
trol. The infected broiler chickens fed with AGP signifi-
cantly reduced TLR-4, NF-«B, and IFN-y mRNA levels
but significantly increased the SOCS-6 mRNA level and
tended to exhibit a higher PI3K mRNA than that of the
positive NE-challenged control. The infected chickens
that were given different levels of EOA exhibited lower
TLR-2 and TLR-4 mRNA levels (P < 0.05) than the
positive control groups. The inclusion of 500 mg/kg and
800 mg/kg EOA into the diet of the NE-infected chick-
ens reduced TRAF6 and Tollip gene expression (P <
0.05) compared with the NE-infected control. Different
supplemental levels of EOA exhibited a decreasing trend
for NF-«B, IFN-y, and TNFSF15 mRNA levels. More-
over, IFN-y (P < 0.05) was significantly downregulated
in the infected broiler chickens given 200 mg/kg EOA.

The decreased expression of NF-kB and TNFSF15 (P <
0.05) was observed in the 500 mg/kg EOA-treated
broiler chickens but higher IL-8 gene expression was
found in the 800 mg/kg EOA-treated broiler chickens (P
< 0.05) than in the positive broiler chickens. Further-
more, Compared with the infected broiler chickens
administrated AGP, downregulated TLR-2, TRAF®G,
Tollip, and SOSC-6 mRNA level were found in the
infected broiler chickens fed different concentrations of
EOA (P < 0.05). Moreover, the EOA group (500 mg/
kg) significantly declined (P < 0.05) the TNFSF15 gene
expression and 800 mg/kg EOA significantly decreased
the TLR4 mRNA level (P < 0.05) in the jejunum of the
infected broiler chickens. No changes were observed in
the levels of IL-18, NF-«B, IL-10, SOCS-1, MyD88, A20,
and PIBK mRNA between the AGP-treated broiler
chickens and infected groups supplemented with differ-
ent levels of EOA.

Result of Cecal Microbiota Analyses

We obtained 769,274 effective tags (an average of
45,685 reads from each sample) from 36 samples (6 sam-
ples per group) through 16S rRNA sequencing analyses.
The alpha diversity indices of cecal feces revealed no sig-
nificant difference between groups (P > 0.05; Figure 1)
and suggested that the alpha diversity of gut microbiota
was not altered by NE infection, EOA, or AGP treat-
ment. Venn diagrams revealed that the number of com-
mon core OTUs were 1,419 OTUs, whereas 81, 124, 130,
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Table 10. Effects of dietary supplemental with EOA on TLR signaling pathway-related genes expressions in the jejunum of broiler
chickens challenged with NE.

Experimental design

Ttems A D E F G H SEM P-values
TLR2 1.01" 1.26"" 1.50" 0.9" 0.91" 0.75" 0.07 0.005
TLR-4 1.07" 1.66" 0.90" 0.88" 0.59" 0.46° 0.09 <0.001
TRAF6 1.02*" 0.96"" 1.12° 0.759" 0.36" 0.46° 0.06 <0.001
MyD88 1.02 1.01 1.13 0.79 0.87 1.13 0.05 0.292
NF-«B 1.06 0.90*" 0.50° 0.57° 0.39° 0.69" 0.06 0.003
IL-18 1.05 1.14 0.93 0.80 0.62 0.85 0.06 0.125
IL-8 1.38" 0.63° 0.48° 0.45° 1.02" 1.97 0.18 0.079
IL-10 1.07 1.37 1.38 0.82 1.24 0.53 0.10 0.091
IFN-y 1.01° 3.89" 2.39"> 2.06"° 3.13"" 2.90"" 0.25 0.009
TNFSF15 1.00%" 1.08"" 1.03b¢ 1.14" 0.79¢ 0.85"° 0.04 0.034
Tollip 1.02° 0.847" 0.97° 0.73" 0.57 0.53° 0.04 <0.001
SOCS-1 1.06 1.23 1.32 1.19 1.19 1.11 0.09 0.979
SOCS-6 1.02" 0.92"¢ 1.41° 0.97" 0.67¢ 0.67° 0.06 <0.001
A-20 1.02 1.06 1.33 1.10 1.43 0.93 0.09 0.558
PI3K 1.04 0.73" 0.96"" 0.80"" 0.73" 0.69" 0.04 0.046

abed)\leans within the same row without a common superscript differ significantly (P < 0.05); A: uninfected and untreated control; D: infected and
untreated control; E: infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg mon-
ensin; F: infected birds fed basal diet supplemented with 200 mg/kg EOA; G: infected birds fed basal diet supplemented with 500 mg/kg EOA; H: infected

birds fed basal diet supplemented with 800 mg/kg EOA.

ISEM, standard error of the mean. 2 P-values represent the interaction between the dietary treatments.
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Figure 1. Effect of EOA on alpha diversity indices in cecum from different groups. Panel (A) represents differences in bacterial community
diversity (Shannon) among the 6 groups. Panel (B) represents differences in bacterial community richness (Chao 1) among the 6 groups. Panel (C)
represents differences in bacterial community diversity (ACE) among the 6 groups. Panel (D) represents differences in bacterial community diversity
(Shannon) among the 6 groups. A: the uninfected and untreated control; D: the infected and untreated control; E: the infected birds fed basal diet
supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected birds fed basal diet
supplemented with 200 mg/kg EOA; G: the infected birds fed basal diet supplemented with 500 mg/kg EOA; H: the infected birds fed basal diet sup-

plemented with 800 mg/kg EOA.

92, 60, and 80 OTUs were unique to one of the 6 groups
(Figure 2A). Principal coordinate analysis indicated
that microbes from the ceca of the infected broiler chick-
ens administrated with different levels of EOA (F, G,
and H groups) formed distinct clusters, which differed
from microbes from the ceca of the D group (Figure 2B).

The phylum level analysis revealed that dietary EOA
treatment significantly reduced (P < 0.05) the percen-
tages of Proteobacteria (P < 0.01) compared with the
AGP groups, but no significant differences (P > 0.05)
were observed in the relative abundances of Firmicutes,
Bacteroidetes, Actinobacteria, or other bacterial phyla
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Figure 2. (A) Venn diagram showing the unique and shared OTUs in the samples from different groups. (B) Partial least squares discriminant
analysis (PLS-DA) of cecal microbial community structure of broiler chickens from different groups. A: the uninfected and untreated control; D: the
infected and untreated control; E: the infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15%
purity) plus 90 mg/kg monensin; F: the infected birds fed basal diet supplemented with 200 mg/kg EOA; G: the infected birds fed basal diet supple-
mented with 500 mg/kg EOA; H: the infected birds fed basal diet supplemented with 800 mg/kg EOA.

(Figure 3). Figure 4 displays cecal microbiota difference
among the 6 groups at the genus level. The NE-infected
and untreated control broiler chickens exhibited lower
abundances of Enterococcus (0.05 < P < 0.10) and
higher abundances of Dehalobacterium (P < 0.01) than
the uninfected control group. The infected broiler

chickens fed with AGP exhibited higher relative abun-
dances of Unclassified Lachnospiraceae (P < 0.05) and
Enterococcus (0.05 < P <0.10) and lower abundances of
Dehalobacterium and unclassified  FErysipelotricha-
cease (P < 0.05) than the single NE-infected group. For
the NE-infected and untreated broiler chickens, the
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Figure 3. (A) Relative abundance of cecal microbiota from different groups at the phylum level. (B) Different groups of differential microbiota
at the phylum levels. A: the uninfected and untreated control; D: the infected and untreated control; E: the infected birds fed basal diet supple-
mented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected birds fed basal diet supple-
mented with 200 mg/kg EOA; G: the infected birds fed basal diet supplemented with 500 mg/kg EOA; H: the infected birds fed basal diet
supplemented with 800 mg/kg EOA. Asterisk shows significant differences between groups (**P < 0.01, * P < 0.05, Mann-Whitney U test).

infected broiler chickens fed different levels of EOA
exhibited elevated Unclassified Lachnospiraceae popu-
lation (P < 0.05) and reduced abundance of unclassi-
fied  Erysipelotrichacease. Additionally, the infected
broiler chickens fed with EOA 200 mg/kg exhibited ele-
vated relative abundances of Enterococcus (P < 0.05),
the infected broiler chickens fed with EOA 500 mg/kg
exhibited the lowest relative proportion of unclassified
Erysipelotrichacease (P < 0.05). The infected broiler
chickens fed with EOA (200 or 500 mg/kg) exhibited
higher relative proportion of Bacteroides (P < 0.05),
Odribacter (P < 0.05), and Faecalibacterium (0.05 < P
<0.10) and lower abundances of Ruminococcus (P <
0.05) than the infected and AGP-treated broiler chick-
ens. In addition, relative distributions of Lactobacillus

were higher in the challenged broiler chickens fed with
EOA than in the uninfected group (Figure 4).

Analysis of the Function of Cecal Microbiota
Using PICRUSt

As displayed in Figure 5, the PICRUSt analysis of the
functional pathways of caecal microbiota at the KEGG
level 2 revealed that carbohydrate metabolism downre-
gulated (P < 0.05) in the single NE-infected group com-
pared with that in the noninfected negative group.
Compared with the single NE-infected group, the abun-
dance of the metabolic pathway functions, including
nucleotide metabolism and genetic information
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Figure 4. (A) Relative abundance of cecal microbiota from different groups at the genus level. (B) Differential gut microbiota at the genus level
among different groups. Asterisk shows significant differences between groups (**P < 0.01, *P < 0.05, Mann-Whitney U test). A: the uninfected and
untreated control; D: the infected and untreated control; E: the infected birds fed basal diet supplemented with 250 mg/kg bacitracin methylene dis-
alicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected birds fed basal diet supplemented with 200 mg/kg EOA; G: the infected birds
fed basal diet supplemented with 500 mg/kg EOA; H: the infected birds fed basal diet supplemented with 800 mg/kg EOA.

processing (folding, sorting, and degradation; signal
transduction as well as replication and repair), were
notably suppressed (P < 0.05) in the cecal microbiota
in the NE-infected broiler chickens given AGP. More-
over, AGP administration tended to increase (0.05 < P
< 0.10) the abundance of the metabolic pathway
related to carbohydrate metabolism, and xenobiotics
biodegradation and metabolism in the cecal microbiota

of the NE-infected broiler chickens. Similarly, NE-
infected broiler chickens given different levels of EOA
tended to increase carbohydrate metabolism, and sup-
plemental of EOA at 200 mg/kg tended to reduce the
relative abundance of the organismal systems, namely
the immune system in the cecal microbiota, compared
with the single NE-infected broiler chickens (0.05 < P
<0.10).
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Figure 5. KEGG pathways of gut microbiome (PICRUSTS). Predictive functional profiles generated from 16S rRNA marker gene sequences
using PICRUST. Functional profiles were generated based on KEGG ortholog prediction and collapsed into higher pathways (level 2), according to
the KEGG pathway database. A: the uninfected and untreated control; D: the infected and untreated control; E: the infected birds fed basal diet
supplemented with 250 mg/kg bacitracin methylene disalicylate (BMD, 15% purity) plus 90 mg/kg monensin; F: the infected birds fed basal diet
supplemented with 200 mg/kg EOA; G: the infected birds fed basal diet supplemented with 500 mg/kg EOA; H: the infected birds fed basal diet sup-

plemented with 800 mg/kg EOA.
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Figure 5 Continued.
DISCUSSION and feed efficiency in the NE-infected broiler chickens fed

The development of safe and effective anti-bacterial
substances to replace in-feed antibiotics is critical. The
continuous feeding of a new blend of the EOA at 200 mg/
kg or 500 mg/kg improved BWG and feed efficiency when
confronted with NE infection during the whole study
period compared with the NE-infected positive broiler
chickens. However, the degree of improvement in BWG

with a diet supplemented with EOA was less than that in
the broiler chickens fed with an AGP diet. Consistent
with our findings, studies have revealed that the inclusion
of the mixture of EOA improved the growth performance
and feed utilization in chickens (Liu et al. 2017). Simi-
larly, the FCR of chickens fed a mixture of EO
(thymol) + OA (fumaric and sorbic acid) decreased on d
42 (Yang et al., 2018, 2019). Furthermore, the EOs
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Figure 5 Continued.

(thymol, vanillin, and eugenol) combined with OAs
(fumaric, sorbic, malic, and citric acids) improved growth
performance, nutrient digestibility, and intestinal health
in the NE-challenged broiler chickens (Stefanello et al.,
2020). The combination of MCFA (capric-caprylic; cap-
roic and lauric acid) + AC (cinnamaldehyde, carvacrol,
and thymol) + OA (calcium butyrate + fumaric and cit-
ric acid) improved the growth efficiency and intestinal his-
tomorphology of NE-challenged chickens on d 42
(Abdelli et al., 2020). Therefore, the results of the study

revealed that adding EOAs at 200 mg/kg or 500 mg/kg
could be beneficial to BWG and feed efficiency in the
broiler chickens with NE infection. By contrast, the other
results revealed that mno significant difference was
observed in the growth performance and FCR in chickens
given a combination of OAs and EOs (Fascina et al.,
2012). The results differed from the effects of EOAs on
growth performance with factors, such as the chemical
composition of EOs, formulated diet, breed, animal age,
health status, experimental environments, and hygienic
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conditions (Zhai et al., 2018). Additionally, trials should
be performed in the future to confirm our observation.

Gut morphology and serum FITC-d are critical
markers to indirectly assess the extent of intestinal
damage and intestinal permeability, respectively
(Vicuna et al., 2015; Celi et al. 2017). NE gross gut lesions
and C. perfringens burden in the gut and liver are com-
mon parameters used to assess the preventive efficacy of
various antibiotics alternatives on NE infection in chick-
ens. In this study, single NE infection caused gut injury,
as indicated by severe gut lesions, increased C. perfrin-
gens load in the cecum and liver, decreased VH/CD and
GC cell numbers, and increased serum FITC-D levels.
These data proved that the experimental NE model was
successfully established in our study, and its results are
consistent with our previous studies (Song et al., 2017;
Wu et al., 2018, 2019; Zhen et al., 2018). However, these
parameters and gut injury caused by NE challenge
decreased by either EOA (200 mg/kg and 500 mg/kg)
or AGP addition, which was similar to those of the
noninfected groups. Furthermore, the protective efficacy
of AGP on gut injury induced by NE infection was better
or not higher than that of different doses of EOA. Simi-
larly, studies have demonstrated that the EOA blend
could restore intestinal homeostasis of chickens subjected
to pathogens challenge by suppressing intestinal
pathogen (C. perfringens, Salmonella, E. coli and/or
Campylobacter  jejuni) proliferation (Basmacioglu-
Malayoglu et al. 2016; Yang et al. 2019), thus decreasing
gross pathological and/or histopathological lesion scores
(Abdelli et al. 2020; Stefanello et al. 2020) and improving
intestinal morphological structure (Jerzsele et al., 2012).
Therefore, our results indicated that adding appropriate
doses of EOA into the NE-infected broiler diet could
result in protective effects on the growth performance and
gut health of the broiler chickens against the mixed cocci-
dian/ C. perfrigens and exhibit potential to replace antibi-
otic growth promoters. A decrease in the level of injury
caused by NE may be directly related to improved gut
health and improved growth performance because of the
antimicrobial and/or anti-inflammatory activity of EOs
(Sun et al. 2015; Chowdhury et al. 2018; Eid et al. 2018)
or OAs (Polycarpo et al. 2017; Song et al. 2017).

The intestinal epithelium and tight junction proteins
(TJPs) significantly contribute to maintain the integ-
rity of the intestinal mucosa barrier, immune hemosta-
sis, and intestinal health (Gil-cardoso et al., 2016;
Lee et al., 2018). In this study, enhanced goblet cell den-
sity and elevated claudin-1 mRNA were observed in the
NE-infected chickens given different doses of EOA, indi-
cating that EOA could alleviate intestinal barrier dam-
age caused by NE. Consistent with our findings, studies
have revealed that upregulated claudin-1 mRNA and
enhanced intestinal barrier function when C. perfrin-
gens-infected broiler chickens fed EOs (Du et al., 2016;
Liu et al, 2018), OAs (Song et al, 2017,
McKnight et al., 2019), or EOAs (Yang et al., 2019). We
revealed that dietary administration of EOA at 500 or
800 mg/kg significantly downregulated ZO-1 and occlu-
din mRNA levels, but the mucin-2 mRNA level was not

influenced compared with the positive challenged con-
trol. However, the changes in mucin-2 and these TJ
(ZO-1 and occludin) protein gene expressions in the NE-
infected broiler chickens that received EOA at 500 or
800 mg/kg did not cause any significant increase in
alteration in intestinal permeability and did not reduce
serum FITC-d levels and liver C. perfringens counts. In
contrast to our findings, the expression of mucin-2 and
TJs (Claudin-1, ZO or occludin) in the intestinal mucosa
was elevated or unaffected in the EOs-treated (Liu et al.,
2018), OAs-treated (Song et al., 2017), and EOA-sup-
plemented broiler chickens subjected to C. perfringens
(Stefanello et al., 2020). These variations indicated that
EOA treatment modulated differentially TJP expression
and distribution in the gut. The causes for EOA downre-
gulating ZO-1 and occludin gene expression must be fur-
ther investigated.

To evaluate the protective effect of EOA supplementa-
tion against NE, we examined the gene expressions of
pro- and anti-inflammatory cytokines and repair proteins
of gut tissue injury in jejunum. Modulating the epithelial
barrier integrity and inflammation of the intestine were
related to Toll-like receptor mediated signaling pathways
(Nighot et al. 2017; Wu et al. 2019). NE infection signifi-
cantly lowered the expression of ZO-1 and PI3K genes
but significantly upregulated TLR-4 and IFN-y genes
expression and tended to downregulate claudin-1, mucin-
2, and EGFR mRNA levels compared with the nonin-
fected control broiler chickens. The results indicated that
single NE infection led to intestinal inflammation by acti-
vating the TLR-mediated signal pathway and differen-
tially modulating immune-related genes and growth
factor genes expression, which resulted in damaged intes-
tinal barrier function. These results were consistent with
other reports (Wu et al., 2019). However, infected broiler
chickens supplemented with different levels of EOA
showed remarkably increased IGF-2 and GLP-2 mRNA
levels, reduced TLR-2 and TLR-4 mRNA levels, and a
decreasing trend for NF-«B, IFN-y, and TNFSF15
mRNA levels, similar to the change trend of AGP admin-
istration. Moreover, compared with the infected positive
control, jejunal mucosa IFN-y mRNA levels were signifi-
cantly downregulated in the infected broiler chickens
given 200 mg/kg EOA; TRAF6, NF-«B, TNFSF15, and
Tollip mRNA levels were remarkably downregulated in
the 500 mg/kg EOA-treated infected broiler chickens.
TRAF6 and Tollip gene expression decreased following
800 mg/kg EOA supplementation. However, chemokine
IL-8 (CXCLi2) gene expression was strongly elevated in
the NE-infected broiler chickens that received 800 mg/kg
EOA. These findings agree with the results of previous
studies, in which the expressions of TLR and its down-
stream signal molecules, such as some pro-inflammatory
cytokines in the gut of broiler chickens subjected to C.
perfrigens or Fimeria spp. challenge was downregulated
by EOs (Du et al. 2016) or OAs (Liu et al., 2019). These
results suggested that supplementing appropriate levels
of EOA could alleviate NE-induced intestinal inflamma-
tion possibly by suppressing the activation of the TLR-
NF-«B signaling pathway in the broiler chickens, whereas
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high levels of EOA possibly induced excessive immune
responses in the gut but without severe damage to the
intestine but revealed decreasing trend for the feed effi-
ciency. The anti-inflammatory activity of the EOA may
be associated with the antimicrobial activity of EOs or
OAs (Zeng et al., 2015). Reduced intestinal inflammation
in the NE-infected broiler chickens that received appro-
priate level of EOA resulted in a strengthened intestinal
barrier function, which supports our observation.

Gut microbiota affect health, disease, and poultry
production (Broom and Kogut 2018). To investigate the
underlying action mechanisms of the EOA on the gut
health, we investigated cecal microbial composition.
The results revealed that EOA administration, NE chal-
lenge, or both did not alter a-diversity, which is similar
with previous reports or results (Bortoluzzi et al., 2017).
However, EOA treatment remarkably modified g-diver-
sity, which indicated that EOA administration, NE
challenge, or both significantly disturbed intestinal bac-
terial community profiles. Additionally, in the infected
broiler chickens administered with different levels of
EOA, percentage of Proteobacteria decreased compared
with that in the AGP groups. An enrichment in the
amount of Proteobacteria in the cecal microbiota is a
potential diagnostic signature of gut dysbiosis, which
indicated inflammatory response and epithelial dysfunc-
tion in the gut (Hiippala et al. 2016; Litvak et al. 2017).
A low proportion of Proteobacteria was observed in
EOA treatment, indicating that EOA treatment could
inhibit the growth of phylum Proteobacteria in intes-
tine, thus reducing intestinal inflammation and improv-
ing gut health compared with AGP administration.

Furthermore, in the NE-infected and untreated broiler
chickens, the supplementation of EOA at 200 mg/kg
increased the amount of the Unclassified Lachnospira-
ceae and Enterococcus, but EOA supplementation at
500 mg/kg reduced abundance of the unclassified FErysi-
pelotrichacease in the cecum. Additionally, feeding
200 mg/kg of EOA enriched Lactobacillus population
compared with the uninfected control broiler chickens.
Reports have revealed that EO or EOA mixture increased
the proportion of Lactobacillus spp. in pigs (Diao et al.,
2015; Li et al, 2018) and chickens (Yin et al., 2017;
Yang et al., 2019). The results of the study indicated that
modification in intestinal microbiota profiles induced by
EOA was affected by EOA the supplemental dose. Some
Enterococcus strains and Lactobacillus spp. exhibit bene-
ficial effects on intestinal health (Braiek and SlimS-
maoui, 2019; Nascimento et al., 2019; Wu et al., 2019).
Lachnospiraceae family such as Coprococcus, Anaeros-
tipes, Roseburia spp., and Fubacterium rectale could pro-
duce bacteriocins and n-butyrate, which could protect
patients against intestinal inflammatory disease
(Koh et al., 2016; Medvecky et al., 2018) and is positively
correlated with the feed conversion efficiency and growth
in broiler chickens (Stanley et al., 2016). The abundance
of FErysipelotrichaceae was inversely correlated with
BFW, colonic butyrate concentrations, and gut health
(Hu et al., 2019). Increased population of Lactobacillus,
Enterococcus, and Unclassified Lachnospiraceae and

declined abundance of Erysipelotrichaceae were observed
in the EOA-treated broiler chickens irrespective of NE
challenge, which indicated that EOA addition could
improve gut microbial communities. Additionally, in the
infected broiler chickens, EOA administration (200 mg/
kg or 500 mg/kg) elevated relative abundances of Bacter-
oides, Odribacter, and Faecalibacterium but reduced pro-
portions of Ruminococcus of compared with AGP
administration. Bacteroides species, the most predomi-
nant anaerobes in the gut, was reported to have many
functions, including the most effective degradation of
complex and indigestible carbohydrates, bile acid metab-
olism, transformation of toxic or mutagenic compounds,
and weight loss in obese humans (Wang and Jia, 2016),
positively influence the host immunity, or limit the coloni-
zation of the GIT by pathogens (Stanley et al., 2013;
Hiippala et al., 2018). Odoribacter, the mucin-degrading
bacteria, can metabolize healthy lipid (Brahe et al.,
2015). Faecalibacterium belongs to Ruminococcaceae, an
obligate anaerobe, which contains numerous bacteria-
producing butyric acid and the other SCFAs, and fer-
ments the fiber in the host’s digestive tract (Martin et al.,
2017) in addition to significantly contributing to increas-
ing ADG and improving FCR in the broiler chickens
(Stanley et al., 2016). Faecalibacterium are related
health-related bacteria, which are correlated with reduc-
tion in the expansion of regulatory T-cell and stimulate
the production of anti-inflammatory cytokines, exhibit
anti-inflammatory properties in the gut (Shaufi et al.,
2015; Chang et al., 2016; Dubin et al., 2016). Ruminococ-
caceae can break down complex carbohydrates. The
abundance of Ruminococcus was positively associated
with the absorption capacity, immune function, and self-
repair function of gut (Duncan et al., 2002; Lee et al.,
2013). BWG in chickens after E. tenella infection is
closely related to a decrease in Ruminococcaceae, which
affects carbon metabolism (Zhou et al., 2020). Increasing
the relative abundances of Bacteroides, Odoribacter, and
Faecalibacterium in NE-infected broiler chickens by feed-
ing 200 mg/kg EOA may be positively associated with
the restoration of intestinal microbiota balance, decreased
gut inflammation, and healthy gut because of its effective-
ness in controlling NE infection. However, lower propor-
tions of Ruminococcus in the NE-infected broiler
chickens after EOA treatment than those after AGP
treatment revealed the reason why AGP displayed the
improvement in FCR compared with the EOA treatment
when subjected to NE. Additionally, the infected broiler
chickens fed with AGP exhibited growth-promoting effect
possibly because of the abundance of Unclassified Lach-
nospiraceae and low proportion of Dehalobacterium and
unclassified Erysipelotrichacease relative to the single
NE-infected group. Therefore, the current study indi-
cated that EOA-improved FCR and gut health and alle-
viated gut inflammation of the NE-infected broiler
chickens probably because of beneficial modulation on
intestinal microflora composition.

The PICRUSt analysis revealed that the carbohy-
drate metabolism functions of cecal microbiota
increased, whereas the function related to immune
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system was suppressed in the EOA treatment, which
was similar to AGP administration in the NE-infected
broiler chickens. Similarly, Yin et al. reported that EO
administration inhibited the abundance of immune
pathway in the ileal microbiota of the C. perfringens-
challenged broiler chickens (Yin et al., 2017). Carbohy-
drate could be metabolized using hindgut microflora
into SCFAs, which can protect the host against inflam-
mation, fight intestinal diseases, and improve the gut
barrier function (Fukuda et al., 2011). The suppressed
immune pathway could insinuate an anti-inflammatory
gut environment associated with the supplementation of
EOA in the NE-infected broiler chickens. Our results
revealed that similar to AGP treatment, the supple-
ment-appropriate dose of EOA could improve gut micro-
biological composition and their metabolic function and
reduce intestinal inflammation when the broiler chickens
were confronted with NE challenge, resulting in
improved intestinal health and FCR. The effects of
EOA on fecal metabolite profiles should be analyzed to
explain the causal associations between EOA, metabo-
lites, and intestinal function.

CONCLUSIONS

The results of our study revealed that the addition of
appropriate doses of EOA (200 mg/kg and 500 mg/kg)
could effectively ameliorate gut injury caused by NE
infections, which was evidenced by the decreased gut
lesion scores, concentration of serum FITC-D, and num-
ber of C. perfringens in liver; increased VH/CD and GC
cells numbers; and remarkably upregulated jejunal clau-
din-1, GLP-2 and IGF-2 mRNA levels and downregu-
lated jejunal TLR-NF-«kB signaling pathway immune-
related genes, TNFSF15, TLR-4, TRAF-6, IL-18, IFN-
y, and Tollip mRNA levels in the NE-infected broiler
chickens. Feeding EOA at 200 mg/kg enhanced or
tended to elevate the abundance of Lactobacillus,
Unclassified Lachnospiraceae, Enterococcus, Bacter-
oides, Odribacter, and Faecalibacterium and decreased
the abundance of unclassified  Erysipelotrichacease,
and Ruminococcus in the cecal microbiota. The
enhancement of carbohydrate metabolic pathways and
the reduction of the immune system in the intestinal
microbiota of the NE-infected broiler chickens given
EOA were observed, which improved the overall feed
efficiency, similar to AGP administration. The results of
this study indicated that adding this EOA product at
200 mg/kg or 500 mg/kg into broiler chickens’ diet
results in beneficial effects on the growth and gut health
of the broiler chickens infected with NE and can replace
antibiotic growth promoters.
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