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a b s t r a c t

Colibacillosis caused by avian pathogenic Escherichia coli (APEC) is a very prevalent disease in poultry
farms in China. The exploration of effective non-antibiotic substances is of great significance for the
control of APEC infections. This experiment evaluated the efficacy of coated essential oil and organic acid
(EOA) supplementation to prevent E. coli O78 infection in broiler chickens. A total of 288 one-day-old
male broiler chicks were randomly distributed into 4 groups with 6 replicates per group. Chickens
were fed a diet either supplemented with EOA (500 mg/kg feed) or not, and either uninfected or infected
with E. coli O78 intratracheally. Results showed that E. coli O78 infection reduced body weight gain,
increased mortality and the ratio of feed to gain along with cecal and liver E. coli load, damaged gut
mucosa, induced local and systemic inflammation, and altered cecal microbial composition, diversity and
function (P < 0.05). Supplemental EOA improved feed conversion efficiency, lowered gross lesion scores
and cecal E. coli population, enhanced intestinal goblet cells and serum IgG concentration, and tended to
decrease serum IL-12 production (P < 0.05). Essential oil and organic acid addition downregulated IFN-g
mRNA, tended to decrease mucin-2 mRNA levels while upregulating IL-10 mRNA, and tended to increase
ZO-1 gene expression in the jejuna of infected birds at 7 d after E. coli O78 challenge (P < 0.05). The 16S
rRNA gene sequencing indicated that both EOA addition and E. coli O78 challenge altered the diversity
and composition of the cecal microbiota community. Furthermore, infected birds fed EOA showed
decreased Bacteroidetes and genus Lactobacillus abundance compared with the infected control. LEfSe
analysis showed that Firmicutes, Ruminococcaceae, Clostridiales, Clostridia, Lactobacillus, Lactobacila-
ceae, and cc-115 were enriched in the non-infected but EOA-treated group (P < 0.05). Collectively, dietary
EOA supplementation could mildly alleviate E. coli-induced gut injury and inflammation.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

Avian colibacillosis caused by avian pathogenic Escherichia coli
(APEC) is the most prevalent and detrimental bacterial diseases in
the poultry industry (Dho-moulin et al., 1999; Gibbs et al., 2004). In
clinical cases of avian colibacillosis, the most frequently detected
serotypes of APEC are O1:K1, O2:K1, O5, O8, O15, O35, O53, O55,
O150 and O78:K80 (McPeake et al., 2005; Cordoni et al., 2016).
APEC infection usually causes colibacillosis, a disease that can be
localized or systemic, with various clinical symptoms ranging from
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangzh@cau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aninu.2022.09.010&domain=pdf
www.sciencedirect.com/science/journal/24056545
http://www.keaipublishing.com/en/journals/aninu/
https://doi.org/10.1016/j.aninu.2022.09.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aninu.2022.09.010
https://doi.org/10.1016/j.aninu.2022.09.010


V.H. Pham, W. Abbas, J. Huang et al. Animal Nutrition 12 (2023) 245e262
respiratory tract infection stress, loose white or watery droppings
to swollen head syndrome (Dho-moulin et al., 1999). Furthermore,
necropsy has revealed that chickens with colibacillosis often
exhibit typical lesions including perihepatitis, airsacculitis, peri-
carditis, egg peritonitis, salphingitis, coligranuloma, omphalitis,
cellulitis, embryonic death, septicemia and osteomyelitis/arthritis
in poultry (Dziva and Stevens, 2008). As a result, mild andmoderate
chronic APEC infection often causes reduced feed intake, decreases
live weight, egg production and hatching rates, causes poor feed
conversion rates, and increases contamination of carcasses at
slaughter and thus risks human health (Dho-moulin et al., 1999;
Collingwood et al., 2014; Kemmett et al., 2014). Severe and acute
APEC infection is usually responsible for higher morbidity and
mortality in young chickens and older birds as well as decreased
production efficiency (Kemmett et al., 2014; Swelum et al., 2021).
Furthermore, APEC can affect all species of poultry in all types of
production systems. Colibacillosis in broilers is a critically impor-
tant disease, which primarily affects broiler chickens between the
ages of 3 and 6 wk and is considered the most important cause of
growth depression, morbidity and mortality increase, leading to
considerable economic losses every year in the global poultry in-
dustry (Dho-moulin et al., 1999; Abu-Basha et al., 2012; Zhang et al.,
2012; Kemmett et al., 2014). Colibacillosis in broilers often occurs
during respiratory stress caused by infection with Mycoplasma
gallisepticum or viral agents such as infectious bronchitis, New-
castle disease and avian influenza. In addition, immunosuppressive
disease (infectious bursal disease) and environmental stresses,
such as overcrowding or high levels of dust and ammonia entering
through oral and respiratory routes, also lead to APEC systemic
infection in broiler chickens (Dho-moulin et al., 1999).

In order to reduce morbidity and mortality related to APEC
systemic infection, antimicrobial drugs such as aminoglycosides,
amoxicillin, blactams, cephalosporins, florfenicol, fluoroquinolones
and tetracyclines, as well as the control of environmental con-
taminants are often used to manage colibacillosis infection and
outbreak. The continuous or excessive use of these antimicrobial
drugs in poultry, however, has contributed to the emergence of
antimicrobial drug-resistant APEC populations in China and other
countries (Zhang et al., 2013; Chen et al., 2014; Zhuang et al., 2014;
Ceccarelli et al., 2020; Kim et al., 2020). This phenomenon not only
poses new challenges to the rational and effective use of antibiotics,
but also brings many difficulties to the prevention and control of
APEC infection. Additionally, recent mandated reduction or bans in
antimicrobial use in the poultry industry in some countries have
impeded the treatment of avian colibacillosis. Consequently, APEC
systemic infection incidence and mortality rates have increased
gradually. Therefore, the exploration of effective and safe anti-
infective substances and vaccines, which carry low risk of drug
resistance, is of great significance and is valuable for the control of
APEC infections (Swelum et al., 2021).

Essential oils (EO) from plants and Chinese herbal medicines are
gathering increased attention and can be utilised as promising
antibiotic alternatives due to their effective antimicrobial, anti-
viral, anti-coccidial, anti-fungal, anti-inflammatory, anti-oxidative
and immunomodulative capacities (reviewed by Bakkali et al.,
2008; Yang et al., 2015; Zeng et al., 2015; El-Shall et al., 2020).
In vitro studies have demonstrated that several plant-derived EO,
such as thyme, carvacrol, cinnamaldehyde and citral, could inhibit
or kill Gram-negative and Gram-positive bacteria including Sal-
monella, E. coli, Campylobacter and Clostridium perfringens, without
harming beneficial bacteria like Lactobacillus spp. (Friedman et al.,
2002, 2004; Burt, 2004; Mitsch et al., 2004; Jerzsele et al., 2012;
Mathlouthi et al., 2012; Calo et al., 2015; Do et al., 2015; Lopez-
Romero et al., 2015; Yang et al., 2015). Broiler chicken studies
have indicated that several essential oil products with different
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kinds of EO components could improve growth performance and
gut health (Cross et al., 2007; Khattak et al., 2014; Hashemipour
et al., 2015; Pirgozliev et al., 2015; Peng et al., 2016; Adaszy�nska-
Skwirzy�nska and Szczerbi�nska, 2018; Chowdhury et al., 2018; Liu
et al., 2018; Wang et al., 2019), alleviate negative effects caused
by pathogenic Salmonella (Alali et al., 2013), E. coli (Liu et al., 2018),
C. perfringens (Mitsch et al., 2004; Jerzsele et al., 2012; Du et al.,
2015, 2016; Yin et al., 2017) and coccidiosis (Mohiti-Asli and
Ghanaatparast-Rashti, 2015; Gordillo Jaramillo et al., 2021).

Organic acids (OA) also could be used as antibiotic alternatives
and feed preservatives due to their anti-microbial abilities. Some
studies have demonstrated that OA supplementation could
improve growth performance, feed conversion rate and feed pro-
tein utilization of broiler chickens (Nava et al., 2009; Adil et al.,
2011), possibly via suppressing the growth of intestinal acid-
intolerant potential pathogens such as E. coli, Salmonella and C.
perfringens, increasing intestinal digestive enzyme activity and
improving intestinal morphological structure (Gharib Naseri et al.,
2012). Furthermore, adding organic acids in drinking water or feed
could provide young chickens with protection against E. coli, Sal-
monella, C. perfringens and Campylobacter infection (Chaveerach
et al., 2004; Van Immerseel et al., 2006; Dittoe et al., 2018; Lu
et al., 2021).

Interestingly, previous studies have indicated that dietary
essential oil and organic acid (EOA) supplementation not only
showed synergistic beneficial effects on growth performance and
gut health, but also exhibited higher efficacy in controlling harmful
intestinal bacterial infection such as E. coli, Salmonella spp. and C.
perfringens (Giannenas et al., 2014; Aristimunha et al., 2016;
Basmacio�glu-Malayo�glu et al., 2016; Pham et al., 2020) compared
with individual addition. The EOA mixture is a novel blend of
coated EOA compounds containing thyme 4%, carvacrol 4%, hex-
anoic acid 0.5%, benzoic acid 3.5%, butyric acid 0.5% and carrier.
However, the protective mechanism of dietary inclusion of the
novel EOA mixture in broiler chickens challenged with APEC is
unclear. Therefore, the purpose of this study was to evaluate
whether adding EOA could protect broiler chickens against E. coli
O78 infection through determining growth performance, immune
response and gut health.

2. Materials and methods

2.1. Animal ethics statement

All study procedures were approved by the Animal Care and Use
Committee of China Agricultural University (permit number: SYXK
2019-0031) and were in accordance with the Beijing Guidelines for
Experimental Animals established by the Ministry of Science and
Technology (Beijing, China). All efforts were made to minimize the
suffering of the animals.

2.2. Experimental design, birds and diets.

A 2 � 2 completely randomized factorial design was used to
evaluate the efficacy of EOA supplementation (0 or 500 mg/kg of
diet) and 2 levels of E. coli challenge (challenged or unchallenged).
A total of 228 one-day-old male (Arbor Acres) broiler chicks were
obtained from a company hatchery. After arrival, all chicks were
weighed and randomly allocated to 4 groups. There were 6 cages
each group with 12 birds per cage per replicate. The treatment
groups were as follows: (1) negative control group (A, neither EOA
treatment nor E. coli infection), (2) the EOA-treated group (B, EOA
treatment at 500 mg/kg of feed but without E. coli infection), (3)
E. coli-infected control group (K, E. coli infection but without EOA
treatment), and (4) the EOA-treated and E. coli-infected group (L,
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both EOA treatment and E. coli infection). The EOA product con-
tained vegetable (palm) oil coated thyme 4% and carvacrol 4%,
hexanoic acid 0.5%, benzoic acid 3.5%, butyric acid 0.5% and carrier
which was provided by Menon Animal Nutrition Technology Co.
Ltd, Shanghai, China. To avoid cross-contamination, the uninfected
birds and E. coli-infected birds were reared in 2 separate areas
equipped with three-tiered battery cages with a raised wire-netted
floor. The room temperature was maintained at 32 to 34 �C during
the first 3 d postehatch followed by gradual reduction to reach a
final room temperature of 22 to 24 �C. The birds received contin-
uous light for the first 3 d (24 h) and then maintained under 23 h/
day. In addition, the chickens were vaccinated against Newcastle
disease virus (NDV) and infectious bronchitis virus (IBV) on d 7 and
22, respectively; and against infectious bursal disease virus (IBDV)
according to the routine immunization program via drinking water
on d 12 and 26. All birds were allowed ad libitum access to feed and
water throughout the study. Based on the treatments assigned,
chickens were fed either antibiotic-free and coccidiostat-free pellet
basal diets which were formulated to meet or exceed the National
Research Council (1994) requirements for starter (d 1 to 21) and
grower (d 22 to 42) periods. The composition of the basal diet and
nutrient levels are presented in Table 1.
2.3. Escherichia coli O78 culture and challenge protocol

The E. coli O78 strain (CVCC1418) used in this study was pur-
chased from the Chinese Veterinary Culture Collection Center,
which was isolated from the heart of chickenwith septicemia signs.
The E. coli O78 was overnight cultured in LuriaeBertani broth (LB)
at 37 �C, and then numerated by spread-plating the appropriate
dilutions in duplicate on tryptose phosphate agar plates. The birds
in different treatments were fed the corresponding diet for the first
21 d. On d 22, birds in the K and L groups were intratracheally
Table 1
Ingredients and nutrient levels of the basal diet (as-fed basis, %).

Item 1 to 21 d 22 to 42 d

Ingredients
Corn (7.8% CP) 39.70 57.0
Wheat powder (15.3% CP) 0 5
Wheat (13.8% CP) 19.0 0
Soybean meal (46.0% CP) 33.0 30.0
Soybean oil 4.00 4.40
Limestone-calcium carbonate 1.50 1.50
Calcium hydrogen phosphate 1.50 1.36
Phytase 0.02 0.03
DL-Methionine (98%) 0.27 0.19
L-Lysine HCL (78%) 0.20 0.11
Sodium chloride 0.30 0.30
Vitamin Premix1 0.03 0.03
Mineral Premix2 0.20 0.20
Choline chloride (50%) 0.25 0.15
Ethoxyquin (33%) 0.05 0.03

Total 100 100
Calculated nutrient levels
Metabolizable energy, MJ/kg 12.60 12.98
Crude protein 21.37 19.27
Calcium 0.99 0.93
Available phosphorus 0.45 0.43
Lysine 1.20 1.05
Methionine 0.57 0.46
Methionine þ Cysteine 0.90 0.78

1 Vitamin premix provided per kilogram of diet: vitamin A (retinyl acetate),
12,500 IU; vitamin D3, 2,500 IU; vitamin E, 30mg; vitamin K3, 3.0 mg; vitamin B1, 3.0
mg; vitamin B2, 6.0 mg; vitamin B6, 6 mg; vitamin B12, 0.025 mg; biotin, 0.30 mg;
folic acid, 1.25 mg; nicotinic acid, 50 mg; D-pantothenic acid, 12 mg.

2 Mineral premix provided per kilogram of diet: iron, 80 mg; copper, 8 mg;
manganese, 100 mg; zinc, 80 mg; iodine, 0.35 mg; selenium, 0.15 mg.
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challenged with 0.5 mL of E. coli O78 suspended in LB at a con-
centration of 106 CFU/mL using a polyethylene tube attached to a
syringe, as previously described (Kariyawasam et al., 2004; Ant~ao
et al., 2008). The birds in the A and B groups were administered
the same amount of sterile solution as a control.

2.4. Growth performance

Dead birds were recorded daily and mortality rates was calcu-
lated at every rearing stage. Each replicate cage had body weight
and feed intake (FI) measured on d 1, 21 and 42. Average daily gain
(ADG), average daily feed intake (ADFI) and feed conversion ratio
(FCR) were calculated and corrected for mortality rate.

2.5. Sample collection

At 7 d post-E. coli infection, one bird per replicate was randomly
selected, weighed, then blood samples were taken from the wing
vein and centrifuged (3,000� g, 10min) at 4 �C, and then the serum
was harvested and stored at �20 �C until analysis. The birds were
euthanized by cervical dislocation. Themiddle intestinal sections of
the jejunum were cut out (approximately 1 cm), carefully washed
with sterile saline, then put into a sterile tube and immediately
snap-frozen in liquid nitrogen solution and stored at �80 �C until
subsequent analysis for mRNA expression. Another jejunal sample
(approximately 2 cm) was rinsed in 0.9% physiological saline and
stored in 4% paraformaldehyde buffer solution for later morpho-
logical analysis. Liver samples and cecal samples from each bird
were aseptically collected into sterile tubes, then immediately
snap-frozen in liquid nitrogen solution, stored at�40 �C andmoved
to the laboratory for microbial culture and microbial 16S rRNA
analysis.

2.6. Gross lesion examination

At necropsy, tissues were scored for signs of inflammation and
lesions in the air sac (0, normal; 1, slight edema; 2, slight diffuse
thickening and neovascularization with slight fibrinous exudate; 3,
moderate fibrinous exudate; and 4, severe extensive exudate),
heart and pericardium (0, normal; 1, vascularization, opacity,
cloudy fluid in the pericardial cavity; 2, acute pericarditis), and liver
(0, normal; 1, mild fibrinous exudate; 2, severe perihepatitis), as
described previously (Peighambari et al., 2000). Scores for heart
plus pericardium and liver were combined for final analysis.

2.7. Histomorphological structure and goblet cells analysis of the
jejunum

Villous height (VH), crypt depth (CD) and goblet cell analysis
were performed as previously described (Shao et al., 2013).

2.8. Determination of bacterial concentration in the liver and cecal
contents

Bacterial concentration in the liver and cecal contents was
measured as previously described (Wu et al., 2018). Briefly, 6 birds
per group were chosen at random for microbial analyses. The
selected broilers were weighed and euthanized, and the liver and
cecal contents were aseptically removed. The samples were then
diluted 10-fold by weight in 0.90% sterile physiological saline and
were mechanically massaged for 1 min. All samples were serially
diluted to appropriate levels for plating. An aliquot from each
sample (100 mL) was spiral plated on the following: EMB agar for
the isolation and enumeration of total coliforms, Lactobacillus se-
lection MRS agar for the enumeration of Lactobacillus spp.
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2.9. ELISA for the measurement of immunoglobulins and cytokines

Immune globulin levels such as immunoglobulins (IgG, IgM and
IgA), along with cytokines like interleukins (IL-2, IL-4, IL-6), TNF-a
and IFN-g were measured in the serum with the use of enzyme-
linked immunosorbent assay (ELISA) kits particularly for chickens
(R&D Systems, Minneapolis, MN, United States) according to the
instructions of the manufacturer.

2.10. Quantitative real-time PCR analysis

Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA) was
used to isolate total RNA of jejunal mucosa (about 60mg) according
to the manufacturer's instructions. An agarose gel was used to
assess the RNA quality. The concentration and purity of the
extracted RNA was assessed using a Nanodrop-2000 spectropho-
tometer (260 and 260/280 nm respectively) (Thermo Fisher Sci-
entific, Waltham, MA, USA). Then, Primer Script RT reagent Kit
(TaKaRa Bio Inc.) was used to reverse transcribe RNA to comple-
mentary DNA, which was stored at�20 �C until analysis. The target
Table 2
Nucleotide sequences of primers for quantitative real-time PCR assay.

Name Primer sequenc

Receptors
TLR-4 F: CCACTATTCG

R: ACAGCTTCTC
Adaptor proteins
MyD88 F: GGATGGTGG

R: GAGATTTTGC
NF-kB F: TGGAGAAGG

R: CATCCTGGAC
Pro-inflammatory cytokines
TNF-a F: CCCCTACCCT

R: TGAGTACTGC
IL-1b F: CAGCAGCCTC

R: CTGTGGTGTG
IL-8 F: GGCTTGCTAG

R: AGCTGACTCT
IFN-g F: AAAGCCGCAC

R: GCCATCAGGA
Ant-inflammatory cytokines
IL-10 F: CGCTGTCACC

R: CGTCTCCTTG
Tight junctions
Claudin-1 F: AAGTGCATGG

R: GCCACTCTGT
Occlaudin F: TCATCGCCTC

R: TCTTACTGCG
ZO-1 F: TATGAAGATC

R: GAGGTCTGCC
Mucin-2 F: AGCGAGATG

R: AAGTTGCCAC
Growth factors
TGF-b3 F: TGCGGCCAGA

R: TGCACATTCC
IGF-2 F: TGGCTCTGCT

R: ACTTGGCATG
EGFR F: ACCAGCCTGC

R: CACCATGTTA
GLP-2 F: AAGCTTCCCA

R: ATCCTGAGCT
House-keeping genes
b-actin F: GAGAAATTGT

R: CCTGAACCTC

TLR ¼ toll-like receptor;MyD88 ¼myeloid differential protein-88; NF-kB ¼
¼ tumor necrosis factor a; IL ¼ interleukin; IFN-g ¼ interferon g; ZO-1 ¼
2 ¼ glucagon like peptide-2; IGF-2 ¼ insulin-like growth factor-2; TGF-b3
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gene sequences and primers for the reference gene are shown in
Table 2. Expressions of toll-like receptor (TLR) signal pathway-
related genes, tight junction proteins, growth factors and mucin-2
and housekeeping gene b-actin were quantified with SYBR Pre-
mix Ex Taq kits (TaKaRa) on the Applied Biosystems 7500 Fast Real-
Time PCR System. The specificity and efficiency of the primer was
determined by melt curve analysis. The 2 �DDCT method calculated
the levels of mRNA expression of target genes using b-actin as a
reference gene (Livak and Schmittgen, 2001).

2.11. Metagenomics analysis of gut microbiome

Frozen fecal samples were used for metagenomic studies by
analyzing the 16S rDNA, as described previously (Pham et al., 2020).
The 16S rRNA gene sequencing was performed using the Illlumina
MiSeq PE 250 platform (Illumina, Santa Clara, CA) with a MiSeq
Reagent Kit at Shanghai Personal Biotechnology Co., Ltd (Shanghai,
China). The raw data and QIIME (Quantitative Insights into Micro-
bial Ecology) were filtered and demultiplexed by using the Illumina
MiSeq platform (version 1.8.0-dev). Raw tags were obtained by
e GenBank accession

GTTGGTGGAC NM_001030693.1
AGCAGGCAAT

TCGTCATTTCA NM_001030962.1
CAGTCTTGTCCA
CTATGCAGCTT NM_205134.1
AGCAGTGAGA

GTCCCACAA NM204267
GGAGGGTTCAT
AGCGAAGAG NM_204524.1
CTCAGAATCCA
GGGAAATGA AJ009800
GACTAGGAAACTGT
ATCAAACACA NM_205149.1
AGGTTGTTTTTC

GCTTCTTCA NM_001004414.2
ATCTGCTTGATG

AGGATGACCA NM_001013611.2
TGCCATACCA
CATCGTCTAC NM_205128.1
CGTCTTCTGG
GTGCGCCTCC XM_015278981.1
ATCGTAGCTC

TTGGCGATGAT NM_001318434.1
ACAGACCACA

TGAGCAT NM_205454.1
TGCCACTGA
GGAAACCTAC NM_001030342.2
AGATGGCTTC
AGAGAATGTA NM_205497
AGCGCAATGA
GTCTGAACCA NM_205260.4
CGTCTGCTGT

GCGTGACATCA NM 205518
TCATTGCCA

nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-a
zonula occludens-1; EGFR ¼ epidermal growth factor receptor; GLP-
¼ transforming growth factor beta 3.
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merging sequence data using FLAST (Caporaso et al., 2011). The
sequences and reference operational taxonomic units (OTU; 97%
similarity) were clustered and classified by the UCLUST algorithm
and QIIME software. Afterwards, MOTHUR software was used to
calculate alpha diversity and beta diversity analysis. The alpha di-
versity indices, including the observed OTU, ACE, Chao 1, Good's
coverage, Shannon, and Simpson index were calculated by
MOTHUR, and substantial variations between the microbial com-
positions in the control and EOA-treated chickens were determined
via a nonparametric ManneWhitney U test ranked using the per-
centage of representation of individual genera. AVenn diagramwas
created with R software to visualize the shared and unique OTU
among samples based on the Silva taxonomic database (Zaura et al.,
2009). Beta diversity analysis was performed to investigate the
structural variation of microbial communities across samples using
UniFrac distance metrics (Lozupone et al., 2007; Ramette, 2007),
Partial least squares discriminant analysis (PLS-DA) (Chen et al.,
2011) and nonmeric multidimensional scaling (NMDS) analyses.
Linear discriminant analysis effect size (LEfSe) was performed to
detect differentially abundant taxa across groups using the default
parameters (LDA Score > 2.0, P < 0.05) (Segata et al., 2011).
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt 1.0.0) was used to predict metagenome
functions associated with bacterial communities based on high-
quality 16S rRNA sequencing data (Langille et al., 2013). The func-
tions were deduced using Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) annotations for level 2 pathways.

2.12. Data analysis

Data regarding growth performance, gut lesion scores, intes-
tinal bacterial concentration and liver E. coli, jejunal morphology
and goblet cell numbers, blood parameters, the relative expres-
sion of mRNA, alpha diversity indices of Shannon and
abundance-based coverage estimator (ACE) among the 4 groups
were analyzed using one-way ANOVA in SPSS 20.0 (SPSS Inc.,
Chicago, IL, USA) in a 2 � 2 factorial design. Mean separations
were carried out using Duncan's multiple comparison test when
interactive effects differed significantly. The KruskaleWallis test
as well as Benjamini-Hochberg P-value correction was used to
compare the results of phylum and genus abundances. P � 0.05
was regarded as significant, while 0.05 � P � 0.10 was regarded
as a tendency.
Table 3
Effects of dietary coated essential oil and organic mixture supplementation on growth p

Item Experimental design Main effect

A K B L SEM 0 500 mg/k

Day 1 to 21
ADG, g/d 41.4 42.4 40.8 42.7 0.36 41.9 41.8
ADFI, g/d 59.5 60.0 59.3 60.7 0.43 59.8 60.0
FCR, g/g 1.44 1.41 1.45 1.42 0.01 1.43 1.44

Day 22 to 42
ADG, g/d 90.7 80.5 89.7 80.5 1.79 85.6 85.1
ADFI, g/d 147.4a 144.8ab 127.8b 136.8ab 3.10 146.1 132.3
FCR, g/g 1.66ab 1.81a 1.44c 1.71ab 0.06 1.73 1.58

Day 1 to 42
ADG, g/d 66.1 61.5 65.2 61.6 1.17 63.8 63.4
ADFI, g/d 103.4a 102.4ab 93.6b 98.8ab 1.56 102.9 96.2
FCR, g/g 1.58b 1.67a 1.44c 1.61a 0.04 1.63 1.52

A ¼ neither infection nor coated essential oil and organic acid mixture addition negative c
mixture addition at 500 mg/kg but without infection; L ¼ both essential oil and organic a
the mean; ADG ¼ average daily weight gain; ADFI ¼ average daily feed intake; FCR ¼ fe
a, b, c Means within the same row without a common superscript differ significantly (P <

1 P-values represent the main effect of the diet, the main effect of E. coli O78 challeng
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3. Results

3.1. Growth performance

As illustrated in Table 3, dietary EOA addition (B and L) had no
significant effects on ADG, ADFI and FCR of broiler chickens except
for showing a numerical decrease in mortality rate compared with
the un-treated birds (A and B) from 1 to 21 d. However, E. coli
challenge retarded the growth of chickens with an obvious reduc-
tion in ADG (P < 0.05) from 22 to 42 d, and remarkably increased
mortality rate (Fig. 1A) and tended to increase FCR from 22 to 42 d
and 1 to 42 d (P < 0.05) relative the non-challenged groups. While
birds fed with EOA showed decreased ADFI and numerically
reduced mortality rate (Fig. 1A) from 22 to 42 d and 1 to 42 d,
compared with the untreated groups (P < 0.05). There was a
notable interaction effect for ADFI and FCR between EOA supple-
mentation and E. coli challenge during the later and entire period
(P > 005). Birds on L group exhibited improved FCR compared with
infected control group.

3.2. Bacterial concentration of intestinal contents and liver

As shown in Table 4, a significant interaction effect between
E. coli O78 infection and EOA addition on E. coli concentration in
cecal chyme (P < 0.05). Both broilers on L and B groups displayed
lower levels of E. coli in cecal chyme (P < 0.05) compared with the
E. coli-challenged birds. In addition, E. coli challenge tended to in-
crease E. coli concentration in liver (P ¼ 0.057).

3.3. Gross lesion examination

Intratracheal inoculation of E. coli O78 not only caused higher
mortality, but also lead to severe airsacculitis, pericarditis and
perihepatitis. Fig. 1B illustrates that the highest gross lesion scores
were observed in the E. coli O78-challenged birds (P < 0.05).
However, EOA addition notably lowered gross lesion scores of birds
on L group compared with the challenged control group (P < 0.05).
No obvious pathological changes were observed in A and B groups.

3.4. Intestinal morphology

Based on themain effect of EOA supplementation, birds fed diets
with EOA significantly increased villous height (VH), the villous
erformance of broiler chickens infected with Escherichia coli O78.

P-value1

g Non-challenge Challenged EOA Challenged Interaction effects

41.1 42.6 0.811 0.074 0.575
59.4 60.4 0.792 0.337 0.672
1.44a 1.42b 0.294 0.046 0.677

90.2 80.5 0.927 0.035 0.235
137.6 140.8 0.027 0.582 0.036
1.55 1.76 0.193 0.098 <0.001

65.6 61.5 0.896 0.129 0.263
98.5 100.6 0.031 0.476 0.034
1.51 1.64 0.216 0.129 <0.001

ontrol; K¼ E. coli infection positive control; B¼ coated essential oil and organic acid
cid mixture addition at 500 mg/kg and E. coli O78 infection; SEM ¼ standard error of
ed-to-gain ratio.
0.05).
e, and the interaction between the dietary treatments and E. coli O78 challenge.



Fig. 1. Effect of essential oil and organic acid mixture (EOA) on (A) mortality rate and (B) lesion scores of broiler chickens challenged with Escherichia coli O78. Treatment groups:
A ¼ neither infection nor EOA addition control, K ¼ E. coli O78 infection control, B ¼ EOA addition but without infection, L ¼ both EOA addition and E. coli O78 infection.

Table 4
Effect of dietary coated essential oil and organicmixture supplementation on intestinal bacterial concentration and liver Escherichia coli numbers of broiler chickens challenged
with E. coli O78.

Item E. coli 1 Cecal bacterial counts, CFU/g Liver E. coli, CFU/g

E. coli Lactobacillus

EOA, mg/kg
0 - 6.59b 9.55 0.00
0 þ 8.24a 9.97 0.79
500 - 6.60b 10.41 0.30
500 þ 5.84b 9.30 0.52
SEM 0.24 0.24 0.13

Main effect
0 7.41 9.76 0.39
500 6.22 9.63 0.41
Non-challenge 6.59 9.73 0.15
Challenge 7.04 9.66 0.65

P-value2

EOA 0.005 0.825 0.954
Challenged 0.257 0.907 0.057
EOA � Challenged 0.004 0.305 0.265

EOA ¼ coated essential oil and organic mixture; SEM ¼ standard error of the mean.
a, b Means within the same column without a common superscript differ significantly (P < 0.05).

1 “e”, without E. coli challenge; “þ”, with E. coli challenge.
2 P-values represent the main effect of the diet, the main effect of E. coli O78 challenge, and the interaction between the dietary treatments and E. coli O78 challenge.
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height to crypt depth ratio (VH:CD) and goblet cell numbers
compared with birds in the unsupplemented groups (A and K)
(P < 0.05). On the other hand, compared with unchallenged groups
(A and B), there was a great decrease in VH:CD ratio in birds
challenged with E. coli (K and L) (P < 0.05). However, there was no
interaction effect on VH and VH:CD ratio between EOA addition and
E. coli challenge, but a significant interaction effect was found for
goblet cell numbers between EOA supplementation and E. coli
challenge in the jejunum (P ¼ 0.010). Broilers on L group showed
higher goblet cell concentrations than the K group (Table 5).
3.5. Serum cytokines and immunoglobulin levels

Serum cytokines and IgG concentration are presented in Table 6.
E. coliO78 infection significantly promoted the production of serum
IgG, IL-4, IL-6, IL-8, IL-12, IFN-g and TNF-a (P < 0.05) in comparison
to the non-challenged groups. Supplemental EOA only increased
serum IgG levels relative to the unsupplemented groups (P < 0.05).
A considerable interaction effect was observed for serum IgG and
IL-12 levels between EOA supplementation and E. coli O78 infection
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(P < 0.05). Feeding EOA to infected birds exhibited a significant
increase in the production of serum IgG (P < 0.05), and tended to
decrease serum IL-12 production compared with the birds on K
group.
3.6. Intestinal immune-related and barrier-related gene expression

As shown in Table 7, E. coli O78 infection notably upregulated
TLR4, IFN-g, IL-8, TGF-b and IGF-2 genes expression, while down-
regulating occludin and ZO-1 in the jejunum of broiler chickens
compared with the unchallenged groups. Feeding EOA at 500 mg/
kg of feed had no significant influence on intestinal immune-
related and barrier-related gene mRNA levels relative to the
unsupplemented groups. However, there were significant in-
teractions with jejunal IFN-g, IL-10, ZO-1 and mucin-2 mRNA levels
between E. coli infection and EOA addition at 7 d after E. coli
infection (P < 0.05, Table 8). E. coli-infected birds that received EOA
displayed lower IFN-g and higher IL-10mRNA levels than the E. coli-
infected control alone (P < 0.05) and tended to increase ZO-1 gene
expression while decreasing mucin-2 mRNA levels relative to the



Table 5
Effect of dietary coated essential oil and organic mixture supplementation on jejunal morphology and goblet cell numbers of broiler chickens challenged with Escherichia coli
O78.

Item E. coli1 Villous height, mm Crypt depth, mm VH:CD ratio GC cells

EOA, mg/kg
0 - 439.66 61.93 7.07 23.57a

0 þ 377.68 79.94 4.92 19.30b

500 - 507.07 59.00 8.66 23.03ab

500 þ 491.23 67.72 7.62 26.30a

SEM 20.36 4.19 0.35 0.81
Main effect
0 408.67b 70.94 5.99b 21.43
500 499.15a 63.36 8.14a 24.67
Non-challenge 473.37 60.47 7.86a 23.30
Challenge 434.46 73.83 6.27b 22.80

P-value2

EOA 0.025 0.368 <0.001 0.024
Challenged 0.308 0.120 0.001 0.711
EOA � Challenged 0.542 0.578 0.181 0.010

EOA ¼ coated essential oil and organic mixture; VH:CD ratio ¼ the villus height to crypt depth ratio; GC cells ¼ goblet cell numbers per mm2; SEM ¼ standard error of the
mean.
a, b Means within the same column with different superscripts differ significantly (P < 0.05).

1 “e”, without E. coli O78 challenge; “þ”, with E. coli O78 challenge.
2 P-values represent the main effect of the diet, the main effect of E. coli O78 challenge, and the interaction between the dietary treatments and E. coli O78 challenge.

Table 6
Effect of dietary coated essential oil and organic mixture supplementation on serum cytokine concentration and immunoglobulin levels of broiler chickens challenged with
Escherichia coli O78.

Item E. coli1 IL-1b, pg/mL IL-4, pg/mL IL-6, pg/mL IL-8, pg/mL IL-10, pg/mL IL-12, pg/mL IFN-g, pg/mL TNF-a, pg/mL IgG, g/L

EOA, mg/kg
0 - 12.13 25.74 153.57 26.68 46.12 21.42b 29.55 4.06 3.81c

0 þ 19.03 53.23 794.79 80.48 47.77 166.52a 454.74 36.41 3.75c

500 - 18.25 17.30 172.17 31.61 59.85 46.86b 73.00 9.66 4.29b

500 þ 10.15 36.28 369.97 41.20 56.90 82.81ab 237.61 22.73 5.12a

SEM2 2.79 5.12 86.36 7.58 9.12 16.50 51.99 4.80 0.13
Main effect
0 15.58 39.48 474.18 53.58 46.95 93.97 242.14 20.23 3.78
500 14.20 26.79 271.07 36.41 58.38 64.83 155.30 16.20 4.71
Non-challenge 15.19 21.52b 162.87b 29.15b 52.99 34.14 51.27b 6.86b 4.05
Challenge 14.59 44.75a 582.38a 60.84a 52.33 124.66 346.17a 29.57a 4.44

P-value2

EOA 0.813 0.182 0.176 0.209 0.562 0.267 0.307 0.645 <0.001
Challenged 0.918 0.020 0.009 0.026 0.973 0.002 0.002 0.016 0.018
EOA � Challenged 0.206 0.649 0.142 0.110 0.907 0.045 0.131 0.278 0.007

TNF-a¼ tumor necrosis factor a; IL¼ interleukin; IFN-g¼ interferon g; IgG¼ immunoglobulin G; EOA¼ coated essential oil and organic mixture; SEM¼ standard error of the
mean.
a, b, c Means within the same column with different superscripts differ significantly (P < 0.05).

1 “e”, without E. coli O78 challenge; “þ”, with E. coli O78 challenge.
2 P-values represent the main effect of the diet, the main effect of E. coli O78 challenge, and the interaction between the dietary treatments and E. coli O78 challenge.
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infected control alone at 7 d postechallenge. Furthermore, the
highest expression levels of mucin-2 were found in the uninfected
and EOA treated group relative to that of the other three groups.

3.7. Diversity and composition of cecal microbiota

In this study, we also determined cecal microbial communities
of broiler chickens treated with EOA supplementation and chal-
lengedwith E. coliO78. A total of 4,766 OTUwere obtained from the
cecal contents of all groups through high-throughput sequence
analysis of the bacterial 16S rRNA V3eV4 region. Venn diagram
analysis illustrated that 4,253 common OTU were shared by all 4
groups, whereas unique OTU varied from 40 to 75 in one group,
respectively (Fig. 2).

Results of alpha diversity (Fig. 3) showed that E. coli O78
infection remarkably increased Simpson index (P ¼ 0.038), and
tended to increase Shannon index (P ¼ 0.053), while birds fed with
EOA significantly increased Chao 1 and ACE indices compared with
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nonsupplemented groups (P < 0.05). There was a considerable
interaction effect on Chao 1 and ACE indices between EOA sup-
plementation and APEC challenge. Challenged birds given EOA had
higher Chao 1 and ACE indices comparedwith the single challenged
control. Results of alpha diversity indicated that EOA administra-
tion significantly increased richness of the intestinal microbial
community, while the intestinal flora was more evenly distributed
following E. coli O78 infection. Beta diversity of the cecal microbial
community indicated that there was no obvious convergence
among the 4 clusters of the microbial communities from the 4
groups. In addition, the clusters of the cecal microbial communities
from the infected groups (K and L) were separated from those of the
non-infected groups (A and B). Furthermore, the non-infected
groups clustered closely together while the infected groups were
highly dispersed.

Cecal microbial composition analysis indicated that Firmicutes,
Bacteroidetes and Proteobacteria dominated the cecal microbial
community of chickens ( >90%) (Fig. 4). Birds fed with EOA



Table 7
Effects of dietary coated essential oil and organic mixture supplementation on gene expressions of TLR signaling pathway-related genes in the jejunum of broiler chickens
challenged with E. coli O78.

Item E. coli1 TLR-4 MyD88 NF-kB IFN-g TNF-a IL-1b IL-8 IL-10

EOA, mg/kg
0 - 1.07 1.02 1.06 1.01 1.00 1.05 1.04 1.07b

0 þ 1.92 1.18 1.04 2.74 1.04 1.12 1.38 0.72b

500 - 1.18 1.11 1.16 1.13 1.32 1.02 0.75 0.81b

500 þ 1.31 1.22 1.03 1.06 1.13 1.09 1.96 1.84a

SEM2 0.10 0.08 0.09 0.09 0.06 0.14 0.32 0.11
Main effect
0 1.50 1.10 1.05 1.87 1.02 1.09 1.21 0.90
500 1.20 1.17 1.10 1.09 1.23 1.05 1.36 1.33
Non-challenged 1.13 1.07 1.11 1.07 1.16 1.04 0.90 0.94
Challenged 1.66 1.20 1.03 1.90 1.09 1.10 1.67 1.28

P-value2

EOA 0.377 0.663 0.805 0.408 0.095 0.905 0.821 0.055
Challenged 0.032 0.407 0.676 0.016 0.524 0.803 0.013 0.126
Challenged � EOA 0.567 0.877 0.747 <0.01 0.353 0.998 0.237 <0.01

TLR ¼ toll-like receptor; MyD88 ¼ myeloid differential protein-88; NF-kB ¼ nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-a ¼ tumor necrosis factor a;
IL ¼ interleukin; IFN-g ¼ interferon g; SEM ¼ standard error of the mean.
a, b Means within the same column with different superscripts differ significantly (P < 0.05).

1 “e”, without E. coli O78 challenge; “þ”, with E. coli O78 challenge.
2 P-values represent the main effect of the diet, the main effect of E. coli O78 challenge, and the interaction between the dietary treatments and E. coli O78 challenge.

Table 8
Effects of dietary coated essential oil and organic mixture supplementation on gene expressions of tight junction proteins, growth factors andmucin-2 in the jejunum of broiler
chickens challenged with Escherichia coli O78.

Item E. coli1 Claudin1 Occludin ZO-1 TGF-b3 IGF-2 EGFR GLP-2 Mucin-2

EOA, mg/kg
0 - 0.82 1.02 1.07a 1.03 1.04 1.02 1.04 1.05b

0 þ 0.71 0.52 0.27c 1.81 3.22 1.18 0.95 1.13ab

500 - 0.50 1.10 0.64b 1.18 1.21 1.45 1.26 1.44a

500 þ 0.80 0.72 0.48bc 1.51 3.28 1.13 1.25 0.93b

SEM 0.06 0.05 0.05 0.12 0.20 0.11 0.08 0.06
Main effect
0 0.76 0.77 0.67 1.42 2.13 1.10 1.00 1.09
500 0.65 0.91 0.56 1.34 2.25 1.29 1.25 1.19
Non-challenged 0.66 1.06a 0.86 1.10b 1.13b 1.24 1.15 1.25
Challenged 0.75 0.62b 0.38 1.66a 3.25a 1.16 1.10 1.03

P-value2

EOA 0.415 0.175 0.255 0.745 0.777 0.406 0.112 0.455
Challenged 0.470 <0.001 <0.001 0.035 <0.001 0.728 0.735 0.101
Challenged � EOA 0.125 0.589 0.004 0.373 0.891 0.304 0.789 0.028

ZO-1 ¼ zonula occludens-1; EGFR ¼ epidermal growth factor receptor; GLP-2 ¼ glucagon like peptide-2; IGF-2 ¼ insulin-like growth factor-2; TGF-b3 ¼ transforming growth
factor beta 3; EOA ¼ coated essential oil and organic mixture; SEM ¼ standard error of the mean.
a, b, c Means within the same column with different superscripts differ significantly (P < 0.05).

1 “e”, without E. coli O78 challenge; “þ”, with E. coli O78 challenge.
2 P-values represent the main effect of the diet, the main effect of E. coli O78 challenge, and the interaction between the dietary treatments and E. coli O78 challenge.
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significantly increased relative abundance of Firmicutes compared
with the untreated groups, regardless of E. coli challenge. Infected
birds that received EOA also notably suppressed the enrichment of
Bacteroidetes compared with the single infected control
(P ¼ 0.015). However, E. coli infection alone decreased the relative
population of Firmicutes (P¼ 0.007) relative to the negative control
without EOA addition nor challenge (Fig. 4). Fig. 5 shows relative
abundance of the cecal microbial composition at the genus level
(Top 10). Results revealed that Faecalibacterium, Ruminococcus,
Lactobacillus, Enterococcus, Oscillospira and Bilophila were the pre-
dominant genera, followed by Dorea and Coprococcus. Although
there was no significant difference between the negative control
group (A) and EOA group (B), the infected birds fed EOA showed a
decrease in relative distribution of the genus Lactobacillus
(P¼ 0.03) compared with the infected birds (K), whereas birds on K
group remarkably enriched the relative fraction of the genus
Lactobacillus and Oscillospira (Fig. 5B).
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LEfSe analysis was used to determine the statistically different
biomarkers between groups. As presented in Fig. 6, significant
differences were only observed between groups B and K.

When compared with the B group, E. coli challenge alone (K)
enriched the relative abundance of Rikenellaceae, Bacteroidales,
Bacteroidia, Bacteroidetes, YS2, 4C0d_2, and Cyanobacteria, while
Firmicutes, Ruminococcaceae, Clostridiales, Clostridia, Lactobacillus,
Lactobacilaceae, and cc-115weremore abundant in the EOA-treated
group (B) in contrast to the K group.

3.8. Predicted function of cecal microbiota

PICRUSt analysis showed significant distinctive differences be-
tween group A and K at KEGG level 2 (Fig. 7).We found that pentose
and glucoronate interconversion (P ¼ 0.022), and photosynthesis
proteins (P ¼ 0.057) were suppressed, while folate metabolism,
methane metabolism, glycine, serine and threonine metabolism,



Fig. 2. The overall description of gut microorganism among the 4 groups. (A) Venn diagram, (B) Chao index, (C) Shannon index, (D) Simpson index, (E) abundance-based
coverage estimator (ACE). Treatment groups: A ¼ neither infection nor essential oil and organic acid mixture (EOA) addition control, K ¼ Escherichia coli O78 infection control,
B ¼ EOA addition but without infection, L ¼ both EOA addition and E. coli O78 infection.
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MAPK signaling pathway, oxidative phosphorylation and beta-
alanine metabolism were overrepresented (P ¼ 0.057) in group K
compared with the negative control A. However, there was no
obvious difference between group K and L through PICRUSt analysis
(P > 0.05).

4. Discussion

This study evaluated the preventive efficacy of supplemental
EOA on broiler chickens challenged intratracheally with E. coli O78.
Results from the current study indicated that mortality, feed to
gain, and gross lesion scores were remarkably increased by intra-
tracheal infection of E. coli O78, which was consistent with re-
sults of previous studies (Kariyawasam et al., 2004; Horn et al.,
2012), suggesting that intratracheal infection of pathogenic E. coli
O78 can spread from the respiratory tract to various organs,
resulting in severe systemic inflammation and negative effects on
growth performance, livability and health. However, these negative
impacts caused by E. coli O78 infection were attenuated by EOA
supplementation. Additionally, although challenged birds given
EOA showed a numerical reduction in mortality and had no
improvement in body weight gain relative to the infected birds
alone, EOA administration notably improved feed conversion effi-
ciency, which was attributed to lower feed intake of challenged
broiler chickens. In line with our findings, previous studies sug-
gested that dietary essential oils and organic acid blend inclusion
resulted in adverse or no effects on performance in chickens
(Fascina et al., 2012, 2017), and early-weaned pigs (Manzanilla
et al., 2004). Whereas other researches have reported that dietary
EOA addition (containing thyme, carvacrol and butyric acid) could
improve growth performance, as evidenced by an increase in
average body weight gain, or improved FCR, when broiler chickens
were either challenged or unchallenged with pathogens
(Timbermont et al., 2010; Jerzsele et al., 2012; Abdelli et al., 2020;
Stamilla et al., 2020; Stefanello et al., 2020; Pham et al., 2021).
Variable results in growth performance of broiler chickens induced
by EOA administration were possibly attributed to differences in
chemical composition and dosage of EOA used; characteristics of
infection pathogen and challenge route; birds’ health status; and
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the hygiene conditions of the experimental environments. How-
ever, our findings suggested that the novel EOA used in the study
might elicit mild health-improving effects on broiler chickens
intratracheally challenged with E. coli O78. Furthermore, this study
indicated that dietary EOA supplementation improved feed effi-
ciency of broilers and reduced the mortality after E. coli O78
challenge.

Gut morphology, goblet cell numbers, intestinal pathogen load
and bacterial translocation are important indirect markers for
assessing intestinal health, recovery and functionality (Kuttappan
et al., 2015; Celi et al., 2017). The present study found that E. coli
O78 intratracheal infection could damage gut health, as evidenced
by decreased villus height and VH:CD ratio, lower goblet cell
numbers, and higher E. coli carrier in the cecum and liver, which
was similar to our previous observations (Huang et al., 2019).
However, feeding EOA lowered E. coli counts in cecal chyme, pre-
vented bacterial translocation and improved intestinal morpho-
logical structure regardless of E. coli O78 infection. Moreover,
elevated goblet cell density was also observed in the infected birds
treated with EOA relative to the single infected control. Similarly,
previous studies from poultry and pig trials also indicated that
supplemental EOA reduced the concentration of potential intestinal
pathogens including E. coli, Salmonella and C. perfringens
(Timbermont et al., 2010; Jerzsele et al., 2012; Cerisuelo et al., 2014;
Basmacio�glu-Malayo�glu et al., 2016; Yang et al., 2019; Zhang et al.,
2019; Abdelli et al., 2020; Stamilla et al., 2020; Stefanello et al.,
2020), and attenuated gut impairment caused by pathogens
(Timbermont et al., 2010; Jerzsele et al., 2012; Abdelli et al., 2020;
Stamilla et al., 2020; Stefanello et al., 2020). Therefore, our results
indicated that feeding EOA could mitigate gut impairment caused
by E. coli O78 infection. Gut barrier-protecting effects of EOA in this
study were possibly associated with the anti-bacterial capacity of
EO or OA.

Serum immune parameters, such as cytokines, antibodies and
complement proteins, were always used to evaluate systemic im-
mune function or health status of the host (Lee et al., 2013). In this
study, E. coli O78 infection induced a systemic inflammation
response, indicated by higher levels of serum IgG and pro-
inflammatory cytokines, such as IL-4, IL-6, IL-8, IL-12, IFN-g and



Fig. 3. Beta diversity analysis of cecal microbial community. (A) Partial least squares discriminant analysis (PLS-DA). (B) Nonmeric multidimensional scaling (NMDS). Treatment
groups: A ¼ neither infection nor essential oil and organic acid mixture (EOA) addition control, K ¼ Escherichia coli O78 infection control, B ¼ EOA addition but without infection,
L ¼ both EOA addition and E. coli O78 infection.
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TNF-a. Overproduction of pro-inflammatory cytokines caused by
pathogens may lead to damage in the body and gut (McKay and
Baird, 1999). Higher gross lesion scores and damaged gut
morphological structure caused by E. coli O78 infection were
observed in this study, which supported our findings. Nevertheless,
supplemental EOA significantly increased serum IgG levels and
tended to decrease serum IL-12 production compared with the
infected groups alone. IgG, secreted by B cells, directly contributes
to an immune response by neutralizing of pathogens, toxins and
viruses (Song et al., 2018). IL-12 is also involved in pro-
inflammatory responses (Vignali and Kuchroo, 2014). Thus, lower
pro-inflammatory cytokine IL-12 concentration and higher levels of
serum IgG, accompanied by lower bacterial translocation found in
the infected birds receiving EOA suggested that EOA supplemen-
tation could alleviate systemic inflammatory responses caused by
E. coli O78 infection.

Tight junctions between intestinal epithelial cells form a barrier
with selective permeability that not only allows nutrients, ions and
solutes to be transferred but also helps to maintain the integrity of
the intestinal mucosa barrier, immune hemostasis and intestinal
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health by preventing intestinal microorganisms, antigens and
toxins from translocating into tissues (Schneeberger and Lynch,
2004; Turner, 2009; Gil-cardoso et al., 2016; Awad et al., 2017;
Lee et al., 2018). Cytokines related to TLR-mediated signaling
pathways and the energy status of enterocytes might all have an
impact on tight junctions and intestinal epithelial barrier integrity
(Capaldo and Nusrat, 2009; Lee, 2015). Pro-inflammatory cytokines
have been shown to cause tight junction disruption, which results
in increased intestinal permeability, whereas anti-inflammatory
cytokines have been found to maintain intestinal integrity (Al-
Sadi et al., 2009). In this study, we further examined the alter-
ations in the gut mucosa TLR-mediated immune responses and
tight junction proteins in E. coli-infected broiler chickens. Results
indicated that E. coli O78 intratracheal infection induced intestinal
inflammation and damaged intestinal barrier function, as evi-
denced by notable upregulation in gene expression of TLR4 and
pro-inflammatory cytokines IFN-g and chemokine IL-8, as well as
downregulation in tight junction proteins Occludin and ZO-1
mRNA level in the jejunum. However, feeding EOA remarkably
lowered jejunal pro-inflammatory cytokine IFN-g abundance, but



Fig. 4. Composition of caecal microbiota of the broiler chickens among the 4 groups at phylum level. (A) Relative abundance of top 8 bacterial phyla. (B) Comparison of the relative
abundances of the top 5 bacterial phyla among the 4 groups. Treatment groups: A ¼ neither infection nor essential oil and organic acid mixture (EOA) addition control, K ¼
Escherichia coli O78 infection control, B ¼ EOA addition but without infection, L ¼ both EOA addition and E. coli O78 infection.
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increased anti-inflammatory cytokine IL-10 mRNA levels and ten-
ded to increase ZO-1 gene expression of the E. coli-infected birds. In
agreement with our findings, previous studies have demonstrated
that a mixture of supplemental coated essential oils and organic
acid (including thyme, carvacrol and butyric acid) could mitigate
gut injury caused by oral C. perfringens infection (Timbermont et al.,
2010; Jerzsele et al., 2012; Abdelli et al., 2020; Pham et al., 2020;
Stamilla et al., 2020; Stefanello et al., 2020) through inhibiting in-
testinal inflammatory responses and improving the energy status
of enterocytes. Thus, based on our results, we have suggested that
dietary EOA supplementation protected against APEC-induced
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intestinal barrier junction injury in broilers, possibly through alle-
viating intestinal inflammatory responses caused by APEC.

The gut microbiota play an important role in host health, dis-
ease, feed digestion and nutrient absorption, and production of
poultry (Waite and Taylor, 2015). This study revealed that E. coli
challenge dramatically altered alpha diversity of the cecal micro-
bial community, while the changes in cecal bacterial diversity
induced by E. coli O78 challenge were reversed by EOA addition,
suggesting that EOA supplementation could prevent intestinal
microbial disturbances caused by E. coli O78 challenge. In contrast
to our results, several previous studies have reported that alpha



Fig. 5. Stacked bar chart of cecal microbial structure at the genus level. (A) Relative abundance of top 21 bacterial genera. (B) Comparison of the relative abundances of the bacterial
genera which were greater than 1% among the 4 groups. Treatment groups: A ¼ neither infection nor essential oil and organic acid mixture (EOA) addition control, K ¼ Escherichia
coli O78 infection control, B ¼ EOA addition but without infection, L ¼ both EOA addition and E. coli O78 infection.
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diversity was unaffected by essential oils (Zhu et al., 2019) or
organic acids (Bortoluzzi et al., 2017) or an EOA mixture (Pham
et al., 2020, 2021). The variability in results was possibly associ-
ated with different EOA products and challenge models. There
could be a possibility that the EOA treatment effectively reduced
the “bad” bacteria and promoted the “good” bacteria when broiler
chickens were confronted with the pathogen challenge, but this
hypothesis needs to be further evaluated. PLS-DA and NMDS
analysis showed that EOA addition, E. coli O78 challenge, and both
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changed the beta diversity of the cecal microbial community,
indicating that these treatments significantly affected the intesti-
nal bacterial community profile. Furthermore, LEfSe analysis
showed that EOA administration could improve cecal microbial
composition in unchallenged birds, as evidenced by increased
abundance of some beneficial bacteria, such as Ruminococcaceae,
Lactobacilaceae and Lactobacillus, which was in accordance with
several previous findings (Yin et al., 2017; Yang et al., 2019; Pham
et al., 2020, 2021), indicating that EOA supplementation was good



Fig. 6. Differential bacterial taxa in cecal microbiota of the B and K groups using LEfSe analysis (P � 0.05 and LDA cutoff > 2.0) (n ¼ 6/group). (A) Cladogram plot. (B)The histogram
shows differentially abundant bacteria in the B and K groups ranked by linear discriminant analysis (LDA) scores. Treatment groups: A ¼ neither infection nor essential oil and
organic acid mixture (EOA) addition control, K ¼ Escherichia coli O78 infection control, B ¼ EOA addition but without infection, L ¼ both EOA addition and E. coli O78 infection.
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for gut health of broiler chickens reared under conditions without
systemic infection.

Interestingly, in our study, E. coli intratracheal infection alone
was observed to remarkably decrease the relative population of
Firmicutes, but enrich the percentage of Lactobacillus and Oscil-
lospira compared to the non-challenged control, while data from
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the infected birds fed EOA appeared to decrease cecal Bacteroidetes
and Lactobacillus abundance compared with the single infected
control, which was opposite to what was observed in the Lacto-
bacillus population in the non-challenged broiler chickens supple-
mented with EOA. In the cecal microbiota, different trends in
relative abundance of total Lactobacillus and different strains of



Fig. 7. Predictive functional profiles generated from 16S rRNA marker gene sequences using PICRUSt at KEGG levels 2. (A and B) Differentially regulated metabolic pathways in A vs.
K group, K vs. L group, respectively. The corrected P-value is listed at the right. Treatment groups: A ¼ neither infection nor essential oil and organic acid mixture (EOA) addition
control, K ¼ Escherichia coli O78 infection control, L ¼ both EOA addition and E.coli O78 infection.
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Lactobacillus of cecal microbiota were been observed in non-
challenged or challenged broiler chickens given EO, OA, or EOA
from previous studies. Some authors have suggested that supple-
mental EO, OA or EOA could increase the proportion of Lactobacillus
spp. in chickens without challenge (Abudabos and Al-Mufarrej,
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2014; Yang et al., 2019; Dai et al., 2021). Other researchers found
that with the appropriate dosage, EO addition could increase
Lactobacillus populations, whereas a high dosage of EO inhibited
the growth of Lactobacillus in birds challenged with C. perfringens,
and this study also indicated that EO administration differentially



Fig. 7. (continued).
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modulated the abundance of different strains of Lactobacillus in
challenged birds (Du et al., 2015; Yin et al., 2017). Conversely,
several authors reported that supplementation with EO decreased
cecal Lactobacillus abundance in the unchallenged broiler chickens
(Zhu et al., 2019; Chen et al., 2020). Discrepancies in the reported
results might be due to one or several factors, including the
chemical composition of EO, OA, and EOA blend coating, challenged
or not, challenge model, as well as time of sampling post challenge.
Lactobacillus is the most abundant beneficial bacteria in the gut,
which confers anti-inflammatory responses and affects gut integ-
rity via modulating mucosal immune responses (Bermudez-Brito
et al., 2012; Ashraf and Shah, 2014). Numerous studies have sug-
gested that Oscillospira play an important role in gut health and
metabolic diseases, and is both positively and negatively associated
with many diseases (Konikoff and Gophna, 2016; Yang et al., 2021).
Bacteroides species, the gut's most common anaerobes, have been
documented to create lipopolysaccharides (LPS), impact host im-
munity, and inhibit pathogen colonization of the gastrointestinal
tract (GIT) (Hiippala et al., 2018; Zafar and Saier, 2021). A higher
proportion of Lactobacillus and Oscillospira was observed in the
cecal contents of the single E. coli O78-challenged birds, suggesting
that E. coli O78 infection in fact promotes the growth of intestinal
benefical bacteria, resulting in an enhanced host anti-inflammatory
response. However, a lower percentage of cecal Bacteroidetes and
Lactobacillus which was discovered in APEC-infected broiler
chickens after they were fed EOA, may be linked to the restoration
of intestinal microbiota balance, reduced gut inflammation, and
fewer gut lesions. As a result, the findings of this study found that
EOA improved FCR and gut health in APEC-infected broiler
chickens, as well as reducing gut inflammation, most likely due to
favorable modification of intestinal microbiota composition. How-
ever, the correlation among gut microbiota, APEC challenge, EOA
treatment and poultry gut health requires further investigation.

Most surprisingly, PICRUSt analysis revealed that only the
pentose and glucoronate interconversion pathway of cecal
microbiota was suppressed after E. coli O78 infection, while EOA
addition had no significant influence on the function of cecal
microbiota of broiler chickens regardless of E. coli O78 challenge.
The pentose and glucoronate interconversion pathway have been
reported to be involved in sugar utilization in microorganisms
and redox status and therefore could provide nucleic acid syn-
thesis substrates and keeps glutathione in its reducing state
(Lakshmanan et al., 2021). Thus, the pentose and glucoronate
interconversion pathway of cecal microbiota was suppressed af-
ter E. coli O78 infection, suggesting that E. coli O78 infection
might cause oxidative stress in the gut through downregulating
carbohydrate-related metabolic pathways. Whether the supple-
mentation of EOA improves gut health through its antioxidant
pathway requires further investigation. In addition, the impacts
of EOA on fecal metabolite profiles should be investigated in
order to understand the causal relationships between EOA, me-
tabolites, and intestinal function.

5. Conclusion

The results of this study suggested that supplemental coated
essential oil and organic acid mixture remarkably improved feed
conversion efficiency, lowered gross lesion scores and cecal E. coli
population, altered cecal microbiota composition, inhibited
mucosal and systemic inflammation, enhanced intestinal goblet
cells and serum IgG concentration alongwith ZO-1 gene expression
of the infected birds compared with the infected groups alone.
Together, the coated essential oil and organic acid mixture could be
used as an antibiotic alternative to alleviate E. coli O78-induced gut
injury and inflammation in the broiler industry.
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