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Summary. - Avian infectious bronchitis virus (IBV) and avian pathogenic Escherichia coli (APEC) are
two important respiratory pathogens in the chicken. The co-infection can lead to chronic complications
and considerable economic losses in the poultry industry worldwide. In the present study, we compared
differential transcriptional profiles in the trachea tissue of three infected groups (IBV, APEC, and co-
infection) with the control group to investigate transcriptome profile changes at the early stage of the
infection. After the challenge of SPF chickens with IBV IS-1494 like (GI-23) and APEC, serotype 078: K80,
or co-infection, the trachea tissue was used for RNA extraction, and changes in the transcriptome were
investigated by Illumina RNA-seq technique. Up-regulated and down-regulated differentially expressed
genes (DEGs) in the transcriptome of each group's trachea were identified. Gene ontology category, KEGG
pathway, and gene interaction networks (STRING analysis) were analyzed to identify relationships among
differentially expressed genes. In general, the numbers of up-regulated genes were higher than of down-
regulated genes. In the co-infection group, a more severe immune response and macrophage infiltration
occurred; an important cluster of pathway signaling in this group's up-regulated genes was an apoptotic
cluster, cytokine-mediated signaling cluster, and the PAMPs recognizing cluster. This is the first study
to provide a general overview of transcriptome changes in the trachea at the early stage of infection with
these pathogens.
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Introduction

Avian infectious bronchitis (IB) is caused by the IBV,
a member of the Coronaviridae family. The virus causes
infections mainly in chickens and is a significant patho-
gen of broilers and laying chickens. IB is an acute, con-
tagious disease characterized primarily by respiratory
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Abbreviations: APEC = avian pathogenic Escherichia coli;
DEG = gifferentially expressed gene(s); FDR = false discovery
rate; IB = avian infectious bronchitis; IBV = IBvirus; NLR = NOD-
like receptor; RLR = RIG-I-like receptor; TLR = toll-like receptor

symptoms in chickens (Jackwood, 2012). The IS-1494-1like
IBVs, lineage GI-23, are among the main genotypes in the
Middle East (such as Iran) and African countries and
were reported from Europe well (Lisowska et al., 2017).
IBV is nephropathogenic and affects the respiratory
system (Najafi et al., 2016). APEC is responsible for large
economiclossesinthe poultryindustry worldwide, caus-
ing aerosacculitis, polyserositis, septicemia, and other
mainly extraintestinal diseases in chickens (Sandford et
al.,, 2012; Peighambari et al., 2000). The presence of other
pathogens, such as IBV and either primary or secondary
appearance of APECrespiratory diseasein chickens, leads
to chronic complicated airsacculitis (Jackwood, 2012;
Hynes et al., 2013). Lesions associated with IBV are char-
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acterized by mucosal thickening, loss of cilia, hyperplasia
of the surface epithelium, and infiltration of lymphocytes,
plasmocytes,and macrophage of lamina propria (Diebold,
2010). The lesion in the trachea associated with APEC is
characterized by highly inflamed and congested areas in
parabronchi without air in the capillary areas, clogged
with exudate, regions containing fewer erythrocytes,
and a higher number of lymphocytes, macrophages, and
heterophils (Horn et al., 2012).

Infection initiates with a dynamic cascade of events
that culminates in altered gene expression patterns in
both host and interacting organisms. Onthe host side, the
different expression patterns of immune response genes
were shown, and many genes were especially expressed
during the intracellular-development stage, which seems
tobeamongthe most highly regulated compared to other
groups of genes (Westermann et al., 2012).

The first line of defense against pathogens is physi-
cal barriers and mucous membranes, complements,
antimicrobial peptides, and leukocyte subsets such as
heterophils, macrophages, and NK cells, basophils, and
eosinophils, that are a subset of the innate immune re-
sponse. Dendritic cells (DCs), macrophages, lymphocytes,
endothelial cells, and fibroblasts present PRRs (pattern
recognition receptor) such as TLRs, RLRs, and NLRs
cytoplasmic surfaces, through which they can recognize
infectiousagents. TLR1LA, TLR1LB, TLR2A, TLR2B, TLR3,
TLR4, TLR5, TLR7, TLR15, and TLR21 are known in chick-
ens (Paul et al., 2013). After activation of the innate im-
mune response, phagocytic heterophils and macrophages
are recruited to the infection (Cook et al., 2012).

The inflammatory cytokines and chemokines are
amongtheimportant regulators of both innate and adap-
tive immune systems that initiate cascades of intracel-
lular signaling for specific cell functions (Kruth, 1998).
The increase of their concentration has been recorded
during IBV infection, which leads to the production of
acute-phase proteins (APP) in chickens (Asif et al., 2007).
Also, increased expression of IL2, IL4, IL7, IL9, IL15, and
IL21 was previously shown in the tracheal tissue during
infection of chickens with pathogens (Guo et al., 2008).

Virus replication is limited through host antiviral re-
sponses such as apoptosis or agents that can induce cell
death following target cells' infection. The adaptive im-
mune response through B cells, T cells, macrophages, and
leucocytic memory cells' production plays an important
role in IBV infection (Chhabra et al., 2015).

One of the new approaches to studying changes in
gene expression during host-pathogen interactionsis the
RNA-seqtechnique that elucidates the molecular mecha-
nisms of pathogenesis and the corresponding immune
response (Westermann et al., 2012). There are few studies
regarding the immunological mechanisms involved dur-

ing the pathogenesis of IBV and APEC. This study aimed
to compare differential immune response after infection
SPF chickens with IBV and APEC individually and after
co-infection.

Material and Methods

Virus and bacterial strains. 1S-1494 like (GI-23) avian infec-
tious bronchitis virus obtained from the University of Tehran's
virus collection was used in this study. The virus was isolated in
2016 from broiler flocks that showed typical clinical signs such
as depression, ruffled feathers, nasal discharge, and coughing.
Avian pathogenic E. coli serotype 078: K80 from the Univer-
sity of Tehran's culture collection was used for this study. The
strain's stock cultures were held in Luria Bertani broth (LB) and
15% glycerol at -80°C.

Chicken challenge and tissue collection. Eighty SPF chickens
were divided into four equal groups consisting of three groups
of twenty chickens as experimental groups and twenty chickens
as a control group. All groups were kept in separate isolators.
For the challenge, 12-day-old chickens were inoculated with
100 ul IBV (10* EID, ) oculonasally in the first group and with
100 ul APEC suspension (1x108 cfu/ml in PBS) intratracheally
in the second group. The third treatment group received 100 pl
IBV oculo-nasal, followed by 100 ul APEC intratracheally 72
hours later. Control groups were inoculated with 100 ul PBS.

Table 1. Primers used in qRT-PCR

Primer name Sequence
TLR4 GTCTCTCCTTCCTTACCTGCTGTTC
AGGAGGAGAAAGACAGGGTAGGTG
TLR7 GGAAACGCTACTAACCTG
GTTTGCTTCCAGACTCAG
TLR2-2 AGGCACTTGAGATGGAGCAC
CCTGTTATGGGCCAGGTTTA
MyD88 AGAAGGTGTCGGAGGATGGTG
GGGCTCCAAATGCTGACTGC
TRAF6 GAGTGTCCAAGGCGTCAAGTCTG
GTGTCGTGCCAGTTCATTCCTC
IL1IR2 AACTGCCCAGATCACACCAT
TCAAGGCAGAAAAATCCACAT
CSF3R CCTCTTCGGGACGCTGTA
GGGCTTTCTCATGGGTAGTG
IL8L1 CCTCACTGCAAGAATGTGGAAG
TATTGGTGTCTGCCTTGTCCAG
IL18 AGGAGGTGAAATCTGGCAGTG
TCTTCTACCTGGACGCTGAATG
TGFBR1 TGAGTATTGGGCCAAAGAGCTG
ACACGAAGAAGATGCTGTGG
GAPDH TGCTGCCCAGAACATCATCC
ACGGCAGGTCAGGTCAACAA
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Fig.1

Histological section of the trachea of experimentally infected chickens
(a) Chicken challenged with IBV (IS-1494 like; GI-23) virus, the respiratory trachea's epithelium was pseudo-ciliated with mucous mem-
branes (simple bubbles) inside the epithelium covered. (b) Chicken challenged with APEC. There is the loss of cilia, a moderate increase
of epithelial thickness because of hyperplasia of epithelial cells, and vascular hyperemia. (¢) Chicken challenged with co-infection. In-
creased epithelial thickness because of hyperplasia of epithelial cells, loss of cilia in epithelial cells, infiltration of inflammatory cells of
lymphocytesin lamina propia with severe vascular hyperemia. (d) Uninfected chicken. A monolayer of epithelial cells covers the mucosa.

Chickens were euthanized at three days post-infection,and the
tracheal organs were harvested. A piece of the trachea at 3 days
post-infection from control and each challenged group were
collected and added directly to the RNAlater solution (Thermo
Fisher Scientific) and transferred to-80°C. A part of the trachea
sample from each challenge group and the control group was
kept for the gPCR validation of the RNA-seq results for IBV
detection and culture for APEC>s colony count.

Histopathological examination. Tracheal tissue was fixed
in 10% formalin and examined histopathologically. Sections
were stained with hematoxylin and eosin (H & E) and, based
on the histopathological examination, were evaluated for the
presence of typical microscopiclesions and the presence of the
infiltration of inflammatory cells.

RNA extraction. Total RNA was extracted from both control
samples and challenged groups using TRIzol reagent (Thermo
Fisher Scientific) according to the manufacturer's instructions.
On-column DNA digestion was performed using RNase-free
DNase (SinaClone) to remove contaminating genomic DNA. The
amount of RNA was quantified using an Agilent Bioanalyzer
2100. Total RNAs were subjected to RNA-seq and transcriptome
analysis.

Illumina library construction, RNA sequencing, and analysis.
Acquired data of Illumina HiSeq 2500 platform were processed

to obtain raw reads, which were then extracted for quality
control and read mapping. DEGs were identified using CLC
Biomedical software (Trial version) and were aligned using
the reference genome (Gallus Gallus reference) extracted from
NCBI. DEGs were analyzed by comparing the gene expression
level between the infected and non-infected groups. Database
for annotation, visualization, and integrated discovery analysis
was used to perform functional annotation based on the GO
(Gene Ontology) database (FDR <0.05), and pathway enrich-
ment analysis based on the KEGG (Kyoto Encyclopedia of Genes
and Genomes) database (FDR <0.05) was used to explore the
various biological processes. Then, gene interaction networks
were analyzed using the STRING database of known and pre-
dicted protein interactions, which included direct (physical)
and indirect (functional) associations, and the PPI networks
were visualized.

Validation of RNA-seq data by qRT-PCR. For validation of the
RNA-seq data, total RNA samples in the group infected with IBV
and APEC were analyzed by quantitative real-time PCR (qRT-
PCR). Briefly, 1 ug of RNA samples was reverse-transcribed into
cDNA using the cDNA synthesis kit (Thermo Fisher Scientific).
Ten up-regulated genes were selected, including TLR4, TLR7,
TLR2-2, MyD88, TRAF6, IL1R2, CSF3R, IL8L1, TGFBR], and
IL18. All qRT-PCR primers were designed using Primer-BLAST
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Fig.2

GO analysis of differentially expressed genes
DEGs in the group infected with APEC were categorized into the three main GO categories, including biological process, cellular compo-
nent, and molecular function, that were significantly enriched (FDR <0.05).
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Fig.3

GO analysis of differential expression genes
DEGsinthe group infected with IBV were categorized into the three main GO categories, including biological process, cellular component,
and molecular function, that were significantly enriched (FDR <0.05).
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Fig.4

GO analysis of differential expression genes
DEGs in the co-infected group were categorized into the three main GO categories, including biological process, cellular component, and

molecular function, that were significantly enriched (FDR <0.05).

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are
listed in Table 1. QRT-PCR was performed using the gPCR Green
Master Kit (Jena Bioscience) according to the manufacturer's
instructions. The PCR conditions consisted of an initial dena-
turation at 95°C for 30 s, followed by 40 PCR cycles of 95°C for
20s,60°Cfor30s,and 72°Cfor 30 s using Rotor-Gene Q Real-Time
PCR(Qiagen). Relative expression of target genes was analyzed
by the 242 method, and GAPDH was used as an endogenous
housekeeping gene for normalizing expression levels. All sam-
ples were analyzed in triplicate.

Results
Clinical and histopathological changes

In the group of chickens infected with APEC and IBV
individually, no clinical signs were observed, and in the
co-infected group, depression, sneezing, and exudate in
the eyes were observed. No mortality rate was observed
in any treatment group.

In the control group, normal epithelial cells with
mucosa were observed, and in IBV and APEC individual
groups, loss of cilia and vascular hyperemia was ob-
served. A severe pathological effect was observed in the

co-infected group, with the infiltration of inflammatory
cells in lamina propia (Fig. 1).

Functional analysis of DEGs

Illumina HiSeq 2500 platform, paired-end, and strand-
specific sequencing produced an average read length of
~150 bp. The average number of reads obtained was ~113
million reads per sample. After the statistical analysis
with CLC Biomedical software, DEGs were analyzed by
comparing gene expression levels between the infected
and non-infected groups. In the group infected with IBV,
5002 DEGs were identified in trachea transcriptome, of
which 3453 were up-regulated and 1549 down-regulated.
In the group infected with APEC, 4964 DEGs were identi-
fied in trachea transcriptome, of which 3550 were up-
regulated and 1414 down-regulated. In the co-infected
group,5011 DEGs wereidentified in trachea transcriptome,
of which 3599 were up-regulated and 1412 down-regulated.
The GO database classifies genes according to the three
categories: biological process, cellular component, and
molecular functions, and then predicts the function of
the selected genes. Significantly enriched GO categories
in the DEGs in each group are shown in Figs. 2, 3, and 4
(EDR <0.05).


https://www.ncbi.nlm.nih.gov/tools/primer-blast/

462 HASHEMI, S. et al.: TRACHEA TRANSCRIPTOME ANALYSIS IN CHICKENS WITH MIXED INFECTION

(@) (b)
E.coli (10952)
< N 90
402 e
f \,\ 70
[ A 5
& 60
403 730 B
g 50
9417 <= 40
é 30
=
g 20
702 298 =
war 2w
TLR4  TLR7 TLR2-2 MyDB8 TRAF6 IL1IR2 CSF3R ILBL1 L18 TGFBR1
Genes

IB-E.coli (10969) 1B (10892)

Prciostcomponant scate gt

(c)

o 3 3 8 &8 8 8 3

f—

8§ &8 & & 8 &8 3

(d)

Control

ENSGALG00000027716

COL3A1
EENSGALGOODOQGJSDDG
HSPA2

ENSGALG00000032550

ENSGALG00000009089

MYBPC1

ENSGALG00000026553

<02 04 06 08 1 12 1.494

Fig.5

(a) Venn diagram illustrating the overlap of DEGs among the three groups. (b) QRT-PCR confirmation of 10 randomly selected mRNAs
from the up-regulated genes in the co-infected group. (c) PCA diagram of DEGs among the three groups. (d) The heat map analysis of genes
showed significant changes and relative gene expression.
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Table 2. KEGG pathway analysis for down-regulated differentially expressed genes

A ID KEGG pathway-description Observed gene count FDR
gga03010 Ribosome 50 1.26E-18
gga03040 Spliceosome 22 0.0032

B ID KEGG pathway-description Observed gene count FDR
gga03010 Ribosome 55 1.84E-21
gga03040 Spliceosome 23 0.002
gga00190 Oxidative phosphorylation 23 0.0029

C ID KEGG pathway-description Observed gene count FDR
gga03010 Ribosome 67 1.81E-31
gga03040 Spliceosome 24 0.0003
gga00190 Oxidative phosphorylation 24 0.00047
gga00480 Glutathione metabolism 11 0.0142
gga01100 Metabolic pathways 109 0.02
gga04260 Cardiac muscle contraction 12 0.0306

Pathway analysis enrichment using DEGs between A: control and the group of infected with APEC, B: control, and infected with IBV and
C: control and co-infected group. FDR <0.05 was used as a threshold to select significant KEGG pathways.

Venn diagrams were used for illustrating the relation-
ship between the three treatment groups using gene
expression patterns. Circles that overlap have a com-
monality, while circles that do not overlap do not share
those traits (Fig. 5a).

The real-time quantitative PCR approached was used
to verify the expression of 10 selected genes: TLR4, TLR7,
TLR2-2, MyD88, TRAF6,IL1R2,CSF3R,IL8L1, TGFBRI1, and
IL18. Theresults confirmed a significant increase and the
expression patterns of the selected genes, as was previ-
ously detected by the RNA-seq platform (Fig. 5b).

We used the principal component analysis (PCA) to
visualize three-dimensional expression patterns of the
RNA data sets (Fig. 5c).

KEGG pathway analysis of differentially expressed
genes

The KEGG pathways have been significantly enriched
in the subsets of up and down-regulated in each chal-
lenged group (FDR <0.05). The KEGG pathway enrich-
ment analysis from the up-regulated genes was mainly
involved in signaling pathways, and the KEGG pathway
enrichment analysis from the down-regulated genes was
clustered into cell growth and metabolic pathways (Table
2A,B,and C and 3, 4, and 5).

The gene expression heat map was used for the distinct
analysis of gene expression pattern differences torelevant
functions between all groups. In this method, the data is
displayed in a grid, and each row represents a gene, and

each column represents a sample. Gene expression was
compared between lines. Based on the similarity of gene
expression patterns, color changes (Fig. 5d).

Table 3. KEGG pathway analysis for up-regulated differentially

expressed genes
Observed
ID KEGG . e gene FDR
pathway-description count
gga00562 Inositol phosphate 24 0.00032
metabolism
gga04070 Phosphatidylinositol 27 0.00032
signaling system
gga04140 Autophagy - animal 31 0.00032
gga04510 Focal adhesion 42 0.00032
gga04371 Apelin signaling pathway 26 0.0039
ggal4lst  Endocytosis 41 0.0088
gga04150 mTOR signaling pathway 29 0.0088
gga04810 Regulation of actin 34 0.0098
cytoskeleton
gga04910 Insulin signaling pathway 25 0.0141
gga04512 ECM-receptor interaction 17 0.0204
gga00564 Glycerophospholipid 19 0.0383
metabolism
gga04136 Autophagy - other 9 0.0383
gga04520 Adherensjunction 16 0.041

Pathway analysis enrichment using DEGs between control and the
group of infected with APEC. FDR <0.05 was used as a threshold to select
significant KEGG pathways.
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Table 4. KEGG pathway analysis for up-regulated differentially

Table 5. KEGG pathway analysis for up-regulated differentially

expressed genes expressed genes
Observed Observed
1D K:t(l;i(jva -description gene FDR D K:t?lia -description gene FDR
P y P count p y P count
gga00562 Inositol phosphate 26 0.0000438 gga00562 Inositol phosphate 28 0.0000141
metabolism metabolism
gga04510 Focal adhesion Lt 0.0000438 gga04070 Phosphatidylinositol 33 0.0000141
ga04l40  Autophagy - animal 33 0.0000587 signaling system
8204070 Phosphatidylinositol 28 0.00013 gga04140  Autophagy - animal 35 0.0000407
signaling system gga04510 Focal adhesion 45 0.0000551
gga04l44  Endocytosis 45 0.0011 gga04060 Cytokine-cytokine 42 0.00019
gga04910 Insulin signaling pathway 28 0.0025 receptor Interaction
gga04512 ECM-receptor interaction 19 0.0055 gga04ls4  Endocytosis 48 0.00066
2204810 Regulation of actin 34 0.0117 gga04910 Insulin signaling pathway 31 0.00066
cytoskeleton gga04217 Necroptosis 29 0.0011
gga04150 mTOR signaling pathway — 28 0.0138 gg8a04620 Toll-like receptor signaling 23 0.0011
ga04012 ErbBsignaling pathway 18 0.0336 pathway
B gga04621 NOD-like receptor 30 0.0011
ggal4136 Autophagy - other 9 0.0407 signaling pathway
gga04371 Apelinsignaling pathway 22 0.0407 £ga04010 MAPK signaling pathway 49 0.0012
gga04010 MAPK signaling pathway 40 0.0416 28204210 Apoptosis 28 0.0012
88204120 glo(;tc&llt;g?edmted 23 0.0416 gga04512 ECM-receptor interaction 21 0.0012
gga04218 Cellular senescence 25 0.0416 gga04810  Regulation of actin 39 0.0012
cytoskeleton
£8204520 Adherens junction 16 0.0416 gga04120 Ubiquitin mediated 29 0.0014
Pathway analysis enrichment using DEGs between control and the proteolysis
roup of infected with IBV. FDR <0.05 was used as a threshold to select
Eigni%cant KEGG pathways. gga05164 Influenza A 30 0.0014
gga04218 Cellular senescence 31 0.0017
gga04933 AGE-RAGE signaling 23 0.0017
. . . pathway in diabetic
STRING analysis of the relationships between DEGs complications
gga05132  Salmonella infection 19 0.0032
‘ The S:TRING database of kn(‘JWI'.l and prt?dlcted protein gga04012  ErbB signaling pathway 20 0.0072
interactions was used to predict interactions of the up- 04150 mTOR sienali th 28 0.0154
. . a m signaling pathwa .
regulated DEGsin the co-infected group. There were three & & ) &P v
main clustersinthe STRING diagram. The apoptotic clus- 8804514 ?gg&g?esmn molecules 2 0.0154

ter contained 114 nodes associated with 579 edges (edges
represent protein-protein interactions), the cytokine-
mediated signaling cluster contained 42 nodes associated
with 123 edges, and the PAMPs (pathogen-associated
molecular patterns) recognizing cluster contained 45
nodes associated with 201 edges (Fig. 6).

Discussion

Thetracheaplaysacrucial rolein the chickens'immune
system, especially after challenging with respiratory
pathogens. The purpose of our study was to determine
the differencesin chicken tracheatranscriptome between
non-infected chickens and chickens with individual
IBV (Is-1494 like; GI-23) and APEC (serotype 078: K80)

Pathway analysis enrichment using DEGs between control and co-
infected group. FDR <0.05 was used as a threshold to select significant
KEGG pathways.

infection and co-infection, with a focus on the use of the
strand-specific NGS method to generate cDNA libraries
for a robustly conserved transcript orientation and a
more accurate determination of gene expression. In our
investigation, the numbers of up-regulated genes were
higher than of the down-regulated genes, and in the co-
infected group, the induction of more immune pathways
was shown.

The down-regulated pathways were ribosome and spli-
ceosome in three groups, oxidative phosphorylationinthe
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STRING analysis of the relationship between differentially expressed genes (FDR <0.05) related to the apoptotic pathways, the
cytokine-mediated signaling pathways, and the PAMPs recognized pathways in up-regulated genes in the co-infected group
The network nodes represent the proteins encoded by the DEGs, and the edges represent protein-protein interactions.

group infected with IBV and in the co-infected group, and
Glutathione metabolism and Metabolic pathways only
in the co-infected group; the genes were clustered into
protein production, energy production, and metabolic
processes.

The pathways of signaling processes, including chang-
esin cell shape, migration, proliferation, cell metabolism,
growth, proliferation, and survival, consist of inositol
phosphate metabolism, focal adhesion, insulin signaling
pathway, ECM-receptor interaction, regulation of actin

cytoskeleton, mTOR signaling pathway, adherence junc-
tion were up-regulated in all three groups.

Apelin signaling pathway was up-regulated only in the
group infected with IBV and infected with APEC. Erbb
signaling pathway and MAPK signaling pathway were up-
regulated only in the co-infected group and in the group
infected with IBV. MAPK signaling pathway is one of the
more important pathways and is an essential pathway to
promote inflammatory response through macrophage
activation (Khatri and Sharma, 2006). Calcium signaling
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pathways and cell adhesion molecules (CAMs) were up-
regulated only in the co-infected group (Tables 4 and 5).
This suggests that host cell receptors might recognize the
organisms and secrete cytokines to cope with pathogens
invasion.

Lipopolysaccharide (LPS), bacteria,and virus infection
stimulate signal transduction pathways that play roles
in the regulation of many events such as cell prolifera-
tion and differentiation, cytokine production, apoptosis,
and cell death, cell survival, and stimulation of immune
responses (Zhang and Liu, 2002; Hynes et al., 2013). PRRs
rapidly recognize infectious agents and affect biological
events by identifying PAMPs (Motta et al., 2015). They
initiate bothinnate and adaptive immune responses. The
PAMPs that enter the cell via phagocytosis or pores and
DAMPs (damage-associated molecular patterns) are iden-
tified by NLRs (Chhabra et al., 2015). In the present study,
the following genes were up-regulated in the co-infected
group: ANTXR2,CYBB,FADD,IFNARI IFNAR2,1L18,IL8L1,
ITPR2, ITPR3, JAK]1, MAP3K7, MAPK1, MAPK14, MCU,
MEFN2,MYD88,NAMPT, NFKB1, NOD1, P2RX7, PLCB2,PST-
PIP1,RIPK1,STAT1, TLR4, TNFAIP3, TRAF2, TRAF5, TRAFS6,
and TRPV2. TLRs signaling pathway and RLRs signaling
pathway were up-regulated in co-infected group too.
These genes were associated with RLRs according to our
results: AZI12,CYLD, DDX3X, FADD, IFIH],IL8L1, MAP3K?7,
MAPKI14, NFKBI, RIPK1, TRADD, TRAF2, and TRAF®6.

The TLR2 recognizes peptidoglycan; TLR4 binds LPS,
TLR5 recognizes flagellin, and TLR21 recognizes un-
methylated CpG DNA that is found in bacteria (Keestra
et al., 2010). In chickens, TLR 3 and 7 recognize RNA viral
products (Cooket al., 2012; Chen et al., 2013). In this study,
expression of several TLRs was documented through the
up-regulation of CD80, FADD, IFNAR], IFNAR2, IL8L1,
LY96, MAP3K7 MAPKI1, MAPK14, MYD88, NFKB1, PIK3CA,
PIK3CB, PIK3CD, PIK3R2, RIPK1, STATI1, TLR2-2, TLR3,
TLR4, TLR7, TOLLIP, TRAF6 in the co-infected group.
In a preview study, TLRILA, TLRILB, TLR2, TLR3, and
TLR7 gene expression was significantly up-regulated in
the tracheal epithelial cells of 3-weeks-old chickens im-
munized with attenuated IBV Massachusetts (IBV-Mass)
strain (Guo et al., 2008). Also, the up-regulation of TLR3
and TLR7 mRNA was identified in the trachea and lung
during viral infections (Miettinen et al., 2001; Wang et al.,
2006). In the lungs, APEC strains are likely to be recog-
nized through TLRs expressed by epithelial and resident
phagocytic cells, which would drive inflammatory media-
tors' production and stimulate phagocytosis (Guabiraba
and Schouler, 2015).

TLR3 signaling pathway produces antiviral type I
interferon IFN-a and -f, and the TLR7 signaling pathway
produces pro-inflammatory cytokines (Guillot et al., 2005).
IL1B has an important role in chemotaxis, stimulation of

the cellular response, and infiltration of immune cells,
such as macrophages, to the site of infection (Babcock et
al., 2008). In chickens, IL8 is known for its chemotactic
activity for macrophages and heterophils, and, after in
vivo interaction of respiratory epithelial cells with APEC
infections, an increase in macrophages was detected
(Mol et al.,2019). Macrophages are a source of nitric oxide
(NO) in defense against microbial infections (Ariaans et
al., 2008) and play a similar role in bacterial infection of
the chicken. They also play an important role as antigen-
presenting cells (Wu and Kaiser, 2011) and in producing
important effectors and regulators of immunity (He et
al., 2011). As observed in our histopathology findings, the
infiltration of inflammatory cells was in the co-infected
group; however, in 2 groups with individual infections,
only moderate pathology was induced.

It has been found that cytokine-cytokine receptor
interaction was up-regulated in the co-infected group.
Uponinfection, PRRsinitiate signaling cascadesthat,asa
result,activate the anti-infection innate immune response
(Diebold, 2010). Analysis of DEGs revealed expression of
BMPRIA,BMPR2,CCR2,CCR7,CD40LG, CRLF2, CSFIR, CS-
F3R,CX3CL1,CX3CR1,CXCR4,FLT1, IFNAR] IFNAR2,IFNG,
IFNGRL,ILIORB,IL12RB2,1L15,IL17RA, IL18,IL18R], IL1R2,
IL20RA, IL21R, IL22RA1, IL2RA, IL2RB, IL8L1, KITLG,
LOC422316, MET, PDGFRA, PDGERB, TGFBR1, TGFBR2,
TNFRSF11A, TNFRSF11B, TNFRSF18, TNFSF10, TNFSF13B,
and TNESFS8 in our study. The production of these pro-
inflammatory cytokines and chemokines supports
macrophages' involvement, and activated macrophages
produce a variety of pro-inflammatory cytokines and
modulatetheinflammatoryreaction viathe up-regulation
of afewinflammatory cytokines (Holmes and Darbyshire,
1978). In viral or bacterial infection, the organs can be
damaged by excessive activation of the inflammatory
response using the cytokine storm. Thus, it seems that
the recruitment of inflammatory cells and macrophages'
activationisreasonable to the development of damage in
chickens suffering from an infection. The up-regulation
of mRNA levels of pro-inflammatory cytokines IL6, IL1B,
IL10R, IL2, IL4, IL7, IL9, IL15, IL21, IL17RA, CCL4, CCL20,
CCL17,and CCL19 in the trachea following infection with
IBV has been previously shown (Cong et al., 2013; Holmes
and Darbyshire, 1978). The pro-inflammatory cytokines
IL4,1L10,and IFN-yreceptor 2 have previously been found
in APEC-infected birds (Sandford et al., 2012). Changes in
interleukin receptor genes have been noted in response
to pathogen challenge (Crowley et al., 2011).

It has been shown that autophagy was up-regulated
in all three infected groups. Autophagy is a key physio-
pathological process with a complex relationship with
cell death and survival (Hu et al., 2015). Moreover, in the
co-infected group, apoptosis and necroptosis were also
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up-regulated. One of the most important host antiviral
responsesistheinduction of apoptosis. Induction of cell
death following infection of target cells can effectively
limit virus replication (Hay and Kannourakis, 2002). As a
result of the entry of both pathogenic and non-pathogenic
strains of avian E. coli in the avian lung, the production of
focal infections was shown, which caninduce inflamma-
tory mediators and cell death in the infected areas (Horn
et al,, 2012). In this study, genes implicated in apoptosis
signaling pathway were mostly up-regulated and involved
as survival factors; including APAF1, ATM, BCL2Al, BID,
CASP2, CASP3, CASP7, CFLAR, CTSC, CTSD, DAB2IP, EI-
F2AK3, FADD, ITPR2, ITPR3, MAP3K14, MAPK1, NFKBI,
PIK3CA, PIK3CB, PIK3CD, PIK3R2, PTPN13, RAF], RIPK],
TNESF10, TRADD, and TRAF2. Studies showed that IBV
induced cell cycle arrest and apoptosis in infected cells
(Li et al., 2007; Chhabra et al., 2015). A strain of APEC
(APEC17) was previously shown to activate caspase 3/7
in macrophages, thereby inducing apoptosis (Guabiraba
and Schouler, 2015).

AGE-RAGE signaling pathway, involved in diabetic
complications, and FoxO signaling pathway were also
up-regulated in the co-infected group. AGE/RAGE signal-
ingleadstothe activation of multiple intracellular signal
pathways involving NADPH oxidase, protein kinase C,and
MAPKs, resulting in NFkB activity. It has been shown that
as a result of activation of NFkB, the IL1, IL6, and TNF-
alpha,avariety of atherosclerosis-related genes, including
VCAM], tissue factor, VEGF,and RAGE are expressed (Kay
etal., 2016). Ubiquitin-mediated proteolysis was only up-
regulated in the co-infected group and infected with only
IBV. These data suggest that activation of apoptosis and
suppression of innate immune response occurred in the
trachea in co-infection with IBV and APEC in the early
phase of infection. VEGF has several isoforms that bind
todifferent receptors such as FLT1, KDR,and NRP1, which
can promote angiogenesis through activation of a kinase
cascade, including RAS and MAPK (Maitland et al., 2010).
Studies have shown that in viral infections, both systemic
(IgM and IgG) and mucosal (IgA) antibodies effectively
clear the circulating virus in the host (Darbyshire and
Peters, 1985). Also, IgA is the major immunoglobulin mol-
ecule for the mucosal response that plays an important
role in protecting against infection at tracheal or other
mucosal points of viral entry (Caron, 2010).

The novel experiment presented in this study char-
acterized changes in the chicken trachea transcriptome
associated with two respiratory pathogens, IBV (I1S-1494
like; GI-23) and APEC (serotype 078: K80) infection and co-
infection, in the early phase of infection. In the previous
studies with chickens infected with the virus followed
by a bacterial infection, it was shown that it reflects an
especially severe form of the naturally occurring disease

(Cooket al., 1986). According to our analysis of transcrip-
tome and the histopathological findings, regulation of
gene expression among the three treatment groups at the
early stage of infection was different in the co-infected
group,anditinduced aninnate immune response within
thetracheathroughincreased mRNA expression of PPRs,
pro-inflammatory cytokines, and anti-viral IFNs, and
through an increase in the number of infiltrating mac-
rophages to the trachea, with some of the innate genes
being up-regulated following infection. In contrast, in
the two groups infected with individual pathogens, only
amild immune response was observed at the early stage
of infection.
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