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Abstract
Infectious bronchitis virus (IBV) is one of the major threats to the poultry industry, with significant economic consequences. 
Despite strict measures, the disease is difficult to control worldwide. Experimental evidence demonstrates that the severity 
of IBV is affected by the genetic background of the chicken, and the selection of appropriate breeds can increase production 
efficiency. Therefore, the aim of the present study was to assess the strength of the immune response to IBV in tracheal tissues 
of Ross 308 and Cobb 500 broiler chickens by evaluating transcriptome changes, focusing on immune responses and the viral 
load in tracheal tissues two days after IBV infection. We identified 899 and 1350 differentially expressed genes (DEGs) in 
the Cobb 500 and Ross 308 experimental groups compared to their respective control groups. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis indicated the involvement of signaling pathways (Toll-like receptor 
[TLR], NOD-like receptor [NLR], and RIG-I-like receptor [RLR] signaling pathways). Interestingly, the RLR signaling 
pathway appears to be affected only in the Cobb hybrid. Furthermore, the viral loads in tracheal samples obtained from the 
Ross challenged group were significantly higher than those of the Cobb challenged group. The results of this study indicated 
that the host transcriptional response to IBV infection as well as the viral load can differ by hybrid. Furthermore, genes such 
as TLR-3, ChIFN-α, MDA5, LGP2, IRF-7, NF-κB, and TRIM25 may interfere with IBV proliferation.

Introduction

With the ever-growing human population, there is a strong 
tendency for poultry to become the main protein source. 
Therefore, the poultry industry plays an important role in the 
food supply chain, and its economic significance cannot be 
ignored [1]. However, this industry faces various challenges, 
among which are infectious diseases, and viral diseases can 
cause huge economic losses to the industry worldwide [1, 2]. 

Infectious bronchitis virus (IBV) is one of the major threats 
to the industry and has significant economic consequences 
[1]. The causative agent of IBV is a positive-sense single-
stranded RNA virus of the family Coronaviridae [3, 4].

The virus is known for its rapid reproduction with high 
mutation and recombination frequency, leading to geograph-
ically distinct strains [1, 5]. The virus enters through and 
replicates in the host’s respiratory tract before respiratory 
signs start to appear within 24 to 48 hours of contact with 
the virus, and this is known as the incubation period [6, 
7]. Some IBV strains may have tropism for other epithe-
lial tissues (including the kidneys and oviduct), in which 
they cause infection and lesions [8–10]. The disease can 
be exacerbated when it coincides with secondary bacterial 
infections.

IBV affects chickens of all ages and can be transmit-
ted rapidly across farms. Within three days of infection, 
clinical signs such as depression, poor weight gain, and 
appetite loss may appear. Furthermore, lesions caused by 
some strains in the oviduct markedly decrease egg quality 
and production [10, 11]. In addition, the mortality rate can 
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be as high as 83%, depending on the virus strain and health 
condition of the chickens [7, 12]. Considering the above 
facts, the poultry industry must adopt and implement poli-
cies and preemptive measures. Current preventive strate-
gies are a hybrid of appropriate management practices, 
including temperature control mechanisms and advanced 
ventilation, and the use of attenuated and inactivated viral 
vaccines [13, 14]. Despite these measures, however, the 
disease has proven difficult to control worldwide due to 
the diversity of strains in different geographical regions 
and the absence of complete cross-protection between 
them [15]. Hence, developing preventive and therapeutic 
treatments is necessary to control the spread of the virus. 
Previous studies have suggested several ways to combat 
the disease. For instance, Jackwood et al. suggested that 
polyvalent vaccines containing circulating virus strains 
can be used for protection against the virus [5]. Moreover, 
recombinant vaccines containing S1 and N proteins have 
been reported to induce an immune response [16].

Although numerous studies have been conducted, the 
control of IBV continues to be a major challenge. To intro-
duce more-effective vaccines and develop enhanced preven-
tive measures, it is essential to understand defense mecha-
nisms against poultry pathogens. Such understanding can 
provide invaluable insights into molecular pathogenesis in 
birds and various pathways involved in virus-host interac-
tions. Recent advances in genomics, transcriptomics, prot-
eomics, and metabolomics are now often incorporated into 
methodologies to analyze cellular and molecular interactions 
in biological systems [17].

The use of high-throughput techniques, such as micro-
array and next-generation sequencing (NGS), has gained 
momentum among researchers exploring the interactions 
between IBV and the host [3, 13, 14, 17–19]. These investi-
gations have provided intriguing insights into how antiviral 
mechanisms in poultry function against the virus causing 
infectious bronchitis. To the best of our knowledge, no study 
has looked into transcriptome changes in the Ross 308 and 
Cobb 500 hybrids to investigate their antiviral responses to 
IBV.

Previous studies have revealed that the viral load can dif-
fer in different tissues of chickens infected with IBV [20, 
21]. However, there is limited information about the evalu-
ation of viral load in different hybrids of chickens infected 
with IBV. Additionally, the selection of appropriate genetic 
breeds has been shown to increase production efficiency 
[22]. Therefore, the aim of the present study was to evaluate 
transcriptome changes (by focusing on immune responses) 
and viral load in tracheal tissues of Ross 308 and Cobb 500 
broiler chickens’ infected with IBV using RNA sequencing 
(RNA-seq) and quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) methods.

Materials and methods

Experimental design

In this randomized controlled experimental study, a total 
of 120 one-day-old female broiler chickens (Ross 308 
and Cobb 500) were randomly divided into four experi-
mental and control groups (n = 30): Cobb control (Cobb 
Con), Ross control (Ross Con), Cobb experimental (Cobb 
Exper), and Ross experimental (Ross Exper). The two 
hybrids were kept in separate rooms (60 chickens per 
room). The chickens were fed and watered separately in 
subgroups of 15. To avoid interference by maternal anti-
bodies, an IDEXX IBV Ab ELISA Kit (USA) was used to 
measure anti-IBV antibody titers after three weeks accord-
ing to the manufacturer’s instructions. Chickens that were 
negative for anti-IBV antibodies were assigned to experi-
mental subgroups, and chickens with positive antibody test 
results were excluded from the study. Immediately after 
this procedure, chickens in the experimental groups were 
challenged intranasally with 200 μL of allantoic fluid con-
taining 104 times the 50% egg infective dose (EID50)/mL 
of the Var2-like (IS/1494/06-like) strain. Control groups 
received 0.2 mL of sterile phosphate-buffered saline (PBS) 
intranasally.

Virus strain and titration

The Iranian variant-2-like IBV strain IS/1494 was used in 
the study. The strain was isolated from an Iranian broiler 
farm in 2014 [23]. The EID50 was calculated using the 
Reed–Muench method [24].

Sample collection and preparation

Two days after challenge, 10 chickens were randomly 
selected from each subgroup and euthanized according to 
the University of Tehran’s ethical principles (i.e., inhala-
tion of carbon dioxide followed by dislocation of their 
cervical vertebrae) under sterile conditions. Then, tracheal 
tissues were dissected and pooled for each subgroup and 
placed in sterile 5-mL tubes containing RNAlater solution 
(Thermo Fisher Scientific, Massachusetts, USA) to stabi-
lize and protect RNA with immediate RNase inactivation. 
In addition, tissue was removed from individual chick-
ens in each subgroup and placed in sterile 1.5-mL tubes 
containing RNAlater solution to measure the viral load 
and perform a RT-qPCR test to evaluate RNA-seq results. 
The pooled tracheal tissues were sent to BGI in China for 
paired-end sequencing using a HiSeq 2000 system and a 
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TruSeq SBS Kit v3-HS Illumina. All RNA extraction pro-
cesses and quality control were performed by the company.

Total RNA from all pooled samples was extracted using 
the TRIzol method according to the instructions of the 
TRIzol Kit Manual (B518651-0100, Sangon Biotech, 
Shanghai, China). The RNA purity was determined based 
on spectroscopic measurements at 230, 260, and 280 nm 
using a spectrophotometer (IMPLEN, CA, USA), and 
the integrity of the RNA was assessed using a Bioana-
lyzer 2100 system and an RNA Nano Assay Kit (Agilent 
Technologies, Santa Clara, CA, USA). The RNA sam-
ples that passed the purity and integrity tests (i.e., RNAs 
with a minimum RNA integrity number (RIN) of 8.00, a 
A260/280 ratio of at least 1.80, and an A260/230 ratio of at 
least 2.00) were used for transcriptome sequencing using 
an Illumina HiSeq 2000 platform.

Transcriptome analysis

About 31 million paired-end raw reads for each sample 
with a length of 90–100 base pairs (bp) were generated 
from RNA-seq libraries in FASTQ format. Before read 
alignment, the FastQC tool (https://​www.​bioin​forma​tics.​
babra​ham.​ac.​uk/​proje​cts/​fastqc) was used for quality con-
trol of raw reads, and the reads were pre-filtered to remove 
probable contaminants. Quality trimming increased the 
number of good reads and abundance measurement 
accuracy. Adapter sequences and low-quality nucleotide 
calls in the raw data were removed using BBDuk 38.87 
(BBtools, California, USA). For adapter sequence trim-
ming, we used the following parameters: ktrim = r, k = 23, 
mink = 11, and hdist = 1. For nucleotide trimming, the 
nucleotide calls with a quality score of 20 or higher were 
considered high-quality reads. We defined r and l (right 
and left side trimming) for the “--qtrim = rl” parameter and 
passed quality score 20 for quality trimming thresholds to 
the “--trimq” parameter.

After trimming, to identify reads originating from the 
chicken genome, we aligned clean reads to the reference 
genome sequence GRCg6a (GCA_000002315.5) using 
Spliced Transcripts Alignment to a Reference (STAR) 
with default settings.

The reference genome sequence and annotation files 
were obtained from the Ensembl database (https://​asia.​
ensem​bl.​org/​info/​data/​ftp/​index.​html), and genome index-
ing was done using the “--runMode genomeGenerate” 
option in the STAR software package 2.7. [25]. After 
alignment, several files were created, and the “Read-
sPerGene.out.tab” file (a tab-delimited text file with read 
count per gene used for expression analysis) was the main 
file used for subsequent analysis to identify differentially 
expressed genes (DEGs).

Identification of DEGs

DEGs were identified using the edgeR software package 
version 3.28.1. Here, only genes with a log fold change 
≥1 or ≥-1 (P < 0.05) were identified as DEGs. To cre-
ate the figure showing DEGs, we constructed a heat map 
using the R software package (pheatmap) version 1.0.12 
(https://​cloud.r-​proje​ct.​org/​web/​packa​ges/​pheat​map). An 
MD plot was made to show the log-fold change of DEGs 
in the experimental groups compared to the controls, and 
the average abundance of each gene was determined using 
the R software package (plotMD).

Functional annotation analysis

To identify biological functions related to DEGs, the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways and Gene Ontology (GO) terms (cellular component, 
molecular function, and biological process) were inves-
tigated using the DAVID database (version 6.8) (https://​
david.​ncifc​rf.​gov/) [26]. GO terms and KEGG pathways 
with a P-value < 0.05 were considered to exhibit statisti-
cally significant enrichment.

Validation of RNA‑seq results and calculation 
of viral load using RT‑qPCR

An RT-qPCR assay was used to evaluate and confirm the 
results obtained using the RNA-seq method and to calcu-
late the viral load, in individual Cobb and Ross chickens 
in the study groups.

Total RNA was extracted from individual samples taken 
from each subgroup using a SinaPure RNA Kit (SinaClon, 
Iran) and treated with DNase I. The purity of the total 
RNA was determined using spectroscopic measurements 
at 230, 260, and 280 nm. The RNA integrity was evaluated 
by electrophoresis on a 1% agarose gel after staining with 
ethidium bromide and visualization under UV light (for 
more details, see Supplementary File 1). RNA samples 
with an OD260/280 ratio of 1.9–2.2 and an OD260/230 
ratio greater than 2 and with high integrity (i.e., RNAs 
with clearly visible bands of 18S and 28S ribosomal RNA) 
were used for cDNA synthesis.

cDNA synthesis was performed using a RevertAid First 
Strand cDNA Synthesis Kit (Fermentas, Canada) as fol-
lows: a mixture of 2 μg of total RNA (7 μL RNA), 1 μL 
of random hexamer primer, and 4 μL of DEPC-treated 
water was heated at 65 °C for 10 min and cooled on ice. 
Then, 4 μL of 5X reaction buffer, 1 μL of Ribolock Rnase 
inhibitor (20 U/μL), 2 μL of 10 mM dNTP mix, and 1 μL 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://asia.ensembl.org/info/data/ftp/index.html
https://asia.ensembl.org/info/data/ftp/index.html
https://cloud.r-project.org/web/packages/pheatmap
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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of RevertAid M-MuLV Reverse Transcriptase (200 U/μL) 
were added to the solution to a final volume of 20 μL.

To validate RNA-seq results, 22 genes were selected 
randomly from each up- and downregulated DEG from 
both hybrids. All RT-qPCR primers were designed using 
Primer-BLAST [27], and their sequences are shown in 
Tables 1 and 2. For RT-qPCR, the 20-μL reaction mixture 
contained 2 µL of cDNA, 10 µL of SYBR Premix (Sina-
Clon, Iran), 0.4 µL of forward and 0.4 µL of reverse prim-
ers at a final concentration of 10 μm, and 7.2 µL of RNase-
free water. The reaction condition were as follows: 95 °C 
for 5 min, followed by 40 cycles of 95 °C for 15 s, 56 °C 
(CDRT1, NRROS, MHM2, TLR7, THEMIS, BEST1), 55 °C 
(LGP2, GAPDH, PLS1, TBX21, TLR1B), 51 °C (FAM81A, 
AHR2, MUC13, MYH15, RALY, FCN2, SBK2), or 48 °C 
(MDA5, LUZP2, ARHGAP15, GPR171, ADAP2) for 20 
s, and 72 °C for 15 s using a Corbett Life Science Rotor-
Gene 6000 Cycler (USA). The fold changes in expression 

were calculated using the 2-∆∆CT method [28]. All samples 
used for RT-qPCR were analyzed in triplicate.

To calculate the viral load, cDNAs from individual tra-
cheal samples in each subgroup were used to amplify a con-
served sequence of the IBV genome within the 5’ untrans-
lated region (UTR) by real-time PCR. The forward primer 
5′-GCT​TTT​GAG​CCT​AGC​GTT​-3′, located at nucleotide 
position 391–408 of the genome sequence of IBV strain 
M41, the reverse primer 5′-GCC​ATG​TTG​TCA​CTG​TCT​
ATTG-3′, located at nucleotide position 512–533, and a 
TaqMan dual-labeled probe (IBV5'G probe 5'-FAMCAC​
CAC​CAG​AAC​CTG​TCA​CCTC-BHQ1-3') located at nucleo-
tide position 473–494 were designed to amplify and detect a 
143-bp fragment of the 5'-UTR [20, 29]. The 20-μL reaction 
mixture contained 2 μL of 10x PCR buffer (Sinaclon), 1 μL 
of dNTP mix (Sinaclon), 0.8 μL of 50 mM MgCl2 (Sina-
clon), 0.2 μL of CinnaGen Taq DNA polymerase (Sinaclon), 
5 μL of template cDNA, 0.4 µL of forward and 0.4 µL of 

Table 1   Primers used in RT-qPCR for the Cobb chickens

Gene Forward primer 
(5´- 3´)

Exon
Nucleotide posi-
tion

Reverse primer 
(5´- 3´)

Exon
Nucleotide posi-
tion

Size (bp) Efficiency
(%)

Slope Gene 
expression 
status

TLR7 CAG​TGG​TTG​
CTG​CTG​TTG​
TC

Exon 1
43-62

GCA​TTT​GAC​
GTC​CTT​GCA​
TGA​

Exon 2
221-201

179 105 3.20 Up

NRROS GAG​AGC​TGC​
TGC​TGA​GAT​
GGAG​

Exon 2
7565-7586

GCT​CAA​CCA​
TTT​CCT​TTT​
GCA​GTC​

Exon 3
7727-7704

163 104 3.22 Up

THEMIS TAA​GTG​CAG​
AAG​CCG​GAC​
TG

Exon 3
831-850

CGT​CTT​CCA​
AAG​ACA​GTG​
GC

Exon 4
1069-1050

239 103 3.23 Up

BEST1 TCG​TTC​CTT​
GGA​TCA​ACC​
TTTG​

Exon 8
3957-3978

TCC​GGG​AAG​
AGG​ATC​TGG​
AG

Exon 9
4128-4109

172 99 3.33 Up

MUC13 AGT​CTC​AGT​
TGT​TTC​AGT​
AAG​

Exon 22
1472-1492

CTC​ATA​AGG​
GTT​GTT​TGG​
CT

Exon 23
1643-1624

172 97 3.38 Up

DHX58 (LGP2) AGC​TCC​ACG​
GGT​ACC​AAC​

Exon 1
5-22

TTC​TCC​AAG​
TGC​TGC​TGC​

Exon 2
197-180

193 99 3.33 Up

IFIH1 (MDA5) CAA​GAA​CAG​
AAA​GCA​GGC​

Exon 7
1516- 1533

CCT​TCT​TTT​GTC​
ATC​TGC​A

Exon 8
1759- 1741

244 96 3.41 Up

MHM2 AAT​CCC​TCC​
TGC​CAC​AGC​

Exon 2
95-112

ACT​TGG​GGC​
ACG​GTGGT​

Exon 2
311-295

217 96 3.41 Down

LUZP2 GAT​GAA​TTG​
GAA​AAG​GCA​G

Exon 8
1103-1121

CTT​TCG​AGC​
CCT​TTG​TAG​

Exon 9
1271-1254

169 99 3.25 Down

PLS1 ATC​TAC​GGA​
AGG​GAC​ACA​G

Exon 5
460-478

GAA​TGC​CAT​
CTG​CAA​GGG​A

Exon 6
617-599

158 106 3.18 Down

RALY TAG​ATC​GGC​
TGC​CATTG​

Exon 6
653-669

CTG​TGG​ACT​
GTT​TCT​GTT​C

Exon 7
807-789

155 99 3.34 Down

SBK2 TAT​GAA​CCA​
GCA​ATG​CAC​

Exon 3
595-612

GTG​TAA​GCC​
CAA​AAT​CAG​T

Exon 6
808-790

214 103 3.24 Down

GAPDH CTG​CCG​TCT​
GGA​GAA​ACC​

Exon 8
789-806

CCA​GCA​CCC​
GCA​TCA​AAG​

Exon 10
950-933

162 99 3.33 Reference
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reverse primer at a concentration of 20 μm, 0.4 µL of probe 
at a concentration of 20 μm, and 9.8 µL of RNase-free water. 
The reaction was performed using a Corbett Life Science 
Rotor-Gene 6000 Cycler. The PCR cycling parameters were 
95 °C for 3 min, followed by then 44 cycles of 95 °C for 15 
s, 60 °C for 30 s, and 72 °C for 20 s [20].

Data analysis

An independent two-sample t-test was used to compare the 
expression levels of DEGs and the viral loads between the 
study groups. All analyses were performed at a significance 

level of 5%. Stata 14 (StataCorp, College Station, Texas, 
USA) was used for data analysis.

Results

Gene expression profile

The number of raw, trimmed, and mapped reads and the 
mapping efficiency for each sample are presented in Table 3. 
After filtering, the overall QC percentage of high-qual-
ity clean data was above 95%. An average of 60 million 
trimmed reads per sample were mapped to the reference with 

Table 2   Primers used in RT-qPCR for the Ross chickens

Gene Forward primer 
(5´- 3´)

Exon
Nucleotide position

Reverse primer 
(5´- 3´)

Exon
Nucleotide position

Size (bp) Efficiency
(%)

Slope Gene 
expression 
status

TBX21 CCA​CAA​ACA​TCA​
GAC​CGA​G

Exon 1
598-616

CAT​TTG​CCG​CCC​
TGGTA​

Exon 2
759-743

162 99 3.34 Up

TLR1B TGC​AAG​TAC​CCA​
GAA​GAC​

Exon 5
1352-1369

AGC​ATC​CGC​ACG​
TACCA​

Exon 5
1524-1508

173 99 3.25 Up

GPR171 ACT​ACT​TGA​TCT​
TTC​TTA​CG

Exon 2
223-242

CTT​GGC​AGT​GGA​
ATA​TCT​

Exon 2
426-409

204 104 3.22 Up

ADAP2 GGC​TTC​TTA​CAA​
ACT​TGG​

Exon 2
144-161

CTC​TAA​TCC​ATT​
GTT​CTC​T

Exon 4
382-364

239 104 3.22 Up

ARHGAP15 CTG​TTC​CCA​TAC​
TGC​TTC​

Exon 14
1107-1124

GAC​ATA​AGA​TTC​
ACG​GAT​TC

Exon 16
1288-1269

182 99 3.33 Up

FAM81A GAA​CAG​GAA​CAC​
GAG​AGG​

Exon 4
1623-1640

GTC​TGT​TGT​GTT​
TCA​TGT​GC

Exon 5
1810-1791

188 99 3.33 Down

AHR2 CGC​TGC​TTG​CTG​
GATAA​

Exon 6
923-939

GAA​AGG​CTG​
AAA​GGG​AGT​

Exon 7
1075-1058

153 96 3.41 Down

MYH15 GTA​CAA​CCT​GAG​
GAA​GCG​

Exon 3
526-543

GGA​GAA​GAT​GTG​
AGG​AGG​

Exon 4
688-671

163 103 3.23 Down

CDRT1 CAG​GCA​GAG​CAG​
CAA​GAG​C

Exon 12
3790-3808

TGG​AGC​GGA​CAA​
AGG​ATG​GC

Exon 13
3964-3945

175 103 3.23 Down

FCN2 TTT​AGG​AGA​GTC​
TGA​GAA​ATAC​

Exon 8
2603-2624

AGT​ACA​TGC​CAT​
TGA​GGT​TA

Exon 9
2805-2786

203 99 3.34 Down

GAPDH CTG​CCG​TCT​GGA​
GAA​ACC​

Exon 8
789-806

CCA​GCA​CCC​GCA​
TCA​AAG​

Exon 10
950-933

162 99 3.33 Reference

Table 3   Proportion analysis of reads (raw, trimmed, and mapped) in the Cobb 500 and Ross308 hybrids

Sample name Number of raw reads Number of reads after trimming Number of unique trimmed reads 
mapped to the reference genome

Cobb control-1 30,134,660 30,043,797 (99.69%) 25,432,421 (84.65%)
Cobb control-2 30,211,444 30,099,286 (99.62%) 25,945,584 (86.20%)
Cobb experiment-1 30,263,219 30,173,169 (99.70%) 24,548,890 (81.36%)
Cobb experiment-2 30,289,132 30,143,554 (99.51%) 26,827,762 (89.00%)
Ross control-1 30,512,057 30,442,382 (99.77%) 24,658,329 (81.00%)
Ross control-2 30,571,989 30,478,334 (99.69%) 25,906,583 (85.00%)
Ross experiment-1 30,393,984 30,312,686 (99.73%) 24,522,962 (80.90%)
Ross experiment-2 30,432,996 30,338,676 (99.69%) 25,302,455 (83.40%)
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a mapping efficiency of 80.90%–89.00%. Of the annotated 
genes in the chicken genome, 899 in Cobb 500 chickens 
(723 upregulated and 176 downregulated [Supplementary 
File 2]) and 1350 in Ross 308 chickens (650 upregulated and 
700 downregulated [Supplementary File 3]) were identified 
as DEGs when comparing the experimental groups to their 
respective control groups (Fig. 1). MD plot, MDS plot, and 
a heat map of DEGs for each hybrid is presented in Figure 2. 
A Venn diagram showing the overlap of DEGs between the 
two hybrids is presented in Figure 3.

Functional annotation of DEGs

A functional annotation analysis was performed to deter-
mine functional categories of the DEGs. The 10 most 
enriched GO terms in each category (biological processes, 
molecular function, and cellular components) related to 
upregulated genes in both hybrids are listed in Tables 4, 5, 
6. Additionally, the five most enriched GO terms in each 
category related to downregulated genes in both hybrids are 
shown in Figure 4.

KEGG pathway analysis

KEGG pathway analysis was performed to investigate the 
biological functions of the DEGs [30]. The KEGG path-
ways were significantly enriched in the subsets of up- and 
downregulated genes in each hybrid. The KEGG pathway 
enrichment analysis showed that the upregulated genes were 
mainly involved in signaling pathways (Toll-like receptor 
[TLR] signaling, JAK-STAT signaling, NOD-like receptor 
[NLR] signaling, and RIG-I-like receptor [RLR] signaling 
pathways) (Table 7). Interestingly, the RLR signaling path-
way (including IFIH1 [also known as MDA5] and DHX58 
[also known as LGP2]) was affected only in the Cobb 500 

hybrid. The KEGG pathway enrichment analysis results for 
the downregulated genes are presented in Figure 4.

Validation of RNA‑seq results by RT‑qPCR

qPCR analysis confirmed that the selected genes were differ-
entially expressed between the experimental groups (Fig. 5). 
Furthermore, no significant difference in the expression lev-
els of the selected DEGs was observed between the RNA-seq 
results and the RT-qPCR results, indicating that the RNA-
seq results were indeed reliable (Tables 8 and 9). In addition, 
we used agarose gel electrophoresis to confirm the specific-
ity of the real-time PCR assay (Fig. 6), and the identity of 
the PCR products was confirmed by Sanger sequencing.

Determination of the viral load by RT‑qPCR

The viral load in tracheal tissues was measured two days 
after infection for all study groups. The virus was detected 
in all samples from the infected groups, and all samples 
from the control groups were negative. Statistical analysis 
showed that two days after infection, the mean viral load in 
the tracheal samples of the Ross challenged group was sig-
nificantly higher than in the Cobb challenged group (P-value 
< 0.0001) (Fig. 7).

Discussion

The respiratory system is the main entry point for respiratory 
pathogens, including IBV. Therefore, examining changes in 
the transcriptome and viral load in infected respiratory tis-
sues can provide vital details about virus-host interactions. 
To the best of our knowledge, this is the first study to evalu-
ate transcriptome changes (focusing on immune responses) 
and viral load in tracheal tissues of Ross 308 and Cobb 500 
broiler chickens infected with IBV using RNA-seq and RT-
qPCR methods two days after infection.

We identified 899 genes in the Cobb 500 experimental 
group and 1350 genes in the Ross 308 experimental group 
that were expressed at different levels from those of the cor-
responding control group, and these results were confirmed 
using RT-qPCR. However, the calculated fold-change values 
were different. This may be due to differences in how the 
fold change was calculated from the RNA-seq and RT-qPCR 
data. Identification of DEGs provides potentially important 
information about the host’s responses to IBV infection.

Our analysis identified three signaling pathways, all of 
which are associated with innate immune responses involv-
ing pattern-recognition receptors (PRRs), including the 
TLR, NLR receptor, and RLR signaling pathways. Interest-
ingly, the RLR signaling pathway was not found to respond 
to IBV infection in the Ross 308 hybrid. Furthermore, at two 

Fig. 1   Comparison of DEGs in the tracheal tissue of the Cobb 500 
and the Ross 308 hybrids two days after infection with IBV
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Fig. 2   MD-plot, MDS-plot, and heat map of DEGs of Cobb 500 (A, C, and E) and Ross 308 (B, D, and F). Significantly up- and downregulated 
genes are indicated in red and blue, respectively, in MD-plot.

Fig. 3   Venn diagram showing 
the overlap of upregulated genes 
(A) and downregulated genes 
(B) in Cobb 500 and Ross 308 
chickens
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Table 4   Comparison of the top 10 GO anthology (Biological Process) results for upregulated differentially expressed genes in the Cobb 500 and 
Ross 308 hybrids

Biological Process in the Cobb 500 breed Count -Log P-value

Immune system process 186 65.43
Immune response 131 62.64
Defense response 109 37.60
Regulation of immune response 70 32.74
Regulation of immune system process 100 32.17
Positive regulation of immune system process 78 31.68
Leukocyte activation 74 28.85
Activation of immune response 50 27.82
Innate immune response 60 27.82
Positive regulation of immune response 58 27.77

Biological Process in the Ross 308 breed Count -Log P-value

Immune system process 160 51.89
Immune response 109 47.12
Positive regulation of immune system process 72 29.52
Regulation of immune system process 90 28.46
Regulation of immune response 61 27.16
Leukocyte activation 67 25.85
Defense response 85 23.96
Cell activation 70 23.28
Positive regulation of immune response 50 22.59
Lymphocyte activation 58 21.74

Table 5   Comparison of the top 10 GO anthology (Cellular Component) results for upregulated differentially expressed genes in the Cobb 500 
and Ross 308 hybrids

Cellular Component in the Cobb 500 breed Count -Log P-value

Plasma membrane 176 13.21
Plasma membrane part 117 13.14
Cell periphery 179 12.96
Membrane part 253 11.05
Membrane 311 10.06
Integral component of membrane 213 8.80
Intrinsic component of membrane 214 8.49
Side of membrane 31 7.52
Intrinsic component of plasma membrane 68 6.55
Integral component of plasma membrane 65 6.10

Cellular Component in the Ross 308 breed Count -Log P-value

Plasma membrane 160 13.12
Plasma membrane part 107 13.00
Cell periphery 162 12.64
Side of membrane 34 10.72
Membrane part 217 8.00
T cell receptor complex 8 7.09
Membrane 267 6.89
External side of plasma membrane 18 6.57
MHC protein complex 7 5.92
Extrinsic component of cytoplasmic side of plasma membrane 14 5.37
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days postinfection, viral loads in the Ross tracheal samples 
were significantly higher than those in the Cobb tracheal 
samples.

The innate immune response is the first line of defense 
against pathogens and can be achieved through physical 
barriers, such as skin and mucous membranes. Other com-
ponents play non-specific protective roles. These include 
PRRs, heterophils, macrophages, dendritic cells (DCs), 
natural killer (NK) cells, acute-phase proteins, the comple-
ment system, cytokines, chemokines, and other factors for 
immune cell trafficking and apoptosis. PRRs of the immune 
system, such as TLRs, RLRs, and NLRs are involved in 
early identification of infectious agents [31]. TLRs are key 
to efficient functioning because they identify protected struc-
tures in many pathogens. So far, TLR-1A, TLR-1B, TLR-
2A, TLR-2B, TLR-3, TLR-4, TLR-5, TLR-7, TLR-15, and 
TLR-21 have been identified in chickens [32].

In this study, an increase in expression of the genes 
encoding TLR-1A, TLR-1B, TLR-2A, TLR-2B, TLR-4, 
TLR-7, and TLR-15 was found in both hybrids, although 
their values differed. Unlike the Ross 308 hybrid, the gene 
encoding TLR-3 exhibited increased expression in the 
Cobb 500 hybrid. TLR-4 and TLR-15 have been reported 
to be involved in initiating immune responses to viral infec-
tions. Their genes have been shown to undergo increased 

expression following infections caused by coronaviruses, 
including severe acute respiratory syndrome coronavirus 
(SARS-CoV), IBV, and mouse hepatitis virus (MHV) [33, 
34]. Consistent with our study, previous studies have found 
increased levels of TLR-15 in the lungs of chickens infected 
with Marek’s disease virus (MDV), infectious bursal dis-
ease virus (IBDV), and H9N2 influenza viruses [35]. A 
study conducted by Wang et al. found increased expression 
of TLR-3 three days after infection with IBV-M41 [14]. 
TLR-3 has been shown to play an important role in viral 
immunology [14, 35, 36]. Increased levels of TLR-1A, 
TLR-1B, TLR-2, TLR-3, and TLR-7 have been found in the 
epithelial cells of 21-day-old chickens vaccinated with the 
attenuated IBV vaccine strain Massachusetts [37]. Kameka 
et al. reported an increase in TLR-3 and TLR-7 levels in 
tracheal and lung tissues in chickens infected with the Con-
necticut strain of IBV [38]. Chen et al. reported that TLR-7 
mainly recognizes single-stranded RNA (ssRNA) sequences 
of RNA viruses that enter endosomes by endocytosis [39].

Different pathogen-associated molecular patterns 
(PAMPs) have been reported to activate different TLRs, 
inducing production of type I interferons (IFNs). Activation 
of IFN, in turn, induces expression of interferon-stimulated 
genes (ISGs) [18, 40]. Although the gene encoding IFN-α in 
the Cobb 500 hybrid was identified as a DEG in this study, 

Table 6   Comparison of the top 10 GO anthology (Molecular Function) results for upregulated differentially expressed genes in the Cobb 500 
and Ross 308 hybrids

Molecular Function in the Cobb 500 breed Count -Log P-value

Receptor activity 85 12.96
Molecular transducer activity 85 12.96
Signaling receptor activity 75 12.10
Transmembrane signaling receptor activity 70 12.09
Transmembrane receptor activity 72 12.06
Cytokine receptor activity 19 11.09
Signal transducer activity 83 10.57
Receptor binding 38 5.80
Purinergic receptor activity 9 5.62
G-protein coupled purinergic nucleotide receptor activity 7 5.29

Molecular Function in the Ross 308 breed Count -Log P-value

Cytokine receptor activity 19 11.92
Signal transducer activity 79 11.44
Transmembrane signaling receptor activity 62 10.48
Molecular transducer activity 73 10.19
Receptor activity 73 10.19
Transmembrane receptor activity 63 10.09
Signaling receptor activity 64 9.39
Purinergic receptor activity 10 7.21
Nucleotide receptor activity 9 6.66
Purinergic nucleotide receptor activity 9 6.66
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in the Ross 308 hybrid, no increase in the expression of this 
gene was observed. Also, an increase in the expression of 
some ISGs and interferon-regulatory factors (IRFs), includ-
ing IRF4, IRF5, IRF7, IRF8, IRF9, IFIT5, IFITM5, IFIH1, 
IFI6, IFI30, IFI35, IFI27L2, MYD88, MX1, and RSAD2 
was observed in the Cobb 500 hybrid, while increased 
expression of IRF1, IRF5, IFIT5, IFITM5, IFI6, and IFI30 
was observed in the Ross 308 hybrid.

Our results suggest that the induction of IFN-α stimulated 
stronger expression of ISG and IFI in the Cobb 500 hybrid 
than in the Ross 308 hybrid. On the other hand, it can be 
said that IFN-α plays a more important role in stimulating 
ISGs and IFIs. Furthermore, as mentioned above, the gene 
encoding TLR-3 exhibited increased expression in the Cobb 
500 hybrid after infection. TLR-3, a member of the TLR 
family of proteins, recognizes viral double-stranded RNA 
(dsRNA) and induces type I IFN [40]. Since coronaviruses 
produce dsRNA intermediates during replication [17], the 
stronger expression of ISG and IFI observed in the Cobb 
500 hybrid might be attributed to increased expression of 
the gene encoding TLR-3.

Phagocytic heterophils and macrophages are among 
the cells utilized when the innate immune system is acti-
vated [31]. It has been reported that heterophils destroy 

IBV-infected cells by releasing enzymes [41]. Guo et al. 
found increased expression of antimicrobial cytotoxic mole-
cules, including bactericidal permeability-increasing protein 
(BPI) and cathepsin S (CTSS), both of which are released 
by degranulation of neutrophils [41]. Likewise, in the pre-
sent study, both hybrids experienced increased expression 
of CTSS, although to different levels. Several studies have 
suggested that respiratory macrophages may restrict IBV 
proliferation in respiratory tissues [38, 41–43].

In line with these findings, an increase in the level of 
SPI-1 gene expression was observed for both hybrids. 
Playing a key role in macrophage and monocyte signaling 
pathways, SPI-1 distinguishes macrophages [44]. Increased 
expression of the SPI-1 gene was reported in chickens 
infected with IBV strain Massachusetts [37]. Increased 
expression was also found for a set of other immune-related 
genes, including complement system genes encoding C1S, 
C3, C1R, and C4. These results suggest that both adaptive 
and innate immunity play a role in the response to IBV, 
while the complement system acts as a bridge between the 
innate and adaptive immune responses to provide a compre-
hensive defense against pathogens [45].

Analysis of the trachea transcriptome revealed that the 
Cobb 500 hybrid infected with IBV also activated the RLR 
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results for downregulated differentially expressed genes in the Cobb 

500 (A-D) and the Ross 308 hybrids (E-H). "Count" indicates the 
number of genes involved in each category.
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Table 7   Comparison of KEGG pathway analysis for upregulated differentially expressed genes in the Cobb 500 and Ross 308 hybrids

KEGG pathway in the Cobb breed Count -Log P-value

Cytokine-cytokine receptor interaction 43 19.64
Toll-like receptor signaling pathway 25 11.28
Jak-STAT signaling pathway 26 8.80
Cell adhesion molecules (CAMs) 24 7.85
Influenza A 26 7.77
Intestinal immune network for IgA production 13 7.47
Herpes simplex infection 23 5.17
Phagosome 19 4.00
Cytosolic DNA-sensing pathway 9 2.89
RIG-I-like receptor signaling pathway 10 2.55
NOD-like receptor signaling pathway 8 2.25
Salmonella infection 9 1.55

KEGG pathway in the Ross breed Count -Log P-value

Cytokine-cytokine receptor interaction 39 16.89
Cell adhesion molecules (CAMs) 22 6.89
Toll-like receptor signaling pathway 19 6.77
Jak-STAT signaling pathway 22 6.47
Intestinal immune network for IgA production 11 5.66
Phagosome 17 3.26
Herpes simplex infection 18 3.00
NOD-like receptor signaling pathway 8 2.38
Influenza A 15 2.17
Lysosome 13 1.92
Calcium signaling pathway 14 1.11

Fig. 5   Comparison of qPCR and RNA-seq quantitation of up- and downregulated genes randomly selected from samples taken from the Cobb 
500 (A) and Ross 308 (B) infected groups. The error bars indicate the 95% CI.
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signaling pathway. RLRs are a group of cytosolic PRRs that 
trigger an innate antiviral response in infected cells. The 
RLR group consists of three members: RIG-I, MDA5, and 
LGP2. Despite the key role of RIG-I in viral infections, its 
gene has not been identified in chickens [46, 47].

Several studies have suggested that, in the absence of 
the RIG-I gene in chickens, MDA5 plays a similar role. 
For instance, it has been reported that influenza A virus 
(AIV) infection in chicken cells is detected by MDA5 
[46]. Although Keestra et al. have suggested that MDA5 

compensates for the lack of RIG-I in chickens [48], Bar-
ber et al. reported that the absence of RIG-I in chickens 
negatively affects the antiviral innate immune response 
induced by the RLR signaling pathway [49]. However, a 
study by Liniger et al. showed that MDA5 was functionally 
responsible for sensing AIV in the absence of RIG-I [46].

Yang et al. evaluated gene expression in chicken cells 
and found that IBV infection induced messenger RNA 
(mRNA) expression of MDA5 and LGP2 [50]. In this 
study, we observed an increase in the level of MDA5 and 
LGP2 gene expression only in the Cobb 500 hybrid. A 
study by Loo and Gale demonstrated that MDA5 induced 
the expression of the IRF7 and NF-κB genes [47]. Consist-
ent with Loo and Gale’s study, we observed an increase in 
the levels of IRF7 and NF-κB only in the Cobb 500 hybrid.

The Cobb 500 hybrid also showed an increase in the 
level of TRIM25 gene expression. TRIM25 is a member 
of the tripartite motif (TRIM) family that regulates the 
RLR signaling pathway. The TRIM family consists of two 
members: TRIM25 and TRIM27. Although chickens lack 
a TRIM27 gene, it has been shown that TRIM25 plays a 
critical role in inducing antiviral responses in chickens 
[51]. Xu et  al. have suggested that the RLR signaling 
pathway plays a more important role in the detection of 
nephropathogenic IBV infection than the TLR signaling 
pathway [17].

Conclusion

In this study, the Ross 308 and Cobb 500 hybrids exhibited 
differences in their viral loads and transcriptome profiles 
in tracheal tissues two days after infection with IBV. Viral 
loads in tracheal samples from the Ross challenged group 
were significantly higher than those in the Cobb chal-
lenged group. Furthermore, a larger number of downregu-
lated genes were identified in the Ross 308 hybrid two days 
after IBV infection. The trachea transcriptome analysis 
also revealed that, unlike the Ross 308 hybrid, increased 
expression of TLR-3, chicken interferon α (ChIFN-α), and 
other components involved in the RLR signaling pathway 
such as MDA5, LGP2 , IRF-7, NF-κB, and TRIM25 were 
observed for the Cobb 500 line. TLR-3 has been reported 
to play an important role in the antiviral response and to 
induce ChIFN-α [35, 36, 40]. Furthermore, a previous 
study has suggested that ChIFN-α inhibits IBV replica-
tion and is associated with respiratory illness [1]. In addi-
tion, the role of the RLR signaling pathway in the innate 
antiviral response should not be ignored.

Table 8   Expression levels of DEGs selected for RT-qPCR in tracheal 
samples of the Cobb experimental groups compared to their control 
groups

Numbers in parentheses indicate SD

Gene Groups Statistical analysis

Cobb experi-
mental group-1

Cobb experi-
mental group-2

TLR7 1.52 (0.08) 1.51 (0.07) t = 0.45, p = 0.65
NRROS 1.64 (0.09) 1.65 (0.09) t = 0.50, p = 0.62
THEMIS 3.70 (0.38) 3.77 (0.18) t = 0.98, p = 0.33
BEST1 1.23 (0.05) 1.24 (0.04) t = 0.64, p = 0.52
MUC13 2.24 (0.07) 2.24 (0.08) t = 0.18, p = 0.85
MDA5 2.77 (0.20) 2.80 (0.30) t = -0.34, p = 0.73
LGP2 2.60 (0.33) 2.23 (0.40) t = 0.29, p = 0.77
MHM2 -1.14 (0.04) -1.15 (0.05) t = 0.61, p = 0.55
LUZP2 -1.10 (0.06) -1.11 (0.06) t = 0.46, p = 0.65
PLS1 -1.14 (0.05) -1.15 (0.05) t = 0.70, p = 0.48
RALY -1.36 (0.13) -1.38 (0.14) t = 0.41, p = 0.68
SBK2 -1.16 (0.05) -1.18 (0.05) t = 0.95, p = 0.35

Table 9   Expression levels of DEGs selected for RT-qPCR in tracheal 
samples of the Ross experimental groups compared to their control 
groups. Numbers in parentheses indicate SD.

Gene Groups Statistical analysis

Ross experi-
mental group-1

Ross experi-
mental group-2

TBX21 2.48 (0.34) 2.47 (0.36) t = 0.07, p = 0.94
TLR1B 3.13 (0.15) 3.16 (0.12) t = 0.71, p = 0.48
GPR171 2.86 (0.21) 2.84 (0.22) t = 0.40, p = 0.69
ADAP2 2.91 (0.30) 2.90 (0.29) t = 0.13, p = 0.89
ARHGAP15 3.25 (0.07) 3.23 (0.10) t = 1.01, p = 0.31
FAM81A -3.93 (0.13) -3.90 (0.14) t = 0.68, p = 0.50
AHR2 -1.35 (0.13) -1.34 (0.13) t = 0.06, p = 0.95
MYH15 -1.68 (0.13) -1.66 (0.12) t = 0.75, p = 0.45
CDRT1 -7.87 (0.20) -7.86 (0.19) t = 0.26, p = 0.79
FCN2 -1.84 (0.15) -1.84 (0.15) t = 0.08, p = 0.94
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Fig. 6   Agarose gel electrophoresis results of DEGs selected for RT-
qPCR assay. (A) Cobb. 1, PALY (155 base pair [bp]); 2, PLS1 (158 
bp); 3, THEMIS (239 bp); 4, BEST1 (172 bp); 5, MUC13 (172 bp); 
6, MDA5 (244 bp); 7, LGP2 (193 bp); 8, SBK2 (214 bp); 9, MHM2 
(217 bp); 10, TLR1B (173 bp); 11, LUZP2 (169 bp); 12, NRROS (163 

bp). (B) Ross. 1, MYH15 (163 bp); 2, TBX21 (162 bp); 3, ADAP2 
(239 bp); 4, GAPDH (162 bp); 5, AHR2 (153 bp); 6, GPR171 (204 
bp); 7, TLR1B (173 bp); 8, CDRT1 (175 bp); 9, FCN2 (203 bp); 10, 
FAM81A (188 bp); 11, ARHGAP15 (182 bp). M, 100 bp marker

Fig. 7   Comparison of log2 mean viral loads in samples from challenged groups. The error bars indicate the 95% CI of the mean; P < 0.0001.
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It appears likely that the Cobb 500 hybrid exerts a more 
robust immune response to IBV infection than the Ross 308 
hybrid. Furthermore, the results of this study suggest that 
increased expression of TLR-3, ChIFN-α, and other com-
ponents involved in the RLR signaling pathway (such as 
MDA5, LGP2, IRF-7, NF-κB, and TRIM25) may interfere 
with IBV proliferation. This could be considered a potential 
area for future research.
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