
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Infection, Genetics and Evolution 21 (2014) 351–358
Contents lists available at ScienceDirect

Infection, Genetics and Evolution

journal homepage: www.elsevier .com/locate /meegid
A genome-wide association study identifies major loci affecting the
immune response against infectious bronchitis virus in chicken
1567-1348/$ - see front matter � 2013 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.meegid.2013.12.004

⇑ Corresponding author. Address: Institute of Animal Science, Guangdong Acad-
emy of Agricultural Sciences, No. 1 Dafeng 1st Street, Wushan, Tianhe District,
Guangzhou 510640, Guangdong, China. Tel.: +86 20 61368838; fax: +86 20
38765373.

E-mail addresses: chenglongluo1981@163.com (C. Luo), qhw03@163.com
(H. Qu), zzitmj@126.com (J. Ma), wangjie030@126.com (J. Wang), huxx@cau.edu.cn
(X. Hu), ninglcau@cau.edu.cn (N. Li), shudm@263.net (D. Shu).

1 These authors contributed equally to the study.
Chenglong Luo a,c,1, Hao Qu a,c,1, Jie Ma a,c, Jie Wang a,c, Xiaoxiang Hu b, Ning Li b, Dingming Shu a,c,⇑
a Institute of Animal Science, Guangdong Academy of Agricultural Sciences, Guangzhou 510640, China
b State Key Laboratory for Agro-Biotechnology, China Agricultural University, Beijing 100193, China
c State Key Laboratory of Livestock and Poultry Breeding, Guangzhou 510640, China

a r t i c l e i n f o
Article history:
Received 23 August 2013
Received in revised form 6 November 2013
Accepted 3 December 2013
Available online 11 December 2013

Keywords:
Chicken
Coronavirus
Infectious bronchitis virus
Immune response
Genome-wide association study
Single nucleotide polymorphism
a b s t r a c t

Coronaviruses are a hot research topic because they can cause severe diseases in humans and animals.
Infectious bronchitis virus (IBV), belonging to gamma-coronaviruses, causes a highly infectious respira-
tory viral disease and can result in catastrophic economic losses to the poultry industry worldwide.
Unfortunately, the genetic basis of the host immune responses against IBV is poorly understood. In the
present study, the antibody levels against IBV post-immunization were measured by an enzyme-linked
immunosorbent assay in the serum of 511 individuals from a commercial chicken (Gallus gallus) popula-
tion. A genome-wide association study using 43,211 single nucleotide polymorphism markers was per-
formed to identify the major loci affecting the immune response against IBV. This study detected 20
significant (P < 1.16 � 10�6) effect single nucleotide polymorphisms for the antibody level against IBV.
These single nucleotide polymorphisms were distributed on five chicken chromosomes (GGA), involving
GGA1, GGA3, GGA5, GGA8, and GGA9. The genes in the 1-Mb windows surrounding each single nucleo-
tide polymorphism with significant effect for the antibody level against IBV were associated with many
biological processes or pathways related to immunity, such as the defense response and mTOR signaling
pathway. A genomic region containing a cluster of 13 beta-defensin (GAL1–13) and interleukin-17F genes
on GGA3 probably plays an important role in the immune response against IBV. In addition, the major loci
significantly associated with the antibody level against IBV on GGA1 and GGA5 could explain about 12%
and 13% of the phenotypic variation, respectively. This study suggested that the chicken genome has sev-
eral important loci affecting the immune response against IBV, and increases our knowledge of how to
control outbreaks of infectious bronchitis.

� 2013 Published by Elsevier B.V.
1. Introduction

Since severe acute respiratory syndrome (SARS), caused by a
coronavirus (CoV), emerged and caused human mortality in China
in 2002, CoVs have received relatively much attention as human
pathogens (Saif, 2004). The emergence of SARS-CoV also suggested
that the evolution of CoVs has broken through the species barrier
(Woo et al., 2006; Dong et al., 2007). Consequently, research has fo-
cused on CoV infections in animals, including wild and domestic
animals.
Avian infectious bronchitis virus (IBV) belongs to the gamma-
CoVs. Infectious bronchitis (IB), which is caused by IBV, was first
reported in the United States in the 1930s (Cavanagh, 2007). IB
began as a disease of young birds, but as time progressed, the dis-
ease spread to older birds worldwide (Sjaak et al., 2011). IBV can
cause a severe respiratory viral disease of chickens and shows high
mortality. IBV can also replicate in some epithelial cells of the gut,
kidney and oviduct, resulting in poor weight gain in broilers, and
serious egg yield drop and poor egg quality in layers and breeders
(Ignjatovic and Sapats, 2000; Cavanagh, 2001, 2007). Thus, IB has a
significant economic impact on the modern poultry industry. In
addition, the CoV causing SARS most likely recombined genomic
sequences from mammalian-like and avian-like CoVs (e.g. IBV),
according to the molecular genetic data (Stavrinides and Guttman,
2004). The impact of SARS on public health has led to the epidemi-
ology of IB receiving much attention in many countries (Bourogaa
et al., 2009; Pohuang et al., 2009; Rimondi et al., 2009; Kulkarni
and Resurreccion, 2010; Villarreal et al., 2010; Chacon et al.,
2011; Ji et al., 2011; Abdel-Moneim et al., 2012; Acevedo et al.,
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2012; Ma et al., 2012a,b). Studying IBV alone to develop IB vaccines
is insufficient to control IB outbreaks because IBV is highly variable
(Sjaak et al., 2011). Viruses and hosts show coevolution, so increas-
ing our knowledge of host responses against IBV is helpful to pro-
tect the poultry industry from IB. However, there are few studies of
the host responses against IBV, especially their genetic basis.

Fortunately, host immune responses to pathogens, such as
Marek’s disease virus and Escherichia coli, can be heritable in
chickens (Yonash et al., 1996; Pitcovski et al., 2001; Sarson
et al., 2008). Thus, we believed that it would be useful to explore
the immune response of chicken to IBV by high-resolution map-
ping of loci affecting the antibody levels against IBV. Genome-
wide association studies (GWASs) have become one of the most
commonly used strategies for identifying genes for complex
traits in humans, as well as in animals. In chickens, some major
loci associated with growth (Gu et al., 2011; Xie et al., 2012),
egg production (Liu et al., 2011; Wolc et al., 2012), resistance
to Marek’s disease (Li et al., 2012) and immune response to
Newcastle disease virus (Luo et al., 2013) were identified by
GWASs.

This study aimed to identify major genomic regions associated
with the immune response against IBV using a GWAS based on a
60 k single nucleotide polymorphism (SNP) chip (Groenen et al.,
2011) in chickens. We hoped to increase our knowledge of meth-
ods for controlling outbreaks of IB from a host perspective.
2. Materials and methods

2.1. Animals and phenotypic measurements

The Animal Care Committee of Institute of Animal Science,
Guangdong Academy of Agricultural Sciences (Guangzhou, Peo-
ple’s Republic of China) approved the study (Approval No. GAAS-
IAS-2009-73).

All experimental birds were from an F2 population, which was
built from the full-sib intercross of two divergent lines (23 P and
51 F1). The first line was a fast-growing Chinese yellow broiler,
which had undergone more than 10 generations of selection for
high growth rate. The second line was the Huiyang bearded chick-
en, a Chinese local breed with a low growth rate and high meat
quality tailored to Chinese tastes. The resistance to IBV of the sec-
ond line is better than that of the first line (unpublished results).
The population included 511 individuals from six hatches. All
experimental birds were weighed at 28 and 91 days, and were
immunized with a commercial IBV live attenuated vaccine of the
H120 strain (Intervet International B.V., Boxmeer, Netherlands),
using the standard dose given in the instructions of the vaccine,
by eye drop at day 30 and serum was collected at day 91. Venous
blood was collected into centrifuge tubes containing anticoagulant
and stored in �80 �C for SNP genotyping. The antibody levels
against IBV (S/P values) were determined using an indirect en-
zyme-linked immunosorbent assay (ELISA) test according to the
instructions of a commercial ELISA kit (BioChek, Inc., Foster City,
CA, USA). The ELISA kit measures IBV-specific immunoglobulin Y,
but not immunoglobulin A or immunoglobulin M. All of the exper-
imental birds were positive for the IBV-specific immunoglobulin Y
post-immunization.
2.2. SNP genotyping and selection

Genomic DNA of all birds was extracted from venous blood by a
phenol–chloroform method. DNA LandMarks Inc. (Quebec, Canada)
helped with the genotyping of the chicken 60 k SNP chips from
Illumina Inc. (Groenen et al., 2011) using 75 lL of approximately
50 ng/lL genomic DNA. Six of 511 samples were excluded because
more than 5% of the SNP genotypes were missing. Of 57,636 SNPs
in the 60 k chip, 43,211 SNPs with a minor allele frequency (MAF)
of 5% or greater, a call rate of 95% or greater, and having exact chro-
mosome position in the 505 samples were selected for use in the
current study. The mean distance between adjacent SNPs was
23.39 kb.
2.3. Statistical analysis

Population stratification can influence accuracy of a GWAS;
therefore, we conducted a principal component analysis (PCA),
which approximately explains population structure, in the experi-
mental population using the validated information SNPs by GAPIT
(Lipka et al., 2012). Simultaneously, the kinship for the 505 birds
was estimated by program TASSEL version 3.0 (Bradbury et al.,
2007). The phenotypic data for the antibody levels against IBV
were initially adjusted for sex and hatch effects by the general lin-
ear model Yij = l + SEXi + Hj + eij, where Yij is the phenotypic value
for the antibody response against IBV, l is the overall mean, SEXi

is the effect of the ith sex, Hj is the effect of the jth hatch, and eij

is the residual effect. The adjusted phenotypic value was calculated
as l + eij. The adjusted phenotypic values, including the PCA and
the kinship information were then used to perform the GWAS, as
well as genetic parameters estimation for the antibody response
against IBV, with a mixed linear model implemented in TASSEL
version 3.0 (Bradbury et al., 2007). The model was described as
follows:

y ¼ Xbþ Zaþ e

where y is the vector of the adjusted phenotypic values; b is the
vector of fixed effects including the SNP and population structure
(PCA); a is the vector of random additive genetic effects from
multiple background quantitative trait loci (QTLs) for individuals;
e is the vector of random residuals; and X and Z are the corre-
sponding incidence matrices. The variance of random effects were
varðaÞ ¼ G ¼ Kr2

a and varðeÞ ¼ R ¼ Ir2
e , and the distributions for

the random effects were assumed as: a � Nð0;GÞ and
e � Nð0;RÞ, where K is the kinship matrix; r2

a is the animal addi-
tive genetic variance; I is an identity matrix; and r2

e is the resid-
ual variance.

The threshold P-value for declaring genome-wide significance
was 0.05/43,211 = 1.16 � 10�6 (�log10(P) = 5.94), according to
Bonferroni correction. Haploview (Barrett et al., 2005) was used
to calculate the linkage disequilibrium (LD), whose parameter
was r2 in this study, for SNPs on each chicken (Gallus gallus) chro-
mosome (GGA). The extent of LD was calculated under the stan-
dard with r2 = 0.1. Each candidate genomic region related to the
antibody response against IBV was predicted to cover a length of
the genome-wide significant SNP position ± the extent of LD in
the corresponding GGA.
2.4. Bioinformatics analysis

Information on the genes in the candidate genomic regions was
obtained from Ensembl (Ensembl Genome Browser, 2011) and
NCBI (National Center for Biotechnology Information, 2011). The
Database for Annotation, Visualization and Integrated Discovery
(DAVID) (Dennis et al., 2003; Huang et al., 2009) was used to con-
duct pathway analysis for the candidate genes. Further global anal-
ysis for the identified pathways was performed through the KEGG
pathway database and the KEGG Atlas (Kanehisa and Goto, 2000;
Okuda et al., 2008; Kanehisa et al., 2012; Kotera et al., 2012),
including comparisons with other species.



Fig. 1. A three-dimensional plot of principal component analysis (PCA) of the experimental population. PC1, PC2 and PC3 values are, respectively, from the first, second and
third principal component for each individual chicken. The PCA is based on previously validated SNP information.
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3. Results and discussion

3.1. Population structure

As shown in Fig. 1, PCA identified the population stratification
in this experimental population. The population could be divided
into at least six subpopulations, although the differences were
not very large among those subpopulations. Population stratifica-
tion can interfere with reliability of GWAS (Cardon and Palmer,
2003; Tian et al., 2008; Epstein et al., 2012; Ma et al., 2012a,b);
therefore, the statistical model of the GWAS needed to include
population stratification information. The first three principal com-
ponents, as three covariates of the mixed model, were used to cor-
rect for stratification in the GWAS, according to Price et al. (2006).
The ratios of variance of the first three principal components rela-
tive to the total variance in the antibody levels against IBV, the
body weight at 28 days and the body weight at 91 days were
0.65%, 2.60% and 2.67%, respectively. The effect size of the principal
components for the antibody levels against IBV was smaller than
that for the body weights; however, the effect of the principal com-
ponents could not be neglected for the GWAS of the antibody levels
against IBV.

Besides population stratification, the cryptic relationships
between individuals in the sample can increase the false-positive
rate in a GWAS. To reduce the effect of cryptic relationships, the
kinships between birds in this study were calculated using
43,211 SNPs (Supplementary Table 1). The average kinship was
0.08, but the maximum kinship reached 0.63, and the estimated
effect of the kinship could reach 8.79%, suggesting that it was
necessary to perform the GWAS with the kinship information in
this study. In addition, QTL mapping cannot be achieved by GWAS
if miss heritability occurs for the target trait in the experimental
population (Maher, 2008; Slatkin, 2009). Fortunately, the esti-
mated heritability of the antibody levels against IBV was approxi-
mately 0.22 in the current experimental population. In general, the
power of the design population is higher than that of a random
population for QTL mapping. For an F2 population, the power of
detecting QTLs could reach 0.90 when the sample size is 500 and
the heritability exceeds 0.04 (Satagopan et al., 2007). If the herita-
bility reaches 0.18, the power of detecting QTLs would be close to
one in an F2 population including 200 individuals from two out-
bred lines crossing by 50 k SNP panels (Ledur et al., 2010). In fact,
the heritability of body weight is generally no more than 0.25 in
chickens (Wolc et al., 2009; Chen et al., 2011); however, many
studies have successfully detected QTLs for body weights by GWAS
(Gu et al., 2011; Xie et al., 2012). Thus, it was feasible to map QTLs
for the antibody levels against IBV using the F2 experimental pop-
ulation by GWAS with 43,211 SNPs.

The extent of LD for the whole genome was considered as 1 Mb
because the LD declined to r2 = 0.1 at a distance of about 1 Mb in
the experimental population. Different chromosomes had different
extents of LD, and the largest extent of LD, almost 2 Mb, appeared
on GGA1 (Supplementary Fig. 1). Traditional QTL mapping can
identify a confidence interval for the corresponding QTL locations
using genetic distances by bootstrap or other statistical methods
(Jongjoo et al., 2002; Manichaikul et al., 2006), whereas confidence
intervals cannot be calculated in GWAS at present. We tried to pre-
dict candidate genomic regions containing the significantly
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associated SNPs and the extent of LD in the corresponding genomic
regions to mine candidate genes affecting the antibody level
against IBV.

3.2. Significant SNP effects related to the immunity response against
IBV

Twenty SNP effects were detected with genome-wide signifi-
cance for the antibody level against IBV (P < 1.16 � 10�6, Table 1
and Supplementary Fig. 2). These significantly associated SNPs
were distributed in five chicken chromosomes, including GGA1
(n = 8), GGA3 (n = 4), GGA5 (n = 5), GGA8 (n = 1) and GGA9
(n = 2). Notably, no significantly associated SNP was detected on
GGA16, which harbors the chicken major histocompatibility com-
plex (cluster of immune function genes). The most likely reason
was that very few SNP markers (n = 14) on GGA16 could be used
for the GWAS of the antibody level against IBV in this study, and
GGA16 has very high recombination rates. Alternatively, the spe-
cific nature of the current experimental population might be an
important reason. Further studies are necessary to detect QTLs
for the antibody level against IBV on GGA16.

Eight significantly associated SNPs were in functional genes,
and the other 12 SNPs were in intergenic regions (Table 1). GGA1
had the most significantly associated SNPs, while the SNP with
the greatest effect on the antibody level against IBV was at position
49,506,678 bp on GGA5. This SNP could explain 13.2% of pheno-
typic variation for the antibody level against IBV, but was posi-
tioned in a gene desert. The gene desert also included the other
two SNPs with the top significant effect on the antibody level
against IBV. The Vaccinia related kinase 1 (VRK1) gene was the near-
est functional gene to the gene desert (Table 1 and Fig. 2). VRK1 is
ubiquitously expressed in T cells and the genomic region covering
VRK1 and the gene desert was observed to play an important role
in T-cell acute lymphoblastic leukemia in humans (Roh et al.,
2005; Nagel et al., 2007). Single-cell transcriptomics also revealed
VRK1 expression changed in mouse bone-marrow-derived den-
dritic cells after immunizing with lipopolysaccharide (Shalek
et al., 2013). Given the genomic synteny among chickens, humans
and mice, the nature of the genomic region covering the three SNPs
with the top significant effect on the antibody level against IBV
might be very important for adaptive immunity in chickens.

Each of the other significantly associated SNPs explained over
5% of the phenotypic variation. The sum of all the significant SNP
Table 1
Twenty SNP markers with genome-wide significant effects for the antibody level against

SNP Allele Chromosomea Physical position (bp

GGaluGA287132 T/C 5 49,506,678
rs16505398 C/T 5 49,565,972
GGaluGA287070 G/A 5 49,185,847
rs13623466 C/T 1 132,771,759
GGaluGA325321 T/C 8 7,838,819
rs13939926 A/G 1 135,455,921
GGaluGA043691 T/C 1 133,232,594
GGaluGA058751 G/A 1 183,219,141
GGaluGA042002 G/A 1 126,146,475
GGaluGA239405 G/A 3 110,204,493
GGaluGA288788 G/A 5 54,119,882
GGaluGA336811 G/A 9 7,003,679
rs15227869 T/C 1 34,551,034
rs13985175 T/G 1 185,026,688
rs16340667 A/G 3 109,648,277
rs14549067 T/C 5 54,301,518
GGaluGA334666 G/A 9 3,567,680
rs16340706 T/C 3 109,693,525
rs14409849 C/T 3 108,819,850
GGaluGA059344 T/C 1 184,710,676

a Chromosome and physical position refer to galGal3.
effects relative to the phenotypic variation was more than one
(Table 1), which indicated that several significant SNPs must repre-
sent the same QTLs because of the strong LD between SNPs. Given
the extent of LD in the experimental population (Supplementary
Fig. 1), we identified 10 genomic regions that could be major QTLs
related to the antibody level against IBV. As shown in Supplemen-
tary Table 2, the major QTLs for the antibody level against IBV cov-
ered 453 genes or non-coding RNAs according to the Ensembl
database (Ensembl Genome Browser, 2011). Gene ontology was
used to evaluate the information on the corresponding genes. As
shown in Table 2, given a significance threshold of P < 0.05, these
genes were enriched in one molecular function, one cellular com-
ponent and four biological processes. Interestingly, most of the sta-
tistically significant biological processes were related to the
immune response, such as defense response and polysaccharide
metabolic process, which corresponded to their association with
the antibody level against IBV.

A cluster of 13 beta-defensin genes (GAL1–13) contributing to
the defense response was precisely located in a QTL related to
the antibody level against IBV on GGA3. Previous studies revealed
the GAL1–13 genes could regulate the humoral immune response
(Breuilh et al., 2007; Anginot et al., 2013). Surprisingly, previous
reports stated that the positional candidate gene cluster mainly
regulated the response to bacterium, not viruses. Hasenstein and
Lamont (2007) reported that the SNPs in the cluster of GAL11–13
genes were associated with Salmonella response in an advanced
intercross line. Nevertheless, earlier evidence proved that infection
with IBV was close to bacterium (e.g. E. coli) invasion in chicken
(Springer et al., 1974; Nakamura et al., 1992; Yunis et al.,
2002a,b). This reinforced the importance of the cluster of GAL11–
13 genes for regulating the antibody level against IBV.

In addition, lysozyme G like protein 2 (LYG2), interleukin-17D
(IL17D) and toll-like receptor 7 (TLR7) genes, like GAL1–13 genes,
involve defense response and should be key genes associated with
the antibody level against IBV (Table 2). These three functional
genes were in the strongly significant (P < 2.5 � 10�13) QTLs on
GGA1 (Fig. 2B–D). Expression of the LYG2 gene was upregulated
significantly after pathogen challenge (Matulova et al., 2013). The
IL17D gene was strongly associated with immune response to a
polysaccharide vaccine for typhoid (Majumder et al., 2009). Inter-
leukin-17F (IL17F), in the same gene family as IL17D, was also on
one of the QTLs for the antibody level against IBV (Fig. 2E). The
IL17 family plays a key role in the induction and stimulation of
infectious bronchitis virus (P < 1.16 � 10�6).

) Nearest gene P-value R2

386.0 Kb D VRK1 2.66 � 10�14 0.132
445.3 Kb D VRK1 2.69 � 10�14 0.132
65.2 Kb D VRK1 3.11 � 10�14 0.131
7.7 Kb U DHRSX 9.98 � 10�14 0.126
LAMC1 1.8 � 10�13 0.124
9.6 Kb U GABRB3 1.98 � 10�13 0.123
ASMTL 2.19 � 10�13 0.123
7.9 Kb D CRYL1 2.22 � 10�13 0.123
16.4 Kb U ENSGALG00000012431 2.22 � 10�13 0.123
GAL12 3.12 � 10�7 0.061
2.8 Kb D AKT1 4.67 � 10�7 0.060
NMNAT3 5.27 � 10�7 0.059
10.7 Kb D FAM19A2 5.3 � 10�7 0.059
13.8 Kb D CWF19L2 5.85 � 10�7 0.059
PINX1 6.52 � 10�7 0.058
KIAA0284 8.16 � 10�7 0.057
YEATS2 8.30 � 10�7 0.057
13.2 Kb U PINX1 8.34 � 10�7 0.057
INTS9 8.51 � 10�7 0.057
5.8 Kb D RAB39A 8.55 � 10�7 0.057



0

1

2

3

4

5

6

7

32.5 33 33.5 34 34.5 35 35.5 36 36.5

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA1

FAM19A2

A

GNS

0

2

4

6

8

10

12

14

124 125 126 127 128

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA1

ENSGALG00000012431

FIGF TLR7

B

0

2

4

6

8

10

12

14

130.5 131.5 132.5 133.5 134.5 135.5 136.5 137.5

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA1

CD99 DHRSX

ASMTL

gga-mir-1805 GABRB3

LYG2

C

0

2

4

6

8

10

12

14

181 182 183 184 185 186 187
-lo

ng
10

(P
va

lu
e)

Physical distance (Mb) on GGA1

VMO1

CWF19L2

RAB39AIL17D

CRYL1

PARP4

D

0

1

2

3

4

5

6

7

108 108.5 109 109.5 110 110.5 111

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA3

INT9 PINX1 IL17F

The 13 chicken beta-

defensin genes 

(GAL1-GAL13)

E

0

2

4

6

8

10

12

14

16

48.6 48.8 49 49.2 49.4 49.6 49.8 50 50.2

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA5

VRK1 U6

F

0

1

2

3

4

5

6

7

53.6 53.8 54 54.2 54.4 54.6 54.8

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA5

gga-mir-1771 AKT1 KIAA0284 JAG2

G

0

2

4

6

8

10

12

14

7.6 7.7 7.8 7.9 8 8.1

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA8

LAMC1Gga-mir-1655RC3H1

H

GLT25D2

0

1

2

3

4

5

6

7

3.07 3.27 3.47 3.67 3.87 4.07

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA9

YEATS2

I

0

1

2

3

4

5

6

7

6.5 6.7 6.9 7.1 7.3 7.5

-lo
g 1

0(
P

va
lu

e)

Physical distance (Mb) on GGA9

NMNAT3PIK3CB

J

Fig. 2. Candidate regions for the antibody level against infectious bronchitis virus (IBV). Rhombuses and points indicate significant and the other SNP effects for the antibody
level against IBV, respectively, at the 5% Bonferroni genome-wide significance threshold (P = 1.16 � 10�6). Blocks indicate the location of genes. Arrows highlight genes, and a
pentagram represents the cluster of 13 chicken beta-defensin genes (GAL1–GAL13).
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Table 2
Gene ontology (GO) analysis of genes in the candidate regions related to the antibody level against infectious bronchitis virus (P < 1.16 � 10�6).

Category GO term accession GO term description Number
of genes

Percent
of all genes

Involved genes DAVID P-value

Biological process GO:0042742 Defense response to bacterium 13 2.9 LYG2, GAL1, GAL2, GAL3, GAL4, GAL5, GAL6,
GAL7, GAL8, GAL9, GAL10, GAL12, GAL13

5.6 � 10�13

Biological process GO:0009617 Response to bacterium 14 3.1 BDKRB1, LYG2, GAL1, GAL2, GAL3, GAL4,
GAL5, GAL6, GAL7, GAL8, GAL9, GAL10,
GAL12, GAL13

5.0 � 10�11

Biological process GO:0009617 Defense response 18 4 AKT1, IL17D, ENSGALG00000016677, IL17F,
LYG2, GAL1, GAL2, GAL3, GAL4, GAL5, GAL6,
GAL7, GAL8, GAL9, GAL10, GAL12, GAL13,
TLR7

1.2 � 10�10

Biological process GO:0005976 Polysaccharide metabolic process 4 0.9 AKT1, GNS, GLT25D2, LYG2 4.4 � 10�2

Cellular component GO:0005576 Extracellular region 31 6.9 T6GAL1, ADIPOQ, ANGPTL7, FIGF, CLU, GPC1,
LAMC1, LAMC2, MMP27, MMP7, MMP13,
POMC, TNN, TNR, VMO1, LYG2, GAL1, GAL2,
GAL3, GAL4, GAL5, GAL6, GAL7, GAL8, GAL9,
GAL10, GAL12, GAL13

2.30 � 10�5

Molecular function GO:0004947 Bradykinin receptor activity 2 0.4 BDKRB1, BDKRB2 4.80 � 10�2
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chemotaxis and the function of T helper 17 lymphocytes (Iwakura
et al., 2008; Mabuchi et al., 2012). More interestingly, the interleu-
kin 17 pathway was activated in cells infected with SARS-CoV or
the other new human coronavirus (Josset et al., 2013). This sug-
gests that the interleukin 17 pathway plays an important role in
host responses to rapidly evolving CoVs. In addition to the interleu-
kin 17 pathway, we found that the mTOR signaling pathway
involving TLR7 was likely to be important for host responses to
CoVs. TLR7 is a key factor for optimal B cell responses during
chronic viral infection of mice (Clingan and Matloubian, 2013).
The Toll-like receptor family has been linked to the pathogen rec-
ognition of immunity (Kagan and Iwasaki, 2012). Therefore, these
genes were all closely linked to immune responses and important
candidate genes for the antibody level against IBV. However,
obtaining more evidence of candidate genes related to the anti-
body response against IBV requires further study. This might
include another association study based on a random population
or a large population of advanced intercross lines with large size,
and exploring the relationships between the expressions of the
predicted candidate genes and the antibody response against IBV
in intro and in vivo.
3.3. Comparison with other association studies for immune responses
in chickens

The current study focused on QTL mapping for the immune
response to IBV in chickens and detected 10 QTLs (Fig. 2). IB and
Newcastle disease both belong to respiratory infectious diseases;
therefore, the host immune responses against IBV and Newcastle
disease virus might involve similar molecular networks. Indeed,
two out of the 10 QTLs for the immune response against IBV over-
lapped with QTLs for the immune responses against lipopolysac-
charides and Newcastle disease virus from the experiment with
1022 SNPs and 583 hens from nine different lines, at the threshold
of P < 0.05 (Biscarini et al., 2010). One region was at the end of the
short arm of GGA3, and Biscarini et al. (2010) thought that IL17F in
this region was one of the most important candidate genes for
adaptive immune responses to lipopolysaccharides and Newcastle
disease virus. In addition, a recent study found that the GAL1–13
genes in the QTL were also candidate genes for immune responses
against IBV (Fig. 2E). This suggested that this region has an exten-
sive impact on the immune responses to pathogens, including bac-
teria and virus. The other overlapping QTL region was at �3.6 Mb
(galGal3) from the proximal end of GGA9. The region was signifi-
cantly associated with the antibody response to Newcastle disease
virus (Biscarini et al., 2010). In addition, a suggestive QTL
(P < 2.31 � 10�5, �log10(P) = 4.64) for the antibody response
against IBV was at �100 Mb (galGal3) from the proximal end of
GGA1 (Supplementary Fig. 2), which corresponded to a QTL
detected by 60 k SNPs and 511 F2 birds for the antibody response
against Newcastle disease virus (Luo et al., 2013).

The remaining eight QTLs for the antibody response against IBV
were novel and specific QTLs in this study. They were not only dif-
ferent from the QTLs for the antibody response against Newcastle
disease virus, they also differed from the QTLs for immune
responses against other stimuli, such as Brucella abortus (Zhou
et al., 2003), E. coli (Yunis et al., 2002a,b), keyhole lympet hemocy-
anin (Siwek et al., 2003), sheep red blood cells (Dorshorst et al.,
2011), infectious bursal disease virus (Ewald et al., 2007) and
lipoteichoic acid (Slawinska et al., 2011). Nevertheless, all the QTLs
linked to the antibody response against IBV were not independent
of body weights in chickens (Supplementary Table 3), and birds
with the favored genotype of the QTLs linked to the antibody
response against IBV had significantly lower body weights (unpub-
lished results). This observation requires further study.
4. Conclusions

This study found more than 10 major QTLs related to the anti-
body response against IBV. The contributions of GGA1, 3, 5, 8 and
9 are the most important for the antibody response against IBV.
The findings lay a preliminary foundation for controlling outbreaks
of IB, even SARS, from a host perspective.
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