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Abstract
Background

Enhancing host immunity is an effective way to reduce morbidity in chickens. Heterophil/lymphocyte
(H/L) ratio is associated with host disease resistance in birds. Chickens with different H/L ratio levels
show different disease resistances, caused by a difference in the functional capacity of heterophils. In
this study, an H/L directional breeding chicken line was constructed and a combined statistical analysis
was used to explore the candidate genes and pathways related to H/L ratio based on whole-genome
sequencing of 368 individuals, divided into a non-selection line (NS) and selection lines including G5, G9
and F2 of G9.

Results

Heterophils isolated from the H/L selection line had stronger phagocytosis and oxidative burst function
than non-selection line. The 22.44 Mb genomic regions which annotated 300 protein-coding genes were
selected in the genome of G9 compared to NS based on a genome-wide selective sweep. Several selective
regions were identi�ed containing genes like interferon induced with helicase C domain 1 (IFIH1) and
moesin (MSN) associated with the intracellular receptor signaling pathway, C-C motif chemokine receptor
6(CCR6) dipeptidyl peptidase 4(DPP4) and hemolytic complement (HC) associated with the negative
regulation of leukocyte chemotaxis and tight junction protein 1(TJP1) associated with actin cytoskeleton
organization. In addition, 45 genome-wide signi�cant indels containing 29 protein-coding genes were also
identi�ed as associated with the H/L ratio based on genome-wide association study (GWAS). The
expression of protein tyrosine phosphatase non-receptor type 5(PTPN5) and oxysterol binding protein like
5(OSBPL5) were positively correlated with H/L ratio and signi�cantly different between the high and low
H/L groups of the Beijing-You chicken. The A/A allelic frequency of indel 5_13108985 (P-value= 3.85E-06)
within OSBPL5 gradually increased from the non-selection line to the G5 and G9 and the individuals with
A/A exhibited lower H/L ratio.

Conclusions

The phagocytosis and oxidative burst functions were enhanced and 22.44 Mb genomic regions were
selected with the directional selection of H/L ratio. PTPN5 and OSBPL5 genes were identi�ed as
candidate genes. These �ndings revealed the complex genetic mechanism of H/L ratio related to
immunity and will allow selection for improving chicken immunity based on the H/L ratio.

Background
Avian diseases represent an ongoing threat to poultry industries and human health worldwide and have
become more signi�cant with policies to reduce the use of antibiotics in animal production. Innate
immunity can make up for the lack of vaccination and medication when chickens are challenged by
diseases and the development of resistant chickens through selective breeding could prevent spread.
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This selection for immune function can be part of the breeding standard of commercially important traits
in poultry industry, but is a challenging proposition for commercial breeding companies due to a
de�ciency of indicators accurately re�ecting the immune strength [1].

Counts of relative leucocytes is the simplest but most robust measure to assess animal immune function
using blood smears [2] and the heterophil and lymphocyte are the two most numerous immune cell types
in avian leucocyte pro�les [3, 4]. The heterophil/lymphocyte (H/L) ratio has been shown to be correlated
with the strength of innate immune response in poultry [5–7]. The classi�cation of resistant and sensitive
lines according to H/L ratio was reported in earlier studies. Al-Murrani used the H/L ratio as a selection
criterion for heat stress resistance in chickens and found that the resistant (R) group exceeded the egg
production of the sensitive (S) group by 21%, had 4% more egg weight and showed lower progeny
mortality at 18·6% compared with 28·4% [8]. Al-Murrani also showed that the H/L ratio was a criterion for
selection of resistance to Salmonella typhimurium in chickens [9]. Thiam reported that the H/L ratio was
associated with the intestinal barrier and immune response for Salmonella enteritidis clearance and the
chickens with low H/L ratio had enhanced intestinal immunity [10]. The high heritability of the H/L ratio
supported its use as an indicator for disease resistance in poultry breeding [11].

The baseline H/L ratio of individuals has been shown to be highly stable long-term [12]. But tissue injury
due to infection can cause a short-term H/L ratio change, as lymphocytes migrate from the circulating
blood to the skin, spleen and lymph nodes, while heterophils migrate from bone marrow into the blood
[13, 14], so the rapid increase of H/L ratio in blood is mainly affected by the increase in heterophils.
Heterophils play an indispensable role in the innate cellular immunity of the avian host and their biology
resembles that of mammalian neutrophils [15]. They are the �rst line of defense against various invasive
pathogens and irritants using toll-like receptors (TLR), Fc and complement receptors and other pathogen
recognition receptors[16]. On detection of pathogens, heterophils respond and relay information to other
immune cell types through a network of intracellular signaling pathways and the release and response to
cytokines and chemokines [17]. Measures of heterophil function include phagocytosis, degranulation,
oxidative burst, DNA and histone extracellular matrix (HETs) [18, 19]. Phagocytosis is the main process
used by heterophils to kill invading pathogens, immediately followed by degranulation and production of
an oxidative burst [20]. Heterophil function is under immune control and it is possible to genetically select
for the enhancement of heterophil function [18, 21, 22].

The immune genetic mechanism of H/L ratio has not been fully analyzed, so its use is restricted due to
the lack of theoretical information. To determine the genomic basis related to H/L ratio in immune
function, this study performed whole-genome resequencing of the H/L ratio selection and non-selection
lines constructed from Jingxing yellow chickens. The authors previous studies have shown that H/L ratio
selection line had a higher survival rate after Salmonella infection than non-selection line (to be
published). The H/L ratio selection line may be able to explain the genetic mechanism that contributes to
the more resistant state, so identifying pathways or genes associated with the H/L ratio in poultry
provides the opportunity for its wider application in genetic modi�cation and selective breeding.



Page 4/23

Results

Phagocytosis and oxidative burst function of heterophils
were different between the H/L selection line and non-
selection line
Phagocytosis and oxidative burst are two important indicators to measure the microbial killing ability of
heterophils. Phagocytosis and the oxidative burst function of heterophils isolated from selection and non-
selection lines were compared at seven days post hatch. The phagocytosis was evaluated for the ability
to phagocytize FITC-dextran by �ow cytometry and showed a higher percentage of positive heterophils
isolated from selection line contained FITC-dextran (35.50±2.56%) compared to heterophils isolated from
the non-selection line (29.75±2.18%), though this difference was not signi�cant (Figure1A). 

Dydrorhodamine123 (DHR123) was used to determine if there was a difference in oxidative burst
function of heterophils isolated from the selection and non-selection lines using �ow cytometry
(Figure1B). Heterophils isolated from the selection line generated signi�cantly (P 0.05) higher oxidative
burst levels than heterophils isolated from non-selection line at 45.50±0.94% and
31.90±1.90%, respectively. The results showed that heterophils isolated from the H/L selection line had
stronger phagocytic and oxidative burst function than non-selection lines and indicated the functions of
the heterophil could be enhanced though H/L directional breeding. 

The population structure differentiated with the directional
selection of H/L
There were 1068153 insertion/deletion (indels) polymorphisms identi�ed on 1 to 28 autosomes after
�ltering using PLINK (version 1.9) software[23] with a call rate more than 90  and a minor allelic
frequency (MAF) more than 0.05. There were 227 individuals that passed �lters and quality control for
genetic selection analysis. Principle component analysis (PCA) revealed that the G5 and G9 of selection
and non-selection lines clustered in separate populations (Figure2A) and the G9 of the selection line
clustered further with the non-selection line, indicating that they had greater genetic distance. The G5 of
the selection line occupied an intermediate position along the axis and appeared to be more mixed with
the G9 of selection line than with the non-selection line. To investigate the genetic relationships among
different populations, a phylogenetic tree was constructed using the distance-based neighbor-joining
method. The phylogenetic tree (Figure2B) was consistent with the PCA results and supported both the
similar genetic makeup of the G5 and G9 of selection line, as well as the presence of two major clusters,
consisting of the H/L ratio selection line and non-selection line. The best K=2 was next determined based
on the cross-validation error for different numbers of ancestral genetic backgrounds, and the admixture
analysis (K=2) was in line with the results of the PCA and phylogenetic tree analysis supporting a two-
clade population structure and there was more gene �ow between G5 and G9 of the selection line. There
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was no signi�cant genetic improvement in G9 of the selection line compared with G5 of the selection line
due to shorter breeding generations (Figure2C). 

Identi�cation of signature of selection between H/L
selection line and non-selection line
By positive selection using the genomes of 184 G9 individuals made up of 92 from the selection line and
92 from the non-selection line were scanned for signatures that might underpin their distinctive features.
Two complementary statistics were calculated using a sliding-window approach as 40-kb windows
sliding in 20-kb steps. The �rst statistic was the pairwise genetic differentiation Fst index for identifying
those genomic regions maximizing allelic frequency differences between the two populations. The
second statistic measured variability in nucleotide diversity between the two groups, respectively. The θπ
ratios θπ.NS/θπ.G9 were calculated based on the θπ values and then log2-transformed the data. The
windows with the top 5% Fst where Fst exceeded 0.06 and log2 θπ ratio exceeded 0.37 simultaneously
were considered as candidate regions under H/L directional selection in the selection line, which provided
a total of 561 windows encompassing 22.44 Mb genomic regions and 300 protein-coding genes as seen
in Figure3 and Additional �le 2(Table S1 and S2). These selection candidates showed limited genetic
diversity in G9 of the selection line, but not in the non-selection line, suggesting positive selection for H/L-
related phenotypes. Overlapped putative genes were signi�cantly functionally enriched in the intracellular
receptor signaling pathway (GO:0030522), negative regulation of leukocyte chemotaxis (GO:0002689)
and positive regulation of G2/M transition of mitotic cell cycle (GO:0010971), which may play important
roles during the process of cellular immune function in chickens, seen in Figure4 and Additional �le
2(Table S3). 

Identi�cation of genes associated with H/L ratio
For genome-wide association analysis of the H/L ratio, 249 samples and 983198 indels were kept after
�ltering using the same parameters as genetic selection analysis. Descriptive statistics of the phenotypic
measurements of the H/L ratio traits used for gnome-wide association study (GWAS) are provided in
Additional �le 2 (Table S4). This analysis accounted for the population structure by adjustment of PCA
covariates and genetic relatedness among all pairs of individuals as seen in Additional �le 1FigureS1.
Manhattan and quantile-quantile (Q-Q) plots are shown in Figure 5A and B. The genomic in�ation factor
(GIF) was 1.02, which suggested the population structure was well controlled. A total of 45 genome-wide
signi�cant indels associated with H/L were identi�ed, of which three indels reached the 5% genome-wide
signi�cance (5_8074623, P-value=7.06E-08; 8_16086712, P-value=1.64E-07; 5_8015233, P-value=2.16E-
07). All genome-wide signi�cant indels were annotated to 29 protein-coding genes and the detailed
information was shown in Additional �le 2 (Table S5). The most signi�cant indel 5_8074623 (P-value=
7.06E-08) was an intron1-2 of TEA domain transcription factor 1(TEAD1) and accounted for 11.08%
genetic variance for H/L ratio.
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To further identify candidate genes affecting H/L in other breeds of chicken, the Beijing-You chicken were
selected as the veri�cation population. The correlation between GWAS-related genes expression of the
liver and H/L ratio in eight 28-day-old of Beijing-You chickens was compared. The Pearson correlation
coe�cient heatmap showed that the expression of PCDH17 was negatively correlated with H/L(r=-0.65),
while the expression of PTPN5 (r=0.75) and OSBPL5 (r=0.89) were positively correlated with H/L as seen
in Figure6A. Chickens were divided into two groups according to H/L value, where three chickens were
deemed H/L-high (0.46±0.16) and three chickens as H/L-low (0.06±0.02) as seen in Figure6B. Except for
lactate dehydrogenase A (LDHA)and transmembrane protein 86A (TMEM86A), the expression levels of
the other 27 genes in the liver of Beijing-You chickens were low and the expression of sodium/potassium
transporting ATPase interacting 2(NKAIN2), ras association domain family member 10 (RASSF10) and
spalt like transcription factor 1(SALL1)genes were not detected. The differences in expression levels of
PCDH17, PTPN5 and OSBPL5 in H/L-high and H/L-low groups were compared, and PTPN5 and OSBPL5
genes expressions were signi�cantly different (P≤0.05)( Figure6C).

Four indels, 5_12975134(9.48kb downstream of PTPN5, P-value=6.48E-06), 5_13108985(P-value= 3.85E-
06), 5_13151117(P-value=4.95E-06) and 5_13170170(P-value=7.23E-06) intron1-2 of OSBPL5, were
identi�ed as candidate variants. Allelic frequency analysis in the non-selection line, G5 and G9 showed
the 5_13108985 variant allelic frequency gradually increased or decreased with the selection of H/L in
different generations (Figure7A). Jingxing-yellow chickens with homozygous A/A for 5_13108985 variant
showed signi�cantly lower H/L phenotype than individuals with heterozygote A/ATCT and homozygous
ATCT/ATCT (P<0.05), respectively (Figure7B).

Discussion
In this study, cell biology assay proved directional selection of H/L ratio enhanced the phagocytosis and
oxidative burst functions of heterophils in chickens. To reveal the immunogenetic basis of the H/L ratio,
combined statistical analysis was used to search for putative genes by genomes of 360 chickens from
different populations termed NS, G5, G9 and F2 population of G9. Extensive genome data set allowed the
identi�cation of 3970941 indel variants that helped to unveil the genetic evolution pattern and phenotype
related genes of the H/L ratio for arti�cial breeding in chickens.

The gene expression and function of the heterophil is under genetic control. Redmond and colleagues
proved heterophils from commercially selected and non-selected genetic lines expressed cytokines
differently in vitro exposure to Salmonella enteritidis, where functional phenotypes of phagocytosis and
bacterial killing varied depending on the breed or cross of chicken and the SLC11A1 gene was associated
with phagocytosis of Salmonella enteritidis [22]. Swaggerty demonstrated genes associated with fast
and slow feathering located on the Z sex chromosome were associated with the biochemical killing
mechanism of degranulation and oxidative burst of heterophil in avian species [24]. This study found the
phagocytosis and oxidative burst of heterophils isolated from selection lines performed more powerfully
compared to the non-selection line, indicating heterophil function related genes were selected under the
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H/L ratio selection pressure. To further explore the relevant genetic basis affecting the function of
heterophil, combined statistical analysis was performed based on whole genome resequencing data.

Interested candidate genes are listed in Additional �le 2(Table S2) based on genome-wide selective
sweep. These candidate genes were widely involved in differential cell molecular processes, which
implied complex genetic mechanisms of immune evolution in the process of H/L ratio directional
breeding. The intracellular receptor signaling pathway GO:0030522 was the most signi�cant pathway
enriched by GO and KEGG pathway enrichment analysis and there were 13 selected genes regulating this
pathway. Interferon induced with helicase C domain 1, also known as IFIH1 or MDA5 engaged in innate
immune response and response to virus. In chickens, MDA5 recognized infectious bursal disease virus
infection and this interaction resulted in the activation of chMDA5-related innate immune genes and
upregulation of chicken MHC class I [25]. The MDA5 signaling pathway and innate immune cytokines
were induced after avian reovirus infection, which would contribute to the avian reovirus-host interaction,
especially at the early infection stage [26]. Moesin (MSN) is the most abundant ERM, the plasma
membrane (PM) organizers in leukocytes and is localized to �lopodia and other membranous protrusions
that are important for cell-cell recognition and signaling and for cell movement, playing a signi�cant role
in leukocyte polarization, migration and intercellular adhesion [27].

Leukocyte chemotaxis is a crucial feature of the innate immune response and the prerequisite for the
elimination of pathogens. Several genes were found to participate in the negative regulation of leukocyte
chemotaxis (GO:0002689), CCR6 encoded chemokine (C-C motif) receptor 6 and enabled C-C chemokine
binding activity and C-C chemokine receptor activity [28]. Dipeptidyl peptidase 4 (DPP4) engaged in the
negative regulation of neutrophil chemotaxis [29]. HC encoded a component of the complement system,
a part of the innate immune system that played a signi�cant role in in�ammation, host homeostasis, and
host defense against pathogens and was reported to act upstream of or within neutrophil homeostasis
[30]. The migration of heterophils to in�ammatory sites is an important early stage of heterophil signal
recognition of microorganisms or other antigens. Recognition of pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs) on the heterophil triggers the process of phagocytosis
and secretion of cytokines and chemokines, which directs acquired immunity to elicit the appropriate host
response to the microbe. Among known PRRs, the Toll-like receptors (TLRs) are the most important
receptor of the heterophil in innate immune response to bacterial infection, of which TLRs 1/6/10, TLR 2
(types 1 and 2), TLR 3, TLR 4, TLR 5, and TLR 7 have been identi�ed in the chicken heterophil [31], and
TLR5 showed limited genetic diversity in G9, but not in non-selection line, suggesting positive selection
for H/L-related phenotypes. The actin cytoskeleton organization signaling pathway played a key role in
the cross endothelial migration and phagocytosis by heterophils and tight junction protein 1 (TJP1) was
identi�ed associated with the pathway, where it regulated the movement of ions and macromolecules
between endothelial and epithelial cells [32]. Abdala-Valencia demonstrated that overexpression of TJP1
blocked leukocyte trans-endothelial migration [33].

Genome-wide association analysis was performed to identify the candidate genes of the H/L ratio. A
previous study reported caspase recruitment domain family member 11 (CARD11), biogenesis of
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ribosomes BRX1 (BRIX1) and BTG3 associated nuclear protein (BANP) were associated with H/L ratio
and played a role in its cellular functions [34]. In this study, a total of 45 genome-wide signi�cant indels
associated with H/L were identi�ed and annotated to 29 protein-coding genes. The most signi�cant indel
5_8074623 (P-value = 7.06E-08) was in intron1-2 of TEA domain family member 1 (TEAD1) involved in
positive regulation of cell growth [35]. In immunity, TEAD1 directly bounded genomic regions adjacent to
TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, with TLR9 and YAP/TEAD1 complex acting as a default
repressor of cardiac toll-like receptor genes [36]. The activation of the TLR induced signaling pathway
played a signi�cant role in the antibacterial mechanism of the avian heterophil [31]. The expression level
of 29 candidate genes in the liver of the Beijing-You chicken was veri�ed according to grouping of high
and low H/L ratio. Only the expression levels of PTPN5 and OSBPL5 were positively correlated with H/L
ratio and were differentially expressed in high and low H/L groups. Protein tyrosine phosphatase, non-
receptor type 5 (PTPN5) could enable protein tyrosine phosphatase activity, involved in negative
regulation of MAP kinase activity [37] and p38 MAPK was reported as a substrate of PTPN5 [37, 38].
Heterophil extracellular traps (HETs) formation, a novel defense of chicken heterophils playing a
signi�cant role against pathogen infection, was related to ROS production dependent on the activation of
p38 MAPK signaling pathways [39]. The Fc-receptor-mediated degranulation of chicken heterophils was
regulated by the phosphorylation of p38 MAPK signaling pathways which was stimulated by the
activation of the Syk tyrosine kinase [40]. The above evidence suggested that PTPN5 might play a
signi�cant role in the functional regulation of avian heterophil. Another gene, OSBPL5 (also known as
ORP5) encoding oxysterol binding protein-like 5 was predicted to enable several functions, including
cholesterol binding activity, phosphatidylserine transfer activity and phospholipid binding activity based
on NCBI database. The ORP5/8 regulated Ca2

+ signaling at speci�c membrane contact site foci appear to

play roles in processes such as mitochondrial respiration and cell proliferation [41], where Ca2
+ channels

directly sense oxidative bursts and respond with Ca2
+ transients adjacent to active mitochondria [42]. The

oxidative burst was catalyzed by a multi-protein complex NADPH oxidase existing in the inactive,
dissociated state in the resting cells. The NADPH oxidase in the plasma membrane was activated with
combinations of cytosolic proteins, Ca2

+, calmodulin and protein kinase following stimulation [43].The
mechanism involved in activation of NADPH oxidase was conserved between chicken heterophils and
mammalian neutrophils. The A/A homozygote individuals of indel 5_13108985 (P-value = 3.85E-06),
within intron1-2 of OSBPL5 had a lower H/L ratio and the allelic frequency gradually increased with H/L
directional selection (NS-G5-G9). Whether the insertion of three bases ATCT into the A allele was a
deleterious mutation requires further veri�cation.

Conclusion
The directional selection of H/L ratio enhanced the phagocytosis and oxidative burst functions of
heterophils in chicken. There were several genes involved in intracellular receptor signaling pathways,
negative regulation of leukocyte chemotaxis and actin cytoskeleton organization pathways, which were
selected during the directional breeding of the H/L ratio. The PTPN5 and OSBPL5 genes were identi�ed
as candidate genes for the H/L ratio. which played a signi�cant role in regulating the function of



Page 9/23

heterophils. These genes and pathways provided evidence for the genetic effect of arti�cial directional
selection on the evolution of the H/L ratio in chicken. Although more research is needed to con�rm the
results, this study provides a new insight into the research of genetic improvement of immune traits such
as the H/L ratio.

Materials And Methods

Experimental birds 
Jingxing-yellow chickens, a domestic broiler breed, were obtained from Changping Base of Chinese
Academy of Agricultural Sciences, from which a directional selection line was established based on the
56-day-old peripheral blood H/L ratio of Jingxing-yellow chickens. Thirty roosters and 90 female chickens
with low H/L phenotype were selected as parents in each generation, based on the principles that one
rooster was mated with three hens, roosters and hens in the same family were not full siblings and hens
within a family were not half siblings.

Phenotype determination 
The H/L ratio was evaluated at 56 days old in each generation. Fresh blood was extracted from the wing
vein and stored in EDTA tubes. One drop of blood was smeared on to a glass slide for each bird. Once air-
dried, smears were stained using a Wright’s Giemsa solution (G1020, Solarbio, Beijing) according to
manufacturer's instructions for microscopic observation. One hundred leucocytes including lymphocyte,
heterophil and monocyte cells were counted in different �elds on each slide, using a Leica DM500
microscope with a magni�cation of 1000× and the H/L ratio was calculated by dividing the number of
heterophils by the number of lymphocytes [44].

Detection of phagocytosis and oxidative burst function of
heterophils
Heterophils were isolated from the peripheral blood of chicks at seven days post-hatch using the
commercially-available chicken heterophils isolation kit (Solar Technology Co., China). Phagocytic ability
was determined by �ow cytometry by the detection of �uorescein isothiocyanate dextran (FITC-dextran),
40 kDa (Chondrex, USA) using a previously published method with modi�cation [45]. Approximately
1×106 isolated heterophils were suspended in one mL RPMI 1640 including 10% fetal bovine serum (FBS)
and 1% chicken serum and incubated together with one mg/ml FITC-dextran and 100nM
lipopolysaccharide (LPS) at 37 °C with 5% CO2 for two hours. Incubation was stopped by mixing with ice-
cold phosphate buffered solution (PBS), after which the cells were washed two times with cold PBS and
analyzed using a FACS Calibur �ow cytometer (FACS Calibur, BD Bioscience, USA). The endocytic activity
was expressed as a positive rate of cells with FITC+. 
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Production of oxide during the oxidative burst was determined by oxidation of intracellular
dihydrorhodamine 123 (DHR123) to green, �uorescent rhodamine 123 [46]. Approximately 1×106 isolated
heterophils were suspended in one mL RPMI 1640 including 10% FBS and 1% chicken serum. The
heterophils were stimulated by one μg/ml phorbol myristate acetate (PMA), after which one μg/ml
DHR123 was added to the medium and co-incubated at 37°C with 5% CO2 for two hours. Heterophils were
washed twice with cold PBS, resuspended in PBS, and analyzed with a BD FACS �ow cytometer (BD
Bioscience, USA). Oxidative burst activity was reported as a positive rate of cells with DHR123+. Flow
cytometry data were analyzed with FlowJo software version 10 (TreeStar, Ashland, OR) and results per
group were compared using Student’s t-test. All data were shown as mean ± standard error mean (SEM).

Whole genome sequencing and indel detection 
Whole-genome resequencing of 368 individuals comprising G5 of selection line (G5), G9 of selection line
(G9), non-selection line (NS) and F2 of G9 constructed by G9 of the selection line and non-selection line,
was performed. Forty-three chickens obtained from G5, 92 chickens obtained from G9 and 92 chickens
obtained from NS, were used in this study. A total of 141 F2 chickens were also used in the current study,
obtained from the cross of G9 of selection line and non-selection line. In cross design, the F1 population
were established by 15 roosters (G9) mated with 30 hens (NS) and the F2 population was established by
using the F1 hybrids based on the principle of random mating. The chickens’ genomic DNAs were
extracted from blood samples from wing veins using the standard phenol-chloroform extraction
procedure. The quality of the DNA was examined using the NanoPhotometer® (Implen, CA, USA), the
concentration of the DNA was determined by Qubit® 3.0 Flurometer (Life Technologies, CA, USA) and the
integrity of the DNA was evaluated using agarose gel electrophoresis. For genome sequencing, 0.5 μg of
genomic DNA from each sample was used to construct paired-end sequencing libraries using an
Annoroad® Universal DNA Fragmentase kit V2.0(AN200101-L) and an Annoroad® Universal DNA Library
Prep Kit V2.0 (AN200101-L) following the manufacturer’s recommendations and index codes and
sequenced on the Illumina HiSeq X Ten Sequencer (Illumina Inc) at a mean depth of ×10. 

Raw data were processed with Perl scripts to ensure the quality of data used in further analysis. The
adopted �ltering criteria were the removal of the adaptor-polluted reads where reads containing more
than �ve adapter-polluted bases were regarded as adaptor-polluted reads and would be �ltered out,
removal of the low-quality reads, that had a number of low-quality bases and a phred quality value less
than 19 meaning that more than 50% of total bases were regarded as low-quality reads and removal of
reads with the number of N bases accounting for more than 5 %. For paired-end sequencing data, both
reads were �ltered out if any read of the paired-end reads was adaptor-polluted. The obtained clean data
after �ltering was analyzed statistically on its quantity and quality, including Q30, data quantity and base
content statistics.

After sequence quality �ltering, the Burrows–Wheeler aligner (BWA 0.7.12) [47] was used to map the
clean reads to the chicken reference genome GRCg6a, GCF_000002315.6. Samtools v1.2 [48] were used
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to sort reads and duplicate reads resulting from polymerase chain reaction (PCR) were removed using
Picard tools v1.13 (http://broadinstitute.github.io/picard/). Indels were �ltered before the following
analysis with GATK VariantFiltration protocol [49].The �ltering settings were as follows: QD<2.0,
ReadPosRankSum<-20.0, FS>200.0, QUAL <30.0, DP<4.0. The annotation was performed using
ANNOVAR [50] for all the quali�ed variants based on the GFF �le.

Population structure and phylogenetic tree
Principal component analysis (PCA) was conducted using the PLINK software (Version: 1.90)[23]. For the
�rst PCA plot, all 227 chickens were used, with the �rst three principal components cumulatively
explaining 15.41% of the total variance. Thirty individuals were selected in each population for
subsequent analysis. Population structure was evaluated using ADMIXTURE (Version
1.3.0) (https://dalexander.github.io/admixture/) and assuming two ancestral populations (K). After
converting the PLINK indel matrix to distance matrix, the “meg.” format obtained by the
“plink.distance.matrix.to.mega.pl” script, then MEGA7.0 [51] and iTOL software [52] were used to
visualize the phylogenetic trees.

Detection of selective sweeps
All indels passing the quality control were used to detect signature of selection in G9 of selection line and
non-selection line within the 184 genomes included 92 individuals in each population, respectively. The
Fst �xation and nucleotide diversity ratio (θπ) were calculated within 40 kb windows sliding in 20 kb
steps. The θπ ratios of the two population were calculated and then log2-transformed the data. Those
windows comprised within the top 5% quantile of all two statistics were considered as candidate outliers
and annotated using the ANNOVAR based on the GFF �le. Functional enrichment for Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses was assessed with
Metascape [53].

Genome-wide association study
The univariate linear mixed model (LMM) implemented in GEMMA version 0.98.1
software (https://github.com/genetics-statistics/GEMMA/releases) was used for the association
analysis [54].The �rst three principal component values PCA eigenvectors derived from the whole-genome
indels were �tted as �xed effects in the mixed model to correct for population strati�cation [55]. The
parameter ‘--indep-pairwise 25 5 0.2’ was used to infer effective independent tests. Considering the over-
conservation of 5% Bonferroni correction method, the suggestive and whole-genome signi�cance cutoff
was de�ned as the Bonferroni threshold, which is 1.00/ independent indels (-log10 [P] =5.01) and 0.05/
independent indels (-log10 [P] =6.31). Manhattan and quantile–quantile (Q-Q) plots were constructed by
the “qqman” package (http://cran.r-project.org/package=qqman) in RStudio-1.3.1093.

http://broadinstitute.github.io/picard/
https://github.com/genetics-statistics/GEMMA/releases
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Figure 1

Functional comparison of heterophils isolated from selection line(S)and non-selection line (NS). (A)
Phagocytosis of heterophils isolated from S (n=6) and NS (n=4) lines when stimulated with the
in�ammatory agonist lipopolysaccharide (LPS). (B) Heterophils isolated from S (n=6) and NS (n=6) lines
generate oxidative burst response when stimulated with the in�ammatory agonist PMA. Data were
presented as the mean±standard error mean (SEM). (*P < 0.05).
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Figure 2

Population genetics analyses of directed selection line and non-selection line. (A) PCA pots of the �rst
two components of 227 chickens. The fraction of the total variance explained was reported on each
individual axis between parentheses. (B) Neighbor-joining tree constructed using p-distances between
individuals. (C) Genetic structure of different population. The length of each colored segment represents
the proportion of the individual’s genome from ancestral populations (K = 2). G5: G5 of selection line; G9:
G9 of selection line; NS: non-selection line.
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Figure 3

Signatures of selection in selection line and non-selection line. The nucleotide diversity (θπ)ratio (x axis)
and the population genetic differentiation Fst values (y axis) were calculated within 40-kb sliding
windows (step size = 20 kb). The signi�cance threshold of selection signature was arbitrarily set to top
5% percentile outliers for each test. The top 5% quantiles of both statistics were shown in the top-right
corner de�ned by grey dashed lines.
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Figure 4

Top 20 clusters of GO biological processes and KEGG Pathway across putative genes. (P-value < 0.01, a
minimum count of three and an enrichment factor exceeding 1.5)

Figure 5
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Genome-wide association analysis of H/L of 249 chickens (G5(n=35), G9 (n=73) and F2 (n=141)). (A)
Manhattan plot for genome-wide association study (GWAS) for H/L. The horizontal red and blue lines
indicate the 5% genome-wide signi�cance (P-value= 4.86E-07) and suggestive thresholds (P-value=
9.71E-06), respectively. (B) Quantile–quantile (Q-Q) plots of the GWAS for H/L.

Figure 6

Screening of H/L related candidate genes based on transcriptome. (A) Heat map of Pearson correlation
coe�cient between gene expression and H/L based on FPKM value. (B) Comparison of H/L phenotypic
difference between H/L-high and H/L-low groups (*, P≤0.05). (C) Heat map of FPKM value of candidate
genes in H/L-high and H/L-low groups. (D) Comparison of gene expression difference between H/L-high
and H/L-low groups (*, P≤0.05).
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Figure 7

Allelic frequency analysis of candidate variants. (A) Changes in allele frequency of candidate variant in
non-selection line (NS), G5 of selection line (G5) and G9 of selection line (G9). (B) Plot for H/L and
genotype at 5_13108985 variant (***, P<0.001)
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