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Abstract

Increasing evidence indicates that the missing sequences and genes in the chicken reference genome are involved in many crucial biological
pathways, including metabolism and immunity. The low detection rate of novel sequences by resequencing hindered the acquisition of these
sequences and the exploration of the relationship between new genes and economic traits. To improve the capture ratio of novel sequences, a
48K liquid chip including 25K from the reference sequence and 23K from the novel sequence was designed. The assay was tested on a panel
of 218 animals from 5 chicken breeds. The average capture ratio of the reference sequence was 99.55%, and the average sequencing depth of
the target sites was approximately 187X, indicating a good performance and successful application of liquid chips in farm animals. For the target
region in the novel sequence, the average capture ratio was 33.15% and the average sequencing depth of target sites was approximately 60X,
both of which were higher than that of resequencing. However, the different capture ratios and capture regions among varieties and individuals
proved the difficulty of capturing these regions with complex structures. After genotyping, GWAS showed variations in novel sequences poten-
tially relevant to immune-related traits. For example, a SNP close to the differentiation of lymphocyte-related gene /IGHV3-23-like was associated
with the H/L ratio. These results suggest that targeted capture sequencing is a preferred method to capture these sequences with complex
structures and genes potentially associated with immune-related traits.

Lay Summary

A total of 48K target sites were selected to be placed on the liquid chip, including 23K from the novel sequence of the chicken pan-genome.
The high average capture ratio (99.55%) of the reference sequence in five populations indicated the good performance of the liquid chip. For the
target region in the novel sequence, the average capture ratio was approximately 33.15% and the average sequencing depth of target sites was
approximately 60X, both of which were higher than that of resequencing. However, the capture ratio was different among varieties, ranging from
29.2% (White Leghorn) to 33.4% (B line). GWAS (Genome-wide association study) showed variations in novel sequences potentially related to
immune-related traits. For example, an SNP (single nucleotide polymorphism) close to the differentiation of the lymphocyte-related gene IGHV3-
23-like was associated with the H/L (heterophil/lymphocyte ratio) ratio. Overall, this study not only improved the capture ratio of regions with
complex structures in novel sequences but also preliminarily explored the association of variations in these regions with chicken economic traits.
Key words: GWAS, liquid chip, novel sequence, pan-genome

Abbreviations: ACADM, acyl-CoA dehydrogenase medium chain; ADGRB3, G protein-coupled receptor B3; BW, body weight, DGATI, diacylglycerol
o-acyltransferase 1, GBTS, genotyping by target sequencing; GWAS, genome-wide association study; H/L, heterophil/lymphocyte ratio; HSD17B8, hydroxysteroid
17-beta dehydrogenase 8; /GHV, immunoglobulin heavy chain variable; LD, linkage disequilibrium; MAF, minor allele frequency; MRPL52, mitochondrial
ribosomal protein L52; NJ, neighbor-joining; PCA, principal component analysis; Q-Q, quantile—quantile; QTL, quantitative trait locus; SNPs, single nucleotide
polymorphisms

Introduction al., 2014). Previous research has indicated that the missing
sequences contain some genes(Botero-Castro et al., 2017; Yin
etal., 2019). For example, PacBio sequencing reads of five red
jungle fowl cDNAs reconstruct several genes including leptin
and mitochondrial ribosomal protein 152 (MRPL52), which
are absent from the chicken reference genome (GRCgé6a,
GCA_000000185.5) (Beauclair et al., 2019). In our previous
report, 158.98 Mb of novel sequences including 1,335 pro-
tein-coding genes, which were not found in GRCgé6a, were
identified by the construction of the chicken pan-genome(Li et
al., 2022). These genes participate in many crucial biological

The chicken was the first agricultural animal to have its
genome sequenced (International Chicken Genome Sequenc-
ing, 2004). After several updates, the macrochromosomes
and several microchromosomes exhibit high quality(Groenen
et al., 2009). However, special regions, especially in some
microchromosomes remain of lower quality, although great
efforts toward a complete sequence have been made. There-
fore, some studies have hypothesized that chicken and other
bird genomes lack some crucial genes when compared with
mammals and amphibians(Lovell et al., 2014; Zhang et
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processes, including immune pathways. For example, the
novel gene inhibitor of nuclear factor kappa b kinase regula-
tory subunit gamma (IKKy) is a subunit of the canonical IkB
kinase complex, which is best known as the activator of the
transcription factor nuclear factor-kB (NF-xB) (Clark et al.,
2013). Another novel gene RELB is a subunit of NF-kB (Val-
labhapurapu and Karin, 2009), which regulates both innate
and adaptive immune responses as well as the development
and maintenance of the cells and tissues that comprise the
immune system at multiple steps (Hayden and Ghosh, 2011).
However, the detection rate of novel sequences was extremely
low, approximately 0.43% among the resequenced data,
which is a major obstacle for exploring the function of new
genes and their relationship with economic traits. Therefore,
an attempt to capture, genotype and subsequently perform
genome-wide association study (GWAS) of these regions will
assist scientists in obtaining a holistic understanding of these
new genes.

Recently, a new genotyping technology called genotyp-
ing by target sequencing (GBTS) was developed, and it can
accurately capture any position and length of the genome
(Burridge et al., 2018).To date, two main methods have been
applied in GBTS. One method mainly relied on multiplex
Polymerase chain reaction (PCR). In the first round of PCR,
target regions were specifically amplified by primers. In the
second round of PCR, the sequencing adaptor and indices
were added to obtain the library, which was subsequently
sequenced and genotyped. Another method relied on probe
hybridization with target DNA. After retrieval and amplifi-
cation, target regions were sequenced and genotyped (Guo et
al., 2019). Compared with chip-based genotyping platforms,
GBTSs have many advantages, such as ultrahigh throughput,
flexibility, and low cost.

Here, we developed a liquid chip based on reference
and novel sequences of the pan-genome to capture the tar-
get regions by sequencing some Chinese native breeds and
commercial chicken lines. To date, no liquid chip has been
designed and used for chickens. This study was conducted to
systematically compare the capture ratio between reference
and novel sequences, and the capture ratio of different breeds.
After genotyping, GWAS was used to explore the poten-
tial association of variation with traits, especially on novel
sequences.

Materials and Methods

All experimental procedures were approved by the Animal
Management Committee (in charge of animal welfare issues)
of the Institute of Animal Science, Chinese Academy of Agri-
cultural Sciences (IAS-CAAS, Beijing, China) and performed
in accordance with the guidelines.

Resequencing data analysis and selection of the
first group of candidate target sites

We collected 961 resequencing datasets representing wild
and domestic chicken breeds from all over the world. The
raw reads were filtered by Fastp to remove adaptor and
low-quality sequences (Chen et al., 2018). Then clean reads
were mapped to the chicken reference genome using BWA
with default parameters. Duplicate reads were excluded using
Picard Tools (http://broadinstitute.github.io/picard/). Single
nucleotide polymorphism (SNP) calling was carried out by
GATK (Van der Auwera et al., 2013), and high-quality SNPs
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were selected using the following criteria: (1) depth > mean
read depth/3 and <mean read depth x 3; (2) QD > 2.0; (3)
FS < 60.0; (4) MQ > 40.0; (5) SOR < 3.0; (6) MappingQuali-
tyRankSum > -12.5; and (7) ReadPosRankSum > -8.0.

To select highly informative SNPs that were uniformly dis-
tributed throughout the genome, we divided the genome into
several intervals (length = 40 k). For each genomic interval,
we followed the pipeline described in a previous study to
sequentially select SNPs, mainly using the greedy algorithm
approach (http://www.nist.gov/dads/HTML/greedyalgo.
html). Briefly, each SNP was scored depending on its minor
allele frequency (MAF), and its proximity to the center of the
intervals. The SNP with the maximum score within an inter-
val was considered as the target site and used for the probe
design.

Selection of the second group of candidate target
sites from chicken pan-genome

In our previous research (Li et al., 2022), we built a chicken
pan-genome and acquired 158.98 Mb of nonredundant novel
sequences that were missing in the reference genome. There-
fore, the second group of candidate SNPs was selected from
these novel sequences. We first selected the exon region as
the candidate region for targeted amplification. Then, accord-
ing to the content of direct repeats and G4 motifs in these
sequences, we chose regions with low complex structures
as the final targeted regions. For contigs without exons, we
randomly selected target regions according to the content of
complex structures.

Production of probes and sequencing

After the selection of the target sites, probes were designed
according to the following criteria: (1) the length of the probe
was 100 bp; (2) the GC content was between 30% and 70%;
and (3) the number of its homologous regions was less than
10. Due to the high content of repeat sequence in the novel
sequences, the number of its homologous regions was relaxed
to 300. After high-throughput synthesis, these probes were
used for the letter GBTS.

The genomic DNA from Wenchang, Dagu, Douji, White
Leghorn, and B lines was isolated from the blood by the stan-
dard method of phenol-chloroform extraction. After DNA
quality evaluation, the libraries were constructed using the
CAGT library Preparation Kit (Compass, Beijing, China)
according to the manufacturer’s protocol. Next, libraries,
probes, and hybridization reagents were mixed and placed on
PCR to hybridize and capture target regions. After washing,
the target fragments were amplified to enrich these regions.
Finally, a dsDNA HS Assay Kit for Qubit (YESEN, Shanghai,
China) and qPCR were used to quantify the library concen-
tration and sequencing was performed with PE150 on the
DNBSEQ T7 platform (MGI, Shenzhen, China). Sequencing
was performed at Beijing Compass Biotechnology Co., Ltd
(Beijing, China).

Validation of the liquid chip in four chicken breeds/
lines

After sequencing, the data were mapped with the reference
genome and novel sequences of the pan-genome. SNP calling
was conducted according to the abovementioned pipeline.
The sequencing depth was calculated by SAMtools (Dan-
ecek et al., 2021). If there were SNPs within the region of
upstream or downstream of the target site (x250 bp), we
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liquid chip. (a) Design pipeline of the chicken liquid chip; (b) The chromosome

wise SNP density of the chicken liquid chip. Chromosome length is shown on the left axis (based on galGal-5) and SNP density is shown on the right
axis. (c) Target site density within 500-kb windows throughout the whole genome.

define this region were captured. The capture ratio refers
to the ratio of the number of captured regions to the total
number of regions, which was the number of target sites.
The capture ratio was calculated by bedtools (Quinlan and
Hall, 2010). Allele frequency was calculated by PLINK (Pur-
cell et al., 2007).

For population genetic structure analysis, we first imple-
mented principal component analysis (PCA) based on the
SmartPCA program (Patterson et al., 2006). Considering that
the high linkage disequilibrium (LD) between SNPs may bias
the PCA results, SNPs were pruned to obtain independent
SNPs. A neighbor-joining (N]) tree was constructed and visu-
alized with the ggtree package in R (Yu et al., 2017).

Phenotyping and genome-wide association study
The individual body weight (BW) was weighed on Day 42.
Other phenotypes, including heterophils and lymphocytes,
were counted for all 180 B line chickens, which had free
access to feed and water and were managed in the same envi-
ronment. The measurement methods have been previously
detailed by Zhu et al. and Wang et al. (Zhu et al., 2019; Wang
et al., 2020a). The phenotypes that did not follow a normal
distribution were transformed in R and then the transformed
data were used in the following genetic analyses.

Before GWAS analysis, PCA was implemented to assess
the population structure. If there was no obvious popula-
tion stratification, the principal components were not used as
covariates in the analysis model. In addition, the genomic rela-
tionship matrix was constructed with SNPs using GEMMA
and used as a random effect in the later analysis (Zhou and
Stephens, 2012).

The mixed linear model was used for GWAS, as imple-
mented in the GEMMA. The basic model formula was:

y = Wa + xB + u + &, where y is the phenotypic value for
every trait; W is a matrix of covariates including sex; o is a
vector of corresponding coefficients including the intercept;
[ is the SNP effect and x is a vector of SNP genotypes; u is
a vector of random effects with a covariance structure that
follows a normal distribution as u~N (0, KVg), where K is
genetic relationship matrix calculated by SNP markers; and
Vg means polygenic additive variance, and ¢ is a vector of
random errors.

The genome-wide significance P value threshold was cal-
culated using Bonferroni correction with an effective number
of independent sites. The number of genome-wide indepen-
dent markers was calculated using PLINK with the parameter
“--indep-pairwise 25 5 0.2”. The significance level was set as
9.29E-07 (0.05/53,820). Manhattan and quantile-quantile
(Q-Q) plots were visualized using the qgman package in R.

Results

Genome resequencing and novel sequences in the
chicken pan-genome supplying the target sites of
the liquid chip

Target sites in this liquid chip were selected from two major
datasets. As shown in Figure 1a, the first dataset included
961 whole-genome sequences of wild and domestic chicken
breeds around the world. The data summary of each breed is
provided in Supplementary Table S1. After filtering, a total of
32 Mb SNPs were detected in the overall breeds. The SNPs in
the reference sequence were incorporated into the chip panel
based on the greed algorithm (GA), which has already been
used in assay design for cattle (see Methods; Matukumalli et
al., 2009). Finally, 25,317 SNPs were selected to be placed
on the chip. The distribution of SNPs on the chromosomes is
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shown in Figure 1b, ¢ and Supplementary Table S2. A strong
correlation was found between the length of chromosomes
and the number of sites selected on each chromosome, indi-
cating that all sites in the panel were uniformly distributed
throughout the genome.

The second group of candidate target sites was derived
from novel sequences, which were obtained from the chicken
pan-genome and were absent from GRCgé6a (https://zenodo.
org/record/5881830/files/ChickenPangenome.NovelSe-
quences.fa.gz?download=1). According to the tandem repeats
and secondary structures of these sequences, 23,320 sites per
regions with fewer complex structures were chosen and inte-
grated into the liquid chip. The details of the target region are
shown in Supplementary Table S3.

Genotyping performance of the liquid chip

Performance metrics for the liquid chip were tested by geno-
typing a panel of 218 animals, including 189 animals from
the B line, 3 animals from Douji, 7 animals from Dagu, 12
animals from White Leghorn, and 7 animals from Wenchang
chickens. The evaluation results are shown below.

Capture ratio

The capture ratio of the target sites on the reference and novel
sequences was analyzed. For the target regions in the refer-
ence sequences, the number of capture regions ranged from
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25,144 to 25,253, and the average capture ratio was 99.55%
(25,202/25,317) (Figure 2a), which means that almost all
regions were detected. The capture ratio of individuals is
listed in Supplementary Table S4.

For the target region on the novel sequences, the number of
detected regions ranged from 6,389 to 8,522, and the aver-
age capture ratio was 33.15% (7,730/23,320) (Figure 2b),
which was lower than that on the reference genome. Our
previous research found that the length of novel sequences
from assemblies of different breeds was quite varied (Li et al.,
2022). Therefore, we speculated that the capture ratio among
breeds may be different. As shown in Figure 2c, the average
capture ratio for each breed ranged from 29.2% (White Leg-
horn) to 33.4% (B line). The average capture ratio in White
Leghorn was significantly lower than that in other breeds. In
addition to the great differences in the capture ratio among
breeds, great variation was also detected among individuals
within the breed. For individuals in the B line, the difference
in the capture ratio can be up to 6% (Supplementary Table
S5), which indicates differences in the capture ratio between
species and individuals.

Considering the instability of the capture ratio in novel
sequences, the capture regions among breeds and individuals
may also vary. Therefore, we calculated the capture regions
in different breeds and validated the reproduction. Among
the 14,427 captured regions, 93.5% were detectable in mul-
tiple breeds and 53.4% were shared among these five breeds
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Figure 2. Capture ratio and regions in reference and novel sequences of the liquid chip. (a, b) Distribution of markers on the capture ratio of reference
(a) and novel sequences (b) in the test population. (c) Distribution of the capture ratio among different varieties; (d) Number of shared and unique

capture regions among different varieties.
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(Figure 2d). Furthermore, we compared the capture region of
three Wenchang samples whose capture ratios were similar
(33.2%, 33.3%, and 33.5%), and 65% were detected in three
samples (Supplementary Figure S1). Collectively, these results
indicated that there were breed and individual differences in
capture ratio and region.

Sequencing depth

In our previous research, the median sequencing depth of the
novel sequences was lower than the whole-genome depth,
because tandem repeats form noncanonical DNA structures
leading to in sufficient DNA sequencing (Guiblet et al., 2018).
Therefore, we compared the sequencing depth of reference
sequences with that of novel sequences by GBTS. As shown in
Figure 3a, the average depth of the target sites in the reference
sequences was approximately187X. Within 100 and 200 bp
near the target sites, the average depth can still reach more
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than approximately 80X and 12X, respectively. For the novel
sequences, the average sequencing depth of the target sites
was only one-third of that in the reference genome (Figure
3b). However, the sequencing depth by GBTS was higher than
that by resequencing, which may be a supplementary strategy
for acquiring novel sequences and assisting chicken genome
assembly.

Variation

After SNP calling, the number and MAF of SNPs were also
calculated. A total of 272.3K high-quality SNPs were identi-
fied (MAF > 0.05). Of these SNPs, 91.8% were located on the
reference genome and evenly occurred on each chromosome
(Supplementary Figure S2). Of these SNPs, 78.7% had an
MAF > 10% (Figure 3c). Of the polymorphisms, 4.60% were
in the 1-kb region upstream of the transcription start site or
downstream of the transcription end site, and 41.72% were
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Figure 3. Profile of read depth and SNP number in the test population. Read depth of target sites and their flanking regions in reference (a) and novel
sequences (b). (c, d) Distribution of the MAF of the SNPs in reference (c) and novel sequences (d).
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in the intergenic region. The remaining polymorphisms were
either in the exon or intron, of which only 14.4% were in the
exon (Figure S3). According to the annotation of the chicken
reference genome, the target polymorphisms covered 34%
(24,244) of the protein-coding genes. For the novel sequences,
22.5K variations were identified, 70.6% of which had a
MAF > 10% (Figure 3d). Therefore, the ratio (22.5/257.8)
of the number of variants in novel sequences to that in the
reference genome was lower than the ratio of the length of the
novel sequence to that of the reference sequence (0.158/1.1),
which may be attributed to the limited capture ratio of the
novel sequence.

The ability to detect population stratification

PCA was performed using the genotyped data to investigate
the ability of the liquid chip to detect population stratification
in the validated samples. As shown in Figure 4a and b, indi-
viduals originating from Douji and Wenchang were tightly
clustered. The commercial layer of White Leghorn chickens
was relatively far away from the Chinese local breeds and
commercial broilers. This phylogenetic pattern was also sup-
ported by a phylogenetic tree constructed using the weighted
NJ method.

GWAS for growth and immune traits

Annotation and enrichment analyses indicated that many
novel genes were involved in many crucial biological pro-
cesses, including metabolism and immune response. To
benchmark the association of novel genes with traits, we
conducted GWAS on the weight at 42 d, the number of het-
erophils and lymphocytes, and the H/L ratio. The H/L ratio is
a reliable and accurate physiological indicator of the chicken
stress response and is related to bacterial killing ability. First,
stratified tests were conducted on the B line population.
PCA using the first two principal components showed that
the B line clustered together and did not form separate clus-
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ters (Figure S4). Therefore, population stratification was not
accounted for in the GWAS. The analysis revealed 65 SNPs
significantly associated with these traits with genome-wide
significance (-log10(P) > 4.73) (Figure 5 and Supplementary
Table S6). Of these SNPs, 41 were associated with BW at
42 d and mapped to chromosomes 1, 2, 3,4,5,6,11,12, and
25. Based on the SNP annotation, 27 of the significant SNPs
were located in intergenic regions, and 2 were in exons. For
immune traits, 24 genome-wide significant SNPs are located
on the reference genome, mainly on chromosomes 1, 3, 4,
11, 17, 23, 24, and 33. Annotation indicated that most of
them were located in intergenic and intronic regions. Con-
sidering fewer variations on novel sequences, the threshold
of significant SNPs dropped to 10-* to reveal putative can-
didate genes, and five SNPs located in novel sequences were
identified. One H/L-ratio-related SNP was in the sequence
of Silkies_2#wuji_913#4450#7400, in which a homologous
gene Ighv3-23 was located. Ighv3-23 is a member of the
immunoglobulin heavy chain variable (IGHV) gene family,
and the protein encoded by this gene is a B-cell receptor. In
chickens, this gene was highly expressed in immune-related
tissues (Supplementary Figure S5), indicating the possible
relationship with the H/L ratio.

Discussion

In our previous research, a chicken pan-genome was con-
structed from 20 de novo assembled genomes with high
sequencing depth, and 1,335 novel genes were identified (Li
et al., 2022). These novel genes participate in many biologi-
cal processes, for example, acyl-CoA dehydrogenase medium
chain (ACADM) (Gregersen et al., 2001), diacylglycerol
o-acyltransferase 1(DGAT1) (Liu et al., 2012), and hydrox-
ysteroid 17-beta dehydrogenase 8(HSD17B8) (Hiltunen et
al., 2019) are involved in fatty acid metabolism and steroid
synthesis. IKKy, RELB, and KH-type splicing regulatory pro-
tein(KHSRP) play a role in the immune response (Liu et al.,

Figure 4. Population stratification identified by the liquid chip. (a) Principal components 1 and 2 for the 5 breeds per lines. (b) NJ tree constructed using

p-distances between individuals.
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Figure 5. Manhattan and quantile—quantile plots of GWAS for growth and immune traits. Each dot represents an SNP in the dataset. The horizontal red
and blue lines indicate the thresholds for genome-wide significance and suggestive significance, respectively.

2015). However, the higher GC content and tandem repeats
of these novel genes can form noncanonical DNA structures,
such as G-quadruplexes, which result in an extremely low
detection rate of the novel sequences among the resequenced
data and hinder the exploration of the relationship between
novel genes and traits. In this study, although we avoided
genome regions with complex structures as much as possi-
ble before selecting the target regions and designing probes
for the novel sequences, approximately 30% of them were
captured in every sample. Two main possible reasons may
be attributed to this low capture ratio. One is that the novel
sequence acquired by 20 de novo assembled genomes may
not be present in every breed. The cattle pan-genome using
12 de novo assemblies has provent that many nonreference
sequences are mostly specific to one breed. Pan-genome
research on plants also reported this phenomenon (Liu et al.,

2020). Another is that the complex structure causes unsta-
ble detection. As shown in Supplementary Figure S1, par-
tial capture regions were significantly different among three
individuals of the same breed. However, the capture ratio of
the novel sequence was much higher than that of resequenc-
ing, which indicated the advantage of target sequencing in
capturing regions with complex structures, compared with
next-generation sequencing. It may be a new method to
obtain genome sequences with complex structures and can
be used to assist genome assembly. On the other hand, the
variety of capture regions among breeds and individuals also
highlights the challenge of assembling a complete genome
with only one DNA sample using current sequencing tech-
nologies.

After GBTS, a total of 272.3K high-quality SNPs were
identified, which was beyond the capabilities of the bead


http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac336#supplementary-data

chip. To date, two SNP arrays have been widely used in
chicken breed relationship analysis, GWAS, and genomic
selection. One is the 600 K SNP array developed by Kranis
et al. in 2013 (Kranis et al., 2013). However, this array was
designed based on foreign commercial broilers and egg lay-
ers, lacking the genomic variation information of Chinese
indigenous breeds. Therefore in 2019, Liu et al. developed
a new chip that contains the genetic variation of Chinese
indigenous breeds (Liu et al., 2019). However, the chip-
based genotyping platform has several disadvantages, such
as low customization efficiency, higher cost, and less flex-
ibility. To overcome these shortcomings, targeted capture
sequencing with ultrahigh-throughput and cost-effectiveness
has been developed and is now mainly used in plants (Liu et
al., 2022). Our attempt in chickens proved its applicability
in animals.

To explore the function of novel genes, we conducted
GWAS of growth and immune traits with our liquid chip.
These traits are crucial for the broiler industry. In our study,
quantitative trait loci (QTLs) affecting BW at 42 d were
identified on chromosome 1. Consistently, previous studies
also found that QTLs on the end of chromosome 1 were sig-
nificantly associated with growth traits in different chicken
populations (Liu et al., 2008; Sheng et al., 2013; Wang et
al., 2020b). For example, researchers identified a region
(chromosome 1: 173.5-175.0 Mb) of the chicken genome to
be strongly associated with growth traits. Zhang et al. per-
formed a GWAS in a Gushi-Anka F2 chicken population and
mapped the major QTLs of BW at 169.4 Mb on chromo-
some 1 (Zhang et al., 2021). This indicated the reliability of
our results and the efficacy of the liquid chip for GWAS. For
immune traits, SNPs on adhesion G protein-coupled receptor
B3 (ADGRB3) were associated with the H/L ratio, and this
gene was associated with fecal egg counts in sheep (Becker et
al.,2022). For novel sequences, no significant SNPs were asso-
ciated with BW or immune-related traits at the genome-wide
level. Considering the limited SNPs in the novel sequences,
we lowered the threshold and found some candidate SNPs.
For example, one SNP in the novel sequences was related to
the H/L ratio. This SNP was proximal to the IGHV3-23-like
gene, which is related to the differentiation of lymphocytes
and exhibits high expression in immune tissues (Bomben et
al., 2010; Dal-Bo et al., 2011). Due to limited phenotypes
and the capture ratio of novel sequences, exploration of the
correlation between these new genes and more traits will be
needed in the future.

Conclusions

In summary, compared with resequencing, the capture ratio
of novel sequences in pan-genome was greatly improved by
the designed liquid chip. The variation in the capture region
among species and individuals showed us that multiple
sequencing samples may be necessary for complete chicken
genome assembly with current sequencing technologies.
Using GWAS, a few SNPs in novel sequences were found to
be potentially associated with growth and immune-related
traits.
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Supplementary data are available at Journal of Animal Science
online.
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