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Abstract 
The efficiency of molecular breeding largely depends on inexpensive genotyping arrays. In this study, we aimed to develop an ovine high-res-
olution multiple-single-nucleotide polymorphism (SNP) capture array, based on genotyping by target sequencing (GBTS) system with cap-
ture-in-solution (liquid chip) technology. All the markers were from 40K captured regions, including genes located within selective sweep regions, 
breed-specific regions, quantitative trait loci (QTL), and the potential functional SNPs on the sheep genome. The results showed that a total of 
210K high-quality SNPs were identified in the 40K regions, indicating a high average capture ratio (99.7%) for the target genomic regions. Using 
genotyped data (n = 317) from liquid chip technology, we further performed genome-wide association studies (GWAS) to detect the genetic loci 
affecting sheep hair types and teat number. A single significant association signal for hair types was identified on 6.7-7.1 Mb of chromosome 
25. The IRF2BP2 gene (chr25: 7,067,974-7,071,785), which is located within this genomic region, has been previously known to be involved in 
hair/wool traits in sheep. The results further showed a new candidate region around 26.4 Mb of chromosome 13, between the ARHGAP21 and 
KIAA1217 genes, that was significantly related to teat number in sheep. The haplotype patterns of this region also showed differences in ani-
mals with 2, 3, or 4 teats. Advances in using the high-accuracy and low-cost liquid chip are expected to accelerate sheep genomic and breeding 
studies in the coming years.

Lay Summary 
Large-scale genotyping platforms are valuable tools for animal selection and breeding programs. The bead chip has been widely used in both 
research and commercial applications for a long time. A highly efficient and economical genotyping platform has been developed recently. In 
the present study, by combining the advantages of resequencing and bead chips, we developed a high-resolution capture array based on target 
sequencing with capture-in-solution technology (liquid chip), including updated functional probes according to the latest research. We further 
evaluated this approach by using 317 individuals and found that 210K single-nucleotide polymorphisms can be accurately genotyped, confirming 
the ratio of the captured regions compared with the designed rations is around 99.7%. Genome-wide association studies conducted using this 
chip suggested IRF2BP2 gene may be involved in hair types and ARHGAP21-KIAA1217 locus may be related to teats number. The liquid chip 
with high accuracy and low cost can be widely used in genome-wide association studies and genome selection, supporting efforts in molecular 
breeding and genetic improvement of sheep.
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quantitative trait loci; SDFR, SNP density in flanking region; SNP, single-nucleotide polymorphisms

Introduction
Single-nucleotide polymorphism (SNP) chips have been 
widely used in different molecular breeding programs because 
of their high accuracy (Gershoni et al., 2022) and low cost 
(Suratannon et al., 2020). Currently, the most popular Ovine 
SNP chips are the Illumina Ovine 50K BeadChip (Magee et 
al., 2010) and Ovine 600K Beadchip (Kranis et al., 2013), 
which were developed in the last ten years, mainly based on 
European sheep breeds. These chip data have been used for 

the analysis of genetic diversity (Mastrangelo et al., 2017), 
population genetics (Kijas et al., 2012), selective sweeps 
(Fariello et al., 2014), and genome-wide association stud-
ies (GWAS) (Kijas et al., 2013). A new genotyping technol-
ogy, referred to as genotyping by target sequencing (GBTS), 
can target more sites than the 50K BeadChip, by using 40K 
probes (Guo et al., 2019). GBTS can be performed through 
multiplexing polymerase chain reaction (PCR) (GenoPlexs) 
and regular PCR (GenoBaits), depending on the number of 
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markers. The latter captures DNA fraction in solution, which 
is also called a liquid chip. The principle of the liquid chip is 
based on designing probes in the vicinity of the target SNPs 
and hybridizing with the targeted regions of the genome. 
After elution, amplification, and library building, high-depth 
next-generation sequencing is performed to genotype SNPs 
on all captured sites. Capturing sites with high SNP density in 
their surrounding regions can provide a set of adjacent SNPs, 
also called multiple SNPs (mSNPs), which are more condu-
cive to haplotype analysis and genotype imputation. Studies 
on maize have demonstrated that mSNPs can significantly 
increase the detection efficiency of GWAS signals compared 
to SNPs (Guo et al., 2019, 2021). In addition, liquid chips 
based on GBTS have the advantages of flexible design, sites 
that can be added at any time, and low price, which makes 
large-scale genotyping of sheep possible at a lower cost.

In the previous chip design, the marker selection process 
mainly considered the SNPs’ frequency and distribution. How-
ever, some candidate loci and regions related with important 
traits in sheep have already been reported by multi-omics stud-
ies, which can provide more useful information for marker 
selection during chip design. First, the genotypic divergence of 
domestic and wild animals can reflect the phenotypic changes 
during domestication, such as presence of horns (Kardos et al., 
2015), the number of vertebrae (Rubin et al., 2012), dietary 
intake (Axelsson et al., 2013), immunity (Zheng et al., 2020), 
and other important traits (Rochus et al., 2018). Therefore, 
genome screen for selection signatures is a powerful method to 
detect variation in adaptive response during domestication. Sec-
ond, each breed has unique genomic characteristics, which may 
be related to environmental adaptation and breed-specific traits 
(Li et al., 2020b; Xu et al., 2021). Third, Animal QTL Database 
(Hu et al., 2013) contains many quantitative trait loci (QTL) 
regions related to the important economic traits of sheep. 
Fourth, SNPs known to be related to economic traits are also 
important for chip design. For example, heterozygote genotypes 
at the FecB locus can increase the average number of ovulations 
by 1.5 and the average number of lambs by 1, and homozygotes 
can increase the number of ovulations by 3 and the number of 
lambs by 1.5 (Davis, 2005). Fifth, a draft assembly of the ovine 
Y chromosome has been reported in our previous study (Li et 
al., 2020a). Including SNPs on the Y chromosome during chip 
design allows the study of paternal origin and sex identification. 
In conclusion, the chip design containing the above potential 
functional sites can improve the detection accuracy of subse-
quent analyses of GWAS and genome selection (GS).

Therefore, with the development of equipment and tech-
nique, we designed an accurate, high-throughput, and low-
cost liquid chip for sheep genotyping. We further validated its 
performance by performing GWAS on 317 animals. The chip 
will be a powerful tool for sheep breeding and research.

Materials and Methods
All experimental procedures were approved by the North-
west A&F University Animal Care Committee (permit num-
ber: NWAFAC1019) and performed in accordance with the 
guidelines.

Data collection and detection of the candidate SNP 
markers
We collected and generated resequencing data from 36 wild 
sheep and 551 domestic animals belonging to 61 breeds from 

all over the world (Supplementary Table S1). All cleaned 
reads were mapped to the sheep reference assembly Oar4.0 
(GCF_000298735.2) using BWA-MEM (0.7.13-r1126) with 
default parameters (Li, 2013). Duplicate reads were removed 
using Picard Tools (http://broadinstitute.github.io/picard/). 
SNPs were detected by the Genome Analysis Toolkit (GATK, 
version 3.8-0-ge9d806836) (Auwera et al., 2013).

To get high-quality SNPs for chip design, stringent filter 
values as the GATK website recommended were applied for 
all variants with quality by depth < 2.0, root mean square of 
mapping quality (MQ) < 40.0, Fisher strand > 60.0, symmet-
ric odds ratio test > 3.0, MQRankSum < −12.5, and ReadPos-
RankSum < −8.0. After this, variants with reads depth (DP) 
< mean read depth/3 or > mean read depth × 3 were further 
excluded using VCFtools (Danecek et al., 2011). Finally, a 
total of 99,406,384 SNVs were obtained.

Development of the SNP panel
Sites identification in domestication and selection 
regions
We detected the selective sweep signals by searching the 
genome for regions with high fixation index (FST) values and 
high differences in genetic diversity (π log ratio). First, we cal-
culated the FST and π log ratio in sliding 50-kb windows with 
25-kb steps along the autosomes using VCFtools (Danecek 
et al., 2011) and in-house scripts for comparisons between 
wild and domestic sheep, wild and European sheep, wild and 
Chinese sheep. We then filtered out any windows that had 
fewer than 10 SNPs in the FST and π log-ratio results. At last, 
we selected the top 1% regions as the divergent regions in 
each comparison.

Then, the single-locus FST and single-locus π log ratio of 
each SNP in the divergent regions were calculated using 
default parameters by VCFtools and in-house scripts for com-
parisons between wild and domestic sheep, wild and Euro-
pean sheep, wild and Chinese sheep. The single-locus π values 
were obtained in domestic, European, and Chinese sheep, 
respectively.

Finally, the top 50 sites with the highest single-locus FST, 
highest single-locus π log ratio, and lowest single-locus π 
value among the divergent regions were selected separately, 
and the intersection using scripts written in-house was taken 
as the candidate sites for each interval.

Sites selection in breed-specific and animal QTL 
database-related regions
Genome-wide screening and functional annotation studies 
have identified genomic regions related to important traits in 
different sheep breeds, such as reproduction (Hu sheep vs. 
Tan Sheep), milk yielding (East Friesian milk sheep vs. Finn 
sheep; Li et al., 2020b). Besides, some of the QTL regions 
which have been previously documented in the animal QTL 
database (Hu et al., 2013), associated with major economic 
traits (such as growth and development, reproduction, and 
milk production) in sheep, were also used as candidate inter-
vals for chip design. Breed-specific regions and the regions 
in the sheep QTL database mentioned above were combined 
into larger regions using the “merge” subcommand of BED-
tools (Quinlan and Hall, 2010).

For each region described above, tagSNPs were found 
as the representative sites in each region. We used PLINK 
v1.9 (Purcell et al., 2007) to filter SNPs with options: “--maf 
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0.1 --geno 0.1 --hwe 0.001.” Then, pairwise tagging was 
performed by Haploview v4.2 (Barrett et al., 2005). We 
regarded all SNPs in the blocks assigned by Haploview as 
the candidate SNPs (rather than the tagSNPs recommended 
by the software).

For the two kinds of candidate regions above, we counted 
the total number of SNPs within 100 bp upstream and down-
stream of all tagSNPs in these regions (including itself). This 
value was defined as SDFR (SNP Density in Flanking Region). 
After that, the sites with SNP density between 3 and 7 were 
retained as candidate SNPs. For each candidate region, we 
selected SNPs from regions with the highest SDFR as candi-
dates for every 50 kb fragment.

Targeting potential functional sites for genotyping
Many SNPs reported by GWAS studies are associated with 
some economic traits, including growth, reproduction, milk 
traits, appearance, etc. (Table 1). The SNPs located on can 
help to improve the accuracy of GWAS and GS studies. A 
total of 209 SNPs from 48 studies (Table S9) were directly 
added to the chip panel candidate sites dataset.

We selected 26 SNPs in the male-specific region of the 
sheep Y chromosome according to our previous study (Li et 
al., 2020a) and added these loci to the chip sites dataset (see 
detail in Supplementary Table S2) to enable the identification 
and verification of the sex of the samples to be tested. In addi-
tion, we selected conserved loci on two strains of Brucella 
melitensis (Brucella melitensis str. M1981 and Brucella mel-
itensis str. RM57), including the molecular marker VirB12 

(Rolan et al., 2008) for detection of brucellosis in sheep. Since 
the loci on the Y chromosome and the sites on the sheep bru-
cella genome are not on the sheep reference genome (Oar4.0), 
they were not taken into account in the next filling stage, 
although they were also used as backbone sites.

Gap filling
We first calculated the SDFR values of SNPs on the GGP 
Ovine HD (Zhou, 2019) with minor allele frequency (MAF) 
> 0.05, and then screened out all sites with SDFR values 
between 3 and 7 as the source of filling. Next, the interval 
between adjacent backbone sites with spacing greater than 
100 Kb was filled by SNPs with SDFR values between 3 and 
7 on the GGP Ovine HD. Then, we selected SNPs using the 
same method described above according to the SDFR values.

After combination and de-redundance, all sites were consid-
ered for the adjacent spacing, and the intervals with spacing 
greater than 100 Kb were filled again using the same method.

Probe production and sequencing
The liquid chip is based on GBTS technology, which relies 
on target capture by the complementary combination of 
the probes and the target sequences. To ensure capture effi-
ciency, GenoBaits Probe Designer (Jianan Zhang, Molbreed-
ing Biotech.) was used for designing two probes with 60% 
to 70% overlap, both of which should cover the target SNP 
sites. The length of a designed probe is 110 bp, with the GC 
content between 30% and 70%, excluding the ones with 
non-specific amplification, and without simple sequence 
repeat or gaps.

Genomic DNA was extracted according to the standard 
phenol-chloroform method from whole blood. The libraries 
were constructed using the GenoBaits DNA-seq Library Prep 
Kit (MolBreeding Biotechnology Co., Shijiazhuang, Hebei, 
China) according to the manufacturer’s protocol. Next, 
probes and hybridization buffer were mixed and hybridized 
at 65 °C for 16 h. Then, Dynabeads MyOne Streptavidin C1 
and binding buffer were put in the solution to enrich the tar-
get DNA fragments but remove the non-target ones. The tar-
get fragments were amplified by library amplification primer 
and DNA polymerase. Next, two rounds of purification were 
conducted using Beckman AMPure Beads. Finally, Qubit 2.0 
Fluorometer (Thermo Fisher Scientific, CA) and qPCR were 
used to quantify the library concentration and sequencing 
was done with PE150 on the MGISEQ-2000 platform (MGI, 
Shenzhen, China).

Evaluation of the liquid chip
Samples, genotyping, and imputation
Samples were collected from a crossbred generated by backcross-
ing F1 East-Friesian × Hu dams to East-Friesian sires bred by 
Gansu Yuansheng Agriculture and Animal Husbandry Technol-
ogy Co., Ltd. (Jinchang, Gansu, China). A total of 323 samples 
were collected. Phenotypes include fleece types in the tail and 
teat number. DNA was extracted from blood and sequenced by 
the 40K liquid chip. We combined the sheep reference genome 
Oar1.0, Y chromosome, and sheep brucella genome as the new 
reference genome, called Oar1.0ForChip, and used the above 
methods for mapping, calling, and filtering SNPs. Additionally, 
we used BCFtools (Danecek et al., 2021) to filter SNPs again 
with options: “-i ‘F_MISSING < 0.1 & MAF > 0.05’ -v snps 
-m2 -M2,” remaining 317 sheep and 209,625 SNPs.

Table 1. The number of SNPs in important functional genes in the chip

Genes Sites number Traits References 

BMPR1B 19 Litter size (Souza et al., 2001)

BMP15 5 Litter size (Dixit et al., 2006)

GDF9 7 Litter size (Hanrahan et al., 
2004)

LEMD3 3 Ear size (Zhang et al., 
2014)

MSRB3 4 Ear size (Paris et al., 2020)

MSTN 14 Muscle (Hickford et al., 
2010)

RXFP2 13 Horns (Luhken et al., 
2016)

CSN1S1 10 Milk composition (Calvo et al., 2013)

DGAT1 3 Milk composition (Martin et al., 
2017)

FBXL3 3 Circadian rhythm (Godinho et al., 
2007)

PDGFD 17 Tail fat (Dong et al., 2020)

TBXT 8 Tail length (Han et al., 2019)

IRF2BP2 20 Fleece (Demars et al., 
2017)

KRT36 7 Fleece (Sulayman et al., 
2018)

BCO2 10 Fat deposition (Våge and Boman, 
2010)

NRIP1 1 Fat deposition (Xu et al., 2017)

VRTN 5 Vertebral number (Li et al., 2019)
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Then, we first used conform-gt (https://faculty.washington.
edu/browning/conform-gt.html) to assign alleles in our VCF 
file consistent with the reference VCF file. We used Beagle5.0 
(Browning et al., 2018) to impute missing SNPs using a refer-
ence panel of 43 East Friesen sheep and 8 Hu sheep from the 
same farm with default parameters. To ensure a high imputa-
tion accuracy, we used the criterion of dosage R-squared > 0.8 
according to a previous study (Pook et al., 2020) to filter the 
imputed VCF, resulting in a total of 647,471 SNPs. Finally, we 
converted the VCF file to a PLINK file.

Genome-wide association study and variants 
annotation
GWAS was conducted by GEMMA (0.98.3) using the follow-
ing mixed linear model (Zhou and Stephens, 2012):

y = Wα+ xβ + u+ ε,

where y is the phenotypes of n × 1 vector; W denotes the n × 
c matrix of covariates (fixed effects); α is the c × 1 vector of 
the corresponding coefficients including the intercept; x is the 
n × 1 vector of markers; β is the effect size of the markers; u 
is n × 1 vector of the random effect with u ~ N (0, KVg); K 
represents the known n × n relatedness matrix calculated by 
SNP markers, and Vg means polygenic additive variance; ε is 
the random error vector with ε ~ N (0, IVe), and I denotes n 
× n identity matrix, Ve means polygenic residual component.

In this study, the fixed effects were the first three princi-
pal components, and the relatedness matrix was used as the 
random effect. The number of independent SNPs was esti-
mated based on the linkage disequilibrium (LD) analysis 
performed with PLINK v.1.9 (Purcell et al., 2007), with the 
option “--indep-pairwise 50 5 0.4.” PLINK calculated the LD 
between each pair of SNPs in a window of 50 SNPs with a 
step size of 5 SNPs and removed one of a pair of SNPs if the 
LD is greater than 0.4. The threshold of genome-wide signifi-
cance (P genome < 0.05/number of independent SNPs) was 
determined by the Bonferroni correction at the empirical level 
of 0.05 (Marees et al., 2018).

The functional annotation of significant variant SNPs in 
GWAS results was performed using ANNOVAR (1 February 
2016) (Wang et al., 2010).

Results
Identifying SNP sources from global sheep breeds
To provide a reliable dataset for panel design, we collected 
re-sequencing data from 587 sheep, including 551 domestic 
individuals belonging to 64 breeds from all over the world 
(Supplementary Table S1). There were also 36 wild samples, 
including Mouflon, Urial, Argali, Bighorn sheep, and Thin-
horn sheep (Supplementary Table S1). All the above data were 
mapped to the sheep reference genome Oar4.0. All variants 
were subjected to stringent filtering and a total of 99,406,384 
SNPs were finally obtained as the source for the following 
chip marker selection.

Development of the chip panel
Regions and sites with potential functions were selected as the 
skeleton of the chip structure. The genomic regions included 
domestication-related regions (143; type I in Figure 1A), selec-
tive sweeps regions of Chinese (224; type II in Figure 1A) and 

European sheep (252; type III in Figure 1A), breeds-specific 
regions (575; type IV in Figure 1A), and sheep QTL regions 
(353; type V in Figure 1A).

Besides the potential functional regions, 149 SNPs asso-
ciated with economic traits from previous studies (Table 1) 
and 60 SNPs from an additional GWAS (Li et al., 2020a) 
were added to the skeleton sites set without any filtering 
(type VI in Figure 1A). A total of 26 SNPs came from the 
non-homologous regions of the Y chromosome also used 
as candidate sites for panel design (typeVII in Figure 1A), 
to identify the paternal origin. Six SNPs of the conserved 
regions on the Brucella melitensis genome were selected to 
detect whether the samples were infected by Brucella (type 
VIII in Figure 1A).

All mentioned above SNPs were merged and then dupli-
cates were removed. A total of 7,594 SNPs were selected and 
considered as the skeleton sites. After that, 40,579 SNPs were 
added in the large intervals between two adjacent sites to 
ensure even distribution across the genome (type IX in Figure 
1A). A total of 48,173 candidate SNPs were used to assess the 
ability of probe designs.

After evaluating all candidate SNPs, a total of 40,156 sites 
were finally used for probe design, including 5,741 potential 
functional sites and 34,415 filler sites (Table 2; Supplementary 
Tables S2 and S8). A strong correlation was found between 
the length of chromosomes and the number of sites selected 
on each chromosome (Figure 1B; Supplementary Table S3; 
Spearman correlation; r = 0.988; P-value = 2.2 × 10−16), indi-
cating that all sites in the panel were evenly distributed on 
the sheep genome. The average spacing between adjacent sites 
was about 64.4K, and the spacing was mostly between 50K 
and 70K (Figure 1C).

Genotyping performance of the chip
To validate this chip, 317 genomes of F2 hybrids of East Frie-
sian and Hu Sheep were genotyped. The average capture ratio 
of the 40K probes was 99.7%, and 98.7% of the individuals 
had a capture ratio of 99.0% or higher (Figure 2A, Supple-
mentary Table S4). At least 126 Mb and 17Mb of the genome 
were covered above 10× and 5× (Supplementary Table S5), 
respectively.

A total of 210K high-quality SNPs were identified in the 
40K regions, suggesting more than five SNPs per region can 
be genotyped on average (Supplementary Table S6). Among 
the 210K SNPs, 99.71% of them had a MAF > 5% (Fig-
ure 2B), which was the basis for performing GWAS. Using 
the standard capture and sequencing pipeline, the average 
depth of the 40K target sites for probe design was about 
70×. Within 100  bp and 200  bp nearby the target sites, 
the average depth can still reach more than about 30× and 
5×, respectively (Figure 2C; Supplementary Table S7). The 
depth of autosomal loci in rams and ewes (from another 
dataset) was roughly the same, while the average depth of 
Y chromosome loci in rams was significantly higher than 
that in ewes (Figure 2D). The latter one was found only 
0.03×. Therefore, the average depth of Y chromosome sites 
can be used to identify the sex or perform sex verification 
of the sample.

High-resolution GWAS for fleece and teat number
To evaluate the performance of this chip, we conducted 
GWAS on fleece and teat number traits using 317 F2 hybrids 
mentioned above.

https://faculty.washington.edu/browning/conform-gt.html
https://faculty.washington.edu/browning/conform-gt.html
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data


Journal of Animal Science, 2022, Vol. 101 5

There are two types of hair in our samples: long hairy 
fleece and short wooly fleece. GWAS for this trait detected 
163 associated SNPs with a genome-wide significance (8.01E-
7, 0.05/62422). These SNPs spanned from 6.7Mb to 7.1Mb 

on OAR25 (Supplementary Figure S1). There are eight 
genes in this region, including SLC35F3, LOC105604913, 
LOC101113195, TARBP1, LOC105604914, 
LOC101111733, IRF2BP2, and LOC114110878.

Figure 1. Roadmap and characterization of the SNPs on the chip. (A) Roadmap for the design of sheep liquid chip. (B) Distribution of the designed sites 
on the genome with 1Mb window size. (C) The frequency distribution of the spaces between adjacent SNPs.
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To get more precise results, we imputed the chip data at 
sequence level. The GWAS result after imputation revealed the 
same association signals (genomic region located at 6.7 Mb to 
7.1 Mb on OAR25) as before imputation (Figure 3A,B). Pre-
vious publications identified similar associations in the same 
region (Demars et al., 2017; Lv et al., 2021). Therefore, a 
high probe density was designed in this region and showed no 
significant improvement for associations compared to those 
before imputation.

Normally sheep have two teats, but a few ewes have one or 
two extra teats. These extra teats usually do not produce milk 
and may become a bacterial reservoir, negatively affecting 
machine milking (Pausch et al., 2012). The results of GWAS 
for teat number suggested an association signal on OAR13: 
26,401,124 (Supplementary Figure S2), even though only one 
SNP passed the threshold.

To exclude false positives, we conducted another GWAS 
using the dataset after imputation. The results showed 
that the region associated with the teat number was 
located around 26.4 Mb on OAR13, and the positions of 
the three most significant SNPs were OAR13: 26398953 
(rs425911101), OAR13: 26401124 (rs430301061), and 
OAR13: 26403722 (rs416056176) (Figure 3C,D). All three 
sites were located between the ARHGAP21 and KIAA1217 
genes. The haplotype heatmap of this region showed differ-
ent haplotype patterns between these three sites and other 
surrounding sites (Supplementary Figure S3). On these 
three sites, the individuals with two teats had a proportion 
of 71.5% of the reference allele (the blue grids), while the 
samples with four teats had a proportion of 30.2% of the 
reference allele (the blue grids) but 69.8% of the alternative 
allele (the red grids).

Discussion
Obtaining accurate genotypes at a lower cost is one of the 
urgent issues that needs to be solved in sheep breeding. In 
this study, a sheep liquid chip based on genotyping by target 
sequencing was developed from large-scale resequencing data 

by using some new chip design methods. The chip contains 
5,741 potential functional SNPs related to domestication 
and selective sweeps, breeds-specific regions, QTLs, known 
functional SNPs/genes, sites on the Y chromosome, and sites 
on the Brucella genome. Besides, we selected 34,415 SNPs as 
filter sites with a high density of SNPs in their surrounding 
sequences. Finally, a total of 40,156 sites were used for chip 
production.

The chip’s performance was assessed by genotyping 317 
individuals. We observed a high capture rate due to probe 
design and strict filtration. The captured fragments were 
re-sequenced with a high depth, in which the target sites 
could be sequenced at a depth of 70X, which resulted in high 
genotyping accuracy. In addition, not only the target sites but 
also the variants around the target sites could be detected, 
including SNPs and indels. Besides, this chip could detect 
more than 200K SNPs and other variants with 40K probes, 
even novel variants, or variants with a very low frequency, 
which was beyond the Illumina Ovine 50K BeadChip’s capa-
bility. Moreover, the price of this chip is comparable to the 
Illumina Ovine 50K BeadChip. In other words, by combining 
the advantages of re-sequencing and bead chips, the newly 
designed chip can obtain much more variants than Illumina 
Ovine 50K BeadChip at a comparable price, which is very 
economical for GWAS and other studies.

We performed GWAS on 317 F2 hybrids genotyped by this 
chip and found regions associated with traits of fleece and teat 
number. The result of GWAS for fleece type indicated an asso-
ciation signal on OAR25, including the SLC35F3, TARBP1, 
and IRF2BP2 genes. A previous study has shown an inser-
tion of the 3’-UTR of the IRF2BP2 gene leads to a change 
between a long hairy fleece and a short wooly fleece (Demars 
et al., 2017). One recent study has shown that a novel muta-
tion in the 3ʹUTR of IRF2BP2 could be the causal variant 
for fleece types (Lv et al., 2021). However, since our samples 
belonged to the F2 population and the signal was localized to 
a relatively broad region, a more refined post-GWAS analy-
sis might clarify the causal region more clearly. The genomic 
region association with teat number is located between the 
ARHGAP21 and KIAA1217 genes on OAR25. However, 
a similar study on sheep has reported genes related to teat 
number (BBX and CD47) on OAR1 (Peng et al., 2017), pos-
sibly because the mechanisms that determine sheep teat num-
ber traits are complex and still need to be demonstrated by 
GWAS or more accurate experiments with larger populations.

For the fleece type GWAS, the results after imputation did 
not improve much compared with those before imputation. 
The candidate region showed a high probe density because we 
screened out this region during the process of chip design by 
four data sources: sheep domestic regions (type I in Table 2), 
European sheep selective regions (type III in Table 2), sheep 
QTL regions (type V in Table 2), and important functional 
genes (type VI in Table 2). Additionally, there was a higher 
linkage disequilibrium between markers on this specific chro-
mosomal region than that of the whole chromosome. The 
mean r2 of a pair of SNPs in the region with an average dis-
tance of 5Kb was 0.8, while the mean r2 of a pair of SNPs of 
the whole chromosome with the same distance was 0.6. Due 
to these two reasons, even without imputation, a significant 
association signal could be obtained (Supplementary Figure 
S1). This strategy of selecting more markers in the important 
region reduced the reliance on imputation due to low marker 
density. In contrast, the region associated with teat number 

Table 2. The number of target SNPs in each term of SNP1 source

Type Category Number of SNPs 

I SNPs in domestic regions 1,351

II SNPs in the selective  
region of Chinese sheep

1,134

III SNPs in the selective  
region of European sheep

547

IV SNPs of breeds-specific 
regions

885

V SNPs of Sheep QTL2 regions 1,583

VI Sites in genes about 
 important traits

209

VII Sites in the Y chromosome 26

VIII Sites in the brucella genome 6

IX Filled sites 34,415

Total 40,156

1SNP, single-nucleotide polymorphism
2QTL, quantitative trait loci

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skac383#supplementary-data
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Figure 2. Validation of the sheep liquid chip. (A) Distribution of the capture ratio of the 317 sheep. (B) Distribution of the MAF of the SNPs on the chip 
and their flanking regions. (C) Read depth of designed SNPs and their flanking regions. (D) Depth of SNPs on the autosome, X chromosome, and Y 
chromosome, respectively.

Figure 3. Manhattan and quantile-quantile plot of GWAS for hair types and teat number. (A, B) Manhattan and quantile-quantile plot for hair types. (C, D) 
Manhattan and quantile-quantile plot for teat number.
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was a novel region, which had not been reported as a QTL in 
previous studies. During chip design for the regions like this, 
high-quality SNPs were evenly filled. Therefore, a significant 
association signal was obtained as well (Figure 3C,D; Supple-
mentary Figure S2).

In conclusion, a low-cost, high-accuracy sheep whole-ge-
nome liquid chip based on re-sequencing data has been 
developed. This chip can be widely used in GWAS and GS 
for large-scale genotyping, offering a new tool for molecular 
breeding and genetic improvement of sheep.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.
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