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Abstract

Background In the genetic breeding research of dairy goats, traditional genotyping methods have limitations,

and existing goat chips have shortcomings in functional loci and other aspects, which cannot meet the precise
genetic analysis needs of dairy goats. Genotyping by Target Sequencing (GBTS) in the new generation of sequencing
technology provides the possibility to solve these problems.

Results A large number of candidate SNP sites related to important economic traits in dairy goats were identified
through various analysis and screening methods. The chip ultimately retained 27,396 SNP sites for probe design,
which can detect 46,459 SNPs. The site distribution is uniform, and the sequencing data efficiency, base quality,
alignment rate, and other indicators are good. The chip SNP detection rate is high and the heterozygosity of gene
typing is reasonable. GWAS was performed on 200 dairy goats for litter size and birth weight traits, and multiple
genome-wide significantly related SNPs and related genes (litter size trait: SCAP, PTPN23, KIF9, ANTXRL, and GRID1. birth
weight trait: NALCN, LRRN2, TMEM 132D, COL5A2, and HS3ST1) were detected.

Conclusion The 25 K multiplex SNP liquid phase capture chip designed in this study has excellent performance and
is of great value for genetic research and breeding of dairy goats, providing strong support for the development of
the dairy goat industry.
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Introduction

In the genetic breeding of dairy goats, advancements in
genotyping technologies are pivotal for driving indus-
trial progress [1]. Current large-scale SNP genotyping
primarily relies on three approaches: Genotyping by
Sequencing (GBS), whole-genome sequencing (WGS),
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non-dairy breeds dominating the SNP selection, resulting
in poor functional relevance to dairy traits and subopti-
mal performance in Chinese dairy goat populations [7,
8].

SNPs, as the most abundant genomic variations, are
tightly linked to economically vital traits in dairy goats
[9-11]. However, traditional genotyping methods strug-
gle to balance throughput, resolution, and cost-effective-
ness for large-scale precision breeding [12—14]. Although
genomic selection has revolutionized cattle [15], pig [16],
and poultry [17] breeding, dairy goats lag significantly
in adopting such technologies. This gap underscores an
urgent need for innovative solutions.

This study aims to design a high-resolution, multi-
SNP liquid capture chip specifically for dairy goats using
genomic and other data. The chip will focus on designing
regions within the genome of dairy goats that are related
to important economic traits. Optimizing the sequence
and layout of capture probes will enable the capture of a
large number of SNP sites with high sensitivity and speci-
ficity. The high-resolution feature of this chip will help us
analyze the genetic diversity and population structure of
dairy goats more finely, providing more accurate guid-
ance for the genetic breeding of dairy goats and promot-
ing the development of the dairy goat industry toward
higher quality and efficiency.

Materials and methods

Sample collection and sequencing

In this study, samples were collected from four dairy
goat breeds (aged 2—4 years) in Shaanxi Province, China:
Xinong and Guanzhong dairy goat (n=142, 127 females
and 15 males; high milk yield and local adaptation), Saa-
nen (n=184, all females; high milk yield), and Alpine
(n=22, all females; high quality milk and environmental
adaptability). For each goat, 5 mL of blood was drawn
from the jugular vein without the need for euthanasia
or anesthesia. Subsequently, DNA was extracted using
the standard phenol-chloroform method. Samples with
determined DNA concentrations were then subjected
to whole-genome sequencing by Huada company. The
average insert size per individual was 500 bp, and the
average read length was 150 bp. Moreover, resequenc-
ing data from goat breeds were downloaded from public
databases. The study was approved by the Institutional
Animal Care and Use Committee of Northwest A&F
University (protocol number DK2022008). All the appli-
cable institutional and national guidelines for the care
and welfare of animals have been strictly followed for
the sampling procedures. We obtained informed consent
from the owners of the goats at the farms to use the ani-
mals in this study.
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Read mapping and variant calling

In this study, Trimmomatic v0.39 [18] was utilized to
filter the paired-end sequences. Subsequently, BWA-
MEM (v0.7.15-r1140) [19] was utilized to align the
clean data with the goat reference genome ARS1.2
(GCF_001704415.2). Then, samtools [20] was used to
construct a BAM file index for mapping purposes. The
BAM files were sorted, and potential duplicate reads
were removed by means of the Picard tool (http://broadin
stitute.github.io/picard) tool. After the mapping process,
SNP calling was carried out using the “Haplotype Caller,
“Genotype GVCFs,” and “Select Variants” modules within
the GATK genomic analysis tool package (GATK, ver-
sion 3.8-1-0-gf15c1c3ef) [21]. The initial SNPs were fil-
tered using the “Variant Filtration” module, based on the
following parameters: “QD<2.0, FS>60.0, MQ<40.0,
MQRankSum<-12.5, ReadPosRankSum<-8.0, and
SOR>3.0", along with an average sequencing depth of
variants in the range “<1/3x and >3x” for all individuals.
Finally, the ANNOVAR [22] software was used for the
functional annotation of the SNPs.

Identification of specific loci in dairy goats

We classified goats into dairy goat (DG), non-dairy goat
(NDG) breeds, and Xinong Dairy Goats, taking into
account their characteristics and origins. Next, we com-
pared the genomes of the two dairy goat breeds. To
estimate the signal scanning regions, we combined nucle-
otide diversity (Bn DG/NDG) and fixation index (FST)
with VCFtools [23], using 50 kb sliding windows and
25 kb sliding steps. In addition, we employed the cross-
population composite likelihood ratio test (XP-CLR) [24]
to identify potential regional differences between differ-
ent breeds. XP-CLR is a likelihood method that detects
selective sweeps by jointly modeling multi-locus allele
frequency differences between two groups. We anno-
tated the scanned regions from the intersection of the
two parameters with the highest 1% threshold to identify
candidate regions. Finally, we used Bedtools [25] and in-
house written scripts to identify the candidate sites for
each interval.

Genome-wide association analysis (GWAS) screening for
functional loci

We sourced data from Saanen dairy goats, which had
comprehensive genotype information as well as pheno-
type records. Our aim was to explore the genetic basis
of important economic characteristics. To achieve this,
we carried out an association analysis of these impor-
tant economic traits. We utilized the linear mixed model
within the Genome-wide Efficient Mixed Model Asso-
ciation (GEMMA) v0.98.4 [26] basing our analysis on
the whole-genome-sequenced genotypes of dairy goats.
Before proceeding with the analysis, we performed
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quality control measures. Quality control was performed
using PLINK v1.9 with the following criteria: (1) indi-
vidual missingness (--mind 0.05), (2) SNP missingness
(--geno 0.05), (3) minor allele frequency (--maf 0.05), and
(4) Hardy-Weinberg equilibrium (--hwe le-6). Addition-
ally, in the R environment, we used the gqgman package
to visualize Manhattan and Q - Q plots [27]. Finally, for
each interval, we determined the threshold through in -
house written scripts, and these thresholds were consid-
ered as the candidate sites.

Site selection in breed-specific, animal QTL database-
related regions and functional sites

To distinguish between different breeds of dairy goats,
the genomes of various dairy goat breeds were sequenced
and contrasted. The focus was on analyzing the sequence
disparities among the genomes of different varieties,
with particular emphasis on single nucleotide polymor-
phisms (SNPs). Through comparing the distribution and
frequency of these variations across different breeds, sev-
eral species-specific markers were pinpointed. Genome-
wide screening and functional annotation investigations
led to the identification of genomic regions associated
with crucial traits in different goat breeds, such as milk
components and milk production. Additionally, some of
the QTL regions previously recorded in the animal QTL
database, which are linked to major economic traits (like
growth and development, reproduction, and milk pro-
duction) in goats, were selected as candidate intervals for
chip design. The breed-specific regions and the regions
from the goat QTL database were merged into larger
regions using the “merge” sub-command of BEDtools.
For each of these regions, tagSNPs were identified as the
representative sites. Numerous prior studies have linked
certain SNPs to important economic traits in dairy goats,
including milk fat content, milk production traits, and
immune traits. These sites were also incorporated into
the chip candidate site dataset.

Probe production and sequencing

The liquid chip operates on the basis of GBTS technology.
This technology depends on the target capture achieved
through the complementary combination of probes and
target sequences. To guarantee the capture efficiency,
GenoBaits Probe Designer was utilized for designing two
probes. These two probes should have an overlap rang-
ing from 60 to 70% and both must cover the target SNP
sites. The length of each designed probe is 110 bp. The
GC content of the probes is maintained between 30%
and 70%. Probes with non-specific amplification, simple
sequence repeats, or gaps are excluded. Genomic DNA
was extracted from whole blood following the standard
phenol - chloroform method. The libraries were con-
structed using the GenoBaits DNA - seq Library Prep Kit
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(MolBreeding Biotechnology Co., Shijiazhuang, Hebei,
China) in accordance with the manufacturer’s protocol.
Subsequently, the probes and hybridization buffer were
mixed and allowed to hybridize at 65°C for 16 h. After
that, Dynabeads MyOne Streptavidin C1 and binding
buffer were added to the solution. This step was carried
out to enrich the target DNA fragments while removing
the non - target ones. The target fragments were then
amplified using the library amplification primer and
DNA polymerase. Next, two rounds of purification were
performed using Beckman AMPure Beads. Finally, the
Qubit 2.0 Fluorometer (Thermo Fisher Scientific, CA)
and qPCR were employed to quantify the library concen-
tration. Sequencing was carried out with PE150 on the
MGISEQ-2000 platform (MGI, Shenzhen, China).

Verification of liquid chip

To get a more comprehensive overview of the panel
and SNP performance, Samples were collected from the
Shaanxi dairy goat breeding farm. A total of 212 sam-
ples were collected. DNA was extracted from blood and
sequenced by the 25 K liquid chip. We combined the goat
reference genome ARS1.2 and used the above methods
for mapping, calling, and filtering SNPs. Afterward, eval-
uate data efficiency, base quality, alignment rate with the
reference genome, SNP detection rate, genotype hetero-
zygosity, breed identification, and whole genome associa-
tion analysis.

Results

Data processing and GBTS liquid chip strategy for dairy
goats

A total of 348 dairy goats were chosen for genome rese-
quencing; details can be found in Supplementary Table
S1. These datasets were analyzed in combination with
previously published whole-genome sequencing (WGS)
datasets from 126 individuals belonging to 11 breeds,
as presented in Supplementary Table S2. Among the 11
domestic goat breeds, five are Chinese dairy goat breeds:
Xinong Dairy Goat (XNG), Chinese Nubian Dairy Goat
(CNG), Laoshan Dairy Goat (LSG), Tugenburg Dairy
Goat (TGB), and Guanzhong Dairy Goat (GZG). The
other six are non-dairy goat breeds, namely Yunnan Black
Goat (BBG), Jintang Black Goat (JTY), Matou Black Goat
(MTG), Shandong Jining Goat (SJG), Shaanbei White
Cashmere Goat (SWG), and Wuzhumugin Goat (WMG).
Additionally, the dataset includes the Iranian wild goat
(IWG) and dairy goats from Italy and Russia. From
these 474 goats, a total of 11.85 TB of paired-end DNA
sequence data was obtained. Each goat had an average
genome sequencing depth of 15.2X, with a range from
4.17 to 29.9x, and an average genome coverage of 97.15%
(see Supplementary Tables S1-S2). Of the sequenced
reads, 99.63% were successfully mapped to the latest goat
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reference genome, ARS1.2 (GCA_001704415.2) (Supple-
mentary Tables S1, S2). Among these reads, 0.602% were
located in the exon regions. Furthermore, 47,172,477
high-quality single nucleotide polymorphisms (SNPs)
were detected, with 1.2% (902,990) of them found in
exonic regions (Supplementary Tables S3). The aver-
age transition-to-transversion (Ti/Tv) ratio for all goat
samples was 2.37. This relatively low ratio indicates a low
likelihood of random sequencing errors (Supplementary
Table S4). The design strategy and verification experi-
ments of the 25 K GBTS liquid chip for dairy goats are
depicted in Fig. 1.

Selection of signal loci and screening of candidate SNP loci
for breed identification in dairy goats

To explore the selection signals related to milk produc-
tion accumulated in the genome layer during the for-
mation of dairy goat breeds, we conducted FST, 6m,
and XP-CLR analyses on dairy goat and non-dairy goat
breeds. The top 1% threshold outlier windows of the
three methods were combined, which was considered
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to be the specific region of dairy goats under positive
selection (Fig. 2) (Supplementary Table S5-7). After gene
annotation of SNPs, it was found that they mainly focus
on traits such as milk production, reproduction, growth
and development, and immunity. This process resulted in
the identification of 4117 candidate SNP sites associated
with important traits. Next, To enhance the efficiency of
distinguishing various breeds of dairy goats, this study
employed machine learning algorithms to delve deeper
into data features and assess the significance of SNP loci
in breed differentiation. A total of 7,030 candidate SNP
loci were identified.

Selection of functional SNP sites from GWAS, goat QTLdb,
and literatures

In order to obtain loci related to important economic
traits in dairy goats, this study collected traits such as
milk production, milk composition (milk fat percentage,
milk protein percentage, lactose percentage), somatic cell
count, growth and development, breasts, and reproduc-
tion. Combined with the resequencing data of 298 dairy
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goats, whole genome association analysis was conducted
to obtain SNP loci related to important economic traits
in dairy goats. A search was conducted on PubMed to
review SNP literature related to important traits of dairy
goats, including milk production traits, casein, milk fat
content, immune traits (False tuberculosis, pyoderma,
brucellosis), environmental adaptability, coat color, mas-
titis, keratinization, fatty acids, and semen quality. In
addition, a comprehensive analysis of the Goat QTLdb
database revealed the discovery of SNPs in genes related
to economic traits such as milk production in goats. After
removing duplicate and incomplete sites, which yielded a
total of 6172 SNPs (Supplementary Table S8).
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Analysis and verification of SNP loci types captured by 25 K
GBTS liquid chip

In order to achieve uniform distribution of chip sites,
background sites 14,887 were selected. A total of 32,293
loci were formed. These SNP loci were evaluated and
27,396 SNP loci were ultimately retained (Fig. 3A) for
probe design. Due to the probe’s ability to cover multiple
sites, the number of SNPs in this chip can reach 46,459.
From the figure, it can be seen that SNP loci are evenly
distributed on chromosomes and there are no large
GAP (Fig. 3B, C). The chip site annotation revealed that
the majority of SNPs were situated between genes or
within introns, next is the exon region (Fig. 3D). After
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read filtering and quality control, the effective rate of
the data was 93.35-95.39%, with an average effective
rate of 94.27%. The percentage of bases with Phred val-
ues greater than 20 and 30 in the total bases was 98.41%
and 96.07%, respectively (Supplementary Table S9). The
clean reads after quality control were compared with
the reference genome, reaching an average comparison
rate of 98.52% (Supplementary Table S10). These results
showed that the sequencing quality was reliable and met
the requirements for subsequent analysis. The 25 K liquid
chip exhibited a high SNP detection rate for dairy goats,
ranging from 99.66 to 99.75%, with an average of 99.71%,
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Fig. 4 Identification of dairy goat breeds using 3DPCA
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thereby meeting the required standards. In genotyping,
the heterozygosity rate was 30.92-35.93% (Supplemen-
tary S11).

Breed identification and GWAS verification

To evaluate the performance of this chip, seven breeds
of dairy goats were validated using chips, and the prin-
cipal component analysis (PCA) obtained is shown in
Fig. 4. The results clearly demonstrate that these SNP loci
act as effective discriminators among individual dairy
goat breeds. This highlights the potential of these SNP
loci to serve as a characteristic database for dairy goats,
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laying the groundwork for key genetic markers that could
aid in the development of efficient breed identification
methods in the future. Next, we conducted GWAS on
litter size and birth weight traits using 200 dairy goats
(Fig. 5). GWAS for litter size trait detected 11 associ-
ated SNPs with a genome-wide significance (Fig. 5A).
These SNPs are located on chromosomes 17, 22, and
28, spanning a total of 1.03 Mb. There are a total of 10
genes in this region, including PCDHI18, SCAP, PTPN23,
LOCI102173049, KLHLI18, KIF9, LOCI102173511,
LOC108633335, ANTXRL, GRID1. GWAS for birth
weight trait detected 7 associated SNPs with a genome-
wide significance (Fig. 5B). These SNPs are located
on chromosomes 2, 6, 12, 16, and 17, spanning a total
of 1.44 Mb. There are a total of 7 genes in this region,
including NALCN, TRNAC-GCA, LRRN2, TMEM132D,
COLS5A2, HS3ST1, and TRNAC-GCA.

Discussion

In the field of genetic breeding of dairy goats, accu-
rate and efficient genotyping techniques are crucial for
a deeper understanding of their genetic characteris-
tics and promoting industrial development. In recent
years, with the rapid application of genome resequenc-
ing technology and GBTS technology in the field of
animal and plant genetics and breeding, new directions
have been expanded for low-cost and efficient geno-
typing technology [12, 28, 29]. This study selected 348
dairy goats for genome resequencing and integrated

published whole genome sequencing data of 126 indi-
viduals from 11 breeds, obtaining large-scale sequencing
data of 474 goats. This multi breed and large-scale data
source provides a solid foundation for comprehensively
revealing the genetic information of dairy goats. The
average genome depth of 15.20 times and coverage rate
of 97.15% ensure the accuracy and completeness of the
data, creating conditions for precise mutation detection
and functional site screening in the future. Based on the
sequencing data above, this study focuses on designing a
25 K multiplex SNP liquid phase capture chip suitable for
dairy goats, dedicated to the high-quality and sustainable
development of China’s dairy goat industry.

To meet the diversity and specificity of chip sites, this
study screened chip sites through multiple pathways.
Firstly, site mining is based on selection signals. Through
EST, 6m, and XP-CLR analysis of dairy and non-dairy
goat breeds, 4117 candidate SNP loci related to impor-
tant economic traits in dairy goats were successfully
identified. These loci are concentrated in key trait-related
regions such as milk production, reproduction, growth
and development, and immunity, indicating that these
genomic regions are subject to selection pressure dur-
ing the formation of dairy goat breeds and may play an
important role in the breed-specific characteristics of
dairy goats [30, 31]. Secondly, machine learning screen-
ing of a breed of identification sites. Using machine
learning algorithms to screen 7030 candidate SNP loci for
breed identification. The PCA analysis results confirmed
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that these loci can effectively distinguish different dairy
goat breeds, providing strong support for establishing
a molecular marker database for dairy goat breed iden-
tification, and helping to provide a more accurate basis
for breed protection, breeding, and management [32].
Finally, integrate multiple sources of data to obtain rel-
evant loci. By combining whole genome association anal-
ysis, literature research, and information from the Goat
QTLdb database, 6172 SNP loci related to important
economic traits in dairy goats were identified. This multi-
source data integration method can comprehensively
cover known and potential functional loci, improving the
chip’s ability to detect genetic variations related to eco-
nomic traits in dairy goats [14, 33].

In the chip design process, 14,887 background sites
were selected to achieve a uniform distribution of sites,
resulting in 32,293 sites. After evaluation, 27,396 SNP
sites were retained for probe design, and 46,459 SNPs
were detected. The uniform distribution of loci on chro-
mosomes ensures effective coverage of the entire genome,
avoiding excessive or insufficient representation of local
regions, thereby improving the accuracy and comprehen-
siveness of chip detection. Meanwhile, the annotation
results of the loci showed that most SNPs were located
in intergenic or intronic regions, which is consistent with
the distribution characteristics of functional elements in
the genome and helps to discover potential regulatory
elements and intergenic interaction sites [34].

In order to verify the sequencing quality and detec-
tion efficiency of the chip, we strictly filtered and qual-
ity-controlled the sequencing data, and the effective rate
reached 93.35-95.39%, with an average effective rate of
94.27%. The base quality index was good, and the aver-
age alignment rate with the reference genome was as
high as 98.52%, indicating that the sequencing quality is
reliable and meets the requirements of subsequent analy-
sis. The detection rate of SNPs in dairy goats by the chip
is extremely high, with an average of 99.71%. This result
fully demonstrates the rationality of chip design and the
high sensitivity of detection, which can accurately cap-
ture target SNP sites and provide guarantees for precise
genotyping. In genotyping, the heterozygosity rate is
30.92-35.93%, which reflects the genetic diversity level
of the dairy goat population. Appropriate heterozygosity
helps maintain the adaptability and evolutionary poten-
tial of the population, while also providing abundant
genetic variation resources for genetic breeding [35].
Through genome-wide association analysis of traits such
as litter size and birth weight, this study has preliminarily
identified SNP loci and genes associated with these traits.
Previous literature has shown that SCAP [36], PTPN23
[37], KIF9 [38, 39], ANTXRL [40], and GRIDI [41-43]
are associated with the reproductive capacity of poul-
try and sheep [44]. Moreover, NALCN [45], LRRN2 [46],
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TMEM132D [47], COL5SA2 [48], and HS3STI [49] are
associated with growth and development [50].

With the development of more trait-related research,
this chip will help construct a genetic map of important
economic traits in dairy goats, explore key genes and
regulatory elements, and achieve a transition from tradi-
tional breeding to precision breeding. Recent advances in
genomic technologies, such as machine learning-driven
SNP prioritization and multi-omics integration, high-
light the potential for further refining trait-associated loci
in dairy goats. Precision breeding can improve breeding
efficiency, accelerate the cultivation process of excellent
breeds of dairy goats, meet the demand of the dairy goat
industry for high-yield, high-quality, and stress-resistant
breeds, and promote the development of the dairy goat
industry towards higher quality and efficiency. Although
significant achievements have been made in chip design
and verification in this study, there are still certain limita-
tions. For example, although the selection of chip loci is
based on multiple data sources, it may not cover all func-
tional loci related to important economic traits in dairy
goats. In addition, this study mainly focuses on specific
breeds and populations of dairy goats, and its applicabil-
ity to other regions or breeds needs further verification.
However, based on the flexibility of liquid-phase chips,
further optimization of loci can be carried out according
to the expansion of the sequencing population size and
the mining of important traits. Future research should
focus on integrating real-time phenotyping systems and
artificial intelligence-driven genomic prediction models,
which are emerging as transformative tools in livestock
genomics.

Conclusions

The 25 K multiplex SNP liquid-phase capture chip
designed in this study demonstrates high resolution,
sensitivity, and specificity, enabling efficient genome-
wide SNP detection in dairy goats. Compared to tradi-
tional solid-state chips, this platform offers lower costs,
dynamic updatability of functional loci, and enhanced
trait-specific targeting. Its modular design allows scalable
integration of new SNPs, ensuring adaptability to evolv-
ing breeding objectives. Practical applications include
genome selection of important economic traits, directly
promoting precise breeding and genetic improvement of
dairy goat populations. This tool provides critical techni-
cal support for driving high-quality development in the
dairy goat industry.
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