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Simple Summary: This study investigates the impact of copy number variation (CNV)
on racing performance in horse populations, focusing on 60 “Grassland-Thoroughbreds”.
A total of 89,527 CNVs were identified, resulting in 982 CNVRs. The racing horse group
(RH) had 29 unique CNVRs, while the non-racing horse group (NR) had 4. Transcriptomic
analysis revealed 120 differentially expressed genes, with MTPN overlapping with CNVRs.
Both CNVRs and differentially expressed genes were enriched in the MAPK signaling
pathway. Vst analysis identified key genes related to energy metabolism and muscle
function, such as AGT, IGFN1, IMMPL2, SLC41A3, AOX4, and ACAD11. These findings
offer new insights into genetic variation in racing performance and provide valuable data
for improving breeding strategies.

Abstract: Copy number variation (CNV) is an important source of genetic variation. How-
ever, studies utilizing whole-genome sequencing to investigate CNVs in horse populations
and their effects on traits remain relatively limited. This study aims to address the lack of
research on the impact of copy number variation (CNV) on racing performance in horse
populations, providing new insights for locally bred racing breeds. We analyzed 60 off-
spring derived from the crossbreeding of Thoroughbred horses and Xilingol horses. These
horses were temporarily named “Grassland-Thoroughbred” and were divided into two
groups: 30 racing horses and 30 non-racing horses. A total of 89,527 CNVs were identi-
fied. After merging overlapping CNVs, 982 copy number variation regions (CNVRs) were
recognized, among which the racing horse group (RH) had 29 unique CNVRs, while the
non-racing horse group (NR) had 4 unique CNVRs. In addition, a total of 195 genes over-
lapping with CNVRs were identified. Transcriptomic analysis revealed 120 differentially
expressed genes, with MTPN expressed in both CNVR-overlapping genes and mRNA.
Both CNVR-overlapping genes and differentially expressed genes were enriched in the
MAPK signaling pathway; CNV may affect gene expression through gene dosage effects
or regulatory mechanisms. Using Vst statistical analysis, we further screened candidate
CNVRs in autosomes that exceeded the 95% differentiation threshold between the RH and
NR populations. Several key genes associated with energy metabolism and muscle function
were identified, including AGT, IGFN1, IMMPL2, SLC41A3, AOX4, and ACAD11. These
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findings provide new insights into the genetic structural variation in racing performance
and adaptability, fill the gap in CNV studies in the genomics of Grassland-Thoroughbred
horses, and offer valuable genomic data for optimizing breeding strategies in native racing
horse populations.

Keywords: CNV; Grassland-Thoroughbred; Xilingol horses; whole-genome; athletic
selection traits

1. Introduction

Horse racing is a major competitive sport and industry worldwide, widely conducted
in over 70 countries and regions, involving more than 500,000 racehorses. The total prize
money for global racing events exceeds 3.3 billion euros, while annual horse racing betting
revenue surpasses EUR 115 billion [1,2]. Internationally renowned events, such as the
Melbourne Cup, Kentucky Derby, and Japan Cup, not only enjoy a high reputation but also
have a profound impact on the local economy, employment growth, and the development
of the entertainment industry [1-3]. The horse racing industry encompasses breeding,
training, event operations, and related services, with significant economic and social value.
Therefore, breeding improvement and genetic research on racehorse breeds are crucial [4].

The Mongolian horse is one of the oldest horse breeds in the world, renowned for
its exceptional endurance, ability to adapt to extensive farming conditions, and strong
disease resistance [5]. As an important local horse breed resource in China, the Mongolian
horse is often used as the foundation mare for improving other horse breeds. The Xilingol
horse is a new breed developed through systematic crossbreeding based on the Mongolian
horse, and it has gained attention for its faster speed and improved conformation [6]. To
further enhance the athletic performance of local horse breeds, Thoroughbred horses were
introduced and crossbred with Xilingol horses starting in 1995. After nearly 30 years of
selective breeding, the “Grassland-Thoroughbred” was developed, featuring excellent
speed and conformation. Due to the sunflower symbol on its hindquarters, it is also
known as the “Sunflower Horse”. This breed of horse is primarily engaged in middle-to
long-distance races. As horse genetic improvement progresses, the focus of research has
gradually shifted from solely addressing conformation and speed to genomic studies.

Copy number variation (CNV) is one of the important sources of genetic diversity
and an essential contributor to phenotypic variation [7,8]. CNVs are structural variations
involving DNA fragments of 1 kb or larger, typically resulting from deletions, insertions,
or duplications, and they vary among individuals and species [9-11]. Widely distributed
across the genome, CNVs can influence gene function through mechanisms such as altering
gene dosage or transcript structure, thereby regulating phenotypic plasticity in organ-
isms [12,13]. The total number of nucleotides affected by CNVs has surpassed that of
single-nucleotide polymorphisms [14]. Since this discovery, CNVs have been widely recog-
nized as a genomic variation that may have a significant impact on phenotypes. Studies
have shown that heritable CNVs can influence both Mendelian traits and complex disease
traits [15].

This study aims to explore the genetic basis of specific uses of the Grassland-
Thoroughbred horse, focusing on the genetic differences between racehorses and non-
racehorses and revealing genomic characteristics associated with athletic performance.
Through in-depth analysis of genomic data and transcriptomic data of 30 racehorses and
30 non-racehorses, we investigate the genetic mechanisms underlying athletic traits in
the Grassland-Thoroughbred horse. In line with the breeding goals of the Grassland-
Thoroughbred, potential target genes related to athletic performance were identified. These
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findings provide a theoretical foundation for the breeding and genetic improvement of
the Grassland-Thoroughbred horse. Our preliminary results not only expand the CNVR
dataset in equine genomics but also offer valuable genomic insights for optimizing breeding
strategies in local racing horse populations. Additionally, it contributes to enhancing the
genetic diversity of Chinese horse breeds and supports the conservation and sustainable
utilization of equine resources.

2. Materials and Methods
2.1. Sample Collection

The Grassland-Thoroughbred horses used in this study are descendants of multiple
generations of crossbreeding between the Xilingol horse and Thoroughbred. These in-
dividuals were obtained from Inner Mongolia Grassland Thoroughbred Horse Breeding
Co., Ltd. (Xilinhot, China), which holds comprehensive pedigree records and breeding
line information for hybrid horses. According to the pedigree records, individuals with
higher degrees of relatedness have been excluded. The experimental groups included
a non-racing Grassland-Thoroughbred horse group (NR group, n = 30), which had no
competitive training or racing experience, and a racing Grassland-Thoroughbred horse
group (RH group, n = 30), which demonstrated competitive performance. The performance
of horses in the RH group was evaluated through multiple regional competitions, and
individuals who consistently achieved top rankings were classified as high-performance
horses (Supplementary Table S1). Blood samples were collected from the jugular vein
of each horse by professional technicians and placed in EDTA anticoagulant tubes. The
samples were then aliquoted, rapidly frozen in liquid nitrogen, and stored at —80 °C to
ensure sample integrity for subsequent experiments.

2.2. Library Construction and Sequencing

The DNA extracted from the blood samples of each horse was fragmented using
ultrasound. Following the manufacturer’s protocol, sequencing libraries were constructed
using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA),
with unique index codes added to each sample [16]. The purified libraries were quality-
assessed using the Agilent 5400 system (Agilent, Santa Clara, CA, USA) to evaluate the
size distribution and purity of the DNA fragments, ensuring they met the requirements for
sequencing. Qualified libraries were then sequenced on the Illumina HiSeq 4000 platform
(Novogene Co., Ltd., Beijing, China) with paired-end sequencing (PE150) to obtain high-
quality sequencing data.

2.3. Data Filtering and Sequence Alignment

Raw data were processed using fastp software (version 0.20.0) to remove reads with
unrecognized nucleotides (N) > 5%, Phred quality scores lower than 15, base quality < 20%,
presence of adapter sequences (allowing mismatches < 3%), and a length shorter than 15
bases, thereby obtaining clean reads [17,18]. The clean reads were then aligned to the horse
reference genome (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_002863925.1/,
accessed on 27 November 2020) using BWA software (version 0.7.15) [19]. The alignment
results in SAM format were converted to BAM files using samtools (version 1.19.2) [20],
followed by sorting. Potential PCR duplicates were removed using the MarkDuplicates
function of Picard software (version 1.119) [21].
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2.4. Phylogenetic Analysis

The PIHAT (Proportion of Identical by Descent) values of SNPs from the PLINK
software (version 1.9) were used to estimate the homozygosity proportion between horses.
Based on these values, a genetic distance matrix was generated for pairwise individuals [22].

2.5. CNV and CNVR Detection

CNV detection was performed using CNVnator (version 0.3.3) [23], with a sliding
window size set to 100 bp to identify CNVs in the horse genome samples. After detection,
raw CNVs for each horse were subjected to quality control. The filtering criteria were as
follows: CNVs with a p-value < 0.05, size > 1 kb, and a q0 (the fraction of zero-quality
mapping reads) < 0.5 were retained for downstream analysis. Copy number variation
regions (CNVRs) were determined by aggregating overlapping CNVs identified in dif-
ferent individuals. To minimize false positives, only CNVRs observed in seven or more
individuals within each breed were considered for further analysis [24]. After obtaining
the common CNVRs for each group, further analysis was conducted to identify differential
CNVRs between the NR and RH groups.

2.6. Genomic Selection Signals Based on CNVRs

Highly differentiated CNV regions between the RH and NR groups were evaluated
using the Vst statistic and analyzed in combination with the t-test. The Vst value ranges
from 0 to 1, with a higher value indicating greater differentiation in copy number variation
between the two groups for a given region, while lower values suggest smaller differences.
CNVRs with a Vst value exceeding the 95% threshold were considered candidate CNVRs.
These candidate regions were then subjected to functional enrichment analysis to iden-
tify potentially important biological processes or pathways associated with the observed
selection signals.

2.7. RNA-Seq Library Construction

Three blood samples from both the competition and non-competition groups were
randomly selected to extract total RNA. After assessing the RNA purity and integrity
using the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA),
the chain-specific library preparation method was employed. RNA sequencing (RNA-
seq) libraries were constructed using the NEBNext® Ultra™ Directional RNA Library
Preparation Kit. The libraries were subsequently purified using the AMPure XP system
(Beckman Coulter, Beverly, MA, USA). RNA-seq libraries were sequenced on the Illumina
HiSeq 2500 platform, generating 150 bp paired-end sequencing reads.

2.8. Quality Control and Alignment of RNA Sequencing Data

The raw data after sequencing were subjected to quality control using Fastp. The
quality control criteria included removing adapter sequences, excluding reads with >10%
unrecognized nucleotides (N), and filtering out low-quality reads with a quality score
< Q20. Subsequently, the clean data were aligned to the horse reference genome using
Hisat2 (version 2.0.4) [25]. The alignment results were converted to the desired format
using Samtools, and transcript reconstruction was performed using StringTie (version
2.0) [26] to generate transcript annotation information. Next, gene expression information
was extracted using Ballgown (version 2.16.0) [27] in R, and differential gene expression
analysis was performed using DESeq2 (version 1.44.0) [28]. The criteria for screening
differentially expressed genes (DEGs) were set as |log2(Fold change) | > 1 and FDR < 0.05,
ensuring the statistical reliability of the results.
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2.9. Functional Enrichment Analysis and QTL Association Analysis

The overlapping genes of CNVRs and differentially expressed genes were functionally
annotated using the DAVID database (https:/ /david.ncifcrf.gov/, accessed on 4 October
2024) to identify candidate genes, including Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment analysis [29]. FDR < 0.05 was
considered statistically significant for identifying enriched biological functions. To investi-
gate whether these candidate CNVRs were associated with athletic traits, the horse QTL
database (https://www.animalgenome.org/cgi-bin/QTLdb/EC/index, accessed on 12
November 2024) was accessed and compared with the identified CNVRs. The Bedtools
(version 2.26.0) [30] “intersect” command was used to detect overlaps between the identi-
fied CNVRs and known QTLs, which may indicate potential links between these genomic
regions and performance-related traits in horses.

2.10. PCR Validation

To further confirm the accuracy of the inferred CNVs and reduce the false positive rate,
8 CNVRs were randomly selected and validated using qPCR. The GAPDH gene was used
as a reference to determine the fold change in copy number. qPCR primers were designed
using Primer-3, with reference sequences retrieved from GenBank (Supplementary Table
52). The reaction system was set up as follows: 20 pL total volume, which included 10 pL
of 2x Maxima SYBR Green/ROX qPCR mix, 2 pL. of DNA, 1 puL of forward primer, 1 pL
of reverse primer, and 6 pL of water. The reaction conditions were as follows: initial
denaturation at 95 °C for 2 min; and denaturation at 95 °C for 40 cycles, followed by
annealing at 60 °C for 30 s. The melt curve stage was set to 95 °C for 15 s and 60 °C for
1 min, followed by 95 °C for 15 s to predict the PCR products.

To validate the accuracy of the sequencing results in blood samples from different horse
breeds, quantitative real-time PCR (qQRT-PCR) was performed for mRNA. The qRT-PCR
primers were designed by Shanghai Sangon Biotech (Shanghai, China) (Supplementary
Table S2). Total RNA was reverse transcribed into cDNA using the HiScript® IT qRT Su-
perMix for qPCR kit (Vazyme, Nanjing, China), following the manufacturer’s instructions.
GAPDH was used as the endogenous reference gene [31]. qRT-PCR was conducted using
the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with SYBR®
Premix Ex Taq™ II (TaKaRa, Tokyo, Japan). Each sample was tested in triplicate to ensure
data reliability and accuracy. The experimental results were calculated using the 2(—24¢t
method to assess Ct value changes. Each sample was set up with three biological replicates
to ensure data reliability and accuracy.

3. Results
3.1. CNV Detection

Using the Illumina paired-end sequencing technology, we obtained high-quality whole-
genome resequencing data from 60 Grassland-Thoroughbred horses. To investigate the
genetic differences between racehorses and non-racehorses, PIHAT was calculated within
the population. The results indicated that the average PIHAT value among the 60 horses
was 0.089 (Supplementary Figure S1). The raw data amounted to 3864.02 Gb, while the
filtered clean data totaled 3807.14 Gb. After aligning these data to the horse reference
genome, the calculated average sequencing depth was 25.63 x, with an average mapping
rate of 99.19%. This indicates that the sequencing data quality is sufficient for CNV
detection (Supplementary Table S3). A total of 89,527 CNVs were detected on the autosomes,
including 54,720 deletions and 34,807 duplications (Supplementary Table S4). Among them,
Chr 1 had the highest number of detected CNVs, while Chr 31 had the fewest (Figure 1A).
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Figure 1. General description of the identified copy number variation regions (CNVRs). (A) Dis-
tribution of CNVs on autosomes. Light red represents duplication events, cyan blue represents
deletion events, and yellow represents the chromosome size of the genome. (B) Venn diagram of
overlapping CNVRs between the racehorse and non-racehorse populations. NR represents the non-
racehorse group, and RH represents the racehorse group. (C) Distribution of CNVRs on autosomes.
(D) Size distribution of CNVRs categorized by status. (E) Annotation of the whole-genome CNVs
using ANNOVAR.

By merging the overlapping CNVs from both groups, a total of 982 CNVRs were
identified (Figure 1B) (Supplementary Table S5). These CNVRs were present in at
least seven individuals within the same group. The frequency of duplication events
was approximately 3.8 times that of deletion events, including 203 deletion regions
and 779 duplication regions. The detected CNVRs exhibited considerable length vari-
ation, ranging from 1.1 kb to 364.9 kb, with an average length of 14.7 kb. A total of
617 CNVRs (approximately 62.83%) were smaller than 10 kb (Figure 1D). Chr 12 had
the highest number of detected CNVRs, with one hundred seven CNVRs, while Chr
30 had the fewest, with only three CNVRs (Figure 1C). NR and RH had four and twenty-
nine specific CNVRs, respectively. CNVRs were annotated using ANNOVAR software
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(https:/ /annovar.openbioinformatics.org/en/latest/user-guide/download/, accessed on
12 June 2023). It was found that 50.3% of the CNVRs were located in intergenic regions,
27.8% in intronic regions, and 8.45% in exonic regions (Figure 1E).

3.2. CNVR Functional Enrichment

Using the DAVID online tool, GO and KEGG functional enrichment analyses were
performed on the genes overlapping with CNVRs. The GO functional enrichment identified
eleven biological processes, five cellular components, and eight molecular functions (FDR
< 0.05) (Supplementary Table S7) (Figure 2A). The results were mainly associated with
neural signaling, the cell structure and matrix, and metabolism and enzyme activity, for
example, the transmission of nerve impulses (GO:0019226), actin cytoskeleton (GO:0015629),
voltage-gated calcium channel activity (GO:0005245), and protein binding (GO:0005515).
In addition, KEGG functional annotation revealed that 10 pathways were significantly
enriched (FDR < 0.05) (Figure 2B). The KEGG pathways primarily involved neural synapse-
and oxidative stress-related pathways (Supplementary Table S8), including Adrenergic
signaling in cardiomyocytes (ecb04261), the MAPK signaling pathway (ecb04010), and the
renin—-angiotensin system (ecb04614), which were significantly enriched.

Term

B Serotonergic synapse

B Adrenergic signaling in cardiomyocytes
B Phospholipase D signaling pathway

| Oxytocin signaling pathway

metalloendopeptidase activity
G protein—coupled serotonin receptor activity
group III metabotropic glutamate receptor activity

| medium-chain fatty acyl-CoA dehydrogenase activity

protein binding

T
40

50

MF padjust
0.025
0.020

0.015
0.010

0.005

@ Cholinergic synapse

@ Glutamatergic synapse

[@ MAPK signaling pathway

@ Renin—angiotensin system

| Estrogen signaling pathway

@ Arrhythmogenic right ventricular cardiomyopathy

Figure 2. Functional enrichment of genes overlapping with CNVRs. (A) GO functional enrichment
results. (B) KEGG functional enrichment results.

The CNVRs detected in this study were compared with the QTLs reported in the
horse QTL database. The results showed that only five QTLs overlapped with CNVRs,
including two Exterior Association QTLs, two Reproduction Association QTLs, and one
Health Association QTL.

3.3. The Differential Expression Analysis of mRNA

To explore the regulatory role of mRNA in racing and non-racing populations, a
total of 120 differentially expressed genes (DEGs) were identified, comprising 65 up-
regulated genes and 55 down-regulated genes (Figure 3A) (Supplementary Table S9). A
total of four genes overlapping with the CNVR region were identified, including three
up-regulated genes, LOC100060228, LOC100056049, and MTPN (NC_009147.3: 90302401-
90307100), and one down-regulated gene, LOC100053687. Among these, the frequency
of MTPN in the competitive population was found to be seven times higher than in the
non-competitive population. This gene was functionally enriched in the cytoplasm and
protein binding (GO:0005737; GO:0005515). MTPN (Myotrophin) is closely associated with
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muscle development and cardiac function, and it is involved in regulating insulin secretion
and glucose sensing. Functional enrichment analysis revealed that the overlapping genes
between CNVR and mRNA were significantly enriched in the MAPK signaling pathway
(ecb04010) in the KEGG database (Figure 3B). This pathway plays a crucial role in muscle
growth, energy metabolism, and exercise adaptation.
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Figure 3. Differential genes and functional enrichment. (A) Volcano plot of differential mRNA.
(B) Functional enrichment of differential genes.
3.4. CNVR-Based Population Differentiation
Vst analysis and t-tests were performed for each CNVR. To identify highly differenti-
ated regions between the two groups, CNVRs with Vst values above the 95% threshold
were selected as candidate regions. A total of 49 differential CNVRs were identified, and
functional annotation was performed for the genes with Vst values above the threshold
(Supplementary Table S6) (Figure 4). The results showed that a total of 47 genes exceeded
the threshold. Functional analysis of the CNVR-associated genes above the threshold re-
vealed six candidate genes—AGT, IGFN1, IMMPL2, SLC41A3, AOX4, and ACAD11. These
genes are closely related to energy metabolism, muscle contraction, and muscle repair.
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Figure 4. Genome-wide VST value plots for CNVRs. The red dashed line represents top 5% of VST
value; x-axis representing the chromosomes and the y-axis representing the Vst values.



Animals 2025, 15, 1458

9o0f 16

Relative quantification Values

5 -
4 -
3
24
1 .
0- »
S
bb&
/ﬂ;\q’ //\5
M N
> ¢®
\e) ol
v "

3.5. qPCR Validation of CNVRs

Eight CNVRs were randomly selected, and the accuracy of these CNVRs was validated
using RT-PCR in a randomly chosen set of 10 horse samples. Meanwhile, the mRNA levels
of related genes were examined using qRT-PCR. The results indicated that the randomly
selected CNVRs and mRNA sequencing results were consistent with the RT-PCR findings
(Figure 5) (Supplementary Figure S2).
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Figure 5. RT-PCR validation of selected CNVRs. The y-axis shows the relative quantification values
obtained by RT-PCR, while the x-axis indicates the sample names in the different CNV regions.

4. Discussion

Whole-genome copy number variation detection is an effective strategy for identifying
potential key genes associated with traits by analyzing the genes overlapping with CNVRs.
Compared to chip-based methods, whole-genome sequencing-based methods perform
better. Therefore, by detecting CNVRs between the racehorse and non-racehorse groups
of Grassland-Thoroughbred horses, we aim to identify candidate genes related to athletic
performance, providing a theoretical basis for future breeding strategies of Grassland-
Thoroughbred horses. Currently, CNVs have been identified in more than 45 different
horse breeds, accounting for approximately 1-3% of their genomes. The number of CNVs in
genes is higher than in intergenic regions. Compared to the reference genome, typical CNV
sizes in horses range from 1 kb to 4.84 Mb. In this study, the frequency of “deletion events”
was much higher than that of “duplication events”, a pattern consistent with observations
in other species [32,33]. The distribution of CNVRs is similar to what has been observed
in previously reported studies on horse breeds. The number of CNVRs shows a positive
correlation with the length of autosomes, with the highest number of shared CNVRs found
on Chr12 [34]. Among all CNVRs, those smaller than 100 Kb accounted for the highest
proportion, while CNVRs larger than 400 Kb were the least frequent. This may be due to
the fact that shorter CNVRs are more common in the horse genome.
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Differences in CNVRs have successfully been used as a method to distinguish horse
breeds [35]. In this study, we compared the CNVRs of the Grassland-Thoroughbred with
those reported in previous studies, and our analysis showed that approximately 42.5% of
the CNVRs overlapped with those from 16 other horse breeds [36], Further comparison with
CNVRs reported in 11 previous studies revealed that approximately 62.3% of the CNVRs
overlapped [32,34,35,37—42], while about 16.4% of the CNVRs were described for the
first time (Supplementary Table 510), which may be attributed to the stricter quantitative
control applied in this study. In terms of variability, this substantial difference among
breeds supports the hypothesis that CNVRs can serve as reliable genetic markers for
breed differentiation [35]. On the other hand, in most studies, the number of deletions
usually exceeds the number of duplications, whereas our findings show the opposite.
Previous CNVR studies have shown considerable variation, ranging from a single CNVR
identified in just two individuals in Brandenburger’s study to 5350 CNVRs detected in
222 individuals in the Friesian study. In our study, a total of 982 CNVRs were identified,
which is an intermediate number. However, such differences may be influenced by various
factors, including detection methods, sample size, genotyping platforms, and the criteria
used for CNVR identification in each study [43]. Therefore, further systematic studies are
needed to accurately evaluate CNVR characteristics across different species.

Racehorses may have undergone intense artificial selection pressure, leading to the
deletion or duplication of certain genes or regulatory regions. Analyzing the overlapping
genes between mRNA and CNVR can reveal the impact of CNVs on gene expression and
help identify key genes associated with specific traits. In the genomic region NC_009147.3:
90302401-90307100, a copy number duplication was observed, and the mRNA expression
of MTPN was found to be upregulated in the competitive population. This suggests that
the copy number variation in this region may contribute to the increased expression of
MTPN, potentially influencing traits related to muscle development, cardiac function, and
metabolic regulation in the competitive group. The gene MTPN is capable of regulating the
growth of both cardiac and skeletal muscle cells. Shiraishi et al. observed that mice treated
with MTPN exhibited increased body weight and more regular muscle fiber morphology
compared to control mice, indicating that MTPN possesses muscle growth-promoting
activity in mice. This finding underscores the potential role of MTPN in enhancing muscle
development and its relevance to physiological adaptations in competitive populations [44].
Anderson et al. found that MTPN can induce cardiomyocyte hypertrophy and increase the
expression level of dystrophin mRNA in the hearts of individuals with dilated cardiomy-
opathy [45]. Additionally, MTPN has a positive impact on skeletal muscle hypertrophy and
myotube morphology [46]. In this study, MTPN exhibited upregulated mRNA expression
within the duplicated CNVR region. This phenomenon suggests that MTPN upregulation
may enhance muscle function by promoting muscle fiber hypertrophy and optimizing
myotube morphology, thereby improving speed and endurance. Additionally, in the case
of muscle injury in the competitive population, MTPN may play a crucial role in the repair
process. However, its function requires further validation.

The distribution of CNVRs in mammalian genomes is not uniform, with some of them
affecting key biological processes and playing an important role in adaptive evolution and
phenotypic variation. GO and KEGG functional enrichment analyses revealed that some
pathways are associated with energy metabolism and muscle function, which are related
to athletic performance. The MAPK signaling pathway and the renin-angiotensin system
are closely related to athletic traits. Endurance horses, during prolonged submaximal
exercise, need to maintain a high metabolic level to ensure that muscles continuously
receive sufficient energy support. The metabolic rate of endurance horses can increase
10 to 20 times, allowing them to efficiently utilize stored energy sources in the body. The
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renin-angiotensin system plays a crucial role in regulating blood pressure and fluid balance,
which in turn affects the horse’s athletic performance during competitions [47]. The MAPK
signaling pathway is activated during exercise and participates in carbohydrate and fat
metabolism, cell proliferation, differentiation, and other processes through phosphorylation.
Studies have shown that treadmill exercise in rodents [48], cycling exercise [49], and
marathon running [50] all increase the phosphorylation of MAPK, with activation primarily
occurring during high-intensity muscle contraction [51]. The functional genes associated
with athletic performance screened from CNVRs may be related to the specific performance
of Grassland-Thoroughbred horses in competitions. Although we integrated CNVRs into
QTLs and identified five QTLs overlapping with CNVRs, unfortunately, no QTLs related to
athletic performance were found.

In recent years, CNVs have gradually been recognized as a source of genomic variation
and phenotypic variation. Similarly to SNPs, CNVs can be used to identify associations with
genetic diseases and other complex traits. CNVs can be regulated through dosage effects,
copy number effects, and positional effects. Numerous studies have shown that genes over-
lapping with CNVRs can influence traits in livestock. Selective sweep can reveal regions
that have been influenced by environmental and artificial selection during local adaptation
and domestication. By calculating pairwise Vst values, key CNVRs with significant differ-
ences between populations can be identified. AGT (angiotensinogen) can ensure the timely
supply of oxygen and energy during exercise by enhancing the heart’s pumping ability and
metabolic regulation. AGT interacts with renin to produce angiotensin I, which is further
converted into angiotensin II (ANG II) by angiotensin-converting enzyme. ANG Il is a
potent vasoconstrictor, thereby playing a crucial role in blood pressure regulation [52,53].
The effect of AGT may stem from its regulation of ANG II levels. Its polymorphism, partic-
ularly a missense mutation, is widely used in sports research to study its impact on athletic
performance [54,55]. The potential mechanisms of ANG II on muscle performance may
include: a direct hypertrophic effect on skeletal muscles, as well as the redistribution of
blood flow from type I fibers to the faster and more powerful type II fibers [54,56]. Multiple
studies have shown that the AGT M235T polymorphism is more prevalent in strength
athletes and is associated with better performance in explosive sports [57]. Muscle strength
is often considered closely related to health. IGFN1 (Immunoglobulin-Like Fibronectin
Type Il Domain-Containing 1) has been found to decrease with age, with higher expression
levels in younger individuals. Additionally, IGFN1 expression is upregulated in individuals
who perform well in the “Timed Up and Go” test [58]. Other studies have shown that after
an exercise training regimen, the mRNA levels of IGFN1 in muscles increase [59]. IGFN1
is essential for myoblast fusion and differentiation [60]. Functional association analysis
has revealed that IGFN1, a kinase gene, is primarily involved in processes such as protein
translation, skeletal muscle contraction, muscle development, skeletal muscle cytoskeleton,
and intracellular calcium ion balance [61]. This suggests that IGFN1 may play an important
role in maintaining muscle function and athletic performance. The IMMP2L protein is a
subunit of the mitochondrial inner membrane peptidase heterodimer complex, and defects
in IMMP2L can lead to elevated mitochondrial ATP levels [62]. Multiple regression analysis
suggests that IMMP2L may have a negative impact on the abundance of SLC25A25 pro-
tein. In acute endurance exercise experiments, IMMP2L expression significantly decreases
post exercise, while SLC25A25 transcript levels increase immediately after exercise. The
deletion of IMMP2L can lead to a reduction in mitochondrial ATP levels, which may play
a role in mediating acute endurance exercise [63,64]. IMMP2L is closely associated with
exercise-induced mitochondrial adaptation by regulating mitochondrial ATP levels and the
expression of SLC25A25. Its post-exercise downregulation may help promote the efficiency
of mitochondrial energy metabolism, thereby meeting the energy demands of exercise. In
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mitochondria, Mg?* not only chelates and stabilizes ATP but also serves as a cofactor for
enzymes involved in cellular respiration and energy production [65]. SLC41A3 is primar-
ily expressed on the mitochondrial membrane and mediates the efflux of mitochondrial
Mg?* [66]. The role of Mg?* in energy metabolism partially interferes with the stimulatory
effect of Ca®* on energy metabolism and its impact on mitochondrial Ca?* transport, which
is particularly important in excitable cells such as neurons and muscle cells [67]. Neurobe-
havioral abnormalities, particularly motor coordination defects associated with ataxia, were
detected in conditional knockout mice of SLC41A3 (http:/ /www.mousephenotype.org/,
accessed on 25 November 2024) [68]. In diabetic patients, three months of cycling exercise
led to a decrease in magnesium levels, and the expression of SLC41A3 was downregulated
post exercise [69]. Muscle fiber strength in young AOX4 knockout mice exhibited mild
defects, which became more pronounced with age in mature mice, and the tibialis muscle
fiber diameter was smaller compared to the control group. Knockout of AOX4 leads to
changes in energy homeostasis, with a significant reduction in physical activity during the
circadian cycle, which becomes more pronounced over time [70]. Cells utilize fatty acids
as an energy source through the 3-oxidation pathway, which occurs in the mitochondria.
Acyl-CoA dehydrogenase catalyzes the hydrolysis of thioester bonds in various CoA esters.
ACAD:s are a class of mitochondprial flavin enzymes involved in the catabolism of fatty
acids (3-oxidation) and amino acids. In mice, the mRNA expression of ACAD11, which is
associated with fat oxidation, significantly increases during exercise [71].

Due to the adaptive evolution undergone by the Grassland-Thoroughbred during
long-term artificial selection, CNV detection in the competitive population identified six
candidate genes: AGT, IGFN1, IMMPL2, SLC41A3, AOX4, and ACAD11. These genes
may have undergone strong selective pressure related to the population’s athletic traits,
contributing to better performance in competitions, However, further functional validation
is still needed. In the future, comparing with renowned racehorse breeds such as Thor-
oughbreds and Arabians will help better identify potential genetic markers, advancing the
application of the Grassland-Thoroughbred in future breeding and enhancing its athletic
performance and overall quality.

5. Conclusions

This study investigated the genomic features and structural variations between race-
horses and non-racehorses of the Grassland-Thoroughbred horse breed using whole-
genome resequencing and transcriptomic data, identifying 982 CNVRs. We also identified
copy number variation genes potentially related to the athletic traits of the Grassland-
Thoroughbred, including AGT, IGFN1, IMMPL2, SLC41A3, AOX4, and ACAD11, though
further validation is required. Transcriptomic analysis revealed 120 differentially expressed
genes, with MTPN expressed in both CNVR-overlapping genes and mRNA. Both CNVR-
overlapping genes and differentially expressed genes were enriched in the MAPK signaling
pathway, indicating that genetic variation driven by artificial selection has a significant
effect at the CNV level. This study provides valuable resources for structural variation
research in horse genomes and offers new insights into the genetic basis of athletic adapt-
ability and performance, laying a theoretical foundation for breeding strategies aimed at
improving the performance and adaptability of local competitive horse breeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani15101458 /s1, Supplementary Table S1: Sampling and compe-
tition records of grassland-thoroughbreds; Supplementary Table S2: Primers of qPCR; Supplementary
Table S3: The statistical table of sequencing results for each sample; Supplementary Table S4: Detailed
CNYV information for each sample; Supplementary Table S5: Detailed information on the detected
CNVRs and the differential CNVRs between the racing and non-racing groups; Supplementary Table
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S6: Vst, ANOVA, and annotated gene information; Supplementary Table S7: GO functional enrich-
ment of genes overlapping with CNVRs; Supplementary Table S8: KEGG functional enrichment
of genes overlapping with CNVRs; Supplementary Table S9: Differentially expressed genes and
functional enrichment; Supplementary Table 510 CNVR comparative information; Supplementary
Figure S1: Breeding route and phylogenetic relationship heatmap of the Grassland-Thoroughbreds;
Supplementary Figure 52: qPCR validation of selected differentially expressed genes.
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