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Simple Summary: Protection of genetic diversity is important for the sustainable development of the
animal industry. Due to the unique environment in Hainan Province, the local pig populations have
excellent heat resistance and adaptability. Moreover, the meat quality of these pigs is excellent and
very popular with the market. Analysis of the genetic composition of the population may provide
valuable information for conservation and utilization of the breed. Therefore, in our study, we aimed
to assess the genetic diversity and population structure of three Chinese indigenous pig populations
in Hainan Province, and further identified candidate selection signatures based on whole-genome
sequencing data. Our analysis shows that native Chinese pig populations are more diverse than
commercial pigs. In addition, analysis of selection signatures revealed some candidate genes related
to certain traits, such as stress resistance.

Abstract: Indigenous pig populations in Hainan Province live in tropical climate conditions and a
relatively closed geographical environment, which has contributed to the formation of some excellent
characteristics, such as heat tolerance, strong disease resistance and excellent meat quality. Over
the past few decades, the number of these pig populations has decreased sharply, largely due to a
decrease in growth rate and poor lean meat percentage. For effective conservation of these genetic
resources (such as heat tolerance, meat quality and disease resistance), the whole-genome sequencing
data of 78 individuals from 3 native Chinese pig populations, including Wuzhishan (WZS), Tunchang
(TC) and Dingan (DA), were obtained using a 150 bp paired-end platform, and 25 individuals from
two foreign breeds, including Landrace (LR) and Large White (LW), were downloaded from a public
database. A total of 28,384,282 SNPs were identified, of which 27,134,233 SNPs were identified in
native Chinese pig populations. Both genetic diversity statistics and linkage disequilibrium (LD)
analysis indicated that indigenous pig populations displayed high genetic diversity. The result of
population structure implied the uniqueness of each native Chinese pig population. The selection
signatures were detected between indigenous pig populations and foreign breeds by using the
population differentiation index (Fst) method. A total of 359 candidate genes were identified, and
some genes may affect characteristics such as immunity (IL-2, IL-21 and ZFYVE16), adaptability
(APBA1), reproduction (FGF2, RNF17, ADAD1 and HIPK4), meat quality (ABCA1, ADIG, TLE4
and IRX5), and heat tolerance (VPS13A, HSPA4). Overall, the findings of this study will provide
some valuable insights for the future breeding, conservation and utilization of these three Chinese
indigenous pig populations.

Keywords: Chinese indigenous pigs; single nucleotide polymorphism; genetic variation;
conservation; F-statistic

Animals 2023, 13, 2010. https:/ /doi.org/10.3390/ani13122010

https:/ /www.mdpi.com/journal /animals


https://doi.org/10.3390/ani13122010
https://doi.org/10.3390/ani13122010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/animals
https://www.mdpi.com
https://orcid.org/0000-0002-9655-3595
https://orcid.org/0000-0002-6475-0009
https://orcid.org/0000-0002-1163-5963
https://orcid.org/0000-0002-1293-0569
https://doi.org/10.3390/ani13122010
https://www.mdpi.com/journal/animals
https://www.mdpi.com/article/10.3390/ani13122010?type=check_update&version=1

Animals 2023, 13,2010

2 of 14

1. Introduction

Domestication has led to the development of many new breeds of the common
pig. In China, abundant pig populations have been formed, which can provide valu-
able germplasm resources for promoting the sustainable development of the pig industry
around the world. Hainan Province, located in the most southern part of China and sur-
rounded by the sea on all sides, has a tropical island climate characterized by warm and
abundant rainfall throughout the year [1].The unique climate conditions and relatively
closed geographical environment have led to the development of two high-quality pig
breeds, namely, Hainan pigs and Wuzhishan (WZS) pigs. Hainan pigs can be further
divided into four subpopulations: Tunchang pigs (TC), Dingan pigs (DA), Lingao pigs
(LG) and Wenchang pigs (WC). These genetic resources perform well on many economic
traits, such as stress resistance, disease resistance and juicy/tasty meat quality [2]. Ad-
ditionally, these locally adapted tropical pig breeds are important sources of genes for
thermotolerance—an invaluable conservation priority, particularly given the changing
climate. Though not often consumed for meat, the Wuzishan pig is a miniature pig often
used as a model organism for studying various human diseases [3].

However, decreases in annual lean meat production, poor growth rates and intense
competition from exotic commercial pig breeds has led to a decline in the indigenous pig
population. In recent years, although some measures and efforts have been implemented
by the government to promote indigenous pig breeding, such as establishing national
and provincial conservation farms for WZS, TC, DA and LG, we are still unsure if these
conservation efforts have effectively protected the valuable genes expressed within the
population. To date, the effect of this conservation effort has not been investigated based on
molecular markers. Additionally, the population structure of these indigenous pig breeds
has suffered tremendous shocks from African swine fever since 2018 [4]. Therefore, for
better conservation of these genetic resources, population genetic analysis of the existing
Hainan pig breeds is necessary.

Genetic diversity is the fundamental foundation for genetics and breeding research,
and it can often represent the potential of a population to adapt to change [5]. Understand-
ably, protection of biological genetic resources and diversity is one of the most important
issues in the world. Another important metric of genetic analysis is population struc-
ture. This type of analysis can provide critical insights into potential genetic substructures
in populations, serving as an important basis for any genetic data analysis [6]. Knowl-
edge of the basics of the species” genetics is essential to ensure accurate and sustainable
management of its population. Similarly, understanding the genetic structure of a popula-
tion is significant for comprehending individual migration, introgression, the evolution
process of said population and breed classification. Unsurprisingly, there has been consid-
erable research in animal species using genetic markers, including pigs [7-9]. For instance,
Chen et al. (2022) investigated the population structure and genetic diversity of four in-
digenous pig breeds from eastern China based on single nucleotide polymorphism (SNP)
chip and provided new insights for further conservation of these indigenous genetic re-
sources [10]. However, despite this progress, the genetic diversity of the pig breeds in
Hainan Province in China has rarely been reported.

Domestication may also leave ‘imprints’ in the sequence of the genome associated
with distinct phenotypic characteristics. These imprints mainly manifest in the reduction
of genetic diversity and increase in the degree of linkage disequilibrium [11]. In recent
years, extensive research has identified many regions in the germplasm associated
with positive traits, allowing us to identify selection signals indicating good breeding
stock [12-14]. Thus, for systematic understanding of these three native Chinese pig
populations, a comprehensive investigation of genetic diversity, genetic structure and
selection signatures is necessary.

The objective of this present study is to investigate the genetic diversity and struc-
ture of three local pig populations in China, including Wuzhishan (WZS), Tunchang
(TC) and Dingan (DA), based on molecular markers. Furthermore, we looked to identify
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potential candidate genes associated with high-quality economic characteristics known
to the species (meat quality, heat tolerance and disease resistance). Our results will
add to the growing knowledge on the genetic status and evolutionary history of these
three indigenous pig populations and provide valuable insight into the genetic mecha-
nisms of some phenotypic characters of growing interest in the changing climate such as
environmental heat adaptation.

2. Materials and Methods
2.1. Sample Collection and Sequencing

A total of 30, 18 and 30 ear tissue samples of Wuzhishan (WZS), Tunchang (TC) and
Dingan (DA) were collected from randomly chosen individuals (Table 1). The extraction
of genomic DNA from the ear tissues was performed according to the procedure of a
commercial kit (Tiangen Biotech Co., Ltd., Beijing, China). NanoDrop 2000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA) was used to quantify the extracted DNA.
The DNA was randomly fragmented through an ultrasonic high-performance sample
processing system. After fragment selection, fragments of about 500 bp were obtained.
Subsequently, the fragment ends were repaired, the 3’ end added with “A” base and both
ends were added with a library adapter. The library tended to be DNA nanoball (DNB) after
single-stranded separation, circularization and rolling circle amplification. After quality
control, qualified libraries were allowed for sequencing.

Table 1. Genetic diversity of Chinese indigenous pigs and commercial pigs.

Population Abbreviation Size MAF Ho Hg Dl\il‘?:::i(:;u(i:i)
Wuzhishan WZS 30 0.22+0.13 0.30 £ 0.15 0.31 +0.14 0.0037
Tunchang TC 18 0.23 +0.13 0.33 +0.18 0.32+0.14 0.0034
Dingan DA 30 0.23 £0.14 0.34 £0.17 0.32 £0.14 0.0034
Landrace LR 13 0.24 £0.13 0.29 +0.15 0.34 £0.12 0.0019
Large White LW 12 0.26 £0.13 0.39 £0.18 0.35 £0.12 0.0018

The DNBSEQ platform (150 bp paired-end) was used for sequencing. The average
sequenced depth was more than 15x. In addition, data from 13 individuals of Landrace
(LR) and 12 individuals of Large White (LW) were acquired from the SRA database (https://
www.ncbinlm.nih.gov/sra) (Supplementary Table S1). These data were used in this study
to represent ‘commercial’ pigs and better contrast the genetic diversity of the indigenous
pigs against a more typical population (Supplementary Table S2).

2.2. Quality Control and Genotyping

SOAPnuke (v2.1.0) was carried out for quality control (QC) of the reads [15], includ-
ing elimination of the reads contaminated with adapter sequences, low-quality (more
than 30% base with Phred quality less than 20) and reads containing more than 10%
N bases. After filtration, reads from all individuals were aligned to the pig reference
genome (Sscrofall.l, https://www.ncbinlm.nih.gov/assembly/GCF_000003025.6/)
(accessed on 1 December 2022) using the “MEM” algorithm of the BWA (v0.7.17) [16]
alignment software. SNP detection was performed using the HaplotypeCaller tool of the
GATK (v4.1.6.0) [17] software. High-quality SNPs, with max-missing less than 0.5 and
minor allele frequency (MAF) more than 0.05, were kept with VCFtools (v0.1.16) [18] for
the following analysis. Finally, ANNOVAR (version: 2020 Jun 07) [19] was used for the
annotation and categorization of SNPs.

2.3. Genetic Diversity and Linkage Disequilibrium

Genetic diversity refers to the range of alleles and genotypes that exist within the
studied population [20]. Various parameters are used to describe genetic diversity, which
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are useful indicators in population genetics. In this study, multiple indicators were em-
ployed to estimate the genetic diversity of indigenous pigs. VCFtools and Plink (v1.90)
were performed to estimate the value of MAF, observed heterozygosity (Hp) and expected
heterozygosity (Hg) [21], and pi values were calculated to evaluate nucleotide polymor-
phism. The genetic diversity parameters were statistically analyzed using violin plots
generated with the ggplot2 package in R. The degree of linkage disequilibrium (LD) decay
was measured by taking the squared correlation (12) of pairwise SNPs using PopLDdecay
with default parameters [22].

2.4. Genetic Differentiation Analysis

The F-statistic (Fgsr) is a statistical test used to measure the degree of population
differentiation between groups [23]. In this study, we utilized VCFtools to evaluate Fgsr,
resulting in a 5 x 5 Fgr matrix that was visualized by heatmap. To obtain these results,
100 kb sliding windows were used with a 10 kb step size during the Fsr calculation.

2.5. Population Genetic Structure

MEGA software (v7.0) [24] was carried out to construct a neighbor-joining (N]) tree,
which was based on the matrix data of identity-by-state distance. Principal component
analysis (PCA) was performed by Plink (v1.90), and the PCA graph was plotted using the
qqplot2 function in the R package. The ADMIXTURE v1.30 software [25] was employed to
infer the proportion of introgressed ancestry in the tested populations. We calculated the
values of k ranging from 2 to 4 and plotted them using the pophelper package in R.

2.6. Detection of the Selection Signatures

The Fs7 values between the indigenous pig populations and two exotic breeds were
calculated using VCFtools. The analysis was performed across genomes using 100 kb
windows and 10 kb steps. To empirically identify candidate regions undergoing positive
selection, we have set the top 1% of Fsr as the threshold to ensure data quality. To identify
candidate genes in these regions, Ensembl database (Sscrofa 11.1; http://asia.ensembl.org/
index.html) (accessed on 21 March 2023) was carried out [26].

2.7. Functional Enrichment Analysis of Candidate Genes

DAVID is a bioinformatics database which integrates biological data and analy-
sis tools. The enrichment analysis of the candidate genes obtained in this study was
performed by using DAVID with GO and KEGG pathway analyses [27]. Additionally,
we downloaded published pig QTLs from the pig QTLdb database [28] to identify any
overlap of the candidate regions. We compared the top 1% weighted values of Fgr
sliding windows with the pig QTL database to identify genes that may be associated
with economically important traits.

3. Results
3.1. Single Nucleotide Polymorphism Discovery

A total of 28,384,282 SNPs were identified in these five pig populations. In the analysis,
a total of 27,134,233 SNPs were identified from three types of indigenous pigs. ANNOVAR
software was used to annotate the variation information, and a chart displaying the annota-
tion information was plotted (Figure 1). Notably, the majority of SNPs were detected in the
region of intergenic (44.45%) and introns (42.92%), with only a small percentage (0.67%)
located in exonic regions. Supplementary Figure S1 displays the density distribution of
SNPs across the chromosomes of the three indigenous pig types.
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Figure 1. SNP characteristics of indigenous pig population. (A) This figure shows the annotation of
all variations within the three indigenous pig populations, with each variation area annotated as a
percentage. (B) This figure displays the annotated variation information within the coding region of
the three indigenous pig populations.

3.2. Analysis of Genetic Diversity and Linkage Disequilibrium

In order to estimate the genetic diversity of all pigs, five indices have been carried
out (Table 1). We observed that the MAF of indigenous pigs was 0.22-0.23, with a
standard deviation of approximately 0.13-0.14. For comparison, the MAF of commercial
pigs was 0.24-0.26.

Heterozygosity is a commonly used parameter to measure genetic diversity. In this
study, both observed heterozygosity (Hp) and expected heterozygosity (Hg) were used
to estimate the genetic diversity of every tested pig population. The LR and WZS pig
populations were found to have the lowest Hp and Hg values among all populations,
while the LW population had the highest Hp (0.39) and Hg (0.35). Across all indigenous
pig populations, the Hp values ranged from 0.29 to 0.34, while the Hg values ranged
from 0.31 to 0.32.

Nucleotide diversity maps were generated for each pig population using the R package
ggplot2 (Figure 2A). Interestingly, our analysis revealed that local pigs exhibit higher
nucleotide diversity than commercial pig breeds. The WZS pig breed had the highest pi
value, while the LW pig breed had the lowest pi value. Further analysis of the LD plot
revealed that LW had the highest level of linkage disequilibrium, followed by LR. WZS had
the lowest value, which is in line with the results of the nucleotide diversity plot (Figure 2B).
The genetic dissimilarity between each pair of pig populations was investigated by using
index of Fsr value, with weighted Fst used for statistical analysis (Figure 2C). The genetic
differentiation between WZS, TC and DA pig populations ranged from 0.14 to 0.15. The two
commercial pig breeds, LW and LR, are relatively close at 0.18, while there is a significant
gap between WZS, TC and DA pig populations and LW and LR pig breeds.

3.3. Analysis of Genetic Structure

We constructed a NJ tree to analyze the genetic distances between local and commercial
pig breeds, which will help us to understand the phylogenetic relationship among these
tested pigs (Figure 3A). We can clearly see in the NJ tree that the three types of indigenous
pigs are mostly located at one end, while commercial pigs are mostly located at the other
end and are far apart, which is consistent with the results of previous Fst pairwise analysis.
The PCA analysis also clearly distinguished the commercial and local pig populations,
indicating significant genetic differences between these two groups (Figure 3B). The first
two PCAs explained only 24.68% and 6.41% of the total variation, respectively. However,
despite this, there was obvious clustering. LR and LW clustered together, while the three
indigenous pigs, WZS, TC and DA, clustered together. When we conducted a structural
analysis and attempted to cluster the pig breeds into two groups, there was a clear grouping
of the Chinese local pig populations and a distinct separate grouping of LR and LW.
However, when we allowed the species to cluster into three groups, we observed that TC
and DA formed one group of similar genetic profile, while WZS pigs were classified as
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Figure 2. Genetic diversity of indigenous pigs and commercial pigs. (A) Drawn violin plots for
nucleotide diversity in each population. (B) Drawn LD decay plots for each population. This plot
describes the change in the degree of linkage disequilibrium (LD) between two loci along the distance.
(C) Heatmap of Fsr distance between populations.

3.4. Selection Signature and Functional Clustering of Variant Genes

We also compared the genomic signatures of indigenous pig populations (WZS, TC
and DA) with commercial pig breeds (LR and LW) at the population level. We compared
evidence of selection using Fsr and annotated the obtained loci using the Ensembl database
(http:/ /asia.ensembl.org/index.html). By screening candidate genes using a 1% Fsr value
for statistics (weighted Fgr; Fs > 0.536683), we found a total of 359 genes (Supplementary
Table S3), shown in Figure 4. We performed enrichment analysis of these 359 genes using
DAVID. After annotation, we found that 34 GO terms and 3 pathways were significantly
enriched (p < 0.05) (Supplementary Table S4). Among the significant GO terms, Biological
Process (BP) accounted for 38.24%, Cellular Component (CC) accounted for 32.35% and
Molecular Function (MF) accounted for 29.41%. A bubble chart was drawn for all GO terms
and pathways (Figure 5A-D).
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Figure 3. Analysis of genetic structure of the tested pigs. WZS, Wuzhishan pigs; TC, Tunchang
pigs; DA, Dingan pigs; LR, Landrace pigs; LW, Large White pigs. (A) Neighbor-joining tree for
all individuals. (B) Plot of the first and second principal components resulting from a principal
component analysis of all pig populations. (C) The plot of population structure for all pig populations
(K =2-4). Different colors represent different clusters.
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Figure 4. Manhattan plot of selective signatures by Fgr in the Chinese indigenous pigs. The red
dotted line means the threshold for classifying outliers in the heat group (top 1%). Different
colors are used to distinguish the neighboring chromosomes. Several related candidate genes

are also highlighted.
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Figure 5. GO terms and KEGG pathways were drawn for the candidate exonic genes that were
screened based on Fgr. (A) Bubble chart illustrating Gene Ontology (GO) Biological Process
enrichment analysis results. (B) Bubble chart demonstrating Gene Ontology (GO) Cellular Compo-
nent enrichment analysis findings. (C) Bubble chart highlighting Gene Ontology (GO) Molecular
Function enrichment analysis outcomes. (D) Bubble chart illustrating KEGG pathway analysis
results of selected candidate genes.

A number of cellular components of metabolism were found to be upregulated in the
GO analysis, including nucleus activity, myosin phosphatase activity, adaptive immune
response, etc. The most significant GO term was associated with energy (interleukin-2
receptor binding, GO:0005134). In our KEGG pathway analysis, we discovered numer-
ous signaling pathways that are potentially related to immune and metabolic processes.
These findings may be associated with the excellent disease resistance and adaptability
observed in Chinese indigenous pigs. As we delved further into our analysis, we com-
pared the results with those of the Pig QTLdb database (Release 49, 28 December 2022).
Through this comparison, a number of QTLs related to meat quality and health were
identified (Supplementary Table S5), which may provide a deeper insight in understand-
ing the genetic mechanism under the phenotypes of Hainan local pigs. Through our
analysis of the GO term, KEGG pathways and comparison with the Pig QTLdb database,
we identified several important candidate genes that may play a role in determining
the genetic characteristics observed in Chinese indigenous pigs. These candidate genes
include ABCA1, ADIG, TLE4 and IRX5. In addition, we have also found some genes
related to immunity and adaptability, etc.

4. Discussion
4.1. Genetic Diversity and Linkage Disequilibrium Analysis of Chinese Indigenous Pigs and
Commercial Pigs

Chinese native pigs are ancient compared to commercial pig breeds. Unlike Western
pigs, Chinese pigs have not been subjected to the same level of intense selection pressure
throughout history. As a consequence, Chinese pigs exhibit higher levels of genetic diversity
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compared to commercial pig breeds. In this study, a comprehensive analysis of the genetic
diversity of indigenous pigs was conducted by investigating various factors that affect it.
The results of the genetic diversity parameters used in this study, such as MAF, Hg, Ho,
pi, LD and Fsr, showed a significant level of genetic diversity in indigenous pigs. The
significant artificial selection undergone by Western pig breeds over the past few decades
has led to decreased genetic diversity in commercial pigs. These results are consistent with
recent research. Wang et al. (2015), for example, reported that Chinese indigenous pigs
exhibit greater genetic variability than commercial pigs [29]. Overall, the level of genetic
diversity of these three indigenous pigs is relatively higher than commercial pig breeds,
and the conservation effect has been positive in recent years. This will be advantageous in
establishing future breeding strategies and selecting them.

In comparing the Hp and Hg between indigenous pigs and commercial pig breeds
in this study, it was found that commercial pig breeds exhibit a higher value of Hg. This
inconsistency may be the reason of the SNP detection bias or the relatively small effective
population size of indigenous pigs, coupled with limited sample representativeness, which
has also been observed in many similar studies [30-33]. Interestingly, in comparing other
indigenous pigs in China, such as the Jinhua pig or the Hongdenglong pig (with Hp values
of 0.14 and 0.15, respectively) [34], our results suggest that the indigenous pig exhibits a
higher genetic diversity. This could indicate that the indigenous pig has undergone less
selection and suggests the strength of conservation efforts designed to protect it.

Pairwise Wright's Fsr is the common measure to estimate population genetic differ-
entiation [31]. Based on our calculations, there is a substantial difference in Fsy values
between commercial pigs and native Chinese pigs, potentially due to geographic isolation.
Therefore, in order to further investigate the differences between WZS and Hainan pigs, it
is necessary to conduct further analysis of the population structure of Hainan local pigs.

4.2. Population Structure of Indigenous Pigs and Commercial Pigs

We performed genetic population structure analysis on five pig populations, and the
patterns of the sub-clustering performed consistently among the analyses of NJ tree, PCA
and STRUCTURE. The NJ tree displayed a clear bifurcation, similarly evident in the PCA
plot. When K = 2 in the STRUCTURE analysis, we observed a marked division between
local and commercial pigs in Hainan, consistent with the Fs7 values calculated between
the two regions; this suggests that there are significant differences between local pigs and
commercial pigs, possibly due to long-term genetic divergence and varying degrees of
selection, as well as geographic isolation. It is worth noting that when K = 3 in structural
analysis, TC and DA exhibit relatively similar characteristics, while WZS belongs to another
group. Geographic isolation may also be responsible. The WZS pigs originated near the
distant Wuzhishan City, whereas Tunchang City and Ding’an City are adjacent to each
other—promoting crossbreeding between the TC and DA pigs. The mountainous terrain
may have caused the WZS pig population to become isolated and independent from other
populations. The distance between Tunchang and Ding’an is only 70 km. Considering
that populations located in close geographic proximity are more likely to share common
ancestors and mate with each other, locals believe that the DA pig may be the ancestor
of the TC pig, and both populations are black pigs and have a similar appearance. This
observation suggests that a closer genetic relationship between the two populations is
possible, a hypothesis that has been supported by previous genetic studies. Based on these
findings, it is clear that a more detailed analysis of the genetic and phenotypic traits of TC
and DA is required in order to fully understand their evolutionary history and potential
for economic development.

4.3. Gene Annotation and Functional Analysis

We analyzed three KEGG pathways, two of which are associated with intestinal
immunity, while the other is linked to cholesterol metabolism. The pathways associated
with intestinal immunity could involve genes or proteins related to inflammatory response,
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immune regulation and intestinal mucosal barrier, all of which play crucial roles in the
production and immune response of IgA in the intestinal immune system.

Furthermore, the enrichment of the ssc04979, cholesterol metabolism pathway, may
indicate that cholesterol metabolism plays a critical role in the physiological processes of in-
digenous pigs. This pathway involves multiple genes and molecules, including cholesterol
synthesis and transport, bile acid synthesis and lipoprotein metabolism. The enrichment
analysis of this pathway enables us to better comprehend the regulatory mechanism of
cholesterol metabolism in Chinese indigenous pigs, providing us with new ideas and
targets for improving the quality of pork and enhancing breeding efficiency.

We also identified several immune-related genes, such as IL-2, IL-21 and ZFYVEI16.
Prior studies have reported IL-2 as a growth factor that can drive the amplification of
activated T cell populations in humans. IL-21 is one of the primary immune modulators
that regulates various immune responses by impacting different immune cells. T cells, as
immune cells, play a crucial role in protecting the body against pathogens [35,36].

Additionally, IL-13 belongs to the Th9 cytokine family and has significant immune
regulatory activity that affects various immune cells. IL-17A promotes the production of
corresponding myeloid cells by recruiting pathogenic T cells and plays an initiating role in
autoimmunity [37]. Moreover, ZFYVE16 may upregulate the proliferation of B lymphocytes
through TGF- signal transduction [38]. The combined action of these genes may explain
the high levels of disease tolerance associated with the indigenous pigs of Hainan.

As there are survival differences between commercial pigs and local pigs, we have
identified genes that may be related to adaptability, such as APBA1. Previous research has
linked APBA1 to cognitive function, and its absence has been associated with the onset of
neurobehavioral disorders [39,40]. This could indicate that Chinese indigenous pigs are
more intelligent and better suited to adapting to their environment.

We have also identified several genes related to reproduction. The FGF2 gene mediates
FGF2/FGFR signal transduction, which can promote in vitro maturation of cumulus-oocyte
complexes. RNF17 is a component of mammalian germ cells and is critical for sperm
development [41,42]. ADAD]1 is a protein necessary for male fertility that contains the
testis-specific adenosine deaminase domain. Additionally, HIPK4 is essential for mouse
sperm development [43,44]. It is especially noteworthy that despite living in a hot and
humid environment, Chinese indigenous pigs still exhibit good reproductive ability. This
suggests that the expression of these genes may reflect high levels of adaptation to the
environmental conditions in which the pigs live, allowing them to maintain their repro-
ductive fitness. Similarly, our results may explain why Chinese indigenous pigs exhibit
strong sperm vitality and are considered highly tolerant of their environment. Furthermore,
understanding the genetic basis of fertility and sperm development in Chinese indigenous
pigs could aid in improving breeding programs and enhancing productivity. By identifying
genes linked to reproductive performance, we can select pigs with desirable traits and
improve their overall breeding efficiency.

Moreover, some candidate genes, such as ABCA1, ADIG, TLE4 and IRX5, have been
found to be associated with lipid metabolism and fat deposition. Intramuscular fat (IMF) is
considered a major factor that affects meat quality. Often, genes related to lipid metabolism,
such as ABCA1, are downregulated in commercial meats, such as Wenchang chicken [45].
The selection signal we observed in ABCA1 could be related to the fact that Chinese
indigenous pigs exhibit better meat quality. In a similar vein, research indicates that ADIG
plays a role in regulating fat accumulation and leptin secretion in mice. Additionally,
studies have shown that this gene is associated with muscle development mechanisms in
Yunling cattle [46,47]. TLE4 may regulate the quiescence of muscle stem cells and influence
skeletal muscle differentiation. IRX5 promotes the generation of adipose tissue in hMSCs
by inhibiting glycolysis, which may further explain the delicious taste associated with the
indigenous pigs [48,49]. Furthermore, understanding the genetic basis of lipid metabolism
and fat deposition in Chinese indigenous pigs could aid in improving meat quality and
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enhancing breeding programs. By identifying genes related to lipid metabolism, we can
select pigs with desirable traits and improve their overall breeding efficiency.

It is worth noting that Asadollahi et al. (2022) suggested that VPS13A, which encodes
the protein Chorein, may play a significant role in heat stress resistance. Moreover, Schmidt
et al. (2013) identified VPS13A as a critical regulator of secretion and blood platelet aggre-
gation during heat stress conditions. This emphasizes the importance of comprehending
the molecular mechanisms that underlie the response to heat stress in different biological
scenarios at both cellular and organismal levels [50,51]. In addition, heat shock protein
A4 (HSPA4), a member of the HSP110 family, can control apoptosis of inflammatory cells
and immune reactions in the gut [52]. In Liu et al.’s study, it was found that the expression
of Hsp110 in primary cardiomyocytes in vitro was sensitive to heat stress, and Hsp110
participated in the potential acquisition of heat tolerance after heat stress [53]. Therefore,
these genes may be related to heat tolerance in Chinese local pigs, providing guidance for
further exploration of heat tolerance genes.

Several QTLs have been identified that are linked to meat quality traits, including
drip loss, loin muscle area, muscle moisture percentage and shoulder subcutaneous fat
thickness. Chinese indigenous pigs are renowned for their exceptional meat quality, and
the overlapping of QTLs with potential selection regions may provide an explanation
for the genetic differences observed between Chinese indigenous pig populations and
commercial pig breeds. This information could potentially aid in the development of
breeding programs that aim to improve the meat quality of commercial pig breeds.

In summary, these findings are of great significance for understanding the unique char-
acteristics of Chinese local pig populations, which will be beneficial for our understanding
of Chinese local pigs as a whole. Moreover, the insights gained from this study provide
a foundation for proposing a reliable and sustainable strategy for the conservation and
improvement of indigenous pigs. This information can be utilized to optimize breeding
programs, enhance genetic diversity and promote the preservation of local pig populations,
ultimately contributing to the overall biodiversity of livestock species.

5. Conclusions

Knowledge of the genetic diversity and population structure for one population may
provide valuable information for its effective conservation and utilization. We found that
the indigenous pigs tested in this study are much more genetically diverse than commercial
pigs. Furthermore, we identified pathways and genes related to meat quality, immunity
and adaptability in the indigenous pigs—valuable genetic resources that must be conserved
for years to come. Overall, we conclude that conservation of indigenous pigs has been
effective to date, but their population protection plan still needs further optimization to
avoid inbreeding depression and to maintain sufficient genetic diversity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13122010/s1. Figure S1: This figure shows the chromosomal SNP
density of the three Hainan indigenous pig populations. The y-axis represents each chromosome, while
the x-axis represents chromosome length. The color gradient ranges from light gray to red, reflecting an
increasing density of SNPs located within that particular region; Table S1: BioSamples and coverage
depth of commercial pigs; Table S2: A summary table of the re-sequencing data for the sequencing
depth and coverage of 78 local pigs; Table S3: The FsT method was employed to pinpoint the candidate
genes in the top 1%; Table S4: Summary of GO and KEGG pathways for the top 1% Fsr candidate
genes; Table S5: QTLs overlapped with candidate selected regions.

Author Contributions: Conceptualization, Q.X.; methodology, Z.Z.; software, Q.W., Z.W. and EW.;
validation, Z.Z. and X.X,; formal analysis, Z.Z., Z.W. and EW.; investigation, Z.Z., X.X., Z.W. and
S.T.; resources, S.N.; data curation, Z.Z.; writing—original draft preparation, Z.Z.; writing—review
and editing, Q.X.; visualization, Z.Z.; supervision, Q.X.; project administration, Q.X. and Y.P,;
funding acquisition, Q.X., Y.P. and Z.Z. All authors have read and agreed to the published version
of the manuscript.


https://www.mdpi.com/article/10.3390/ani13122010/s1
https://www.mdpi.com/article/10.3390/ani13122010/s1

Animals 2023, 13, 2010 12 of 14

Funding: This research was funded by “the National Natural Science Foundation of China (No.
32260814)”, “Hainan Provincial Key R&D Program of China (No. ZDYF2021XDNY296)”, “the
Natural Science Foundation of Hainan province (No. 320QN184)” and “Hainan Province Innovation
Research Project of Graduate Students (No. Qhys2022-110)".

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data used in this study are publicly available and can be
obtained upon reasonable request to the corresponding author.

Acknowledgments: We are thankful for the support by Hainan Yazhou Bay Seed Laboratory, the
Natural Science Foundation of China and Hainan province, and Hainan Provincial Key R&D.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Chen, Q.L; Chai, Y.; Zhang, W.C.; Cheng, YW.; Zhang, Z.X.; An, Q.; Chen, S.; Man, C.; Du, L.; Zhang, W.G.; et al. Whole-Genome
Sequencing Reveals the Genomic Characteristics and Selection Signatures of Hainan Black Goat. Genes 2022, 13, 1539. [CrossRef]

2. China National Commission of Animal Genetic Resources. Animal Genetic Resources in China Pigs; China Agriculture Press:
Beijing, China, 2011.

3. Fang, X;;Mou, Y;; Huang, Z.; Li, Y,; Han, L.; Zhang, Y.; Feng, Y.; Chen, Y,; Jiang, X.; Zhao, W.; et al. The sequence and analysis of a
Chinese pig genome. Gigascience 2012, 1, 16. [CrossRef]

4. Li, C.Q,;Liu, G.P; Tong, K;; Wang, Y; Li, T; Tan, X,; Yang, J.; Yang, X.L.; Guo, L.W.; Zeng, ].G. Pathogenic ecological characteristics
of PCV2 in large-scale pig farms in China affected by African swine fever in the surroundings from 2018 to 2021. Front. Microbiol.
2023, 13, 1013617. [CrossRef]

5. Qiao, R.; Li, X,; Han, X.; Wang, K.; Lv, G.; Ren, G. Population structure and genetic diversity of four Henan pig populations.
Anim. Genet. 2019, 50, 262-265. [CrossRef]

6.  Alhusain, L.; Hafez, A.M. Nonparametric approaches for population structure analysis. Hum. Genom. 2018, 12, 25. [CrossRef]

7. Zhang, W,; Li, X.J.; Jiang, Y.; Zhou, M; Liu, L.Q.; Su, S.G.; Xu, C.L.; Li, X.T.; Wang, C.L. Genetic architecture and selection of
Anhui autochthonous pig population revealed by whole genome resequencing. Front. Genet. 2022, 13, 1022261. [CrossRef]

8. Qiao, RM.; Zhang, M.H.; Zhang, B.; Li, X.J.; Han, X.L.; Wang, K.J.; Li, X.L.; Yang, E; Hu, P.Y. Population genetic structure analysis
and identification of backfat thickness loci of Chinese synthetic Yunan pigs. Front. Genet. 2022, 13, 1039838. [CrossRef] [PubMed]

9.  Zhang, W,; Yang, M.; Zhou, M.; Wang, Y.L.; Wu, X.D.; Zhang, X.D.; Ding, Y.Y.; Zhao, G.Y,; Yin, Z.J.; Wang, C.L. Identification
of Signatures of Selection by Whole-Genome Resequencing of a Chinese Native Pig. Front. Genet. 2020, 11, 566255. [CrossRef]
[PubMed]

10. Chen, Z.T,; Ye, X.W.; Zhang, Z.; Zhao, Q.B.; Xiang, Y.; Xu, N.Y.; Wang, Q.S.; Pan, Y.C.; Guo, X.L.; Wang, Z. Genetic diversity and
selection signatures of four indigenous pig breeds from eastern China. Anim. Genet. 2022, 53, 506-509. [CrossRef] [PubMed]

11. Yu,]; Zhao, P.; Zheng, X.; Zhou, L.; Wang, C.; Liu, J.F. Genome-Wide Detection of Selection Signatures in Duroc Revealed
Candidate Genes Relating to Growth and Meat Quality. G3 Genes Genomes Genet. 2020, 10, 3765-3773. [CrossRef] [PubMed]

12. Wang, X.; Zhang, H.; Huang, M.; Tang, J.; Yang, L.; Yu, Z; Li, D.; Li, G.; Jiang, Y.; Sun, Y.; et al. Whole-genome SNP markers reveal
conservation status, signatures of selection, and introgression in Chinese Laiwu pigs. Evol. Appl. 2021, 14, 383-398. [CrossRef]

13.  Schiavo, G.; Bertolini, F.; Galimberti, G.; Bovo, S.; Dall’Olio, S.; Nanni Costa, L.; Gallo, M.; Fontanesi, L. A machine learning
approach for the identification of population-informative markers from high-throughput genotyping data: Application to several
pig breeds. Animal 2020, 14, 223-232. [CrossRef] [PubMed]

14. Maiorano, A.M.; Cardoso, D.E,; Carvalheiro, R.; Junior, G.A.E; de Albuquerque, L.G.; de Oliveira, H.N. Signatures of selection in
Nelore cattle revealed by whole-genome sequencing data. Genomics 2022, 114, 110304. [CrossRef] [PubMed]

15. Chen, Y.X;; Chen, Y.S.; Shi, CM.; Huang, Z.B.; Zhang, Y,; Li, SK,; Li, Y;; Ye, J.; Yu, C.; Li, Z.; et al. SOAPnuke: A MapReduce
acceleration-supported software for integrated quality control and preprocessing of high-throughput sequencing data. Gigascience
2017, 7, gix120. [CrossRef]

16. Li, H.,; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef] [PubMed]

17. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;
Daly, M; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297-1303. [CrossRef]

18. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T,;
Sherry, S.T.; et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156-2158. [CrossRef]

19. Wang, K,; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.

Nucleic Acids Res 2010, 38, e164. [CrossRef]


https://doi.org/10.3390/genes13091539
https://doi.org/10.1186/2047-217X-1-16
https://doi.org/10.3389/fmicb.2022.1013617
https://doi.org/10.1111/age.12775
https://doi.org/10.1186/s40246-018-0156-4
https://doi.org/10.3389/fgene.2022.1022261
https://doi.org/10.3389/fgene.2022.1039838
https://www.ncbi.nlm.nih.gov/pubmed/36437945
https://doi.org/10.3389/fgene.2020.566255
https://www.ncbi.nlm.nih.gov/pubmed/33093844
https://doi.org/10.1111/age.13208
https://www.ncbi.nlm.nih.gov/pubmed/35489815
https://doi.org/10.1534/g3.120.401628
https://www.ncbi.nlm.nih.gov/pubmed/32859686
https://doi.org/10.1111/eva.13124
https://doi.org/10.1017/S1751731119002167
https://www.ncbi.nlm.nih.gov/pubmed/31603060
https://doi.org/10.1016/j.ygeno.2022.110304
https://www.ncbi.nlm.nih.gov/pubmed/35131473
https://doi.org/10.1093/gigascience/gix120
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/nar/gkq603

Animals 2023, 13, 2010 13 of 14

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Yuan, J.; Zhou, X.; Xu, G.Q.; Xu, S.P; Liu, B. Genetic diversity and population structure of Tongcheng pigs in China using
whole-genome SNP chip. Front. Genet. 2022, 13, 910521. [CrossRef]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. . Hum. Genet. 2007, 81, 559-575.
[CrossRef]

Zhang, C.; Dong, S.S.; Xu, J.Y.; He, WM.; Yang, T.L. PopLDdecay: A fast and effective tool for linkage disequilibrium decay
analysis based on variant call format files. Bioinformatics 2019, 35, 1786-1788. [CrossRef] [PubMed]

Holsinger, K.E.; Weir, B.S. Genetics in geographically structured populations: Defining, estimating and interpreting F-ST. Nat. Rev.
Genet. 2009, 10, 639-650. [CrossRef] [PubMed]

Hall, B.G. Building phylogenetic trees from molecular data with MEGA. Mol. Biol. Evol. 2013, 30, 1229-1235. [CrossRef]
Alexander, D.H.; Novembre, ].; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009,
19, 1655-1664. [CrossRef]

Howe, K.L.; Achuthan, P,; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, LM.; Azov, A.G.; Bennett, R.; Bhai, J.; et al.
Ensembl 2021. Nucleic Acids Res. 2021, 49, D884-D891. [CrossRef]

Dennis, G., Jr.; Sherman, B.T.; Hosack, D.A.; Yang, J.; Gao, W.; Lane, H.C.; Lempicki, R.A. DAVID: Database for Annotation,
Visualization, and Integrated Discovery. Genome Biol. 2003, 4, P3. [CrossRef]

Hu, Z.L.; Park, C.A.; Reecy, ] M. Bringing the Animal QTLdb and CorrDB into the future: Meeting new challenges and providing
updated services. Nucleic Acids Res. 2022, 50, D956-D961. [CrossRef] [PubMed]

Wang, C.; Wang, H.Y.; Zhang, Y.; Tang, Z.L; Li, K; Liu, B. Genome-wide analysis reveals artificial selection on coat colour and
reproductive traits in Chinese domestic pigs. Mol. Ecol. Resour. 2015, 15, 414-424. [CrossRef]

Ai, H.S,; Huang, L.S.; Ren, J. Genetic Diversity, Linkage Disequilibrium and Selection Signatures in Chinese and Western Pigs
Revealed by Genome-Wide SNP Markers. PLoS ONE 2013, 8, e56001. [CrossRef]

Chen, J.; Peng, J.; Xiao, Q.; Pan, Y.; Zhang, X.; Lo, L.J.; Xu, N. The genetic diversity and population structures of indigenous pig
breeds in Zhejiang Province revealed by GGRS sequencing. Anim. Genet. 2018, 49, 36—42. [CrossRef]

Wang, X.; Wang, C.; Huang, M.; Tang, J.; Fan, Y.; Li, Y;; Li, X,; Ji, H.; Ren, J.; Ding, N. Genetic diversity, population structure and
phylogenetic relationships of three indigenous pig breeds from Jiangxi Province, China, in a worldwide panel of pigs. Anim. Genet.
2018, 49, 275-283. [CrossRef]

Diao, 5.Q.; Huang, SW.; Xu, Z.T,; Ye, S.P; Yuan, X.L.; Chen, Z.M.; Zhang, H.; Zhang, Z.; Li, ].Q. Genetic Diversity of Indigenous
Pigs from South China Area Revealed by SNP Array. Animals 2019, 9, 361. [CrossRef] [PubMed]

Liu, C.X,; Li, PH.; Zhou, W.D.; Ma, X.; Wang, X.P; Xu, Y,; Jiang, N.J.; Zhao, M.R.; Zhou, TW.; Yin, Y.Z.; et al. Genome Data
Uncover Conservation Status, Historical Relatedness and Candidate Genes Under Selection in Chinese Indigenous Pigs in the
Taihu Lake Region. Front. Genet. 2020, 11, 591. [CrossRef] [PubMed]

Spolski, R.; Li, P; Leonard, W.]. Biology and regulation of IL-2: From molecular mechanisms to human therapy. Nat. Rev. Immunol.
2018, 18, 648-659. [CrossRef]

Ren, H.M.; Lukacher, A.E.; Rahman, Z.S.M.; Olsen, N.J]. New developments implicating IL-21 in autoimmune disease.
J. Autoimmun. 2021, 122, 102689. [CrossRef] [PubMed]

McGinley, A.M.; Sutton, C.E.; Edwards, S.C.; Leane, C.M.; DeCourcey, ].; Teijeiro, A.; Hamilton, J.A.; Boon, L.; Djouder, N.; Mills,
K.H.G. Interleukin-17A Serves a Priming Role in Autoimmunity by Recruiting IL-1 beta-Producing Myeloid Cells that Promote
Pathogenic T Cells. Immunity 2020, 52, 342-356. [CrossRef]

Zhao, X.M,; Li, D.H.; Qiu, Q.S; Jiao, B.; Zhang, R.H.; Liu, P,; Ren, R.B. Zfyvel6 regulates the proliferation of B-lymphoid cells.
Front. Med. 2018, 12, 559-565. [CrossRef] [PubMed]

Davies, G.; Marioni, R.E.; Liewald, D.C.; Hill, W.D.; Hagenaars, S.P,; Harris, S.E.; Ritchie, S.J.; Luciano, M.; Fawns-Ritchie, C.;
Lyall, D.; et al. Genome-wide association study of cognitive functions and educational attainment in UK Biobank (N = 112151).
Mol. Psychiatry 2016, 21, 758-767. [CrossRef] [PubMed]

Mondal, T.; Loffredo, C.A.; Simhadri, ]J.; Nunlee-Bland, G.; Korba, B.; Johnson, J.; Cotin, S.; Moses, G.; Quartey, R,;
Howell, C.D.; et al. Insights on the pathogenesis of type 2 diabetes as revealed by signature genomic classifiers in an African
American population in the Washington, DC area. Diabetes/Metab. Res. 2023, 39, €3589. [CrossRef]

Pan, J.; Goodheart, M.; Chuma, S.; Nakatsuji, N.; Page, D.C.; Wang, PJ. RNF17, a component of the mammalian germ cell nuage,
is essential for spermiogenesis. Development 2005, 132, 4029—-4039. [CrossRef]

Du, C,; Davis, ].S.; Chen, C.; Li, Z.; Cao, Y.; Sun, H.; Shao, B.S,; Lin, Y.X.; Wang, Y.S.; Yang, L.G; et al. FGF2/FGEFR signaling
promotes cumulus-oocyte complex maturation in vitro. Reproduction 2021, 161, 205-214. [CrossRef]

Snyder, E.; Chukrallah, L.; Seltzer, K.; Goodwin, L.; Braun, R.E. ADAD1 and ADAD2, testis-specific adenosine deaminase
domain-containing proteins, are required for male fertility. Sci. Rep. 2020, 10, 11536. [CrossRef]

Crapster, J.A; Rack, P.G.; Hellmann, Z.].; Le, A.D.; Adams, C.M,; Leib, R.D,; Elias, J.E.; Perrino, J.; Behr, B.; Li, Y.F,; et al. HIPK4 is
essential for murine spermiogenesis. eLife 2020, 9, €50209. [CrossRef]

Qiu, FF; Xie, L.; Ma, J.E;; Luo, W,; Zhang, L.; Chao, Z.; Chen, S.H.; Nie, Q.H.; Lin, Z.M.; Zhang, X.Q. Lower Expression of
SLC27A1 Enhances Intramuscular Fat Deposition in Chicken via Down-Regulated Fatty Acid Oxidation Mediated by CPT1A.
Front. Physiol. 2017, 8, 449. [CrossRef]


https://doi.org/10.3389/fgene.2022.910521
https://doi.org/10.1086/519795
https://doi.org/10.1093/bioinformatics/bty875
https://www.ncbi.nlm.nih.gov/pubmed/30321304
https://doi.org/10.1038/nrg2611
https://www.ncbi.nlm.nih.gov/pubmed/19687804
https://doi.org/10.1093/molbev/mst012
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1186/gb-2003-4-5-p3
https://doi.org/10.1093/nar/gkab1116
https://www.ncbi.nlm.nih.gov/pubmed/34850103
https://doi.org/10.1111/1755-0998.12311
https://doi.org/10.1371/journal.pone.0056001
https://doi.org/10.1111/age.12625
https://doi.org/10.1111/age.12687
https://doi.org/10.3390/ani9060361
https://www.ncbi.nlm.nih.gov/pubmed/31208134
https://doi.org/10.3389/fgene.2020.00591
https://www.ncbi.nlm.nih.gov/pubmed/32582299
https://doi.org/10.1038/s41577-018-0046-y
https://doi.org/10.1016/j.jaut.2021.102689
https://www.ncbi.nlm.nih.gov/pubmed/34224936
https://doi.org/10.1016/j.immuni.2020.01.002
https://doi.org/10.1007/s11684-017-0562-3
https://www.ncbi.nlm.nih.gov/pubmed/29247407
https://doi.org/10.1038/mp.2016.45
https://www.ncbi.nlm.nih.gov/pubmed/27046643
https://doi.org/10.1002/dmrr.3589
https://doi.org/10.1242/dev.02003
https://doi.org/10.1530/REP-20-0264
https://doi.org/10.1038/s41598-020-67834-5
https://doi.org/10.7554/eLife.50209
https://doi.org/10.3389/fphys.2017.00449

Animals 2023, 13, 2010 14 of 14

46.

47.

48.

49.

50.

51.

52.

53.

Alvarez-Guaita, A.; Patel, S.; Lim, K; Haider, A.; Dong, L.; Conway, O.J.; Ma, M.K.L.; Chiarugi, D.; Saudek, V.; O’'Rahilly, S.; et al.
Phenotypic characterization of Adig null mice suggests roles for adipogenin in the regulation of fat mass accrual and leptin
secretion. Cell Rep. 2021, 34, 108810. [CrossRef]

Zhang, EW.; Hanif, Q.; Luo, X.Y,; Jin, X.D.; Zhang, ].C.; He, Z.X,; Lei, C.Z,; Liu, ].Y.; Huang, B.Z.; Qu, K.X. Muscle transcriptome
analysis reveal candidate genes and pathways related to fat and lipid metabolism in Yunling cattle. Anim. Biotechnol. 2021.
[CrossRef]

Agarwal, M.; Bharadwaj, A.; Mathew, S.J. TLE4 regulates muscle stem cell quiescence and skeletal muscle differentiation. J. Cell
Sci. 2022, 135, jes256008. [CrossRef] [PubMed]

Jiang, B.L.; Huang, L.Y.; Tian, T.; Wu, H.L.; Yao, H.T.; Marmo, T.; Song, F.E; Huang, C. IRX5 promotes adipogenesis of hMSCs by
repressing glycolysis. Cell Death Discov. 2022, 8, 204. [CrossRef]

Asadollahi, H.; Vaez Torshizi, R.; Ehsani, A.; Masoudi, A.A. An association of CEP78, MEF2C, VPS13A and ARRDC3 genes with
survivability to heat stress in an F2 chicken population. J. Anim. Breed Genet. 2022, 139, 574-582. [CrossRef] [PubMed]

Schmidt, E.M.; Schmid, E.; Munzer, P; Hermann, A.; Eyrich, A.K.; Russo, A.; Walker, B.; Gu, S.; vom Hagen, ] M.; Faggio, C.; et al.
Chorein sensitivity of cytoskeletal organization and degranulation of platelets. FASEB J. 2013, 27, 2799-2806. [CrossRef] [PubMed]
Adachi, T.; Sakurai, T.; Kashida, H.; Mine, H.; Hagiwara, S.; Matsui, S.; Yoshida, K.; Nishida, N.; Watanabe, T.; Itoh, K.; et al.
Involvement of Heat Shock Protein A4/Apg-2 in Refractory Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2015, 21, 31-39.
[CrossRef] [PubMed]

Liu, Z.J.; Lv, YJ.; Zhang, M.; Yue, Z.H.; Tang, S.; Islam, A.; Rehana, B.; Bao, E.D.; Hartung, J. Hsp110 expression changes in rat
primary myocardial cells exposed to heat stress in vitro. Genet. Mol. Res. 2012, 11, 4728-4738. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.celrep.2021.108810
https://doi.org/10.1080/10495398.2021.2009846
https://doi.org/10.1242/jcs.256008
https://www.ncbi.nlm.nih.gov/pubmed/35099008
https://doi.org/10.1038/s41420-022-00986-7
https://doi.org/10.1111/jbg.12675
https://www.ncbi.nlm.nih.gov/pubmed/35218583
https://doi.org/10.1096/fj.13-229286
https://www.ncbi.nlm.nih.gov/pubmed/23568775
https://doi.org/10.1097/MIB.0000000000000244
https://www.ncbi.nlm.nih.gov/pubmed/25437815
https://doi.org/10.4238/2012.November.29.1
https://www.ncbi.nlm.nih.gov/pubmed/23315814

	Introduction 
	Materials and Methods 
	Sample Collection and Sequencing 
	Quality Control and Genotyping 
	Genetic Diversity and Linkage Disequilibrium 
	Genetic Differentiation Analysis 
	Population Genetic Structure 
	Detection of the Selection Signatures 
	Functional Enrichment Analysis of Candidate Genes 

	Results 
	Single Nucleotide Polymorphism Discovery 
	Analysis of Genetic Diversity and Linkage Disequilibrium 
	Analysis of Genetic Structure 
	Selection Signature and Functional Clustering of Variant Genes 

	Discussion 
	Genetic Diversity and Linkage Disequilibrium Analysis of Chinese Indigenous Pigs and Commercial Pigs 
	Population Structure of Indigenous Pigs and Commercial Pigs 
	Gene Annotation and Functional Analysis 

	Conclusions 
	References

