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Introduction: The Huainan pig (HN) is known for its impressive litter size and
exquisite meat quality. However, it also exhibits certain drawbacks such as
excessive fat deposition, a relatively low percentage of lean meat percentage,
and a slower growth rate. Crossbreeding with lean-type breeds, such as Large
White, Landrace, and Berkshire can enhance offspring traits, and increase
genetic diversity.

Methods: In this study we employed RNA-seq technology to identify differentially
expressed genes (DEGs) in subcutaneous adipose tissue (SAT) samples from HN
pigs and their crosses with multiple breeds (with three replicates per group).

Results: In the SAT of Huainan X Berkshire pigs (BH), Huainan x Yorkshire pigs (YH),
and Huainan X Landrace pigs (LH), numerous key functional genes were identified,
including LIPG, PLIN2, CPT1A, KLF9, CCND1, LDLR, ACSL1, ACLY and ANGPTLA4.
Functional enrichment analysis revealed that DEGs were primarily involved in several
key pathways in BH, including the peroxisome proliferator-activated receptor (PPAR)
signaling, metabolic pathways, arachidonic acid metabolism, and arginine/proline
metabolism. Similarly, in LH, DEGs were associated with PPAR, cyclic adenosine
monophosphate (CAMP) signaling, mitogen-activated protein kinase (MAPK), and
the arginine/proline pathway. In contrast, the main pathways in YH were slightly
different, including MAPK, fatty acid elongation, arginine/proline metabolism, and
glycine/serine/threonine metabolism. Compared to HN, the differential genes in
BH, LH, and YH showed a reduced fat deposition. However, in comparison, LH has
a stronger subcutaneous fat deposition ability. Notably, LH exhibited a stronger
tendency for subcutaneous fat deposition than the other two groups, while YH had
the lowest fat deposition capacity.

Conclusion: In conclusion, these findings offer valuable insights and provide
a foundation for future research on the molecular mechanisms underlying fat
deposition in pigs.
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1 Introduction

Pork is the most widely produced and consumed meat globally. It
serves as a cornerstone of global meat consumption (1). HN pigs (also
known Huainan black pigs) are one of the oldest local breeds in
northern China. They have all-black bodies, large size, high fertility,
strong adaptability, and good meat quality (2). However, this breed
exhibits disadvantages such as slow growth, thick back fat, heavy leaf
lard, and low lean meat percentage. In contrast, lean-type breeds like
Large White, Landrace, and Berkshire pigs grow faster and have
higher lean meat yields. These breeds are often used to improve local
pig populations (3). For this reason, combining the advantages of
these lean breeds with the good traits of HN pigs through
crossbreeding, especially to reduce under-skin fat, is critical. Solving
this will help improve HN pig breeding and support sustainable
pig farming.

Previous research has extensively examined differences in gene
activity between lean and fat-type pig breeds. For example, Chen et al.
reported that Jiaxing Black pigs (JXB) show significantly higher levels
of inositol monophosphate, intramuscular fat, and free amino acids in
their longissimus dorsi muscle compared to crossbred pigs (DBJ, Duroc
x Berkshire X Jiaxing Black) (4). Additionally, Hang’s revealed distinct
differences in the longissimus dorsi muscle between Laiwu pigs (LW, a
fat-type breed) and Duroc x Landrace x Yorkshire pigs (DLY, a lean-
type breed), particularly in glycerol/phospholipid metabolism. The
study also proposed that the PI3K-Akt and MAPK signaling pathways
may regulate muscle fiber composition and glucose metabolism (5). Liu
demonstrated that Yorkshire pigs (Y) grow faster than Jinhua pigs ()
and their hybrid offspring (YJ), though Yorkshires exhibit lower backfat
thickness (6). Similarly, in a comparison of Berkshire pigs, Ningxiang
pigs, and their F1 hybrids, researchers identified significant activity in
metabolic pathways tied to glycine, serine, threonine, arachidonic acid,
fatty acid biosynthesis, linoleic acid, a-linolenic acid, and glycerol
phospholipid metabolism (7). In conclusion, crossbreeding can
effectively enhance local pig breeds by improving key traits such as
growth rate, muscle composition, and fat content.

Our previous research has demonstrated that when HN are
crossed with Yorkshire, Landrace, and Berkshire pigs, changes occur
in the subcutaneous fat deposition of their offspring. However, the
molecular mechanisms underlying these differences in subcutaneous
fat deposition between HN pigs and their crosses with these breeds
remain poorly understood. Therefore, this study utilizes transcriptome
sequencing technology to investigate the regulatory mechanisms
influencing subcutaneous fat deposition in the offspring resulting
from the crossbreeding of HN pigs with Yorkshire, Landrace, and
Berkshire pigs, and to identify key genes that may affect subcutaneous
fat thickness. This study provides valuable insights into the genetic
mechanisms underlying fat deposition in pigs, offering guidance for
improving selection strategies for backfat thickness and adipose tissue
traits in pig breeding programs.

2 Materials and methods

2.1 Ethical statement

The experimental animals used and the operations performed in
this study were approved by the Institute of Animal Science, Henan
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Academy of Agricultural Sciences (code May 2, 2015), in accordance
with its guidelines (8).

2.2 Materials and sample collection

The hybridization experiment was conducted at the Huainan
Original Breeding Farm of Henan Xingrui Agriculture and Animal
Husbandry Technology Co., Ltd. In this experiment, we selected 60
Huainan sows of similar age and body condition and randomly
divided them into three groups, with 20 sows in each group. These
sows were bred using semen from boars of the Yorkshire, Landrace,
and Large White breeds, creating three hybrid combinations:
Yorkshire-Huainan (YH), Landrace-Huainan (LH), and Large White-
Huainan (BH). From these three hybrid offspring groups, as well as
the purebred group (HN), we selected 10 castrated male pigs, each
weighing approximately 30 kg, for a fattening trial. These selected pigs
were of similar age and body condition. When these pigs reached the
market-standard weight of approximately 100 kilograms, three pigs
were randomly selected from each group for standardized slaughter.
After measuring their carcass traits, samples of subcutaneous adipose
tissue were collected and rapidly frozen in liquid nitrogen for
subsequent experimental analysis.

2.3 RNA extraction, library construction,
and transcriptome sequencing

Total RNA was extracted using TRIzol™ Reagent (Thermo Fisher
Scientific, Cat#15596018) and assessed for quantity/purity with a
Bioanalyzer 2100 system and RNA 6000 Nano LabChip Kit (Agilent
Technologies). High-quality RNA samples with RNA Integrity
Number (RIN) > 7.0 were selected for library preparation. mRNA was
isolated from 5 pg of total RNA through two rounds of purification
with Dynabeads™ Oligo (dT) beads. Fragmentation of mRNA was
performed via divalent cation-mediated cleavage at elevated
temperatures, followed by reverse transcription into cDNA. Unlabeled
second-strand DNA was synthesized, and adenine (A) overhangs were
added to blunt ends to enable ligation with indexed adapters. Dual-
indexed adapters (Illumina) were ligated, and size selection was
conducted using AMPure XP beads. After uracil-DNA glycosylase
treatment, PCR amplification was performed under optimized cycling
conditions. Final cDNA libraries exhibited an average insert size of
300 + 50 bp and were sequenced in 2 x 150 bp paired-end mode on
an [llumina NovaSeq™ 6,000 platform.

2.4 Raw data processing, transcriptome
assembly

The raw data were initially processed through quality filtering
using Cutadapt (v1.9)' to remove adapter sequences and low-quality
reads. Quality assessment was subsequently performed using FastQC,
clean reads for downstream These

generating analysis.

1 https://cutadapt.readthedocs.io/en/stable/
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quality-controlled reads were then aligned to the porcine reference
genome using HISAT2 (v2.2.1).? Transcript assembly was conducted
de novo using StringTie (v2.1.6),’ followed by integration of assembly
results across all samples. The assembled transcripts were
systematically annotated and classified using gffcompare (v0.9.8).*

2.5 DEGs analysis

In this study, we first identified differentially expressed genes
(DEGsS) between the two sample groups using DESeq2, followed by
significance validation of these DEGs through edgeR analysis. The
genes with the parameter of p-value below 0.05 and absolute fold
change > 2 were considered differentially expressed genes.

2.6 Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes
pathway enrichment analysis

The functional annotation of differential genes was conducted
using the Gene Ontology (GO) database.’ The number of differential
genes included in each GO term was counted, and the significance of
their enrichment was calculated using the hypergeometric distribution
algorithm. The stem ranking method was utilized to select the most
significantly enriched functional terms (9). Additionally, pathway
analysis of differential protein-coding genes was performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (10).°
The p-value was calculated to assess the significance of enrichment,
with pathways having a p-value of less than 0.05 considered to
be significantly enriched in DEGs.

2.7 Correlation analysis of replicas

We used R software to perform correlation analysis. The Pearson
correlation coeflicient between two replicas was calculated to evaluate
repeatability between samples. The closer the correlation coeflicient
gets to 1, the better the repeatability between two parallel experiments.

2.8 Gene set enrichment analysis

Using gene set enrichment analysis (GSEA) (version 4.1.0) and
MSigDB, we conducted gene set enrichment analysis to compare gene
expression between two groups. Our analysis focused on GO terms,
KEGG pathways, DO terms, and Reactome pathways. Genes were
ranked using Signal2Noise normalization, and enrichment scores and
p-values were calculated with the default parameters. GO terms,
KEGG pathways, DO terms, and Reactome pathways with [NES| > 1,

https://daehwankimlab.github.io/hisat2/
http://ccb.jhu.edu/software/stringtie/
http://ccb jhu.edu/software/stringtie/gffcompare.shtml

http://geneontology.org/

O U1~ NN

http://www.genome.jp/kegg/
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NOM p-value < 0.05, and FDR g-value < 0.25 were considered
significantly different between the groups.

2.9 Protein—protein interaction

To clarify the interaction relationships among the differentially
expressed genes (DEGs) encoding proteins, we selected DEGs
identified in three pairwise comparisons (HN vs. BH, HN vs. LH, and
HN vs. YH) with an adjusted p-value <0.05 and |log2 fold change| > 1.
We utilized the STRING database’ to analyze the associations between
the proteins encoded by these DEGs, setting the minimum required
interaction score to 0.5 and hiding disconnected nodes in the network.
The protein-protein interaction (PPI) data generated by STRING was
then imported into Cytoscape (v3.9.1) for further visualization of the
PPI network among these DEGs.

2.10 Quantitative reverse transcription
polymerase chain reaction

In this study, after RNA-seq analysis of the subcutaneous
adipose tissue from Huainan pigs and their crosses, we selected
genes DPP6, DNAJB6, HOXC10, SLC7A10, CD163, LDLR, CPTIA,
and WNT9B for validating the RNA-seq results. These genes
exhibited extremely significant differences in BH, LH, and YH
compared to HN and were enriched in signaling pathways related
to fat deposition. Total RNA was extracted from porcine
subcutaneous adipose tissue with AG RNAex Pro RNA extraction
reagent. After determining the nucleic acid concentration, RNA
was reverse transcribed using Hifair® III 1st Strand cDNA
Synthesis SuperMix for qPCR (gDNA digester plus). Next,
quantitative reverse transcription polymerase chain reaction (QRT-
PCR) analysis was carried out with ChamQ SYBR qPCR Premix
(Nanjing Vazyme Biotech Co., Ltd.). The 13 pL reaction mixture
contained 6.5 pL of 2 X Premix, 0.5 pL each of forward and reverse
primers, 5 pL of cDNA diluted 10-fold, and 0.5 uL of ddH,O. The
95°C for 30s
denaturation), followed by 40 cycles of 95°C for 10 s (denaturation)

thermal cycling conditions were: (initial
and 60°C for 30 s (annealing). A melting curve analysis was done
after cycling to confirm amplification specificity. Relative gene
expression levels were calculated via the 2744 method. The sample
size for subcutaneous adipose tissue of HN, BH, LH, and YH was
three per group. Tissue samples used in the experiment and
sequencing came from the same individuals. Three technical
with  Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) as the housekeeping gene. The primer

replicates were used,

sequences are listed in Table 1.

2.11 Statistical analysis

The comparison between two groups was conducted using an
unpaired two-tailed Student’s t-test, while comparisons among

7 https://string-db.org
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multiple groups were performed using one-way ANOVA. p < 0.05
was considered statistically significant for differences. The
statistical analysis was conducted using GraphPad Prism
8.0 software.

3 Results

3.1 A comparison of carcass traits between
Huainan pigs and their hybrids

All pigs were reared under identical conditions with free
access to feed and water. This study compared the backfat
thickness between the 6th and 7th ribs, 24-h marbling score, and
leaf lard weight among HN and three crosses (BH, LH, YH). The
results showed that, compared to HN, the backfat thickness
between the 6th and 7th ribs of the three crosses (BH, LH, YH)
was significantly reduced (p < 0.01) (Figure 1A), as well as their
leaf lard weight (p < 0.01) (Figure 1B). Additionally, the 24-h
marbling score of BH was significantly lower than that of HN
(p <0.05) (Figure 1C).

3.2 Overview of sequencing data

After sequencing 12 subcutaneous adipose tissue samples, the raw
read data obtained ranged from 34527940 to 45232150 kb, with
original sequence lengths all exceeding 5.18 gigabases (G). After
quality control and filtering, the clean read data ranged from 33082598
to 43586246, with sequence lengths for each sample exceeding
4.96 G. The percentages of Q20 and Q30 bases exceeded 99.72% and

TABLE 1 Primers for real-time fluorescent quantitative PCR.

Gene accession number Genes

Primers (5’-3)

10.3389/fvets.2025.1545694

97.16%, respectively, and the average GC content for all samples was
50.00% (Table 2). When comparing the transcriptome data with the
reference genome, we found that the aligned read data accounted for
more than 94% (ranging from 94.79% to 96.57%). Among these, an
average of 89.49% of the read data aligned to exon regions, 8.51%
aligned to intron regions, and 2.0% aligned to intergenic regions
(Figure 2A). The expression distributions of protein-coding genes
were similar across all samples (Figure 2B). In this study, the R* values
between biological replicates within each group were all greater than
0.84 (Figure 2C), indicating that the data is reliable and suitable for
further analysis.

3.3 ldentification of DEGs

To analyze the differences in gene expression in subcutaneous
adipose tissue between the HN pigs and three crosses (BH, LH, YH)
we conducted a statistical analysis of DEGs based on transcriptome
data. Compared to the HN group, 346, 1,219, and 557 DEGs were
identified in the BH, LH, and YH groups, respectively. Among
them, the BH group had 174 upregulated genes and 172
downregulated genes; the LH group had 791 downregulated genes
and 428 upregulated genes; and the YH group had 434
downregulated genes and 123 upregulated genes. According to the
Venn diagram, there were 167 common DEGs between the BH and
LH groups, 108 common DEGs between the BH and YH groups,
and 304 common DEGs between the LH and YH groups.
Additionally, there were 88 common DEGs shared among all three
groups of BH, LH, and YH (Figures 3A,B). Subsequently, volcano
plots were constructed to visually display the distribution of these
significantly differentially expressed genes (Figures 3C-E). The

Product length

F: GCCAGGAGCTGTGTTTCGT

XM_003127014.5 SLC7A10 132 bp
R: TTCAGGCTCCACAAGTGTCTC
F: GAACCCCGATGGAAAGAGCA

NM_001244430.1 DNAJB1 132bp
R: TCGGCTGGAATGTTGTTGGA
F: GCCTCTACGTGGTGTCCAAA

NM_001129805.1 CPTIA 79 bp
R: GATAATCGCCACGGCTCAGA
F: TGACATGCCCTCGCAATGTA

XM_021091726.1 HOXC10 89 bp
R: AGCTGCGCTCCGGCTAT
F: TTGGCCTGTCTCATCGCATT

XM_063238127.1 CDI163 173 bp
R: TCAGAGTGGTCTCCTGAGGG
F: CCCAGCCTTGGTGAGGATTT

XM_021066827.1 WNTIB 81bp
R: AGTCCAGCCCTCCTCTCAAT

XM_021079151.1 F: GTTCTTCTTCGTCCGAGCCA

DPP6 135 bp

R: ATTGTGGTCACGTCCCAGTC
F: AAGAGCGCACACAGTGAACA

NM_001206354.2 LDLR 163 bp
R: CGGCACTGGAACTCGTTTCT
F: CCCCGTTCGACAGACAGC

NM_001206359.1 GAPDH 94 bp
R:GATGCGGCCAAATCCGTTCAC
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FIGURE 1
Comparative analysis of HN and three crosses (BH, LH, YH) in terms of: (A) backfat thickness (mm) measured between the 6th and 7th ribs, (B) marbling
score after 24 h, and (C) leaf lard weight. “*" denotes a statistical significance of p < 0.05. "**" denotes a statistical significance of p < 0.05.

TABLE 2 Sample quality control statistics data.

Sample Raw reads EWY Clean Clean Mapped Q20 (%) Q30(%) GC content
(kb) base (G)  reads (kb) base (G) reads (%) (%)
HNI1 34527940 518 33082598 496 95.81 99.73 97.18 49.50
HN2 43297806 6.49 41252724 6.19 95.28 99.72 97.16 49.50
HN3 40457854 6.07 38349308 5.75 94.79 99.74 97.21 49,50
BH1 34861420 523 33487360 5.02 96.06 99.78 98.37 50.00
BH2 35148098 527 33841794 5.08 96.28 99.76 98.40 49.00
BH3 39384714 591 38016996 5.70 96.53 99.78 98.33 50.50
LHI1 38395664 576 37023718 5.55 96.43 99.78 98.37 50.50
LH2 39629948 5.94 38271138 5.74 96.57 99.78 98.26 50.50
LH3 45232150 6.78 43586246 6.54 96.36 99.79 98.50 49.50
YHI1 42524214 6.38 40624370 6.09 95.53 99.76 98.19 50.50
YH2 36394292 5.46 35147434 527 96.57 99.78 98.45 49,50
YH3 37746248 5.66 36426646 5.46 96.50 99.79 98.44 49.50
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FIGURE 2

Comparison of sequencing reads and distribution of positively expressed genes. (A) The distribution of sequencing reads in the reference genome. The
distribution of reads in the exons (red), introns (blue), and intergenic regions (green) are shown. (B) Distributions of expression values of 12 samples.
The boxplots show log10 (FPKM + 1) values of each gene from the 4 sets of RNA-Seq data. The black lines in the boxes represent the medians.

(C) Pearson correlation coefficients for comparisons among all samples.

results indicated that when HN was crossed with Berkshire,  having the highest number of DEGs. In contrast, the number of
Landrace, and Yorkshire pigs, respectively, the majority of DEGsin  upregulated and downregulated genes in the BH group was
the LH and YH groups were downregulated, with the LH group  nearly equal.

Frontiers in Veterinary Science 05 frontiersin.org


https://doi.org/10.3389/fvets.2025.1545694
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Yan et al.

10.3389/fvets.2025.1545694

W BHVSHN
LH VS HN
A B YH VS HN
Diftrentially expressed genes in diferent groups 232
o 216
4
]
3 gz ‘
g | |
20 ) 158 R 835
Q . =
e e
BHVSHN LHVSHN YHVSHN
up - no - down up © no - down ~up - no - down
30{ )
60/
0!
s K ]
&% a0 5%
s ) e
2 2 2%
e g T
T T 20| " 10l
0
0 0 -10 0
-0 0 10 20 -10 0 10 log2 of Fold change
log2 of Fold change log2 of Fold change
FIGURE 3
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groups. (B) Venn diagram of DEGs in different groups. (C—E) Volcano plots of Volcano map of DEGs.

3.4 Differential gene screening and
identification

To identify genes specifically regulating subcutaneous fat
deposition, we compared the DEGs between HN pigs and BH, LH, and
YH pigs. Our results indicate that, compared to the HN group, the BH,
LH, and YH groups exhibited downregulated expression of peroxisome
PPAR target genes, including Carnitine palmitoyl transferase 1A
(CPTI1A), Platelet glycoprotein 4 (CD36), Angiopoietin-like 4
(ANGPTL4), and Kruppel-like factor 9 (KLF9); lipid metabolism genes
such as ATP-Binding Cassette Transporter A1 (ABCAI); and genes
related to cell differentiation and development, namely Wnt family
member 9B (WNT9B) and Perilipin 2 (PLIN2). Conversely, these
groups showed upregulated expression of fatty acid synthesis and
metabolism-related genes, including Low-density lipoprotein receptor
(LDLR), Acyl-CoA synthetase long-chain family member 1 (ACSLI),
(HMGCS1)
(Figure 4D). Additionally, compared to the HN group, the BH group

and 3-Hydroxy-3-methylglutaryl-CoA synthase 1

exhibited downregulated expression of metabolism regulation-related
genes such as Pyruvate dehydrogenase kinase isoenzyme 4 (PDK4) and
Thioredoxin-interacting protein (TXNIP), whereas TXNIP and
Homeobox C10 (HOXCI10) were upregulated. In the LH group,
upregulated expression was observed for cell cycle-related proteins
such as Cyclin D2 (CCND2) and Cyclin D1 (CCNDI); lipid metabolism
genes including Lipoprotein lipase (LIPG) and Solute carrier family 16
member 13 (SLC16A13); and transcription factors such as JUN, Dna]
heat shock protein subfamily B member 1 (DNAJBI), and Dual
specificity phosphatase 4 (DUSP4). Meanwhile, in the YH group,
downregulated expression was noted for macrophage markers such as
CD163 Molecule (CD163) and Macrophage expressed gene 1 (MPEGI);
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chemokine receptors including C-C chemokine receptor type 1
(CCR1); CSF3 receptor (CSF3R); and Lymphocyte cytosolic protein 1
(LCPI) (Figures 4A-C). In summary, the aforementioned differentially
expressed genes may regulate subcutaneous adipose tissue deposition
in the HN, BH, LH, and YH groups through various biological pathways.

3.5 Functional analysis of DEGs

To further investigate the functional characteristics of DEGs between
the HN and three crosses (BH, LH, and YH), we annotated the identified
genes using the GO and KEGG databases (Figure 5). The results of GO
enrichment analysis showed that these DEGs were categorized into three
major groups: biological processes, cellular components, and molecular
functions. The GO enrichment analysis revealed that the DEGs between
the HN and the three crosses (LH, BH, YH) were significantly enriched
in biological processes such as the extracellular region and extracellular
matrix organization, hormone-mediated signaling pathways, cell
adhesion, external side of plasma membrane, synaptic pruning, serine-
type endopeptidase activity, and glutathione transferase activity
(Figure 6). The KEGG results indicated that, compared to the HN group,
a total of 135 DEGs in the BH group were association with 224 pathways,
425 DEGs in the LH group were association with 300 pathways, and 214
DEGs in the YH group were annotated into 257 pathways. Among the
top 20 metabolic pathways with significant enrichment (p < 0.05), the
pathways enriched by DEGs in the BH group included calcium signaling
pathway, Hippo signaling pathway, PPAR signaling pathway, metabolic
pathways, arachidonic acid metabolism, and arginine and proline
metabolism (Figure 7A). In the LH group, significantly enriched
pathways included cAMP signaling pathway, MAPK signaling pathway,

frontiersin.org
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PPAR signaling pathway, arginine and proline metabolism, and carbon
metabolism (Figure 7B). The pathways enriched by DEGs in the YH
group included MAPK signaling pathway, metabolic pathways, arginine
and proline metabolism, and glycine, serine, and threonine metabolism
(Figure 7C). In summary, after crossing HN with Berkshire, Landrace,
and Yorkshire pigs, the DEGs were significantly enriched in key signaling
pathways such as PI3K-Akt, MAPK, and PPAR.

3.6 GESA enrichment analysis
Next, we performed GSEA to investigate the enrichment patterns

of DEGs across HN pigs and three crosses (BH, LH, and YH) within
key biological pathways and disease-related processes. These pathways
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included lipid metabolism (such as arachidonic acid and linoleic acid
metabolism), amino acid metabolism (glycine, serine, threonine, and
glutamate metabolism), energy metabolism (citric acid cycle, oxidative
phosphorylation, carbon metabolism), biosynthesis (steroid and
aminoacyl-tRNA biosynthesis), immune regulation (NF-xB and
PI3K-Akt signaling pathways), and cellular signal transduction
(MAPK signaling pathway) (Figure 8). When comparing BH with
HN, genes linked to a-linolenic acid metabolism, carbon metabolism,
as well as glycine, serine, and threonine metabolism, and arachidonic
acid metabolism, all demonstrate a general upregulation trend
(Figures 8A-D). Similarly, in the comparison of LH to HN, genes
involved in fatty acid metabolism, steroid biosynthesis, the
tricarboxylic acid cycle (TCA cycle), and carbon metabolism exhibit
an upregulation trend (Figures 8E-H). In contrast, YH vs. HN
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comparisons exhibited a distinct pattern: genes linked to carbohydrate
digestion/absorption and the NF-xB signaling pathway were
downregulated, while those involved in fatty acid elongation and
carbon metabolism were upregulated (Figures 81-K).

3.7 Analysis of the network of DEGs

To further identify the key genes associated with subcutaneous fat
deposition in HN pigs and the three crosses (BH, LH, and YH),
we constructed a PPI network using Cytoscape based on the target
gene list extracted from the STRING database (Figure 9). Compared
to HN, specifically, in BH (CD36, WIN9B, PLIN2, DKK2), LH (FGFIS8,
CSFIR, HGF, ILIB), and YH (CCRI1, CCR2, CXCRI, ILI1B), the
following genes are identified as core hub genes. Among the common
DEGs shared by the three groups (BH vs. HN, LH vs. HN, YH vs. HN),
FCGR3A, PYGB, MGAM, and TYROBP are identified as core hub
genes. Additionally, we observe several significant interactions between
PLIN2 and CD36/ WNT9B, as well as between CPT1A and PLIN2.

3.8 Validation of eight differentially
expressed genes: DPP6, DNAJB1, HOXC10,
SLC7A10, CD163, LDLR, CPT1A, and
WNT9B

To verify the precision of the RNA-seq-derived gene expression
profiles, we employed the qRT-PCR technique. From the pool of

10.3389/fvets.2025.1545694

DEGs, we selected eight genes—DPP6, DNAJBI, HOXCI10, SLC7A10,
CD163, LDLR, CPT1A, and WNT9B—for validation of their relative
expression levels against the RNA-seq results (Figure 10). The findings
indicated that, in comparison to the HN group, the expression of
DPP6, DNAJBI significantly upregulated in the LH, SLC7A10 and
HOXC10 showed marked upregulated in the YH, with HOXC10 was
also being notably elevated in the BH (p < 0.01). Conversely, the YH
group displayed significantly downregulated expression of, LDLR,
CPTI1A, and WNT9B compared to the LH group (p < 0.05). In
addition, compared to HN, the expression level of CD163 in YH is
extremely downregulated (p > 0.05). These observations align with the
previous sequencing data, reinforcing the differential expression
patterns of these genes (Figure 11).

4 Discussion

As a crucial source of protein and essential nutrients for global
consumers, the demand for pork has steadily increased, leading to
heightened focus on its quality and production efliciency (11). HN
pigs are a Chinese local breed known for their high litter size, tolerance
to coarse feed, strong adaptability, and excellent meat quality.
However, they have drawbacks such as slow growth rate and low lean
meat percentage (12). In contrast, Landrace and Yorkshire pigs belong
to high-quality lean meat pig breeds, characterized by rapid growth
and development as well as a high lean meat percentage, which can
effectively compensate for the shortcomings of HN pigs (13). In this
experiment, HN pigs were used as dams to form three hybrid
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combinations with Yorkshire pigs, Landrace pigs, and Berkshire pigs,
respectively. The backfat thickness measured between the 6th and 7th
ribs, marbling score after 24 h, and leaf lard weight of HN pigs and the
three crosses (BH, LH, YH) were compared. The results showed that
compared to HN pigs, the backfat thickness between the 6th and 7th
ribs of the three crosses (BH, LH, YH) was significantly reduced
(p <0.01), and the leaf lard weight was also significantly decreased
(p < 0.01).

To further investigate the key genes that influencing SAT thickness
in HN pigs and three crosses (BH, LH, YH), this study collected SAT
samples from HN pigs and the three hybrid combinations for
RNA-seq. The results revealed significant enrichment of key regulatory
genes in SAT, including LIPG, PLIN2, CPT1A, KLF9, CCNDI, LDLR,
ACSLI, ACLY, and ANGPTL4. Furthermore, our research findings
indicate that, when compared to HN, the primary differential genes
in LH, BH, and YH are predominantly enriched in several key
signaling pathways. These pathways include the cAMP signaling
pathway, PPAR signaling pathway, cytokine-cytokine receptor
interaction, PI3K-Akt signaling pathway, MAPK signaling pathway,
and Hippo signaling pathway. Fat deposition is a complex process that
involves fat synthesis and the formation, growth, and expansion of
lipid droplets. This process is precisely regulated by multiple genes and
transcription factors. According to reports, the activation of the PI3K/
AKT pathway promotes fat generation, whereas its inhibition
suppresses it (14). Additionally, PPARs, serving as natural ligands for
fatty acids and their metabolites, regulate adipogenesis by controlling
processes such as mitochondrial fatty acid oxidation, the tricarboxylic
acid cycle, and oxidative phosphorylation. These processes, in turn,
affect fat deposition, thereby regulating fat production and
accumulation (15, 16). Furthermore, the MAPK pathway serves as a
critical signaling nexus mediating extracellular signals to intracellular
responses. This pathway involves core effector molecules including
ERK1/2, JNK1/2/3, and p38 isoforms, which collectively orchestrate
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adipocyte differentiation and metabolic regulation (17). Our research
results show that, compared to HN, ANGPTL4, CPT1A, CD36, PLIN2,
and KLF9 are significantly enriched in the PPAR signaling pathway,
whereas CSFIR, TGFB3, DUSP4, FGF18, and JUN are significantly
enriched in the MAPK signaling pathway. Notably, CCNDI and
CCND?2 are significantly enriched in the PI3K-Akt signaling pathway.
Based on these cross-species comparative findings, we propose that
hybridization of HN pigs with Berkshire, Landrace, and Yorkshire
breeds induces coordinated regulation of subcutaneous adipose
deposition through these differential gene expression patterns across
multiple signaling pathways.

ANGPTL4 and PLIN2 play functionally distinct roles in regulating
lipid metabolism. ANGPTL4 functions as a multifaceted secretory
protein that is synthesized across various tissue types. Conversely,
PLIN2 acts as an integral protein associated with lipid droplets and is
widely recognized as a biomarker indicative of lipid droplet dynamics
(18). Existing evidence has revealed that ANGPTL4 inhibits
lipoprotein lipase (LPL) through three synergistic mechanisms: it
facilitates the unfolding of the enzyme, enhances proteolytic cleavage,
and accelerates degradation processes. Collectively, these actions
diminish the availability of catalytically active LPL pools, which are
crucial for triglyceride hydrolysis (19). Additionally, the expression of
ANGPTL4 is regulated by PPARy activation and positively correlates
with backfat thickness in multiple pig breeds (20). Meanwhile,
although lipids in lipid droplets can be catabolized through autophagy,
overexpression of PLIN2 attenuates autophagy, leading to the
accumulation of lipid droplets (21). Notably, mechanistic studies have
revealed coordinated regulatory interactions between ANGPTL4 and
PLIN2. Their combined effects promote preadipocyte differentiation
and adipocyte hypertrophy, which ultimately influence the
architecture and functional plasticity of adipose tissue. Experimental
data from C2C12 myoblast models demonstrate that knocking down
PLIN2 significantly reduces lipid droplets and intracellular
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triglycerides while enhancing p-oxidation capacity (22). The
importance of CPT1A, the mitochondrial gatekeeper enzyme for long-
chain fatty acid transport, lies in its crucial role in regulating fatty acid
oxidation during energy homeostasis (23). The metabolic significance
of CPT1A, the mitochondrial gatekeeper enzyme for long-chain fatty
acid transport, lies in its catalytic dominance in regulating fatty acid
(24).
phosphorylation-modified PLIN2 forms direct protein-protein

oxidation during energy homeostasis Importantly,
interactions with CPT1A, fostering structural coupling between lipid
droplets and mitochondrial networks. This spatial proximity facilitates
the recruitment of adipose triglyceride lipase, thereby creating a
metabolically advantageous microenvironment for efficient lipid
substrate utilization (25). KLF9 exhibits inverse correlations with
depot-specific adiposity in human white adipose tissue depots (26).
during the mid-phase of adipogenesis, KLF9 occupies promoter
regions of PPARy, enhancing its transcriptional activation to drive
terminal adipocyte maturation (27). Our study found that the
expressions of PLIN2, CPT1A, KLF9 and ANGPTL4 in the BH, LH,
and YH groups all significantly significant downregulation compared
to HN. Furthermore, when compared the LH group, the expressions
of CPTIA in the BH and YH groups also demonstrated a downward
trend. Based on these results, we suggest that crossing HN pigs with
Berkshire, Landrace, and Yorkshire pigs leads to reduced fat deposition
abilities in the BH, LH, and YH groups. However, the LH group seems
to have a relatively stronger fat deposition ability than the other
two groups.

CCNDI and CCND2 positively regulate adipogenesis by
modulating the cell cycle and fatty acid synthesis. They play crucial
roles in the early differentiation of adipocytes interact with metabolic
transcription factors, particularly PPARy, along with CCNGI and
CCNG2, to collectively regulate adipocyte differentiation (14, 28). In
this study, the expression levels of CCNDI and CCND2 in BH, LH,
and YH were significantly upregulated compared to HN. This finding
suggests that CCND2 and CCND2 play a regulatory role in
subcutaneous fat deposition in YH. Additionally, LIPG is crucial for
lipoprotein metabolism, cytokine expression, and cellular lipid
composition, with a genetic reduction in its function linked to elevated
triglyceride levels in humans. ACSLs facilitate the acylation of fatty
acids into long-chain acyl-CoA (LCA-CoA), which is utilized for
thus
differentiation and fat accumulation.

p-oxidation or esterification, promoting

Notably,
differentiation of porcine subcutaneous preadipocytes, there is an

adipogenic
during the

increase in the expression of ACSLI. In this study, the expression levels
of CCNDI and CCND2 in BH, LH, and YH were significantly
upregulated compared to HN. This finding suggests that CCND2 and
CCND?2 regulate subcutaneous fat deposition in YH. Additionally,
LIPG is crucial for lipoprotein metabolism, cytokine expression, and
cellular lipid composition, with a genetic reduction in its function is
associated with elevated triglyceride levels in humans (29). ACSLs
facilitate the catalyze of fatty acids into long-chain acyl-CoA (LCA-
CoA), which is utilized for p-oxidation or esterification, thereby
promoting adipogenic differentiation and fat accumulation Notably,
during the differentiation of porcine subcutaneous preadipocytes, the
expression of ACSLI increases (30). CD36 maintains fatty acid
homeostasis during adipogenesis, being induced by p38 and AMPK
kinases and transcriptionally regulated by PPARy (14). CD36 enhances
fatty acid transport by binding to them and may work synergistically
with FATP (31). ACSLI in mitochondria plays a key role in fatty acid
oxidation and regulates AMPK activation in adipocytes (32). Our
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research results indicate that the expression of ACLY, LDLR, ACSLI,
and LIPG is upregulated in the LH group. Based on this,
we hypothesize that the LH group regulates fat deposition by
modulating fatty acid synthesis, transport, and breakdown.

Previous studies have reported that PGAM2 expression significantly
influences growth rate, feed conversion, and post-slaughter meat traits,
with higher expression levels negatively correlating with beef tenderness
(33, 34). The results of this study indicate that, compared to HN, the
DEGs in BH were mainly enriched in pathways related to alpha-
linolenic acid metabolism, carbon metabolism, glycine, serine, and
threonine metabolism, as well as arachidonic acid metabolism. Notably,
the expressions of AGXT, ALAS2, PGAM2, PSPH, and CBS, which are
related to glycine, serine, and threonine metabolism, were also
upregulated. In this study, compared to HN, the expressions of ACAA2,
ACCA, ACADL, FASN, SCD, ELOVL5, and ELOVLEG in fatty acid
metabolism-related pathways were all upregulated in LH. Previous
research results have shown a positive correlation between the
expressions of FASN, SCD, ACACA, and ELOVL6 genes and backfat
thickness (35). In addition, the SCD gene directly catalyzes the
conversion of stearic acid to oleic acid and synergizes with peroxisome
proliferator-activated receptor and other signaling pathway genes,
potentially promoting subcutaneous fat deposition by regulating lipid
metabolism (36). Studies of the SCD gene promoter polymorphism
(rs80912566) in Duroc pigs have shown that the T allele is closely
associated with high SCD expression and increased levels of
monounsaturated fatty acids (37). Therefore, we speculate that the
upregulation of genes such as FASN, SCD, and ELOVL6 in the LH group
may lead to increased backfat thickness, which in turn promotes
subcutaneous fat deposition. When YH is compared with HN, genes
related to fatty acid elongation and carbon metabolism generally show
an upregulation trend. The expressions of fatty acid elongases (ELOVL4,
ELOVL5, and ELOVL6) were upregulated. Among them, ELOVL6
catalyzes fatty acid elongation and is involved in regulating fat
deposition (38). Therefore, in this study, the ELOVL6 gene positively
regulated subcutaneous fat deposition in YH.

It is noteworthy that, although some differentially expressed genes
are upregulated in the three hybrid combinations compared to HN,
the upregulation of genes involved in fatty acid metabolism does not
necessarily lead to higher fat deposition. Fat deposition is a complex
biological process regulated by multiple factors (39). Although fatty
acid metabolism plays an important role in this process, its impact is
not singular and direct. Furthermore, the regulation of fatty acid
metabolism may involve multiple biological processes, including fatty
acid synthesis, catabolism, transport, and storage. The balance among
these processes determines the ultimate amount of fat deposition (40).
Therefore, we speculate that even if certain genes involved in fatty acid
metabolism are upregulated in hybrid offspring, they may contribute
to reducing fat accumulation by promoting processes such as fatty acid
catabolism or transport.

5 Conclusion

Using RNA-seq analysis, we investigated the differences in fat
deposition among the offspring of HN pigs crossed with different lean
breeds. The study revealed that differentially expressed genes (LIPG,
PLIN2, CPT1A, KLF9, CCNDI1, CCND2, LDLR, ACSL1, ACLY, and
ANGPTL4) may regulate subcutaneous fat deposition in the HN, BH,
LH, and YH groups through the PI3K-Akt, PPAR, and MAPK
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signaling pathways. These findings enhance our understanding of the
genetics of adipose tissue in crossbred pigs, potentially benefiting pork
quality and health.
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