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Abstract

:

To investigate the differential immunology in Ningxiang and Berkshire pigs and their F1 offspring (F1 offspring), physiological and biochemical indicators in the plasma and spleen were analyzed. Then, transcriptomic analysis of the spleen identified 1348, 408, and 207 differentially expressed genes (DEGs) in comparisons of Ningxiang vs. Berkshire, Berkshire vs. F1 offspring, and Ningxiang vs. F1 offspring, respectively. In Ningxiang vs. Berkshire pigs, the gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated that the DEGs included CD163, MARCO, CXCL14, CCL19, and PPBP, which are associated with immunity. GO and KEGG analyses were also conducted comparing F1 offspring and their parents. The DEGs, including BPIFB1, HAVCR2, CD163, DDX3X, CCR5, and ITGB3, were enriched in immune-related pathways. Protein–protein interaction (PPI) analysis indicated that the EGFR and ITGA2 genes were key hub genes. In conclusion, this study identifies significant immune DEGs in different pig breeds, providing data to support the exploration of breeding strategies for disease resistance in local and crossbred pig populations.
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1. Introduction


Pigs (Sus scrofa) play a significant role in both agriculture and medicine. In contrast to the European native Berkshire pig or hybrid pig breeds, indigenous Chinese breeds have the advantages of adaptability to environmental conditions, climate adaptation, and enhanced disease resistance, alongside commendable meat quality [1]. The indigenous Chinese Ningxiang pig has the characteristics of strong adaptability, high disease resistance, and tolerance for coarse feed. Although indigenous Chinese breeds are thought to have developed high disease resistance through evolution, experimental evidence for this has been lacking [2]. Therefore, the immune characteristics of Ningxiang pigs and European native Berkshire and hybrid pigs remain to be determined. The spleen is a crucial immune organ in animals and is the largest component of the lymphatic system, which has immune response functions [3]. The spleen serves as a hub for both the innate and adaptive immune processes. Crucially, a multitude of mononuclear phagocytes can be found in the spleen. These cellular entities possess the ability to detect pathogens and cellular stress, eradicate deceased cells and foreign intruders, uphold the tissue balance, regulate inflammatory reactions, and play significant roles in adaptive immunity [4].



Transcriptome sequencing has recently become an increasingly popular method for investigating transcriptomes in various areas, including biological, medical, clinical, and pharmaceutical research. In the present study, the immune performance of indigenous Chinese breeds, the European native Berkshire pig, and their hybrid breeds were examined by assessing and contrasting plasma physiological and biochemical markers in Ningxiang pigs, Berkshires, and their F1 offspring (F1 offspring). Additionally, we conducted transcriptome sequencing on spleen tissues, aiming to pinpoint immune-related differentially expressed genes (DEGs) and understand the immune differences between the breeds.




2. Materials and Methods


2.1. Animals and Sample Collection


This study included 14 Berkshires, 13 Ningxiang pigs and 12 F1 offspring (all from the Ningxiang Pig Farm, Hunan Dalong Animal Husbandry Technology Co., LTD., Changsha, China). These pigs were all female fattening pigs. In addition, there were no epidemiological outbreaks on the pig farm. During the growth and fattening stages, each pen housed a group of 10–12 pigs. The pigs were kept in standard environmental conditions without controlled temperature or lighting. They ate a standard daily diet and had free access to water. Adhering to the established protocol, healthy pigs of similar weight were randomly selected from each breed for subsequent analysis. Before slaughtering, the pigs underwent fasting. The mean body weights at slaughter were 98.1 kg for Ningxiang pigs, 118.61 kg for Berkshire pigs and 115.8 kg for F1 offspring, slaughtered on the same day. After slaughtering, all spleen samples used for this test were obtained from a transverse section which was made at the largest extension of the spleen, showing red and white pulp. This method allows for obtaining white pulp for study purposes [5]. Spleen samples were stored in liquid nitrogen immediately after collection and kept in a −80 °C refrigerator for one week until analysis.




2.2. Measurement of Physiological and Biochemical Indicators


2.2.1. Determination of Immunological Indicators in Plasma and Spleen by ELISA


Plasma and spleen samples were collected and subjected to immunological assessments using the ELISA method. Antibody detection was conducted in line with reagent kit instructions, with subsequent calculation of the actual concentration of the sample. Immune parameters within the plasma, such as IgA (MS4658-A), IL-2 (MS4573-A), IL-6 (MS4570-A), and IFN-γ (MS4564-A), were quantified. Moreover, immune markers within the spleen, including IL-4 (MS4571-A), IL-6 (MS4570-A), IL-17 (MS4529-A), IFN-γ (MS4564-A), and TNF-α (MS4535-A), were measured. When preparing spleen tissue for ELISA testing, the sample was placed in a clean mortar and grind with liquid nitrogen. A spleen sample of 0.1g was placed into a centrifuge tube, PBS was added to mix it well, and the supernatant was collected. Samples diluted 30 times with the stock solution were selected by the BCA protein concentration determination kit through pre-experiment for concentration normalization. Samples with normalized concentrations were used for ELISA. All ELISA kits were procured from Shanghai Lange Biotechnology Co. (Shanghai, China) Each indicator has a different detection range and sensitivity. The detection range and sensitivity of ELISA kits are shown in Table 1.




2.2.2. Measurement of Plasma Biochemical Indicators


A fully automated Roche cobas c311 biochemical analyzer was used to measure 13 standard indicators, including albumin (ALB), alanine aminotransaminase (ALT), and alkaline phosphatase (ALP), across a total of 42 pigs.





2.3. Preparation of Samples, Construction of RNA Libraries, and Sequencing


The blood collection procedure used a needle for blood collection into anticoagulant tubes containing either ethylenediaminetetraacetic acid (EDTA) or heparin. After blood collection, the plasma was separated and frozen until further analysis. RNA was extracted from spleen tissues by employing Trizol reagent (Invitrogen, Waltham, MA, USA). After quality assessment, RNA samples were sequenced by constructing libraries on the Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA). Quality control was performed on the raw Illumina sequences using FASTQC software (version 0.11.7) to obtain clean reads for subsequent analysis. The paired-end reads obtained by Illumina sequencing were compared with the reference genome (Sus scrofa 11.1) using Hisat2 software (version 2.0.5).




2.4. Differential Expression Analysis and Functional Enrichment


Differential expression analysis in spleen tissue was conducted using DESeq2. The criteria for differential gene screening were log2(Fold Change) > 1 and false discovery rate (FDR) < 0.05. Enrichment analysis of the DEGs was conducted using the clusterProfiler R package. The p-values were subjected to adjustment by the FDR method.




2.5. Quantitative Real-Time PCR (qRT-PCR)


Tissue RNA was extracted by the trizol (Invitrogen) conventional method, and cDNA was obtained by reverse transcription of RNA with the Evo M-MLV RT Mix Kit with gDNA Clean for qPCR Ver. 2 (AG Scientific, San Diego, CA, USA). Primers were designed for the target genes using NCBI and synthesized by Tsingke Biotechnology Co., Ltd. (Beijing, China). RT-qPCR was carried out using a qPCR kit (AG Scientific, San Diego, CA, USA). We used the β-actin reference gene because β-actin is stably expressed in different tissues with good uniformity (Table 2). The relative mRNA expression was analyzed using the 2−ΔΔCT method.




2.6. Statistical Analysis


Statistical analyses were performed and visualized using SPSS 26.0 and GraphPad Prism 8.0 software. The results are expressed as mean ± standard deviation. The statistical test was a t-test with a statistical significance level of 0.05. Enrichment analysis was carried out using R packages (version 4.3.0).





3. Results


3.1. Plasma and Spleen Physiological and Biochemical Indices


We analyzed the physiological and biochemical indicators related to immunity in Ningxiang pigs, Berkshires, and F1 offspring (Table 3). The IgA (immunoglobulin A) and IFN-γ (interferon-γ) levels in the plasma from Ningxiang pigs and F1 offspring were significantly higher than those of Berkshires (p < 0.05). The IL-2 (interleukin-2) levels in the plasma of Ningxiang pigs and Berkshires were significantly higher than that of F1 offspring (p < 0.05). The IL-6 (interleukin-6) level in the plasma of Ningxiang pigs was significantly higher than those of Berkshires and F1 offspring (p < 0.05).



In the spleen, the levels of IL-4 (interleukin-4) and IL-17 (interleukin-17) in Ningxiang pigs were significantly higher than those in Berkshires and F1 offspring (p < 0.05). The IL-6 and IFN-γ levels in the spleen of Ningxiang pigs were significantly higher than that of Berkshires, and the IFN-γ level in the spleen of F1 offspring was significantly higher than that of Berkshires (Table 3).



The ALT, glucose (GLU), cholesterol (CHOL), and low-density lipoprotein (LDL-C3) levels in the plasma of Ningxiang pigs were significantly higher than those of Berkshire pigs. Conversely, the ALB levels in the plasma of Ningxiang pigs were significantly lower than those of Berkshire pigs. Compared with the F1 offspring, the alkaline phosphatase (ALP) levels in the plasma of both parental pig breeds were significantly higher (Table 4).




3.2. Annotation of DEGs and Their Functions in Different Pig Breeds


According to the data, there was a total of 14,586 genes in all pig groups. At the same time, we analyzed that the common genes were 12,015. To explore DEGs between groups, we conducted differential gene expression analysis. Figure 1A shows the distribution of gene expression levels across the samples depicted by a boxplot. Comparing Ningxiang and Berkshire pigs, 1348 DEGs were identified, of which 698 were upregulated and 650 were downregulated. The comparison between Ningxiang pigs and F1 offspring revealed 207 DEGs. Of these, 89 genes were upregulated and 118 genes were downregulated. Additionally, when comparing Berkshire pigs and F1 offspring, there were 417 DEGs, including 119 upregulated genes and 298 downregulated genes (Figure 1C). Figure 1D shows a clustering heatmap that displays the expression patterns between groups.




3.3. GO Enrichment Analysis


Gene ontology (GO) term analysis showed that there were 36 statistically significant terms for Ningxiang pigs compared with Berkshires. The significantly upregulated terms were mainly involved in G-protein coupled receptor binding, scavenger receptor activity, cargo receptor activity, ion transmembrane transport, and chemokine receptor binding. The significantly downregulated terms in Ningxiang pigs were mainly related to the regulation of multicellular organismal processes and response to oxidative stress (Figure 2A). Notably, the GO annotations of G protein-coupled receptor binding, cargo receptor activity, chemokine receptor binding, and scavenger receptor activity are primarily connected to immune responses and immune reactions. Gene annotation revealed that genes such as CD163 (cluster of differentiation 163) were related to these two molecular function (MF) terms (Figure 2B).



In the genetic test, we firstly analyzed Ningxiang vs. Berkshire pigs, F1 offspring vs. Ningxiang pigs and F1 offspring vs. Berkshire pigs. Then, we compared F1 offspring to Ningxiang and Berkshire pigs mainly to comprehensively study and analyze the differences in genetic traits between crossbred offspring and both parents. In comparison to the parental pigs, GO term analysis showed 56 statistically significant terms in the F1 offspring. Specifically, within the biological process (BP) category, the annotation results were primarily associated with ATP metabolic processes, oxidative phosphorylation, the electron transport chain, defense response, cellular respiration, positive regulation of NF-κB signaling, and the pattern recognition receptor signaling pathway. In the cellular component (CC) category, annotations related to the cell surface and mitochondrial respiratory chain were particularly prevalent. In the MF category, the annotations encompassed activities such as NADH dehydrogenase activity, oxidoreductase activity, and cell adhesion molecule binding (Figure 2C). Of note, GO terms related to the immune response included the defense response, positive regulation of NIK/NF-κB signaling, and cell surface and cell adhesion molecule binding functions (Figure 2C). On gene annotation, we found that the genes F3 (coagulation factor III), CD163, DUOX2 (dual oxidase 2), PTN (pleiotrophin), CCR5 (C-C chemokine receptor type 5), PROC (protein C), S100A12 (S100 calcium-binding protein A12), and ACTN4 (actinin α4) were annotated to the immune response-related BP terms. EPCAM (epithelial cell adhesion molecule), HAVCR2 (hepatitis A virus cellular receptor 2), F3, ITGB3 (integrin subunit β3), CD163, CD93 (complement component 3d receptor 1), and CCR5 were involved in cell surface. The genes EPCAM, ITGB3, PTN, S100A14 (S100 calcium-binding protein A14), CD93, DUOX2, ACTN4, PROC, and S100A12 were involved in the two immune-related MF terms. The genes DDX3X and HAVCR2 were commonly enriched in these three immune-related BP processes, and the genes BPIFB1 (BPI fold-containing family B, member 1), S100A14, CH3L1 (chitinase 3 like 1), RAB7B (RAS oncogene family member), and ESR1 (estrogen receptor 1) were commonly linked to two of the immune-related BP processes (Figure 2D).



Regarding the immune terms and pathways in this study, we screened for several immune DEGs. In comparison to Berkshires, the CXCL14, CD163, PPBP, and MARCO genes were upregulated in Ningxiang pigs, and CCL19 was downregulated in Ningxiang pigs (Figure 3A). Compared with the parents, the DDX3X and BPIFB1 genes were upregulated in F1 offspring, and ITGB3, HAVCR2, and CCR5 were downregulated in F1 offspring. The expression level of CD163 was intermediate between Ningxiang and Berkshire pigs (Figure 3B).




3.4. KEGG Enrichment Analysis


For Berkshires vs. Ningxiang pigs, our analysis focused on the top 20 KEGG pathways. The results showed that the enriched pathways included the immune-related pathways (Figure 4A). In addition, 15 genes, including ITGA2, TLR4, and EGFR, were enriched in at least two of the above pathways (Figure 4B).



For the F1 offspring vs. parents, our analysis also focused on the top 20 pathways. Of the results, the enriched pathways included immune-related pathway (Figure 4C). Furthermore, there were 13 genes that were enriched in at least two of the above pathways (Figure 4D).




3.5. PPI Network and Hub Gene Identification


When comparing Ningxiang pigs with Berkshires, the PPI network analysis identified EGFR and ITGA2 as hub genes (Figure 5). EGFR is involved in the PI3K–Akt signaling pathway, EGFR tyrosine kinase inhibitor resistance, and focal adhesion. ITGA2 is involved in the phagosome, the PI3K–Akt signaling pathway, focal adhesion, and ECM–receptor interaction, which are all enriched in the comparison of Ningxiang pigs vs. Berkshires (Figure 6).




3.6. Validation by qRT-PCR


To verify the accuracy of the RNA-seq data, we screened seven differential genes (DYNC1I1, TLR4, CD163, CXCL14, GPC1, KCNA3, and KCTD17) based on immune-related terms and pathways between Ningxiang pigs and Berkshires for qRT-PCR analysis. In F1 offspring and parental groups, we screened five differential genes (EPCAM, ITGB3, HAVCR2, S100A14 and BPIFB1) for qRT-PCR analysis based on immune-related terms and pathways. Since the number of terms and pathways associated with each set we screened varied, the number of differential genes screened varied, resulting in a different number of genes in our validation. The findings revealed that the expression patterns of these genes by qRT-PCR were aligned with the RNA-seq data, confirming the reliability of the DEGs identified by RNA-seq in this study (Figure 7).





4. Discussion


Indigenous Chinese pig breeds have not been subjected to high intensity selection, thus maintaining genetic diversity in the existing population, and so their disease resistance is relatively strong [6,7,8]. Cytokines are important mediators of immune and inflammatory responses [9]. To investigate the differences of cytokines among pig breeds, we detected physiological and biochemical parameters in plasma, as well as certain immune indicators in the spleen of Ningxiang and Berkshire pigs and their F1 offspring. The levels of immune indicators, such as IgA, IL-6, and IFN-γ, in Ningxiang pig plasma are significantly higher than that in Berkshires. IgA is an important indicator for assessing the humoral immune response in animals [10]. It mediates humoral immunity and plays a role in preventing bacterial invasion and mucosal defense [11]. IL-6 and IFN-γ are crucial cytokines with pro-inflammatory properties. They can trigger an inflammatory response through various signaling pathways and enhance disease resistance [12,13]. In the spleen, the levels of IL-6 and IFN-γ are significantly higher in Ningxiang pigs compared with Berkshires.



IL-4 exerts anti-inflammatory effects on monocytes and macrophages [14,15,16,17]. Furthermore, research has shown that IL-4 enhances antigen-specific humoral responses [18,19]. Inflammatory conditions have been associated with an increased number of mast cells (MCs) in the spleen, which produce IL-4 in response to IgE and crosslinked antigens [20]. The level of IL-4 in the spleen of Ningxiang pigs is significantly higher than that in the other two pig breeds, indicating that the spleen of the Ningxiang pigs may contribute to the immune response. IL-17 is an important proinflammatory cytokine that activates NF-κB, which triggers the expression of proinflammatory cytokines and chemokines [21,22]. Our study found that the level of IL-17 in the spleen of Ningxiang pigs is significantly higher than that in the other two pig breeds, indicating that IL-17 might be crucial in innate immunity in the spleen.



The plasma IgA levels of Ningxiang pigs and F1 offspring are significantly higher than in Berkshire pigs. In another study, Tongcheng pigs were reported to have higher immunoglobulin content compared with foreign breeds [23], which is consistent with these findings, reflecting the difference in immune levels between Ningxiang and Berkshire pigs. As important pro-inflammatory cytokines, IL-6 and IFN-γ can trigger inflammatory responses through various signaling pathways and enhance disease resistance [12,13]. Compared with Berkshires, plasma IL-6 is significantly higher in Ningxiang pigs and F1 offspring. This may affect the immunity of Ningxiang pigs and F1 offspring by triggering more inflammatory reactions. Moreover, IFN-γ has an essential effect in both innate and adaptive immune responses to viral infections and intracellular bacterial challenges [24]. The levels of IFN-γ have been analyzed in different pig breeds, revealing that indigenous Chinese breeds have a better balance of T lymphocytes and immune capabilities [25]. The plasma IFN-γ level in Ningxiang pigs is significantly higher than in Berkshires and F1 offspring, which might indicate that the immune capacity of Ningxiang pigs is more stable than that of Berkshires and F1 offspring.



Plasma biochemical indexes can reflect the immune function of the host [26]. The levels of plasma ALB (albumin), and ALT (alanine aminotransferase), in Berkshires are significantly higher than those in Ningxiang pigs and F1 offspring. The activity of ALT increases in pigs during bacterial infection, which helps to enhance disease resistance [27]. The increase in ALB levels can enhance the immunity of piglets [28]. Additionally, ALB also plays a protective role for immunoglobulins. This finding is inconsistent with research [29], which may be due to differences in breeds and geographical locations. ALP (alkaline phosphatase) can promote the differentiation of T lymphocytes and the secretion of immunoglobulins, such as IgG and IgM, to affect the humoral immune response [10]. The levels of ALP in F1 offspring are significantly lower than that in the parents. Glucose (GLU) is associated with activation of the porcine spleen immune system and the increase in glucose intake [30]. The plasma glucose level of Ningxiang pigs is significantly higher than in Berkshires and F1 offspring. Our study shows that specific differences exist in the biochemical indicators of different breeds, which is consistent with previous research.



The splenic function encompass the elimination of senescent red blood cells, iron recycling, capturing and neutralizing pathogens, and initiating adaptive immune responses [4,31]. To explore the immunological mechanisms of different pig breeds and hybrid pigs, we conducted high-throughput transcriptome sequencing on pig spleens. Compared with Berkshires, 698 genes showed higher expression in Ningxiang pigs. Some of these highly expressed genes are enriched in immune-related pathways, such as scavenger receptor activity.



Scavenger receptors are cell surface receptors that interact with a variety of ligands. They function through mechanisms such as endocytosis, phagocytosis, adhesion, and signal transduction, ultimately degrading or removing harmful substances [32]. For instance, CD163 is one of the markers for M2-type macrophages and is highly expressed in the lymph glands, spleen, and liver [33]. It functions as a critical receptor for the Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) [34]. Moreover, CD163 plays a crucial role in the innate immunity of pigs [35]. Notably, the anti-inflammatory cytokine IL-6 (interleukin-6) strongly upregulates CD163 mRNA in monocytes and macrophages [36]. In this study, the IL-6 content in Ningxiang pigs was significantly higher than in Berkshires, which may be associated with the significantly higher CD163 mRNA content in Ningxiang pigs. The macrophage receptor with collagenous structure (MARCO) belongs to the class A family of scavenger receptors and functions in immune regulation or lymphocyte development [37]. Specifically, MARCO is prominently expressed on the surface of macrophages in the marginal zone of the spleen, where it can bind to bacteria and promote phagocytosis and activation of immune responses [38]. The expression of MARCO is higher in Ningxiang pigs than in Berkshires. The variation in the expression of scavenger receptor family members may have a close relationship with phagocytosis, as well as the activation and transmission of immune signaling pathways.



The chemokines, as a major category of chemotactic molecules, recruit immune cells to the site of inflammation, participating in the inflammatory response and promoting immune reactions and wound healing [39]. Differential genes were identified in this study, such as CXCL14 and PPBP, which are primarily enriched in the chemokine signaling pathway. This pathway participates in distinct functional roles, recruiting immune cells to initiate the inflammation and adaptive immune responses [40]. These highly expressed chemokines can recruit more immune cells to defend against pathogens, giving Ningxiang pigs a greater chemotactic immune cell capacity. CXCL14 (chemokine (C-X-C motif) ligand 14) primarily contributes to immune cell migration and antibacterial immunity [41], which is crucial in the host defense against viral infections by enhancing the innate immune response [42]. PPBP (chemokine (C-X-C motif) ligand 7), also known as CXCL7, represents the most abundant α-granule protein [43] and plays an important role in inflammation. It targets basophils, eosinophils, natural killer (NK) cells, and neutrophils [44]. Therefore, CXCL14 and PPBP likely play a significant role in chemokine receptor binding and affect immune regulation. We observed low expression of CCL19 (chemokine (C-C motif) ligand 19), which performs a vital role in the migration, activation, expansion, and survival of T-cells involved in antiviral responses. Suppression of the CCL19 axis results in T-cell dysfunction during viral infection [45].



In this study, we also identified hub genes with high (such as ITGA2 and TLR4) and low expression (such as EGFR) through DEG and PPI network analysis. These hub genes participate in various immune pathways, such as phagosomes.



Phagosomes play a vital role in the processes of inflammation and protection against infectious agents [46]. Notably, the phagosome pathway is the most prominent in this group. The PI3K–Akt signaling pathway is closely associated with inflammation and can lead to the polarization of macrophages into M1 and M2 types (especially M1), as well as the production of pro-inflammatory cytokines such as TNF-α and IL-6 [47]. ITGA2 (integrin α2) is typically involved in the recruitment of immune cells in immune responses, and these cells play a crucial role in regulating innate immunity [48]. Additionally, ITGA2 contributes to the regulation of anti-inflammatory responses [49]. TLR4 (toll-like receptor 4) operates through cooperation with interferon regulatory factors to stimulate the production of type I interferons (IFNs), enhancing defense against pathogens [50,51]. Additionally, the TLR4 gene indirectly strengthens adaptive responses mediated by T cells and NK cells and promotes immune responses [52]. The expression of ITGA2 and TLR4 is higher in Ningxiang pigs compared with Berkshires. The high expression levels of hub genes may play a role in the immune response and could potentially enhance the defense against pathogens, thereby promoting the immune capacity. EGFR (epidermal growth factor receptor) is primarily associated with focal adhesion and the PI3K–Akt signaling pathway. EGFR is also involved in receptor signaling that activates the NF-κB pathway, leading to the expression of genes/transcription factors that contribute to B-cell ontogeny, autoimmunity, immune responses, and immunoglobulin production [53]. Inhibition or lack of the EGFR leads to a significant reduction in NF-κB pathway signaling [54]. The cytokines in this pathway are closely related to humoral immunity. The expression level of the EGFR is lower in Ningxiang pigs than in Berkshires. This low expression may potentially be related to inhibiting certain host immune signaling pathways and the ability to process antigens.



Compared with the parental pigs, BPIFB1 and DDX3X show higher expression in F1 offspring, which are associated with immunity. The DEGs associated with immunity with lower expression in F1 offspring include HAVCR2, CCR5, and ITGB3, which are primarily concentrated in immune-related terms and pathways, such as the defense response, positive regulation of NF-κB signaling, pattern recognition receptor signaling pathways, and cell surface and cell adhesion molecule binding.



The innate immune system acts as the primary line of defense against pathogens [55]. For instance, BPIFB1 (BPI fold-containing family B member 1) has a dual role in host defense and anti-inflammatory properties. Furthermore, BPIFB1 shares structural similarities with Permeability Increasing Protein (BPI) proteins and LPS-binding proteins, indicating its contribution to innate immunity [56]. Among these three pig breeds, the expression level of the BPIFB1 gene is highest in F1 offspring and lowest in Ningxiang pigs. DDX3X (DEAD box polypeptide 3) has a nucleotide sequence that fully complements the seed region of miR-181. Notably, miR-181 and its target genes are closely associated with immune regulation [57], suggesting that DDX3X is also associated with immune regulation. Among the three pig breeds, the DDX3X expression level is highest in F1 offspring and lowest in Berkshires. These highly expressed DEGs may be more effective in activating immune-related pathways and regulating the immune system. Adhesion molecules are essential signal transducers in the immune system. Signal transduction is facilitated by their involvement in transmitting signals from the external milieu of the cell into its intracellular domain [58,59]. ITGB3 (integrin subunit β3) is enriched in this pathway and plays a crucial role in coordinating immune responses, which is widely distributed in the spleen. Previous research has emphasized the positive correlation between ITGB3 and porcine PRRSV infection and transmission [60,61,62]. Among the three pig breeds, the expression level of the ITGB3 gene is highest in Ningxiang pigs and lowest in F1 offspring. The expression of this gene may potentially impact the antigen presentation and processing capabilities. CCR5 (chemokine receptor C-C chemokine receptor type 5) is present in various cell populations within the immune system, such as macrophages [63]. The modulation of inflammatory responses and immune-related functions is significantly influenced by CCR5 [64,65]. It is noteworthy that pro-inflammatory factors, such as IL-2 [66] and TNF-α, also play a crucial role [67], and INF-γ [68] can increase the expression of CCR5 in peripheral blood mononuclear cells. Among the three pig breeds, the CCR5 expression level is highest in Berkshire pigs and lowest in F1 offspring. The difference in the expression levels of CCR5 may affect inflammatory responses and immune regulation.




5. Conclusions


In this study, immune-related DEGs were identified through transcriptomic analysis of the spleen from native Chinese pig breeds, European native Berkshire pig, and their hybrids. According to GO enrichment, the genes CD163, MARCO, CXCL14, CCL19, PPBP, BPIFB1, HAVCR2, DDX3X, CCR5, and ITGB3 are associated with immunity. KEGG results showed that the genes EGFR, ITGA2, and TLR4 are significantly enriched in immune-related pathways. EGFR and ITGA2 were identified as key genes in Ningxiang and Berkshire pigs through the analysis of DEGs and protein–protein interaction (PPI) networks. In conclusion, this study provides experimental evidence for the differences in immunological traits and molecular regulation between indigenous Chinese breeds and hybrid pigs.
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Figure 1. (A) The gene expression distribution of all samples. (B) Principal component analysis (PCA) diagram of all samples. (C) Differential genes in the three groups. (D) Heatmap showing the clustering of DEGs, with sample names on the horizontal axis and normalized differential gene FPKM values on the vertical axis. 
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Figure 2. (A) GO analysis of the DEGs in the comparison of Ningxiang pigs vs. Berkshires. (B) GO functional classification of DEGs in the comparison of Ningxiang pigs vs. Berkshires. (C) GO analysis of DEGs in F1 offspring of Ningxiang and Berkshires pigs (F1 offspring) and parental pigs. (D) GO functional classification of DEGs in F1 offspring and parents. The red boxes in (A,C) are labelled with immune-related terms. 
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Figure 3. (A) Heatmap of clustering expression of screened DEGs in Ningxiang pigs, Berkshires, and F1 offspring. (B) Heatmap of clustering expression of screened DEGs in Ningxiang and Berkshire pigs. 
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Figure 4. (A,B) KEGG enrichment analysis of DEGs in the comparison of Ningxiang pigs vs. Berkshires. (C,D) KEGG enrichment analysis of DEGs in F1 offspring and parents. The red boxes in (A,C) are labelled with immune-related pathways. 
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Figure 5. PPI network and identification of hub genes of the DEGs in Ningxiang pigs vs. Berkshires. 
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Figure 6. (A,B) The clustering heat map of key gene expression and the pathways involved in key genes. 
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Figure 7. qRT-PCR validation of DEGs and their correlation with the RNA-seq data. X-axis, gene names; Y-axis, log2 (ratio relative expression). 
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Table 1. Detection range and sensitivity of physiological indicators.
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	Index
	Range
	Sensitivity





	IL-2
	10~320 pg/mL
	1.0 pg/mL



	IL-4
	2~64 pg/mL
	0.1 pg/mL



	IL-6
	25~800 pg/mL
	1.0 pg/mL



	IL-17
	1.5~48 pg/mL
	0.1 pg/mL



	IgA
	25~800 µg/mL
	1.0 µg/mL



	TNF-α
	6.25~200 pg/mL
	1.0 pg/mL



	IFN-γ
	1.25~40 pg/mL
	0.1 pg/mL










 





Table 2. Primers for quantitative real-time PCR.
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Gene

	
Primer Sequence (5′-3′)

	
Annealing

Temperature (°C)

	
Amplicon Length

(bp)

	
GenBank No.






	
CD163

	
F: ATAGAGCTTGATGGGTCCGAGG

	
60

	
321

	
XM_021091123.1




	
R: GCTCAACATTCTTGGGTCCTGG




	
DYNC1I1

	
F: GCTGGGGAAAGGAAGTGCTA

	
60

	
186

	
XM_021102406.1




	
R: GTCAGACATGCTGGCTTCCT




	
TLR4

	
F: CAGATAAGCGAGGCCGTCATT

	
60

	
113

	
NM_001293316.1




	
R: TTGCAGCCCACAAAAAGCA




	
CXCL14

	
F: GAATTCATGAGGCTCCTGGCGGCCG

	
60

	
312

	
NM_001244128.1




	
R: GGATCCCTATTCTTCGTAGACCCT




	
GPC1

	
F: CTTAGTGCTGCTTTGCTTTTCAT

	
60

	
155

	
XM_047443961.1




	
R: AGGGTTATTATGGGGTGGACTT




	
KCNA3

	
F: GAGCTGCACTGACCAGTAGG

	
60

	
607

	
XM_021086763.1




	
R: GTGCTGGCAGATGGATCACT




	
KCTD17

	
F: GAGCTCACACAGATGGTATCC

	
60

	
95

	
XM_021091531.1




	
R: TGGTCCTCACTCCCATAGTT




	
ITGB3

	
F: CACGGGCAAGTACTGTGAGT

	
60

	
123

	
NM_214002.1




	
R: TAGAAGCCAGTCCAGTCGGA




	
S100A14

	
F: AAACTGGAGCTGTCTGTCGG

	
60

	
173

	
NM_001190168.1




	
R: TGTAAATGCCCAAGCACCCA




	
EPCAM

	
F: TGCTCTTTGAATGCGCTTGG

	
60

	
172

	
NM_214419.1




	
R: AGAGCCCATCGTTGTTCTGG




	
HAVCR2

	
F: TTCGACGGGAGCAGTAAAGC

	
60

	
105

	
XM_003134109.4




	
R: CAAGGGCAGGACACAGTCAA




	
BPIFB1

	
F: ACTCTTCGTGTCCAGTTTCTACT

	
60

	
159

	
NM_001101032.1




	
R: TTCTGGACCGAGCCTGAGA




	
β-Actin

	
F: GCGTAGCATTTGCTGCATGA

	
60

	
252

	
XM 003357928.4




	
R: GCGTGTGTGTAACTAGGGGT











 





Table 3. Statistics of plasma and spleen immunity-related physiology indicators in different pig breeds.
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Items

	
(Mean ± SD)




	
Ningxiang

	
Berkshire

	
F1 Offspring of Ningxiang and Berkshires Pigs (F1 Offspring)






	
plasma

	




	
IgA (ug/mL)

	
732.87 ± 55.55 a

	
653.13 ± 24.41 b

	
726.54 ± 68.17 a




	
IL-2 (pg/mL)

	
308.57 ± 23.18 a

	
307.30 ± 22.41 a

	
277.48 ± 20.83 b




	
IL-6 (pg/mL)

	
806.59 ± 42.16 a

	
751.83 ± 54.18 b

	
768.85 ± 35.15 b




	
IFN-γ (pg/mL)

	
36.96 ± 2.94 a

	
33.31 ± 4.44 b

	
37.64 ± 3.76 a




	
spleen

	




	
IL-4 (pg/mL)

	
60.32 ± 4.45 a

	
55.91 ± 4.56 b

	
57.01 ± 5.02 b




	
IL-6 (pg/mL)

	
755.00 ± 19.54 a

	
740.01 ± 16.52 b

	
750.82 ± 14.54 a,b




	
IL-17 (pg/mL)

	
43.69 ± 2.41 a

	
40.77 ± 3.27 b

	
41.10 ± 4.75 b




	
IFN-γ (pg/mL)

	
42.01 ± 1.86 a

	
38.94 ± 3.21 b

	
40.95 ± 1.53 a




	
TNF-α (pg/mL)

	
195.08 ± 9.82 b

	
203.01 ± 12.99 a

	
207.59 ± 19.45 a








In the same row, values with different small letter superscripts mean significant difference (p < 0.05), while with the same or no letter superscripts mean no significant difference (p > 0.05). The same as below.













 





Table 4. Statistics of plasma immunity-related biochemistry indicators in different pig breeds.
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Items

	
(Mean ± SD)




	
Ningxiang

	
Berkshire

	
F1 Offspring






	
ALB (g/L)

	
60.02 ± 2.27 b

	
70.86 ± 9.55 a

	
60.66 ± 3.99 b




	
ALT (U/L)

	
59.04 ± 11.48 b

	
88.09 ± 23.96 a

	
55.91 ± 13.58 b




	
ALP (U/L)

	
31.29 ± 22.19 a

	
27.57 ± 30.39 a

	
5.29 ± 4.27 b




	
GLU (mmol/L)

	
11.89 ± 2.27 a

	
9.53 ± 1.86 b

	
9.84 ± 3.15 b




	
CHOL (mmol/L)

	
3.35 ± 0.59 a

	
2.90 ± 0.63 b

	
2.63 ± 0.27 b




	
LDL-C3 (mmol/L)

	
2.24 ± 0.35 a

	
1.78 ± 0.72 b

	
1.56 ± 0.24 b
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