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Abstract
Understanding the genetic basis of porcine mental health (PMH)-related traits in intensive pig
farming systems may promote genetic improvement animal welfare enhancement. However,
investigations on this topic have been limited to a retrospective focus, and phenotypes have
been difficult to elucidate due to an unknown genetic basis. Intensively farmed pigs, such
as those of the Duroc, Landrace, and Yorkshire breeds, have undergone prolonged selection
pressure in intensive farming systems. This has potentially subjected genes related to mental
health in these pigs to positive selection. To identify genes undergoing positive selection under
intensive farming conditions, we employed multiple selection signature detection approaches.
Specifically, we integrated disease gene annotations from three human gene–disease associa-
tion databases (Disease, DisGeNET, and MalaCards) to pinpoint genes potentially associated
with pig mental health, revealing a total of 254 candidate genes related to PMH. In-depth
functional analyses revealed that candidate PMH genes were significantly overrepresented
in signaling-related pathways (e.g., the dopaminergic synapse, neuroactive ligand−receptor
interaction, and calcium signaling pathways) or Gene Ontology terms (e.g., dendritic tree and
synapse).These candidate PMHgeneswere expressed at high levels in the porcine brain regions
such as the hippocampus, amygdala, and hypothalamus, and the cell type in which they were
significantly enriched was neurons in the hippocampus. Moreover, they potentially affect pork
meat quality traits. Our findings make a significant contribution to elucidating the genetic
basis of PMH, facilitating genetic improvements for the welfare of pigs and establishing pigs as
valuable animal models for gaining insights into human psychiatric disorders.

Introduction

Pigs are an important source of human dietary protein worldwide. Intensive pig farming sys-
tems have gained popularity due to their ability to achieve higher productivity and streamlined
management. However, intensive farming systems may cause stress in animals (Barnett et al.
2000), and behavioral signs of stress may include increased defecation, aggression, sow infan-
ticide, lethargy, decreased appetite, and postpartum depression and can have adverse effects
on productivity of pigs (Jarvis et al. 2006). For example, when subjected to overcrowding and
mixing, pigs experience decreased growth rates of 15.7% and 7.1%, respectively, while the feed-
to-meat conversion ratio is estimated to decline by 15% and 10%, respectively (Hyun et al. 1998).
Additionally, the reproductive performance of sows in close proximity to aggressive sows is
compromised as a result of stress (Stookey and Gonyou 1994), which has a significant effect
on the economic efficiency of pig farming. Aggression is recognized as a paramount concern
in modern pig production systems because it poses significant challenges to the health, welfare
and economic aspects of the pigs (Kongsted 2004).

Selection signatures may be effective approaches for elucidating genetic mechanisms of
porcine mental health (PMH), even in the absence of detailed phenotypic data (Burgos-Paz
et al. 2013). Intensively farmed pig breeds, such as Duroc, Landrace, Yorkshire, Hampshire, and
Pietrain pigs, have gone through long-term intensive production management (Petrelli et al.
2022), in which breeding pigs prone to mental health problems will be eliminated because of
their reduced production performance. Under intense systemic selection pressure, pigs expe-
riencing mental health issues are typically culled due to decreased production performance;
meanwhile, genes related to mental health will also experience selection. In contrast, Chinese
indigenous pig breeds such as Jinhua pigs and Meishan pigs experience less systemic selec-
tion pressure due to their lower level of intensification in farming. Therefore, by comparing the
genomes of intensively andnonintensively farmedpig breeds using selection signature detection
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methods, candidate genes associated with PMH can be detected.
Specifically, it was possible to construct intrapopulation selection
signatures within intensively farmed pig breeds and interpopu-
lation selection signatures between intensive and nonintensively
farmed pig breeds. By employing various selection signaturemeth-
ods, it was feasible to detect candidate PMH genes.

Pigs are an excellent model animal species for gaining insights
into the human brain and neurodevelopment (Jelsing et al. 2006).
The pig genome exhibits high sequence similarity and chromoso-
mal synteny with the human genome, which is useful for genomic
applications (Chen et al. 2007). Additionally, Chen et al. (2009)
reported the identification of chromosomal regions associatedwith
infanticidal behavior in pigs that contain genes comparable to
those of humans and rodents that are involved in anxiety, bipo-
lar affective disorder, or coping behaviors. Pigs exhibit anatomical
similarities to humans, with the porcine brain having similarities
to the human brain, exhibiting a gyrencephalic cranial structure
(Jelsing et al. 2006). In particular, the hippocampus and sensory
cortex arrangement in pigs are more similar to those of humans
than are those in mice (Zhang et al. 2014). In terms of practical
considerations, pigs exhibit several advantages over primates and
other livestock models. These features include a shorter generation
time, bigger litter size, and suitability for straightforward genetic
editing (Lunney et al. 2021). Since 2007, numerous robust and
replicable genetic findings have been reported for psychiatric dis-
orders.These findings havemostly been reported via genome-wide
association (GWAS) and structural variation studies (Sullivan et al.
2012) and were systematically collected in disease gene databases
(such as MalaCards (Rappaport et al. 2017) and DISEASE and
DisGeNET (Piñero et al. 2015)). Previous studies have suggested
that human brain regions such as the amygdala, striatum, and hip-
pocampus are especially relevant to mental disorders (Matthies
et al. 2012). For example, the hippocampus, which is part of the
limbic system, is involved in emotion, memory formation, stress
responses, emotional regulation, andmemory processes, and dam-
age to this region can lead to memory and learning impairments,
as well as behavioral disorders such as anxiety, depression, and
schizophrenia (Rastegar-Moghaddam et al. 2019). Since there are
fewer studies on pig mental health trait, we consulted databases
related to human mental disorders. By annotating genes from
databases associated with human mental illnesses, we constructed
a dataset for the PMH gene, thereby narrowing down the scope of
candidate PMH genes.

In this study, we aimed to first compile a list of high-confidence
psychiatric disease risk genes identified from human psychiatric
disease databases and then further screen for selection signatures
that reflect positive selection under an intensive pig farming sys-
tem. Finally, we systematically revealed the characteristics of can-
didate PMH genes, including their expression levels and changes
in different types of tissues and cells, and their potential effects
on pig production traits. Our findings provide novel insight into
elucidating the genetic basis of PMH traits.

Materials and methods

Datasets and their sources

Human disease–gene data sets
From three databases, DISEASE, DisGeNET (Piñero et al. 2015),
and MalaCards & GeneCards (Rappaport et al. 2017), we collected
a total of 1642 gene–disease records with gene–disease association
scores (Table S1).

Genotyping dataset
We collected the genotypes of 348 intensively farmed pigs (includ-
ing pigs of theDuroc, Landrace, LargeWhite, Bershire,Hampshire,
and Pietrain breeds) and 446 nonintensively farmed pigs (includ-
ing 39 Chinese indigenous pig breeds, Table S2) from the PHARP
v2 database (Wang et al. 2022), a pig genotyping source con-
taining a total of 2,048 individuals of intensively farmed breeds,
Chinese indigenous pig breeds, and wild boars. The genotypes
contained approximately 23.1 million SNPs (Single Nucleotide
Polymorphism) after removing those withminor allele frequencies
of less than 0.05. All the statistical analyses were performed using
the above genotype data unless otherwise specified.

Refinement of human psychiatric candidate genes

Given the challenges in the past in ascertaining the pheno-
types of mental health traits in pigs, studies on the genetic basis
of these traits have been limited. Nevertheless, genes associ-
ated with human psychiatric conditions have been well identi-
fied and compiled in the aforementioned human disease–gene
databases. Through homologous gene analysis between pigs and
humans, we were able to identify potential mental health genes
in pigs by refining human psychiatric genes. Here, we used three
human disease–gene databases to assemble a list of human psy-
chiatric genes. Briefly, we first classified the disease names in
each database into the DSM-5 and ICD-10-CM mental disorders
classification code (criteria for the diagnosis of various mental
disorders) utilizing UMLS Metathesaurus (Schuyler et al. 1993)
and then manually reviewed uncategorized disease names in five
databases –DSM-5-TR, OMIM (Amberger et al. 2015),MalaCards
(Rappaport et al. 2017), Disease Ontology (Schriml et al. 2012),
and UMLS Metathesaurus Browser (Bodenreider 2004) – to deter-
mine whether they were associated withmental disorders andwere
classified into the DSM5-TR code (Tables S3–S5). According to the
DSM5-TR and ICD10-CMcodes, there are a total of 22 distinct cat-
egories for classified diseases. The above steps were used to classify
the different diseases and determine whether a disease was related
to a human mental disorder. We next filtered disease–gene items
with disease–gene association scores below the top 2.5% to retain
the high confidence disease–gene items for each database. Genes
supported by at least two of these three disease–gene databases
were considered relevant to human mental disorders. The Biomart
tool (Durinck et al. 2005) was used to analyze homologous genes
between humans and pigs, thereby establishing a dataset of genes
associated with PMH.

Population structure analysis

We applied three methods to analyze the population genetic struc-
ture. First, we performed principal component analysis (PCA)
using PLINK v1 90 (Purcell et al. 2007) software to cluster indi-
viduals. Next, we used the ADMIXTURE program (Alexander
and Lange 2011) to estimate the proportion of common ances-
tors among individuals. Finally, we built the NJ-tree withMEGA11
(Miura et al. 2020) using the genetic distance among individuals
calculated by PLINK v1.90 and refined it with iTOL v6 (Letunic
and Bork 2021).

Selection signature detection

Here, we employed five approaches, including three interpopula-
tion methods (FST (Weir and Cockerham 1984), cross-population
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compound likelihood ratio [XP-CLR] (Chen et al. 2010), and cross-
population extended haplotype homozygosity [XP-EHH] (Sabeti
et al. 2007)) and two intrapopulation methods (composite likeli-
hood ratio [CLR] (Nielsen et al. 2005) and runs of homozygosity
[ROH] (Gibson et al. 2006)) to identify putative genomic regions
undergoing positive selection. Considering that genes associated
with pig mental health have undergone soft positive selection, we
integrated selection signatures identified by five complementary
approaches to identify potential PMH candidate genes.

FST test
FST is a method for detecting selection signatures based on pop-
ulation differentiation (Weir and Cockerham 1984). We screened
the mean FST value for each genomic region with a window size
of 50 kb and a step size of 10 kb between intensively and non-
intensively farmed pig populations by VCFtools v0.1.16 software
(Danecek et al. 2011) and considered the genomic regions with the
top 1% mean FST values as putative positive selection signatures.

XP-CLR test
TheXP-CLR test is amethod used to estimate theCLRof a genomic
region to detect genome-wide selection signatures (Chen et al.
2010). We estimated the XP-CLR across each chromosome by
using xpclr v1 1 2 (Chen et al. 2010) with the parameters ld 0.95 –
maxsnps 200 – size 50,000 – step 10,000 and defined the genomic
regions with XP-CLRs in the top 1% as putative positive selection
signatures.

XP-EHH test
XP-EHH is a haplotype-based method for detecting selection sig-
natures (Sabeti et al. 2007). We used the intensively farmed pig
population as the observed population and the nonintensively
farmed population as the reference population using Selscanv1 3
0 (Szpiech and Hernandez 2014) to calculate XP-EHH values and
considered genomic regions with positive XP-EHH values in the
top 2.5% as putative positive selection signatures.

CLR test
The CLR test is a method for detecting selection signatures based
on the distribution of allele frequencies in a population. We cal-
culated the CLR value for every 50 kb genomic region across
the genome using SweeD software (Pavlidis et al. 2013) and
then ranked each genomic segment based on the CLR value.
The genomic regions with 5% right-tail empirical p values were
regarded as potential positive selection regions.

ROH detection
ROH is an approach for detecting selection signatures by identify-
ing genomic regions with reduced variation relative to the genome
average. We estimated the ROH for each individual using geno-
types after linkage disequilibrium pruning (with the parameter –
indep-pairwise 50 10 0.2) by “-homozyg” in PLINK v1.90 software
(Purcell et al. 2007) with the parameters – homozyg-snp 100, –
homozyg-window-snp 50, and – homozyg-window-missing 5.The
criteria applied for ROH identification were as follows (Fang et al.
2021): (1) 50 SNPs were contained in each sliding window; (2) an
ROH consisted of no less than 100 consecutive SNPs; and (3) the
density was higher than one SNP per 50 kb (Fang et al. 2021). We
calculated the frequency of occurrence for each SNP within ROH
segments across all individuals and defined SNPs with frequencies
in the top 1% as significant regions.

Putative candidate genes under selection

We considered genes within the 50 kb region upstream and down-
stream of identified selection signatures as potentially selected
candidate genes and utilized the GALLO package (Fonseca et al.
2020) with the pig reference genome Sus11 1 (Warr et al. 2020)
to annotate selection signatures in the pursuit of potential selected
candidate genes.

Characterization of candidate PMH genes

Functional enrichment analysis
We used the clusterProfiler package (Wu et al. 2021) to identify
Kyoto Encyclopedia of Genes andGenomes (KEGG) pathways and
Gene Ontology (GO) terms enriched with candidate PMH genes.
P values were adjusted for multiple tests using the BH (Benjamini-
Hochberg) method, and the adjusted P value was set to 0.05 as
the significance threshold. Furthermore, we used the pig quanti-
tative trait loci (QTL) database (https://www.animal-genome.org/
cgi-bin/QTLdb/SS/index) (Hu et al. 2022) to annotate economic
traits associated with the candidate genes.

Tissue gene expression analysis
To investigate gene-tissue expression specificity, we examined the
expression profiles of candidate PMH genes across different tissues
from Pig-GTEx (Teng et al. 2022) (Table S6). Using the Euclidean
distance and Ward’s clustering methods, we grouped the candi-
date PMH genes into different clusters according to their different
expression profiles across tissues. A heatmap of gene expression
was generated using the R “gplots” package with the “heatmap.2”
function.

Weighted expression cell-type enrichment analysis
Expression-weighted cell-type enrichment (EWCE) (Skene and
Grant 2016) was used for PMH candidate gene enrichment analy-
sis with default parameters.This analysis was performed separately
for each brain region dataset (Darmanis et al. 2015) and for the
hippocampus of pig single-cell data derived from our unpublished
data. Then, the specificity matrix for each dataset was calculated
by using the EWCE package. All the detected genes in each brain
region dataset were used as background, and bootstrap resam-
pling was performed 10,000 times. The adjusted P value was cor-
rected using the BH method, and 0.05 was used as the significance
threshold.

Differentially expressed genes (DEGs)
We used the “scanpy.tl.rank_genes_groups” function in Scanpy
(v1.9.1) (Wolf et al. 2018) with the Wilcoxon rank-sum test to
identify the DEGs among candidate PMH genes in the inhibitory
neurons of the hippocampus in both Jinhua and Duroc pigs. The
parameters were adjusted P value< 0.01 and |logfold change|> 1.

Protein–protein interaction (PPI) network
We constructed a network using the GeneMANIA database
(Warde-Farley et al. 2010) online tool (https://genemania.org/) to
explore the connections between genes.

GWAS signal enrichment analysis
To explore the potential effects of candidate PMH genes on eco-
nomic traits, we performed GWAS signal enrichment analysis
using our unpublished GWAS summary data (the effects consid-
ered were sex, parity, year-season, and three principal compo-
nents) of six traits, including corrected backfat thickness of 115 kg
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(BFT115), corrected day of age to reach 115 kg (DAY115), feed
conversion rate, feed intake, loin muscle depth, offset intramuscu-
lar fat (OffsetIMF), and represent feed intake. We implemented a
summation-based marker set significance test method (Fang et al.
2020) using the QGG software package (Rohde et al. 2020) for the
above six traits.We considered false discovery rate-corrected P val-
ues < 0.05 as the threshold for identifying significantly correlated
traits.

Results

Pig mental health candidate genes

From the DisGeNET database, we assembled a list of 1,269 human
mental disorder candidate genes related to 122 diseases and 2,786
gene–disease items (Fig. 1A and Fig. S1A). Using the disease
database, we assembled a list of 2,467 human mental disorder
candidate genes related to 108 mental diseases and 6,378 gene–
disease items (Fig. 1B and Fig. S1B). Similarly, from the MalaCards
database, we assembled a list of 2,661 human mental disorder
candidate genes related to 377 diseases and 42,384 gene–disease
items (Fig. 1C and Fig. S1C). Finally, we narrowed down a total of
1,642 genes identified as candidates for human mental disorders
that appeared in at least two out of three databases (Fig. 1D and
Table S7). Subsequently, we conducted a human-to-pig homolo-
gous gene search using Biomart for these candidate genes, resulting
in 1,549 pig genes (Table S8), which included 1,439 genes located
on autosomes (Fig. S2 and Table S9).

Population genetic structure analysis of the NJ-tree, PCA,
and ADMIXTURE showed that individuals were well clustered

into two groups (intensive and nonintensively farmed pig breeds,
Fig. 2A–C). The PCA plot showed that PC1 could clearly separate
individuals into intensively farmed pig breeds and nonintensively
farmed pig breeds. PC1 and PC2 accounted for 51.24% and 12.68%
of the total variance, respectively (Fig. 2B). Similarly, the intensively
farmed pigs were clearly distinguished from the nonintensively
farmed pigs when K = 2 in the admixture analysis (Fig. 2C).
Next, we conducted selection signatures analysis on these intensive
and nonintensively farmed pig breed. According to the selection
criteria for each method (see details in Materials and Methods),
the FST, XP-EHH and XP-CLR, CLR, and ROH methods revealed
selection signatures associated with 537, 922, 1,013, 912, and 622
genes, respectively (Fig. 3A-E and Tables S10-S14). A total of 2,844
unique positively selected genes (PSGs) were detected by these five
selection signature detection methods (Fig. 3F).

We then compared PSGs with human mental disorders genes,
resulting in 254 genes identified as candidate PMH genes (Fig.
4A, Figs. S3-S7, and Table S15). Functional enrichment analysis of
the 254 candidate PMH genes revealed that they were overrepre-
sented in 83 KEGG pathways and in 275 GO terms (Fig. 4B and
C). Many of these pathways or GO terms are highly relevant to sig-
nal transduction. The cellular components in which the candidate
PMH genes were enriched were those such as dendrites, synapses,
neuronal projections, and postsynapses, indicating their involve-
ment in signal transmission (Table S16). The GO terms in which
these genes were also enriched were related to the regulation of sig-
nal transmission (Table S17). KEGG pathway enrichment analysis
revealed that the dopaminergic synapse, cAMP signaling pathway,
neuroactive ligand−receptor interaction, calcium signaling path-
way, glutamatergic synapse, GABAergic synapse, and serotonergic

A B

DC

Figure 1. Summary of human disease gene databases.
Summary of the raw data and subset mental data records, disease, and gene numbers of A: the disease database, B: the DisGeNET database, and C: the MalaCards database.
Each bubble point’s three numbers correspond to entries for mental disorders, the number of diseases, and the number of genes. Red: raw data, Blue: human mental disorder
related data, Purple: mental disorder related data after F class filtration, Green: mental disorder related data after DSM-5 filtration. D: the UpSet plot showing genes overlapping
between the three databases.
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A B

C

Figure 2. Population structure.
A: Nj-tree, B: PCA, and C: admixture structure at K = 2 for intensive and nonintensive pigs. The x-axis represents individuals, and the y-axis indicates the percentage of
pedigree purity.

Figure 3. Selection signatures across the autosomes of pigs.
A: the distribution of selection signatures between intensively farmed pigs and nonintensively farmed pigs detected by the FST method. The x-axis represents the chromosome
location of SNPs, the y-axis represents the mean FST value of SNPs, and B represents the distribution of selection signatures between intensive and nonintensively farmed
pigs detected by the XP-CLR method. The x-axis represents the chromosome location of SNPs, and the y-axis represents the XP-CLR rank score of SNPs; C: the distribution
of selection signatures between intensive and nonintensively farmed pigs detected by the XP-EHH method. The x-axis represents the chromosome location of SNPs, and the
y-axis represents the XP-EHH values of SNPs. D: the distribution of selection signatures in nonintensively farmed pigs detected by the CLR method. The x-axis represents the
chromosome location of SNPs, and the y-axis represents the CLR rank score of SNPs; E: the distribution of selection signatures in nonintensively farmed pigs detected by the
ROH method. The x-axis represents the chromosome location of SNPs, and the y-axis represents the percentage of SNPs; F: UpSet plot showing selected overlapping genes
identified by these five methods.
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A

D

E F G

C

B

Figure 4. Functional annotations of candidate PMH genes.
A: Venn diagram showing gene overlap between PSGs and HPGs; B: GO enrichment results for candidate PMH genes; C: KEGG enrichment results for candidate PMH genes;
D: QTL database enrichment results for candidate PMH genes; E: GWAS enrichment results for six economic traits; F: expression of candidate PMH genes in different porcine
brain tissues. The x-axis is the different brain regions and y-axis is the PMH genes, see Fig. S8 for details; G: expression of candidate PMH genes in the hippocampus at days
38 and 56.

synapse genes were enriched (Table S18). The QTL enrichment
analysis indicated that the loci encompassed by these genes were
linked tomeat quality traits such asmeat color b*, intermuscular fat
content, and drip loss (Fig. 4D). GWAS signal enrichment analysis
revealed that PMH candidate genes were significantly (p < 0.05)
associated with corrected 115 kg backfat thickness, corrected age
in days to reach 115 kg body weight, and offset intramuscular
fat, suggesting that PMH candidate genes may influence routine
production performance (Fig. 4E).

Spatial and temporal specificity of PMH candidate gene
expression

Based on the expression profiles of PMH candidate genes in var-
ious brain tissues, we observed high expression of these genes

in the frontal cortex, hippocampus, and hypothalamus tissues
(Fig. 4F and Fig. S8). Genes, such asDRD1, CACNA1I, CACNA1E,
GABRB2, and SCN2A, related to calcium channels, potassium
channels, and GABA transporters exhibited high expression in
the hippocampus. The DRD1 gene is a dopamine receptor encod-
ing a protein that initiates G-protein-coupled receptor activity
and dopamine neurotransmitter receptor activity (Li et al. 2024).
The CACNA1I and CACNA1E genes encode calcium channel pro-
teins that mediate the entry of calcium ions into excitable cells
and participate in various calcium-dependent processes (El Ghaleb
et al. 2021; Helbig et al. 2018). The GABRB2 gene encodes the β-
2 subunit, influencing the major inhibitory system in the brain
– the GABA system (Barki and Xue 2022). The SCN2A gene
encodes a sodium channel protein, and variations can lead to var-
ious neurological disorders, including benign epilepsy, epileptic
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A

E F

B C D

Figure 5. The expression pattern of pig mental health candidate genes in single cells.
A: cell-type enrichment analysis using EWCE method for candidate PMH genes in the hippocampus of JinHua; B: cell-type enrichment analysis using EWCE method for
candidate PMH genes in the hippocampus of Duroc; C: cell-type enrichment analysis of candidate PMH genes in human brain; D: cell-type enrichment analysis of candidate
PMH genes in human cortex; E: the volcano plot of differentially expressed genes (DEGs) in the inhibitory neuron; F: the PPI network of the eight (center) downregulated genes
in the inhibitory neuron in Duroc pig compared to Jinhua pig. Ast: astrocytes, EN: excitatory neurons, IN: inhibitory neurons, Mic: microglia, OPC: oligodendrocyte progenitor
cells, Oli: oligodendrocytes, End: endothelial cells, Neu: neuron, Gran: granulocyte cell, Per: perineuronal cells, Purk1: Purkinje cells 1, Purk2: Purkinje cells 2.

encephalopathy, and autism spectrum disorders (Sanders et al.
2018).

To investigate the candidate PMH genes spatiotemporal speci-
ficity expression pattern in pigs of different ages, we subsequently
compared the transcriptomic expression data between days 38 and
56 in the prefrontal cortex region of the porcine brain. During
this period, pigs have just experienced weaning and regrouping,
which may induce some stress responses (Fig. 4G). We detected an
increase in the expression of GABRA4 at the 56-day time point.
These two genes encode the β subunits of GABA-A receptors,
which are inhibitory neurotransmitter receptors. The expression
of the SLC17A7 gene was also significantly higher on day 56 than
on day 38. The SLC17A7 gene is primarily expressed in neurons
and plays a crucial role in the packaging and transport of the neu-
rotransmitter glutamate into synaptic vesicles. The SLC1A1 gene
encodes a protein that removes excess glutamate from the synap-
tic gap to maintain neurotransmitter homeostasis. TheDRD1 gene
functions as a type of dopamine receptor. The SCN2A and SCN1A
genes also encode sodium channel proteins, while the KCNQ2 and

KCNC2 genes are related to potassium channels.TheDTNBP1 gene
encodes a membrane-associated protein. Notably, the expression
of these genes was higher at 56 days than at 38 days. Calcium
ion-related genes, CACNA1I, CACNA1A, and CACNA1E, did not
change significantly between these two periods. Compared with
the expression of the HSPA5 gene on day 38, that on day 56
significantly decreased.

High expression of candidate PMH genes in inhibitory neurons
in the hippocampus

Intriguingly, we observed that the expression of PMH genes was
significantly enriched in inhibitory neurons in the hippocampus
of JH pigs (a nonintensively farmed pig breed) (Fig. 5A), whereas
the enrichment was not significant in Duroc pigs (an intensively
farmedpig breed) (Fig. 5B).Therefore, we compared the expression
of candidate PMH genes in inhibitory neurons in the hippocam-
pus between the two breeds (Fig. 5C and Table S19). In Duroc
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Figure 6. Flowchart of PMH candidate gene
construction and functional annotation.
Briefly, using three disease gene databases, we com-
piled a gene list of 1,642 genes associated with human
mental disorders, identified their homologous genes in
pigs, and then used genomic data to detect a total of
2,844 PSGs. Finally, we narrowed the number of PMH
candidate genes to 254 and systematically performed
functional annotation of these genes (see details in the
Methods section).

pigs, there were 11 genes whose expression was greater than that
in JH pigs and eight genes whose expression was lower than that
in JH pigs. Moreover, PPI network analysis of these eight down-
regulated genes revealed that the HSPA5 and HSPA8 genes were
hub genes (Fig. 5D). The differences in hippocampal gene expres-
sion patterns between the two breeds led us to focus on specific
cell types for studying PMH traits in the future. Moreover, we con-
ducted enrichment analyses of candidate PMH genes using human
brain data, and the candidate PMH genes were also enriched in
neuron cell types in the human brain (Fig. 5E and F). This find-
ing suggested a significant association between PMH genes and
neurons in the hippocampus of pigs.

Discussion

With the intensification of pig farming in China, large-scale and
intensive production management methods have imposed signifi-
cant stress on pigs, leading to decreased production performance
and substantial economic losses in the swine industry. However,
there has been limited research focusing onPMH, as these traits are
challenging to measure and identify. Currently, there is a scarcity
of studies and a lack of phenotype data in this area. Given the high
homology between humans and pigs, we aim to leverage infor-
mation on human diseases to identify candidate genes related to
PMH through comparative genomics. Our findings are beneficial
for conducting molecular design breeding and genetic improve-
ment to adapt pigs to intensive environments, reduce stress, and
enhance economic trait performance.

In our study, we identified 254 candidate PMH genes
that underwent positive selection during the transition from

nonintensive to intensive farming. The KEGG pathways and GO
terms in which these genes were enriched were related to neu-
rotransmission, such as the dopaminergic synapse, neuroactive
ligand−receptor interaction, calcium signaling pathway, gluta-
matergic synapse, and GABAergic synapse. Dysregulation in the
dopamine system is one of the factors contributing to the develop-
ment of schizophrenia, and current antipsychotic drugs mainly act
by antagonizing dopamine receptors (Barki and Xue 2022). A pre-
vious study also showed that imbalances in glutamate and GABA
(the primary inhibitory neurotransmitter) can directly disrupt
endocrine activity, leading to behavioral abnormalities (Sanders
et al. 2018).

Furthermore, PMH candidate genes are significantly expressed
in brain regions involved in mood disorders, such as the prefrontal
cortex and hippocampus. Dysfunction in the prefrontal cortex and
its connectivity with other brain regions, particularly the limbic
system, has been observed in patients with schizophrenia (Amato
et al. 2018). The hippocampus is another important brain struc-
ture for cognition and emotion (Nian et al. 2023). These findings
highlighted that the prefrontal cortex and hippocampus might be
important brain regions associated with PMH.

Interestingly, the candidate genes are significantly expressed
in inhibitory neurons in the hippocampus, suggesting a poten-
tial role in regulating neural activity and maintaining the balance
between excitatory and inhibitory signals. Imbalances in excitatory
and inhibitory neurotransmission have been implicated in men-
tal disorders, including major depressive disorder (Duman et al.
2019). Stress during development has been shown to affect neu-
ronal proliferation and differentiation in the mammalian (e.g., rats
and monkeys) hippocampus (Lemaire et al. 2006).
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In addition, we found that the expression levels of certain can-
didate genes were lower in individuals from the intensively farmed
pig breed (Duroc) than in those from the nonintensively farmed
pig breed (Jinhua).These genes, includingHSPA5,HSPA8, KCNC2,
etc., have been implicated in genetic risk factors for bipolar disor-
der and schizophrenia (Wedenoja et al. 2010).The downregulation
of these genes may contribute to mental health in individuals
exposed to intensive farming conditions.

Our findings highlighted that PMH might affect economic
traits. First, we observed that PMH candidate genes were sig-
nificantly enriched in meat quality and carcass traits in pigs.
Additionally, through differential gene expression and protein
interaction network analysis, HSPA5 and HSPA8 were identified
as hub genes, indicating their close association with heat stress,
which can effect meat quality and the immune response (Bejaoui
et al. 2023). Furthermore, the GWAS signal enrichment analysis of
PMH candidate genes (Fig. 4D) revealed a significant association
between these candidate genes and important production traits for
meat quality, such as corrected 115 kg backfat thickness, corrected
day of age to reach 115 kg, and offset intramuscular fat, both of
which are important production traits for meat quality. Among
these traits, backfat thickness is recognized as an essential indi-
cator of fattening performance in commercial pigs. Notably, we
identified seven genes (ASS1, MC4R, C3, INSR, LMNB2, TUBB4A,
and SCARB2) with a total of 64 specific loci that were significantly
associated with backfat thickness. These findings provide novel
valuable insights into the relationship between PMH genes and
meat quality traits, specifically focusing on backfat thickness and
off set intramuscular fat.

Conclusion

Overall, in this study, we systematically identified a candidate gene
list related to PMH at the genome level for the first time. Moreover,
we provided comprehensive functional annotations of these puta-
tive genes. Our results will aid in the genomic selection of mental
health traits in pigs, improve animal welfare, and facilitate the use
of pigs as models of human psychiatric disorders.
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