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Introduction 
Heat stress (HS) is a major challenge to animal welfare and productivity in livestock systems, 

negatively affecting growth, physiology, health, behavior, and economically important traits 

(Johnson et al., 2020). Pigs are particularly vulnerable to elevated temperatures due to their limited 

thermoregulatory capacity, including a small lung surface area relative to body weight and the 

absence of functional sweat glands, which limit effective heat dissipation (Johnson et al., 2020; 

Lee et al., 2025). Beyond the direct postnatal consequences, gestational exposure to HS has been 

associated with long-term effects on offspring physiology, behavior, and stress responsiveness 

(Johnson et al., 2020), and growing evidence suggests that epigenetic mechanisms may contribute 

to the developmental programming underlying these persistent outcomes. 

Epigenetic regulation has emerged as a key mechanism linking environmental stressors to stable 

changes in gene expression without altering the DNA sequence (Wu et al., 2020). Among 

epigenetic mechanisms, DNA methylation is considered the most common, stable, and heritable 

epigenetic modification in animals (Wu et al., 2020). DNA methylation involves the addition of a 

methyl group to the C5 position of cytosine, forming 5-methylcytosine, and modulates chromatin 

accessibility and transcription factor binding, thereby influencing gene expression and phenotypic 

variation (Wu et al., 2020). Although epigenetic processes have been implicated in the regulation 

of economically important traits in farm animals, genome-wide DNA methylation responses to in 

utero heat stress (IUHS) remain poorly characterized in pigs, highlighting the need for integrative 

epigenomic studies to better understand the mechanisms underlying HS resilience. Therefore, the 

objectives of this study were to (1) investigate the effects of prenatal HS on DNA methylation 

patterns by comparing pigs exposed in utero to thermoneutral (IUTN) or IUHS, and (2) identify 

differentially methylated loci (DML) and regions (DMR) between groups using whole-genome 

bisulfite sequencing (WGBS) of Longissimus dorsi muscle. 

 

Materials & Methods 
Gestational thermal treatments. All procedures involving pregnant pigs and their offspring were 

approved by the University of Missouri Animal Care and Use Committee (protocol number: 9340). 

Twenty unrelated nulliparous pregnant gilts (Landrace × Large White) were assigned to either 

thermoneutral (TN; n = 10; 17.5 ± 2.1 °C; 70.2 ± 8.8% relative humidity, RH) or heat stress (HS; 

n = 10) conditions in environmental chambers from day 0 to 59 of gestation. Gilts in the HS group 

were exposed to variable thermal conditions during early gestation: 17.0 ± 0.1 °C (79.2 ± 10.1% 

RH) from days 0–5; cyclic temperatures of 26.3 ± 3.0 °C (night) and 31.4 ± 2.9 °C (day) from days 

6–10; and cyclic temperatures ranging from 28.4 ± 0.2 °C (night) to 35.8 ± 0.2 °C (day) from days 

11–59 (Maskal et al., 2020). After day 59, all gilts were maintained under TN conditions for the 

remainder of gestation. Following weaning, piglets remained under TN conditions until 105 days 
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of age, with ambient temperatures adjusted according to animal age. At 105 days of age, animals 

were slaughtered, and Longissimus dorsi muscle samples were collected from 20 offspring (10 HS 

and 10 TN), with a balanced number of males and females within each treatment group. Samples 

were snap-frozen in liquid nitrogen and stored at −80 °C until DNA extraction. 

 

Library preparation and whole-genome bisulfite sequencing. Genomic DNA extracted from 

Longissimus dorsi muscle was fragmented to ~200–300 bp and used for WGBS library preparation 

with the Accel-NGS® Methyl-Seq DNA Library Kit (Swift Biosciences, Ann Arbor, MI, USA). 

Bisulfite conversion was performed using the EZ DNA Methylation-Gold™ Kit (Zymo Research, 

Irvine, CA, USA), following the manufacturer’s instructions. Conversion efficiency assessed using 

unmethylated lambda DNA spike-ins. Libraries were sequenced on Illumina platforms using 150-

bp paired-end reads. 

 

Read processing, alignment, and methylation extraction. Read quality was assessed using 

FastQC v0.12.0 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc) with default 

parameters. Adapter trimming and removal of low-quality bases were performed using Trim 

Galore v0.6.10 (https://github.com/FelixKrueger/TrimGalore) with the parameters --quality 30 --

phred33 --paired --three_prime_clip_R1 20 --three_prime_clip_R2 20. The Sus scrofa 11.1 

reference genome (Ensembl release 114; https://ww.ensembl.org/Sus_scrofa/Info/Index) was 

prepared using the Bismark genome preparation module (https://www.bioinformatics. 

babraham.ac.uk/projects/bismark). High-quality reads were aligned to the prepared reference 

genome using Bismark v0.24.2 in combination with Bowtie2 v2.5.1. (https://bowtie-

bio.sourceforge.net/bowtie2/index.shtml), with the parameters --score_min L,0, -0.6 -X 1000. 

Deduplication and methylation extraction were performed using Bismark with the options --

paired-end --no_overlap --comprehensive --bedGraph, generating coverage files for downstream 

analyses. In addition to CpG sites, cytosine methylation in the CHG and CHH sequence contexts 

was extracted from the Bismark methylation reports for descriptive and quality control purposes 

(where H denotes any nucleotide other than G, i.e., A, C, or T). Downstream methylation analyses 

focused primarily on CpG (cytosine followed by guanine), which represent the predominant and 

most stable methylation context in mammalian genomes. 

 

Identification of differentially methylated loci and regions. Bismark coverage files were 

imported into the methylKit R package (v1.34) for downstream analyses. CpG sites with a 

minimum coverage of 10 reads (mincov = 10) were retained, and coverage was normalized across 

samples using median normalization (normalizeCoverage). CpG sites were then unified using the 

unite function, retaining loci present in at least eight samples per treatment group. Only autosomal 

CpGs (chromosomes 1–18) were retained for downstream analyses. DML and DMR were 

identified using logistic regression implemented in the calculateDiffMeth function, with p-values 

adjusted using the Benjamini–Hochberg false discovery rate (FDR). DML represent individual 

CpG sites, whereas DMR corresponds to genomic regions defined by aggregating adjacent CpGs 

into non-overlapping 1-kb windows using tileMethylCounts. DML and DMR were considered 

significant at FDR ≤ 0.05 and a methylation difference ≥ 10%. Principal component analysis 

(PCA) and correlation heatmaps based on DML CpGs (FDR < 0.05) were used to assess overall 

methylation patterns and sample similarity. 
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Annotation and functional enrichment. DML and DMR were annotated using Ensembl Sus 

scrofa gene models (release 114). Promoters were defined as regions 20 kb upstream of 

transcription start sites, and loci were assigned to promoters, exons, introns, gene bodies, or 

intergenic regions using GenomicRanges (v1.60.0) and GenomicFeatures (v1.60.0). Functional 

enrichment analyses were conducted using g:Profiler (gprofiler2 v0.2.4), with GO and KEGG 

pathways considered significant at FDR ≤ 0.05 and supported by at least two associated genes. 

 

Results 
The average mapping rate was 86.06 ± 2.91% in the HS group (range: 80.0–88.9%) and 87.75 ± 

1.13% in the TN group (range: 85.3–88.9%). Bisulfite conversion efficiency exceeded 99.28%. 

Across the 20 samples analyzed, 9,867,805,074 cytosine sites were detected in the HS group and 

10,740,612,263 in the TN group. Among these, 806,179,127 cytosines in the HS group and 

879,917,388 in the TN group were methylated. Of the methylated cytosines, 402,489,806 (HS) 

and 418,063,689 (TN) were in the CpG context. Genome-wide methylation levels were 68.34 ± 

1.11% (CpG), 4.04 ± 0.11% (CHG), and 4.45 ± 0.13% (CHH) in the HS group, and 68.26 ± 0.80% 

(CpG), 4.03 ± 0.11% (CHG), and 4.45 ± 0.12% (CHH) in the TN group. A total of 100 DML were 

identified between HS and TN groups at FDR < 0.05, including 23 hypermethylated (>10%) and 

18 hypomethylated (<10%) loci in the HS group. Significant DML were unevenly distributed 

across the genome, with chromosome 15 harboring the highest number of loci (n = 13 DML). Most 

DML were located in distal intergenic regions (80.5%), followed by promoter regions (17.1%) and 

introns (2.4%). Multivariate analyses based on DML CpGs (FDR < 0.05) revealed separation 

between HS and TN animals, as shown by the PCA and correlation heatmaps (Figure 1). 

 

    A)       B) 

 
Figure 1. A) Principal component analysis (PCA) based on CpG sites with significant differential 

methylation (DML, FDR < 0.05) of Longissimus dorsi muscle. Red dots represent animals exposed 

to heat stress (HS), while blue dots correspond to thermoneutral animals (TN). B) Pearson 

correlation heatmap of percent methylation values at significantly differentially methylated CpG 

sites (DML, FDR < 0.05), showing sample similarity between HS and TN groups. 

 

In addition, 461 DMR were identified between HS and TN groups at FDR < 0.05, of which 11 

DMR exhibited a methylation difference of ≥ 10% and were classified as hyper- (>10%) or 

hypomethylated (<10%) in the HS group. Most DMR were located in distal intergenic regions 
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(95.1%), with fewer of them located within intronic regions (2.4%). Functional enrichment 

analyses of genes associated with significant DML identified three enriched GO molecular 

function terms: phosphatidylserine binding, modified amino acid binding, and phospholipid 

binding (FDR < 0.05; ≥2 genes per term). No significant functional enrichment was detected for 

genes associated with DMR. 

 

Discussion 
While global DNA methylation levels remained largely unchanged between IUHS and TN animals 

across CpG, CHG, and CHH contexts, site-specific DML and DMR were identified. Consistent 

with previous reports in pigs exposed to HS (Hao et al., 2016), CpG methylation predominated 

across the genome. Approximately 8% of all cytosine sites were methylated across sequence 

contexts, while average CpG methylation levels were ~68% in both prenatal thermal treatments, 

with substantially lower methylation levels observed in CHG and CHH contexts. Differential 

methylation was predominantly localized in intergenic and intronic regions, with limited 

involvement of promoters, a pattern commonly reported in HS–related epigenomic studies (Hao 

et al., 2016). Multivariate analyses based on DML CpGs further demonstrated a clear separation 

in Longissimus dorsi muscle DNA methylation patterns between IUHS and IUTN animals, 

reinforcing the biological relevance of these targeted epigenetic differences. Moreover, the strong 

within-group correlation observed among HS animals indicates highly consistent DNA 

methylation profiles in the Longissimus dorsi muscle, suggesting coordinated regulation of shared 

stress- and metabolism-related pathways following prenatal heat exposure. 

Functionally, DML and DMR were primarily associated with molecular functions related to lipid 

and phospholipid binding, including phosphatidylserine and modified amino acid binding. 

Hypomethylation of DUSP4 suggests potential modulation of MAPK–JNK signaling, a pathway 

highly responsive to thermal and inflammatory stress, while differential methylation of ARID1B 

and OSBPL8 may point to epigenetic regulation of adipogenesis and lipid transport in skeletal 

muscle. In addition, hypomethylation of CNOT6L, a gene involved in mRNA degradation and 

metabolic regulation, may reflect broader post-transcriptional regulatory mechanisms associated 

with prenatal HS. Together with immune-related genes such as SMPD3, which participates in 

ceramide-mediated stress and inflammatory signaling, these findings support the hypothesis that 

IUHS may contribute to persistent epigenetic regulation of metabolic, stress, and immune-related 

pathways. 

 

Conclusions 
These findings demonstrate that IUHS induces persistent epigenetic alterations in skeletal muscle 

of pigs, with potential implications for metabolic, stress, and immune-related pathways, 

contributing to a better understanding of the epigenomic mechanisms underlying postnatal 

responses to prenatal HS. 
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