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Introduction

The global swine industry has largely transitioned from individual gestation stalls to gestational
group-housing. While group-housing has several welfare benefits, it puts the modern sow at
risk of experiencing acute stress at mixing which may develop into chronic stress. There is
evidence that stress during gestation causes the developing piglets to undergo fetal
programming, impacting piglet birth weight, hypothalamic-pituitary-adrenal (HPA) response,
and future maternal behavior (Jarvis et al., 2006; Kanitz et al., 2006; Quesnel et al., 2019).
While it is not possible to remove all stressors from the production environment, it may be
possible to select for more resilient animals that have greater coping capacities and can therefore
reach their production potential (Colditz and Hine, 2016; Berghof et al., 2019). This study
utilized an observational approach, assessing individual stress response patterns following acute
social mixing, to explore differences of gene expression in piglets born to dams exhibiting a
resilient response compared to a vulnerable, chronic stress response.

Materials & Methods

Animal population and experimental design. Animal housing and care protocols for this
study were evaluated and approved by the Michigan State University Institutional Animal Care
and Use Committee (PROTO202300192). The study was conducted across two farrowing
batches at the Michigan State University Swine Teaching and Research Center, utilizing
purebred Yorkshire piglets born to sows selected for their salivary cortisol response at an acute
social mixing event. Following confirmation of pregnancy at 25 days of gestation (dg),
nulliparous gilts (n=32) and primiparous sows (n=32) were housed in free access stall systems
(n=8/pen). All females remained locked in the individual stalls of the system until the acute
mixing event at 30 dg. Saliva was collected at the same time each day for -1, 0, +1, +2, +3, and
+7 d relative to mixing by allowing pigs to chew on cotton ropes until just saturated. Saliva was
extracted by centrifuging sections of rope in Salimetrics storage tubes (Salimetrics, State
College, PA, USA) for 10 min at 1,500 x g, aliquoted into 1.5 mL tubes and stored at -20 C until
all samples were collected. Salivary cortisol was quantified using the Salimetrics extended
range cortisol ELISA assay (Cat. No. 1-3002) following manufacturer instructions. Cortisol
pattern surrounding social mixing was used to select 6 resilient (SR) and 6 stress vulnerable
(SV) focal females. SR females were those with an increase of cortisol at mixing but return to
or near pre-mixing concentrations, and SV females were those with persistently elevated
cortisol across all timepoints. Within 24 h of farrowing, prior to any processing procedures or
cross-fostering, one gilt piglet and one boar piglet of average size from each focal litter were
humanely euthanized for terminal tissue collection (n=24 total).

Tissue collection and RNA isolation. Upon confirmation of death, brains were removed and
placed briefly in ice cold PBS solution before dissecting into 5 mm coronal slices using a Zivic
Small Pig Brain Slicer Matrix (Cat. No. PBMPBS050-1, Zivic Instruments, Pittsburgh, PA).
Hypothalamic and hippocampal samples were isolated using a 4 mm biopsy punch. The adrenal
gland was removed and cut into cross sections containing both medulla and cortex adrenal
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tissue. All samples were placed in RNALater (Fisher Scientific, Pittsburgh, PA, USA),
incubated at 4 °C for 24 h, and then removed and stored at -80 °C. For each sample, RNA was
extracted from approximately 20 mg of tissue using the RNeasy mini kit (Qiagen, Germantown,
MD, USA). Sample RNA integrity was confirmed using the Agilent 4200 TapeStation HS RNA
assay (Agilent, Santa Clara, CA, USA). One adrenal and one hippocampal sample, each from
a different gilt piglet, were not of sufficient quality to sequence.

RNA-sequencing. The remaining 70 RNA samples were submitted for sequencing at the MSU
Research Technology Support Facility Genomics Core. Samples were processed using a
QIAseq FastSelect RNA library preparation kit (Qiagen) with HMR rRNA and Globin mRNA
depletion (Qiagen), and QIAseq-Direct Unique Dual Indexes (Qiagen) following
manufacturer’s recommendations. Individual libraries underwent quality control, quantified,
and normalized to a consistent concentration and pooled in equal amounts. The library pool was
sequenced in 2x150 bp format using an AVITI instrument using ten Cloudbreak Freestyle High
Output 300 cycle kits (Element Biosciences, San Diego, CA, USA). Base calling was done by
AVITIOS v3.4.1, demultiplexed, and converted to FastQ format using base2fastq v2.2.0.

Bioinformatics and differential expression analysis. Raw sequences were trimmed according
to QIAseq recommendations, using TrimGalore v0.6.10 with options [--paired —clip r1 6 —
clip_r2 16]. Trimmed reads were assessed using FastQC v0.12.1 to confirm no residual adapter
content or low quality bases, and then aligned to the Sus scrofa 11.1 reference genome using
HISAT2 v2.2.1 with options [-p 4 —rna-strandness RF]. Gene-level transcript counts were
obtained using HTSeq v2.0.7 with options [-m intersection-nonempty -t exon -s reverse].
Differential expression between SR and SV offspring was conducted on R v4.3.2 using DESeq?2
v1.42.0. The count matrix was cleaned of undetected genes prior to analysis. The analysis model
accounted for the maternal stress group (SR, SV), sex (M, F), the interaction between group
and sex, sire (S1, S2, S3), and farrowing batch (B1, B2). Differentially expressed genes (DEGs)
were defined as genes with a Benjamini-Hochberg adjusted P-value less than 0.1 (FDR < 0.1)
and an average detected expression of 100 transcripts across all piglets (baseMean > 100)
regardless of log2 Fold Change. Ensembl gene ID’s of detected DEGs were submitted for gene
set enrichment analysis (GSEA) wusing the g:GOSt function of gProfiler
(https://biit.cs.ut.ee/gprofiler/gost). The GSEA was conducted against all annotated Sus scrofa
genes across Gene Ontology knowledgebase (GO), Kyoto Encyclopedia of Genes and Genomes
pathways (KEGG), Reactome pathways (REAC), and Human Phenotype Ontology (HP)
databases. Terms were considered to be enriched among DEGs if the FDR < 0.1.

Results

An average of 85 M reads were generated with an average alignment rate of 91.6%. A total of
20 hypothalamic, 4 hippocampal, and 922 adrenal DEGs were detected between SR and SV
piglets. Hippocampal samples from piglets born to SR dams exhibited higher transcript
abundance of zinc finger protein 503 (ZNF503; 1og2FC = 0.89, FDR = 0.081) and a novel long
non-coding RNA (ENSSSCG00000055016; log2FC = 1.40, FDR = 0.003), and lower transcript
abundance of semaphoring 5B (SEMAS5B; log2FC = -0.38, FDR = 0.073) and N-alpha-
acetyletransferase 60 (NAA460; log2FC =-0.42, FDR = 0.073). Among hypothalamic DEGS, 9
exhibited higher and 13 exhibited lower transcript abundance. Detected DEGs included kelch
like family member 35 (KLHL35, 1og2FC =-1.66, FDR = 0.016) and aldehyde dehydrogenase
1 family member A1 (ALDHIA1,10g2FC =2.01, FDR = 0.037).

Adrenal DEGs consisted of 792 with lower and 120 with higher transcript abundance in piglets
born to SR dams. While there was no obvious biological relevance of DEGs detected in
hippocampal or hypothalamic samples, several genes of interest were differentially expressed

2


https://biit.cs.ut.ee/gprofiler/gost

in adrenal samples. Piglets born to SR dams exhibited greater expression of glucagon (GCG,
log2FC = 2.89, FDR = 0.002), myosin VC (MYO5C, log2FC = 0.98, FDR = 0.026), myogenic
differentiation 1 (MYODI, 10g2FC = 0.79, FDR = 0.083), and insulin like growth factor 1
(IGF1,10g2FC=0.58, FDR =0.067). Additionally, they exhibited lower expression of hydroxy-
delta-5-steroid dehydrogenase (HSD3B7, log2FC = -0.77, FDR = 0.038), prolactin regulatory
element binding (PREB, log2FC =-0.61, FDR = 0.062), activating transcription factor 4 (47F4,
log2FC = -0.59, FDR < 0.001), hydroxy-delta-5-steroid dehydrogenase 3 beta- and steroid
delta-isomerase 1 (HSD3B1,10g2FC =-0.55, FDR = 0.094), and hydroxysteroid dehydrogenase
like 1 (HSDLI, 1og2FC = -0.54, FDR = 0.058). Adrenal DEGs were submitted for GSEA, and
revealed over 13,000 terms enriched among the 792 DEGs with lower transcript abundance in
piglets born to SR dams. A select subset is highlighted in Table 1. Among DEGs with higher
transcript abundance, a total of 184 terms were detected as significantly enriched. Terms
detected included ‘glucagon receptor binding’ (GO:0031769, Enrichment = 170.3, FDR =
0.037), ‘positive regulation of insulin secretion involved in cellular response to glucose’
(GO:0035774, Enrichment = 29.0, FDR = 0.091), ‘synthesis, secretion, diacylation of Ghrelin’
(REAC:R-SSC-4220, Enrichment = 54.5, FDR = 0.036), ‘peptide hormone metabolism’
(REAC:R-SSC-4220, Enrichment = 20.9, FDR = 0.036), ‘abnormality of reproductive system
physiology’ (HP:0000080, Enrichment = 3.6, FDR = 0.004), ‘decreased fertility’ ( HP:0000144,
Enrichment = 5.4, FDR = 0.004), and ‘immunoglobulin complex, circulating’ (GO:0042571,
Enrichment =75.7, FDR = 0.070).

Table 1. Enriched terms among DEG with lower transcript abundance in SR piglets.

Source! Term # of DEGs Enrichment FDR
GO Negative regulation of stress-activated 3 13.6 0.016
MAPK cascade

REAC  Cholesterol biosynthesis 9 7.1 <0.001
REAC  Telomere maintenance 24 5.2 <0.001
REAC  Estrogen-dependent gene expression 24 4.3 <0.001
GO Cholesterol metabolic process 14 3.7 <0.001
GO Steroid biosynthetic process 15 3.7 <0.001
REAC  Extension of telomeres 9 3.6 0.005
GO Epigenetic regulation of gene expression 23 3.0 <0.001
KEGG Aldosterone synthesis and secretion 13 2.9 0.006
KEGG Glycolysis/gluconeogenesis 8 2.7 0.066
KEGG Progesterone-mediated oocyte maturation 11 2.5 0.040
GO In utero embryonic development 28 2.1 0.005
KEGG Pathways of neurodegeneration 46 2.1 <0.001
HP Intrauterine growth retardation 50 1.5 0.076
HP Growth delay 129 1.3 0.028

"GO = Gene Ontology Knowledgebase, KEGG = Kyoto Encyclopedia of Genes & Genomes Pathway Database,
REAC = Reactome Pathway Database, HP = Human Phenotype Ontology

Discussion

There was no obvious biological relevance of DEGs detected in hippocampal samples.
However, ALDHI1A1, which had higher transcript abundance in the hypothalamus of piglets
born to SR dams, is involved in metabolism of catecholamines including dopamine transport
and release mechanisms, and may decrease neurotoxicity (Anderson et al., 2011). Decreased
ALDHI1AI expression has been observed in both rodents and pigs exposed to early life stressors,
including immune challenges and social stress (Rodriguez-Zas et al., 2023). This may suggest
that maternal resilience to gestational social stress mitigates detrimental fetal programming of



neurotransmitter and hormone regulatory mechanisms. Several DEGs and associated pathways
in adrenal samples were relevant to growth and metabolism. We detected higher transcript
abundance of /GFI and GCG in piglets born to SR dams, as well as enrichment among
associated pathways related to insulin secretion and glucagon signaling. We detected lower
transcript abundance of ATF4 in piglets born to SR dams. Glucocorticoids, such as cortisol,
have been demonstrated to decrease 47F4 mRNA, and both play integrated roles in mTORCI1-
mediated pathways of insulin signaling (Adams, 2007). While assessing metabolic phenotypes
were beyond the scope of this study, it should be noted that the piglets born to SR dams had
significantly higher birth weights and average daily gain during lactation than those born to SV
dams (Luttman et al., 2024). Additionally, studies have shown that there is an association

between glucose metabolism and low birth weight and low vitality piglets (Vanden Hole et al.,
2019).

Conclusions

These data suggest that individual sow response to social stress, and not just exposure to stress
itself, influences fetal programming. Furthermore, maternal resilience to social stress has a
minimal impact on hypothalamic or hippocampal gene expression profiles in neonatal pigs but
significantly alters the adrenal transcriptome. Transcriptional differences detected in adrenal
tissue indicate potential impacts on metabolism, growth, and hormone synthesis and regulation.
This study demonstrates the importance of managing sow stress and selecting for resilience to
social stress in the modern sow.
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