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Mesenteric torsion (MT) is a condition that affects several animal species and can lead to the animals’ 
death. However, little is known about its etiology. Therefore, this study aimed to identify genomic 
regions and candidate genes associated with MT. Phenotypic and genotypic data from 405 pigs, 
including MT records and genealogy were used. In the model, contemporary group (sex, year, and 
week of weaning) was considered fixed effect, the linear effect of weaning weight as a covariate, while 
direct additive genetic effect was random. In the genome-wide association study, genomic windows 
explaining more than 0.3% of the genetic variance were considered significant. Fifty-two significant 
windows were identified, covering 299 genes located on 15 chromosomes. The HSD17B4, TNFAIP8, 
TENM4, CHD2, RGMA, OPRM1, PPARGC1A, CHIA, KCNJ2, KCNJ16, KCNJ15, ELN, SGO1, IL17A, IL17F, 
GATA4, OVOL2, GLI3, and RAP1A genes were considered candidates to MT since they are related to 
intestinal morphogenesis, feeding behavior, intestinal barrier, digestion, and intestinal motility. These 
processes could induce intestinal malformations, dysbiosis, excessive fermentation, delay intestinal 
transit, and obstruction. Our findings contribute to understanding the mechanisms involved in the 
occurrence of MT in pigs and may help to elucidate the etiology of intestinal torsion/volvulus in other 
mammals, including humans.

Mesenteric torsion (MT) is characterized by the rotation of intestinal loops around the mesenteric axis, resulting 
in the occlusion of the cranial mesenteric artery, interruption of blood flow, and mechanical obstruction of 
the intestines, which can lead to the death of animals and humans1. Due to the complexity of its diagnose 
and clinical-pathological signs, this condition can be designated with different terminologies, depending on the 
species, among them: Hemorrhagic Bowel Syndrome and Intestinal Volvulus2–5.

MT is a serious concern since it affects welfare and is related to high mortality rates. In humans, the mortality 
rate can vary from 9 to 35% depending on the method of diagnosis used4. In dogs and horses, the mortality 
rate is approximately 16% and 42%, respectively5,6, while in cattle, 55.2 to 77% die or are euthanized due to 
complications that occurred during or after surgery4,7,8. In pig production, MT is one of the most common 
reasons for sudden death in the growing and finishing phases, affecting animals at the end of the production 
cycle and leading to increased economic losses9,10. In growing- and finishing phase, the occurrence of the MT 
ranges between 0.9% and 3.64%11,12, and in a nucleus farm, it was around 2.5%, with 100% mortality13.

Despite the knowledge of several risk factors, the etiology and pathogenesis of MT remain insufficiently 
elucidated14. In pigs, it is believed that the unique characteristics of the pig’s digestive system, feeding behavior, 
housing, management, breed, and other factors contribute to the occurrence of the pathology2,15. Moreover, 
genetic factors may influence MT, suggesting the potential for breeding selection to reduce its incidence in 
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herds. Nevertheless, traditional selection methods may not efficiently reduce the incidence of MT due to its low 
heritability13, polygenic nature, and the challenge of measurement, as accurate diagnosis is possible only post-
mortem. Therefore, the application of genomics presents a viable alternative to enhance effectiveness in selecting 
for this trait16.

In genome-wide association studies (GWAS), individuals’ genomes are examined to identify genetic variants 
associated with the studied trait. Thus, each single nucleotide polymorphism (SNP) undergoes statistical testing 
for its significance of association with the trait/phenotype of interest17,18. This approach aids the understanding 
of the genetic architecture of complex traits, such as diseases and syndromes, and facilitates the discovery 
of variants and candidate genes18 to try to reduce their occurrence. Therefore, although MT is an important 
pathology causing several problems in different species, there is a dearth on how genetic mechanisms may 
predispose the occurrence of this pathology. For this reason, GWAS could contribute significantly to elucidate 
the etiology and to clarify the biological factors involved in the development of MT in pigs and, consequently, in 
other species. Hence, the objective of this study was to identify genomic regions and candidate genes associated 
with MT in pigs through a genome-wide association study.

Results
From the 405 genotyped pigs with the GGP Porcine 50K BeadChip, eight were removed due to quality control 
before GWAS analysis. From the 50,697 SNPs originally available on the chip, 36,438 SNPs were kept for further 
analysis. In the GWAS, conducted in the BLUPF90 program, a total of 52 1 Mb genomic windows explained 
more than 0.3% of genetic variance for MT (five times more than expected) and, therefore, were considered 
significantly associated with MT. They were located on 15 porcine chromosomes (SSC): 1, 2, 3, 4, 5, 6, 7, 8, 9, 
12, 13, 14, 15, 17, and 18 (Fig. 1). These windows collectively accounted for 27.56% of the total additive genetic 
variance for MT and encompassed 299 positional candidate genes for this condition (Supplementary Table S1). 
The variance explained by significant windows ranged from 0.3 to 1.66%.

To identify key genes involved with MT, the genes located in the windows explaining the greatest proportion 
of genetic variance (windows above 1%, a total of 15 genes) were selected and submitted to functional annotation 
and investigated for their possible relationship with MT (Table 1).

Evaluating the ontologies of the 299 candidate genes located in all the significant windows in the Panther 
database19, it was possible to observe that 18 of them were in biological processes (BP) that have already been 
related to feeding behavior, digestion and intestinal diseases (Table 2) and could contribute to the occurrence of 
MT in pigs. Furthermore, those 299 genes were also submitted to a statistical overrepresentation analysis in the 

Chromosome

Genomic window

Explained genetic variance (%) Genes located in the genomic windowsInitial position Final position

2 123,177,514 124,163,901 1.66 FAM170A, HSD17B4 and TNFAIP8

9 12,338,078 13,310,672 1.54 ALG8, GAB2, USP35, NARS2, TENM4, KCTD21, THRSP and NDUFC2

7 85,640,036 86,623,643 1.07 FAM174B, CHD2, RGMA and ST8SIA2

Table 1.  Characterization of the genomic windows that explained more than 1% of the genetic variance for 
mesenteric torsion in pigs.

 

Fig. 1.  Manhattan plot of the percentage of genetic variation explained by 1-Mb windows for mesenteric 
torsion in pigs. The X axis represents the chromosomes and the Y axis shows the percentage of genetic variance 
explained by each window. The red line indicates the significance threshold (0.3% of the genetic variance 
explained, i.e., five times more than expected). The Manhattan plot was constructed with R software version 
4.2.2 95 using the results from the POSTGSF90 package of the BLUPF90 program (Misztal et al.88).
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Panther database19 and seven BP were enriched (Supplementary Table S2; p < 0.05), comprising 135 genes. These 
BP were grouped into four superclusters using the Revigo tool20: metabolic process, primary metabolic process, 
sensory perception of chemical stimulus and detection of stimulus (Fig. 2).

A gene network (Fig. 3) was constructed in the Network Analyst platform21 using the 73 genes located on the 
first ten windows with the highest genetic variances. This analysis revealed interactions between candidate genes 
and their interactions with other genes (for example, RAP1A with NTRK2, PTPN11 and BRAF), suggesting 
potential interference of candidate genes with other genes that may play an important role in the phenotypic 
expression of MT. This hypothesis could be reaffirmed by exploring the biological functions from this gene 
network. The key genes responsible for gastrointestinal hemorrhage, atresia, and intestinal obstruction were 
highlighted (in blue, Fig. 3) and, in humans, these conditions can predispose to intestinal volvulus. Given the 
similarities between pigs and humans in anatomical, physiological, and genetic terms22, there is a possibility that 
genes associated with anomalies related to intestinal volvulus in humans may also be linked to the initiation of 
MT in pigs.

Fig. 2.  Superclusters of significant biological processes related to genes in the genomic windows associated 
with mesenteric torsion in pigs. The figure was constructed using REVIGO tool (Supek et al.20).

 

Chromosome Gene Biological process

1 OPRM1 Feeding behavior

2 MCC Intestinal diseases and alterations

3 ELN Digestion and absorption of proteins

4 PGB Digestion

4 CHIA Digestion, Digestion of dietary carbohydrates, Digestion and absorption

6 GOT2 Digestion and absorption of lipids

7 IL17A Maintenance of intestinal epithelial structure, Intestinal diseases

7 IL17F Inflammatory bowel disease

8 MTTP Digestion and absorption of lipids

8 PPARGC1A Response to excess feed intake

12 KCNJ2 Gastric acid secretion

12 KCNJ16 Gastric acid secretion

13 SGO1 Intestinal diseases, Chronic Intestinal Dysrhythmia

13 KCNJ15 Gastric acid secretion

14 GATA4 Differentiation of intestinal epithelial cells, Embryonic morphogenesis of the anterior intestine

17 OVOL2 Embryonic morphogenesis of the digestive tract

18 ADCYAP1R1 Activity of the receptor for vasoactive intestinal polypeptide

18 GLI3 Embryonic morphogenesis of the digestive tract, Morphogenesis of the posterior intestine

Table 2.  Genes and biological processes that may be related to the development of mesenteric torsion in pigs, 
according to the functional annotation in the Pantherdb database.
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Discussion
The MT is a common cause of sudden death in pigs, and it is characterized by the torsion of the intestinal loops 
through the mesentery. This pathology is triggered by several environmental conditions; however, Padilha et al.13 
verified the existence of additive genetic variance and estimated a heritability of 0.12 ± 0.02 to this trait. Similar to 
most complex traits, MT is polygenic, i.e., affected by thousands of genetic variants with small effects23. Here, we 
found that MT is influenced by several genomic regions (windows) situated on different chromosomes (Fig. 1) 
that explained 27.56% of the total additive genetic variance for MT, encompassing 299 genes (Supplementary 
Table S1). Hence, it is anticipated that, by examining the genetic architecture of this pathology, we were able to 
elucidate some biological mechanisms contributing to the onset of MT in pigs, even using a limited sample size.

The genes located in the most relevant windows were investigated for their relationship with mesenteric 
torsion (MT). However, for some of those genes, the literature poorly describes their biological functions and the 
mechanisms through which they act and, in some cases, there are no studies relating them with intestinal diseases. 
Therefore, those were not discussed in the current study. Nevertheless, several genes that may predispose pigs to 
MT were identified, including hydroxysteroid 17-beta dehydrogenase 4 (HSD17B4), TNF alpha-induced protein 
8 (TNFAIP8), teneurin transmembrane protein 4 (TENM4), chromodomain helicase DNA binding protein 2 
(CHD2), repulsive guidance molecule BMP co-receptor A (RGMA), opioid mu receptor 1 (OPRM1), PPARG 
coactivator 1 alpha (PPARGC1A), chitinase acidic (CHIA), potassium inwardly rectifying channel subfamily 
J member 2, 16 and 15 (KCNJ2, KCNJ16, and KCNJ15), elastin (ELN), shugoshin 1 (SGO1), interleukin 17 A 
(IL17A) and interleukin 17 F (IL17F), GATA binding protein 4 (GATA4), ovo-like zinc finger 2 (OVOL2), GLI 
family zinc finger 3 (GLI3), and member of RAS oncogene Family (RAP1A) (Supplementary Table S1).

Three genomic windows that explained more than 1% (Table 1) of the genetic variance for mesenteric torsion 
were mapped on chromosomes 2, 7 and 9, which were fully investigated for their association with MT. In the 
genomic window with the highest genetic variance explained for MT (1.66%) on SSC2, three genes were found: 
FAM170A, HSD17B4 and TNFAIP8. The HSD17B4 encodes a protein known as Peroxisomal D-bifunctional, 
a key enzyme in fatty acid oxidation metabolism24. This gene was upregulated in late-preterm (113 days) pigs 
and was enriched in the fatty acid biosynthesis pathway in the colon tissue25. Fatty acids influence digestion and 
intestinal absorption, and many fatty acids are produced through microbial fermentation26,27. Thus, mutations in 
this gene could affect its function related to the digestion process, resulting in increased intestinal fermentation 
and gas production. The TNFAIP8 gene plays a major role in the composition and modulation of intestinal 
epithelial cell differentiation28 and its deficiency exacerbates the inflammatory response, allowing greater 
bacterial invasion causing intestinal dysbiosis29,30. Consequently, the imbalance of the intestinal microbiota 

Fig. 3.  Gene network constructed with genes located on the first ten genomic windows with the highest 
association with mesenteric torsion in pigs. Colored circles represent genes and lines represent the predicted 
interactions between genes. In blue, genes related to intestinal abnormalities that can trigger intestinal volvulus 
in humans. The gene network was constructed using Network Analyst platform (Zhou et al.21).
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could cause increased intestinal fermentation and heightened gas production. As a result, intestinal dilation 
due to gas production could lead to compression of the mesenteric vein, initiating a cascade of events that 
predisposes to intestinal torsion2.

In the second window with the highest genetic variance explained (1.54%), located on SSC9 (Table 1), eight 
genes were mapped: ALG8, GAB2, USP35, NARS2, TENM4, KCTD21, THRSP and NDUFC2. However, there 
are few studies relating the function of these genes in the intestine. The TENM4 was upregulated in situation 
of intestinal dysbiosis induced by antibiotic31. On SSC7, the third highest explained variance window (1.07%) 
(Table 1), four positional genes were mapped: FAM174B, CHD2, RGMA and ST8SIA2. The CHD2 encodes a 
protein that regulates the structure and expression of DNA and belongs to the family of helicases, enzymes 
crucial for unwinding and manipulating DNA32. According to Chénier et al.33, mutations in this gene are 
associated with epilepsy syndrome and developmental delay. Berg et al.34 reported that children with epileptic 
and developmental encephalopathies associated with the CHD2 gene also exhibited high rates of constipation 
and gastric dysmotility. Hence, mutations in this gene could lead to a delay in the propulsion of intestinal 
contents and increased fermentation. In addition, the RGMA gene (Table  1) exerts an inhibitory effect on 
the growth of neurites from neuronal progenitor cells and is involved in the differentiation process of enteric 
neurons in the intestine35. According to Furness36, the enteric nervous system (ENS) controls motility, fluid 
secretion, and vasodilation in the intestines. Consequently, defects in the development of the ENS can lead to 
intestinal motility disorders37. Thus, mutations in the CHD2 and RGMA genes could potentially alter intestinal 
motility and the proper functioning of the intestines, resulting in intestinal obstruction and predisposing pigs to 
mesenteric torsion. The presence of intestinal obstruction increases the possibility of small bowel volvulus38, a 
similar condition of MT in humans.

Some other genes found in chromosomes 1, 2, 3, 4, 6, 7, 8, 12, 13, 14, 17 and 18 in our study were in biological 
processes related to feeding behavior, digestion, intestinal diseases, and morphogenesis of the intestine (Table 2) 
and were also investigated for their association with MT in pigs. The OPRM1 gene is located on SSC1 and codes 
for an opioid receptor, also known as MOR, which has been linked to binge-eating disorder and eating behavior 
in humans. Binge-eating disorder has been associated with a variant of the OPRM1 gene (A118G), suggesting 
that individuals with this mutation have a genetic predisposition to this condition due to hyper-reactivity to the 
hedonic properties of foods39. In fact, opioid signaling regulates the hedonic impact of food, and the A118G 
variant has also been linked to the consumption of high-calorie foods (sweet and fatty) and the behavior of 
overeating40,41. Elevated levels of hedonic response to food can promote increased intake, leading to binge 
eating42. Moreover, MOR receptors expressed in the mesenteric-portal area control a gut-brain neural circuit 
that regulates intestinal gluconeogenesis. In this way, they indirectly control feed intake and feelings of satiety43. 
Therefore, it is hypothesized that mutations in the OPRM1 gene can alter the feeding behavior of pigs, resulting 
in increased feed intake. Consequently, an animal that excessively increases its feed intake in a short time is at a 
greater risk of excessive fermentation in the intestines, thus being more likely to develop MT.

Located on SSC8, the PPARGC1A or PGC-1α gene is associated with the biological process of responding 
to excess feed intake (Table 2). It codes for a transcriptional coactivator that controls the expression of several 
genes involved in glucose and fatty acid metabolism44 and, in the current study, several metabolic processes 
were significant (Fig. 2). However, in porcine intestinal epithelial cells, activation of the SIRT1/PGC-1α pathway 
contributes to increased autophagy/mitophagy activities, reducing oxidative injury, and maintaining the integrity 
of the intestinal barrier45. Mutations in the PPARGC1A/PGC-1α gene could affect luminal digestion and the 
intestinal barrier, increasing the inflammatory response and compromising functions such as permeability 
and transit. This may lead to issues such as intestinal dysbiosis, high fermentation, and intestinal obstruction, 
contributing to the development of MT.

In our study, ontological terms related to “metabolic processes” were significant (Fig. 2), and some genes were 
associated with digestion (Table 2), a process involving various metabolic pathways. The CHIA gene, located 
on SSC4, encodes chitinase A, which, like other chitinases, catalyzes the breakdown of chitin, producing more 
digestible fragments serving as sources of carbon, energy, and nitrogen46. As noted by Ohno et al.47, the CHIA 
gene is expressed in the stomach of humans and other animal species, including mice, chickens, monkeys, 
and pigs. Since CHIA is involved in digestion, mutations could compromise nutrient metabolism. Still in a 
sense of digestion, the KCNJ2 and KCNJ16 genes, located on SSC12, and KCNJ15 on SSC13, code for rectifying 
potassium (K+) channels conducting K + ions into cells48. Expressed in parietal cells, these genes may be involved 
in gastric acid secretion49–51. Therefore, given their relationship with digestion, mutations in these genes could 
potentially compromise the digestion process, resulting in a delay in the propulsion of intestinal content, leading 
to constipation, increased intestinal fermentation, and a predisposition to developing MT.

The ELN gene, located on SSC3, although involved in biological process of digestion, encodes elastin, a 
component of the extracellular matrix, previously related to diverticular colon disease52, a clinical condition 
characterized by small pouches in the intestinal wall that can lead to abnormalities in the colon wall structure and 
disordered intestinal motility53. According to Böttner et al.54, as the disease affects neurotransmitter receptors, 
it can lead to dysregulation of intestinal motility. Furthermore, in humans, diverticulum can cause intestinal 
obstruction and volvulus38,55. In the same sense, the SGO1 gene, found on SSC13, is associated with chronic 
atrial and intestinal dysrhythmia syndrome in humans (Table 2)56. Dysrhythmias linked to SGO1 mutations can 
result in severe disorders in intestinal motility, characterized by the ineffective propulsion of intestinal contents57. 
Thus, mutations in these genes could potentially alter intestinal motility, leading to intestinal obstruction and 
predisposing pigs to mesenteric torsion.

The IL17A and IL17F genes, located on SSC7, encode interleukins 17  A and 17  F, respectively, and have 
been related to biological processes that maintain intestinal epithelial structure and combat intestinal diseases 
(Table  2). Interleukins are proteins primarily produced by leukocytes, playing a key role in activating or 
suppressing the immune system. IL17A and IL17F are linked to TH17 cells, crucial for maintaining mucosal 
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barriers and eliminating pathogens from mucosal surfaces58. IL17A orchestrates antimicrobial peptides and 
neutrophils, while IL17F contributes to mucosal immunity against pathogens59. Kiliç et al.60 reported that rabbits 
experiencing mesenteric ischemia (an interruption of intestinal blood flow secondary to issues like embolism 
or thrombosis) exhibited a higher release of inflammation mediators, including interleukins. Additionally, mice 
with testicular torsion (a condition involving the rotation and strangulation of the testicles’ blood supply) also 
showed elevated interleukin levels61. As these genes influence the immunity of mucous barriers, alterations in 
the intestinal barrier could initiate inflammation due to bacterial activity and intestinal hyperemia. This, when 
coupled with a compromised immune response, might facilitate the overgrowth of certain bacteria, leading to 
heightened intestinal fermentation and an increased predisposition to MT.

In the current study, the GATA4, OVOL2 and GLI3 genes were also enriched in biological process of 
morphogenesis of the intestine (Table  2). In humans, intestinal malformations have been associated with 
the volvulus38,62,63. The GATA4 gene, located on SSC14, encodes a transcription factor that operates in the 
expression of the definitive endoderm during the embryonic development of the intestine, giving rise to 
the primitive intestinal tube. Additionally, this transcription factor acts as a regulator in the proliferation of 
intestinal epithelial cells, influencing the length of the intestine and participating in villous morphogenesis64,65. 
The GATA4, together with GATA6, contribute to maintaining the intestinal epithelial structure, regulating 
cytodifferentiation. Moreover, these genes can repress the differentiation of goblet cells, promoting the 
differentiation of enterocytes66. In adulthood, GATA4 is responsible for regulating the expression of intestinal 
epithelial genes67, establishing jejunal-ileal identities, as an example. Consequently, alterations in the expression 
of specific genes in the ileum can modify the ileal transcriptome, making it more akin to the duodenum and 
jejunum. Similarly, changes in gene expression in the jejunum may lead to loss of jejunal function, compromising 
the absorption of fat and cholesterol68,69. Moreover, GATA4 induces morphological differentiation in intestinal 
cells, resulting in the development of functional characteristics like microvilli, and acts as a transcriptional 
regulator for maintaining the integrity of the intestinal epithelial barrier70,71. Mutations in the GATA4 gene 
can impact intestinal morphogenesis and the differentiation of intestinal cells, compromising functions such as 
digestion, nutrient absorption, and the integrity of the intestinal epithelial barrier. These changes may contribute 
to intestinal malformations and hinder proper intestinal function, increasing the likelihood of developing MT.

The OVOL2 gene, identified on SSC17, codes for a crucial evolutionarily conserved regulator that determines 
and differentiates the epithelial lineage during embryogenesis, particularly in the development of various tissues, 
including the intestinal tube72,73. Studies by MacKay et al.73 revealed that mice lacking expression of this gene in 
the endoderm exhibited abnormal intestinal morphology and a less developed intestinal epithelium. The GLI3 
gene, situated on SSC18, encodes a transcription factor that is a member of the Hedgehog signaling pathway 
(HH), capable of acting as an activator (Gli3-FL), regulating genes involved in HH, or as a repressor (Gli3-R), 
inhibiting HH functions74. The HH signaling pathway plays a crucial role in mesenchymal growth and smooth 
muscle differentiation during embryonic gut morphogenesis. However, in adults, it influences intestinal epithelial 
homeostasis, controlling cell migration from the crypt to the villi and increasing apoptosis75,76. Mutations in the 
GLI3 gene and alterations in the HH pathway have been associated with various diseases and birth defects. Mice 
with mutations in this gene exhibited anal stenosis, ectopic anus, and abnormalities in the embryonic cloaca 
(which later gives rise to the urinary and digestive system), indicating that mutations affecting HH signaling 
can disrupt the normal development of the small intestine and result in malformations, including anorectal 
malformation77,78. Moreover, the negative expression of GLI3 can lead to the absence of neurons in certain 
areas of the small intestine and colon, causing intestinal dilation resembling Hirschsprung’s disease79, which 
is characterized by the lack of enteric neurons, leading to intestinal obstruction. Furthermore, Curry-Jones 
syndrome, characterized by multiple malformations, including digestive hemorrhage, intestinal malrotation, 
dysmotility, and intestinal obstruction, may be linked to a series of mutations involving HH signaling. For 
example, mutations in the SUFU (negative regulator of hedgehog signaling) gene, which codes for a protein 
that normally binds to GLI3 and promotes its repressive form (Gli3-R), could contribute to this syndrome80,81. 
Considering this, mutations in the OVOL2 and GLI3 genes might impair the embryonic development of the 
intestine, causing dysmotility and intestinal obstruction, besides impairing intestinal functions, and contribute 
to the emergence of malformations, including intestinal malrotation, which in humans predisposes to intestinal 
volvulus and, in pigs, could predispose to MT.

The RAP1A gene, located on SSC4, exhibits interactions with genes implicated in disorders and malformations 
in humans, potentially predisposing to intestinal volvulus (Fig. 3). This gene encodes a protein from the Ras 
family of small GTPases capable of performing various functions in the organism. RAP1A may play a crucial role 
in two metabolic pathways (cAMP/Epac and cAMP/PKA) that mediate the release of neurotensin, an intestinal 
peptide responsible for gastrointestinal secretion, motility, inflammation, and the growth of intestinal tissues82. 
Additionally, this gene may be involved in the secretion of pancreatic amylase83, an enzyme produced by the 
acinar cells of the pancreas and necessary for digestion that occurs in the intestinal lumen84. Moreover, the 
activation of RAP1A stabilizes β1 integrin levels and regulates cell migration, a fundamental process for the 
maintenance and repair of the intestinal epithelial barrier85. Elevated levels of RAP1A inhibit the activity of the 
RhoA protein, leading to the relaxation of intestinal smooth muscle86 and triggering a dependent pathway that 
regulates intestinal fluid transport87. Consequently, mutations in this gene could impact digestion, intestinal 
motility, and the integrity of the epithelial barrier, resulting in delayed intestinal transit, excessive fermentation, 
and other issues that collectively may contribute to the onset of MT.

Therefore, genetic variants associated with mesenteric torsion are dispersed among genes linked to 
biological processes such as embryonic morphogenesis of the intestine, epithelial differentiation of intestinal 
cells, maintenance of the intestinal barrier, feeding behavior, and functions such as digestion, permeability, and 
intestinal motility. These processes have the potential to induce intestinal malformations, bacterial infection, 
intestinal dysbiosis, excessive fermentation, delayed intestinal transit, and obstruction, hampering the proper 
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functioning of the intestines and predisposing pigs to mesenteric torsion. These findings contribute to a better 
understanding of the genetic mechanisms involved in the occurrence of this metabolic problem, which causes 
significant economic losses in pig production and impacts animal welfare. The variants and genes identified in 
this study are potential markers to be used in genetic selection to reduce the incidence of mesenteric torsion in 
commercial swine herds after appropriate validation. Furthermore, the results of this study may contribute to 
elucidate the etiology and pathogenesis of intestinal torsion/volvulus in other mammals, including humans.

Methods
Ethics statement
All experimental procedures were conducted in conformity with the guidelines of the Ethics Committee for 
Animal Use (CEUA) from the Embrapa Swine and Poultry National Research Center, with approval protocol 
number 002/2016, in agreement with the rules of the National Council of Animal Experimentation Control 
(CONCEA) to ensure compliance with international guidelines for animal welfare.

Animals and data
This study used data from a Large White maternal line of the BRF S.A. nucleus breeding farm, located at the Santa 
Catarina State, in the southern region of Brazil. The dataset comprised 405 animals (121 males and 284 females) 
born between 2019 and 2022, with information on genealogy (animal, sire, and dam), contemporary groups 
(CG: sex, year, and week of weaning), weaning weight (WW), and mesenteric torsion (MT), classified as 0 for 
healthy and 1 for affected animals. Animals that died with suspected MT (139) underwent necropsy to confirm 
the pathology. Necropsies were conducted with the animal in dorsal decubitus by opening the abdominal wall 
in the midline surrounding the costal arch to visualize the positioning of the viscera, as depicted in Fig.  4. 
Furthermore, a histopathological analysis was carried out to discard other conditions, such as hemorrhagic 
enteritis that could be mistaken as MT. The genotype file included the same 405 animals, with 266 normal 
(Fig. 4A) and 139 affected (Fig. 4B), i.e., those that died due to MT. Animals classified as normal showed no signs 
of the pathology, were contemporaries of the affected animals, and originated from families with no MT history 
in the last two generations. Pigs from the normal group were not necropsied, because they were healthy and kept 
alive in the nucleus farm, as they were candidates for selection to produce the next generation. All genotyped 
samples were sourced from the BRF Tissue Bank, with DNA extracted from pig tail tissue. Genotyping was 
carried out using the GGP Porcine 50K BeadChip (Neogen Genomics in Lincoln, NE, USA).

Fig. 4.  Abdominal cavity of unaffected pig (a) and pig with mesenteric torsion (b).
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Genotype quality control
Quality control procedures for samples and SNPs were performed using the PREGSF90 package from the 
BLUPF90 programs88. Samples and SNPs were filtered when call rate of < 0.90, SNPs were monomorphic, and 
with a minor allele frequency (MAF) < 0.05. Non-autosomal SNPs, duplicates, and SNPs with an unknown 
position in the genome were also removed. Animals showing divergence in the relationship matrix were 
subsequently excluded. After the quality control process, the dataset retained 397 samples and 36,438 SNPs.

Genome-wide association study (GWAS)
GWAS analysis was conducted using the Bayesian approach and the GBLUP methodology within the BLUPF90 
family programs88. The genetic and residual variance components utilized for GWAS were estimated by Padilha 
et al.13. The PREGSF90 package89 was employed to construct the genomic relationship matrix (G). Subsequently, 
BLUPF90+88 was applied to solve the mixed model equations, and the POSTGSF90 package89 was used for the 
GWAS analysis. The window size (1 Mb) was defined based on the density of the SNP panel used and on the 
literature90–93.

The model used to analyze MT in the matrix form can be represented as follows:

	 y = Xb + Zu + e

where:
y = vector of phenotypic observations (MT; 0 or 1);
β = vector of fixed effects (GC and linear WW covariate effect);
u = vector of additive genetic effects of markers;
X and Z = incidence matrices associated with each effect (β and u, respectively);
e = vector of residual effects.
The SNP effects were estimated as follows: m̂ = DM ′ [MDM ′]−1

âg , where m̂ is the vector of SNP marker 
effects, D is a diagonal matrix containing weights of SNPs, M  is a matrix containing the genotypes of each 
locus, and âg  is the vector of estimated genomic breeding values94. In our study, SNPs were given equal weights, 
and the percentages of genetic variance explained by each 1-Mb window were computed using the POSTGSF90 
package89 as described below:

	
var (ui)

σ2
u

× 100 =
var(

∑N

j=1 Mjmj)
σ2

u
× 100

where:
ui = breeding value of genomic region i under consideration;
N  = total number of adjacent SNPs within the 1-Mb genomic region;
mj  = effect of the SNP marker j within region i.
After the GWAS analysis, to define the threshold, the genome was divided into 1,640 non-overlapping 

windows of 1 Mb each. Each window is expected to explain 0.06% of the genetic variance (100%/1,640), and 
windows that explained five times more than the expected (0.3%), were considered significant92,95,96 and were 
used to identify candidate genes. The Manhattan plot was constructed with R software version 4.2.297 using the 
results from the POSTGSF90 package89.

Identification of candidate genes and enrichment analysis
A list of genes was retrieved based on the initial and final positions of each genomic window associated with 
MT using the Ensembl Genes 109 database available in the Ensembl BioMart tool98. Subsequently, to elucidate 
the biological significance of the identified genes, functional annotation was conducted using the Pantherdb 
database19, providing insights into the biological processes involving the candidate genes. A statistical 
overrepresentation analysis was performed in Panther database19 using the Fisher’s Exact test with FDR correction 
(p adjusted < 0.05). The REVIGO tool20 was then used to summarize and enhance the visualization of significant 
biological processes. To obtain the predicted interactions among protein-protein genes, a network with genes 
located in the top ten windows with the highest genetic variances was constructed using the information from 
human annotation in the String database through the Network Analyst platform21. To verify the gene function 
regulation related to possible diseases/conditions, the DisGeNet database was used with human data, since there 
is no swine information in this database. Moreover, a search at public databases (NCBI, GeneCards, and OMIM) 
and relevant literature was undertaken to identify genes located in windows explaining a greater proportion of 
the MT genetic variance and those involved in biological processes potentially associated with MT.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 26 December 2024; Accepted: 9 April 2025

References
	 1.	 Fossum, T. W. Small animal surgery. Journal of Small Animal Practice (Elsevier Inc, Mosby, (2014).

Scientific Reports |        (2025) 15:13774 8| https://doi.org/10.1038/s41598-025-98029-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	 2.	 Martineau, G. P., Morvan, H. & Decoux, M. Le syndrome de distension intestinale Porcin (SDIP)(« L’entérotoxémie »). Journées 
Recherche Porcine. 40, 33–42 (2008).

	 3.	 Novotný, J., Reichel, P., Kyzeková, P. & Mandelík, R. Sudden death associated with bleeding into digestive system of finishing pigs-a 
review. Acta Vet. Brno. 90, 35–46 (2021).

	 4.	 Santín-Rivero, J. et al. Intestinal volvulus. Case report and a literature review. Cirugía Y Cir. (English Edition). 83, 522–526 (2015).
	 5.	 Stephen, J. O., Corley, K. T. T., Johnston, J. K. & Pfeiffer, D. Factors associated with mortality and morbidity in small intestinal 

volvulus in horses. Vet. Surg. 33, 340–348 (2004).
	 6.	 Beck, J. J. et al. Risk factors associated with short-term outcome and development of perioperative complications in dogs 

undergoing surgery because of gastric dilatation-volvulus: 166 cases (1992–2003). J. Am. Vet. Med. Assoc. 229, 1934–1939 (2006).
	 7.	 Braun, U., Gerspach, C., Volz, C., Hilbe, M. & Nuss, K. Torsion of the spiral colon in cattle– a retrospective analysis of 58 cases. 

Acta Vet. Scand. 66, 1–13 (2024).
	 8.	 Braun, U., Gerspach, C., Volz, C., Hilbe, M. & Nuss, K. Dilated small and large intestines combined with a severely abnormal 

demeanor are characteristic of mesenteric torsion in cattle. J. Am. Vet. Med. Assoc. 261, 1531–1538 (2023).
	 9.	 Morés, N. Torção do mesentério Ou síndrome hemorrágica intestinal: qual a importância, Como reconhecer, Quais as causas e 

Como controlar as Perdas causadas. Acta Sci. Vet. 37, s11–s15 (2009).
	10.	 Labuscagne, A., Tom Spencer, B., Picard, J. A. & Williams, M. C. An investigation to determine the cause of haemorrhagic enteritis 

in commercial pig grower units in the Northern parts of South Africa. J. S Afr. Vet. Assoc. 83, (2012).
	11.	 Straw, B. Factors associated with death due to hemorrhagic bowel syndrome in two large commercial swine farms. J. Swine Health 

Prod. 10, 75–79 (2002).
	12.	 Piva, M. M. et al. Causes of death in growing-finishing pigs in two technified farms in Southern Brazil. Pesquisa Veterinária 

Brasileira. 40, 758–775 (2020).
	13.	 Padilha, S. F. et al. Genetic parameters for mesenteric torsion in a pig maternal line. Livest. Sci. 105474 ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​J​.​L​

I​V​S​C​I​.​2​0​2​4​.​1​0​5​4​7​4​​​​ (2024).
	14.	 Grahofer, A., Gurtner, C. & Nathues, H. Haemorrhagic bowel syndrome in fattening pigs. Porcine Health Manag. 3, 1–6 (2017).
	15.	 Holenweger, F., Schüpbach, G., Hofer, A., Sidler, X. & Grahofer, A. Housing and management factors and breed predisposition for 

haemorrhagic bowel syndrome in swine. Porcine Health Manag 9, (2023).
	16.	 Bakoev, S. et al. Detection of genomic regions associated malformations in newborn piglets: A machine-learning approach. PeerJ 

9, e11580 (2021).
	17.	 Uffelmann, E. et al. Genome-wide association studies. Nature Reviews Methods Primers 2021 1:1 1, 1–21 (2021).
	18.	 Suravajhala, P., Kogelman, L. J. A. & Kadarmideen, H. N. Multi-omic data integration and analysis using systems genomics 

approaches: methods and applications in animal production, health and welfare. Genetics Selection Evolution 2016 48:1 48, 1–14 
(2016).

	19.	 Mi, H. et al. PANTHER version 16: a revised family classification, tree-based classification tool, enhancer regions and extensive 
API. Nucleic Acids Res. 49, D394–D403 (2021).

	20.	 Supek, F., Bošnjak, M., Škunca, N. & Šmuc, T. R. E. V. I. G. O. Summarizes and visualizes long lists of gene ontology terms. PLoS 
One. 6, e21800 (2011).

	21.	 Zhou, G. et al. NetworkAnalyst 3.0: a visual analytics platform for comprehensive gene expression profiling and meta-analysis. 
Nucleic Acids Res. 47, W234–W241 (2019).

	22.	 Cao, C. et al. An exonic splicing enhancer mutation in DUOX2 causes aberrant alternative splicing and severe congenital 
hypothyroidism in Bama pigs. DMM Disease Models Mech. 12, (2019).

	23.	 Dudbridge, F. Polygenic epidemiology. Genet. Epidemiol. 40, 268–272 (2016).
	24.	 Pan, X. et al. Effects of High-Fat diet on cardiovascular protein expression in mice based on proteomics. Diabetes Metabolic 

Syndrome Obes. 16, 873–882 (2023).
	25.	 Chong, J. et al. Exploring functional metabolites and proteomics biomarkers in late-preterm and natural-born pigs. Front. Vet. Sci. 

11, 1340849 (2024).
	26.	 Ma, J., Piao, X., Mahfuz, S., Long, S. & Wang, J. The interaction among gut microbes, the intestinal barrier and short chain fatty 

acids. Anim. Nutr. 9, 159–174 (2022).
	27.	 Lauridsen, C. Effects of dietary fatty acids on gut health and function of pigs pre- and post-weaning. J. Anim. Sci. 98, 1–12 (2020).
	28.	 Hood, R., Chen, Y. H. & Goldsmith, J. R. TNFAIP8 regulates intestinal epithelial cell differentiation and May alter terminal 

differentiation of secretory progenitors. Cells 2021. 10, Page 871 (10), 871 (2021).
	29.	 Lou, Y. et al. TNFAIP8 protein functions as a tumor suppressor in inflammation-associated colorectal tumorigenesis. Cell. Death 

Disease 2022. 13:4 13, 1–10 (2022).
	30.	 Sun, H. et al. Exacerbated experimental colitis in TNFAIP8-Deficient mice. J. Immunol. 194, 5736–5742 (2015).
	31.	 Liu, P. et al. Antibiotic-Induced dysbiosis of the gut microbiota impairs gene expression in gut-Liver Axis of mice. Genes (Basel). 

14, 1423 (2023).
	32.	 Thomas, R. H. et al. CHD2 myoclonic encephalopathy is frequently associated with self-induced seizures. Neurology 84, 951–958 

(2015).
	33.	 Chénier, S. et al. CHD2 haploinsufficiency is associated with developmental delay, intellectual disability, epilepsy and 

neurobehavioural problems. J. Neurodev Disord. 6, 1–9 (2014).
	34.	 Berg, A. T., Coffman, K. & Gaebler-Spira, D. Dysautonomia and functional impairment in rare developmental and epileptic 

encephalopathies: the other nervous system. Dev. Med. Child. Neurol. 63, 1433–1440 (2021).
	35.	 Metzger, M., Conrad, S., Skutella, T. & Just, L. RGMa inhibits neurite outgrowth of neuronal progenitors from murine enteric 

nervous system via the neogenin receptor in vitro. J. Neurochem. 103, 2665–2678 (2007).
	36.	 Furness, J. B. The Enteric Nervous System. (2008).
	37.	 Young, H. M. Functional development of the enteric nervous system – from migration to motility. Neurogastroenterology Motil. 20, 

20–31 (2008).
	38.	 Huang, J. C. et al. Small bowel volvulus among adults. J. Gastroenterol. Hepatol. 20, 1906–1912 (2005).
	39.	 Davis, C. A. et al. Dopamine for wanting and opioids for liking: A comparison of obese adults with and without binge eating. 

Obesity 17, 1220–1225 (2009).
	40.	 Chmurzynska, A., Mlodzik-Czyzewska, M. A., Radziejewska, A. & Wiebe, D. J. Hedonic hunger is associated with intake of certain 

High-Fat food types and BMI in 20- to 40-Year-Old adults. J. Nutr. 151, 820–825 (2021).
	41.	 Davis, C. et al. Opiates, overeating and obesity: a psychogenetic analysis. International Journal of Obesity 2011 35:10 35, 1347–1354 

(2011).
	42.	 Davis, C., Loxton, N. J. A. & Psycho-Genetic Study of hedonic responsiveness in relation to food addiction. Nutrients 2014. 6, 

Pages 4338–4353 (6), 4338–4353 (2014).
	43.	 Duraffourd, C. et al. Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake. Cell 150, 

377–388 (2012).
	44.	 Dominy, J. E., Lee, Y., Gerhart-Hines, Z. & Puigserver, P. Nutrient-dependent regulation of PGC-1α’s acetylation state and 

metabolic function through the enzymatic activities of Sirt1/GCN5. Biochim. Et Biophys. Acta (BBA) - Proteins Proteom. 1804, 
1676–1683 (2010).

	45.	 Liang, D. et al. SIRT1/PGC-1 pathway activation triggers autophagy/mitophagy and attenuates oxidative damage in intestinal 
epithelial cells. Biochimie 170, 10–20 (2020).

Scientific Reports |        (2025) 15:13774 9| https://doi.org/10.1038/s41598-025-98029-5

www.nature.com/scientificreports/

https://doi.org/10.1016/J.LIVSCI.2024.105474
https://doi.org/10.1016/J.LIVSCI.2024.105474
http://www.nature.com/scientificreports


	46.	 Hu, C. et al. Physiological and pathophysiological roles of acidic mammalian chitinase (CHIA) in multiple organs. Biomed. 
Pharmacother. 138, 111465 (2021).

	47.	 Ohno, M. et al. Acidic mammalian chitinase is a proteases-resistant glycosidase in mouse digestive system. Sci. Rep. 6 (1), 6–1 
(2016). (2016).

	48.	 Tao, X., Avalos, J. L., Chen, J. & MacKinnon, R. Crystal structure of the eukaryotic strong inward-rectifier K + channel Kir2.2 at 3.1 
Å resolution. Sci. (1979). 326, 1668–1674 (2009).

	49.	 Lambrecht, N. W. G., Yakubov, I., Scott, D. & Sachs, G. Identification of the K efflux channel coupled to the gastric H-K-ATPase 
during acid secretion. Physiol. Genomics. 21, 81–91 (2005).

	50.	 Malinowska, D. H., Sherry, A. M., Tewari, K. P. & Cuppoletti, J. Gastric parietal cell secretory membrane contains PKA- and acid-
activated Kir2.1 K + channels. Am. J. Physiol. Cell. Physiol. 286, 495–506 (2004).

	51.	 He, W. et al. Acid secretion-associated translocation of KCNJ15 in gastric parietal cells. Am. J. Physiol. Gastrointest. Liver Physiol. 
301, 591–600 (2011).

	52.	 Golder, M. et al. Longitudinal muscle shows abnormal relaxation responses to nitric oxide and contains altered levels of NOS1 and 
Elastin in uncomplicated diverticular disease. Colorectal Dis. 9, 218–228 (2007).

	53.	 Munie, S. T. & Nalamati, S. P. M. Epidemiology and pathophysiology of diverticular disease. Clin. Colon Rectal Surg. 31, 209–213 
(2018).

	54.	 Böttner, M. et al. The enteric serotonergic system is altered in patients with diverticular disease. Gut 62, 1753–1762 (2013).
	55.	 Altaf, A. & Aref, H. A case report: cecal volvulus caused by Meckel’s diverticulum. Int. J. Surg. Case Rep. 5, 1200–1202 (2014).
	56.	 Chetaille, P. et al. Mutations in SGOL1 cause a novel cohesinopathy affecting heart and gut rhythm. Nat. Genet. 2014. 46:11 46, 

1245–1249 (2014).
	57.	 Bianco, F. et al. Enteric neuromyopathies: highlights on genetic mechanisms underlying chronic intestinal Pseudo-Obstruction. 

Biomolecules 2022. 12, 1849 (2022).
	58.	 Esplugues, E. et al. Control of TH17 cells occurs in the small intestine. Nature 2011 475:7357 475, 514–518 (2011).
	59.	 Dubin, P. J. & Kolls, J. K. Interleukin-17A and Interleukin-17F: A Tale of two cytokines. Immunity 30, 9–11 (2009).
	60.	 Kiliç, K. et al. The effects of Dexmedetomidine on mesenteric arterial occlusion-associated gut ischemia and reperfusion-induced 

gut and kidney injury in rabbits. J. Surg. Res. 178, 223–232 (2012).
	61.	 Un, H. et al. The effects of RAAS Inhibition in rate limiting step by Aliskiren on testicular torsion injury in rats. J. Urol. 194, 

828–833 (2015).
	62.	 Ballesteros Gómiz, E., Torremadé Ayats, A., Durán Feliubadaló, C. & Martín Martínez, C. Caro Tarragó, A. Intestinal malrotation 

– volvulus: imaging findings. Radiología (English Edition). 57, 9–21 (2015).
	63.	 Valsdottir, E. & Marks, J. H. Volvulus: small bowel and colon. Clin. Colon Rectal Surg. 21, 91–93 (2008).
	64.	 Kohlnhofer, B. M., Thompson, C. A., Walker, E. M. & Battle, M. A. GATA4 regulates epithelial cell proliferation to control intestinal 

growth and development in mice. Cell. Mol. Gastroenterol. Hepatol. 2, 189–209 (2016).
	65.	 Rojas, A., Schachterle, W., Xu, S. M., Martín, F. & Black, B. L. Direct transcriptional regulation of Gata4 during early endoderm 

specification is controlled by FoxA2 binding to an intronic enhancer. Dev. Biol. 346, 346–355 (2010).
	66.	 Walker, E. M., Thompson, C. A. & Battle, M. A. GATA4 and GATA6 regulate intestinal epithelial cytodifferentiation during 

development. Dev. Biol. 392, 283–294 (2014).
	67.	 Belaguli, N. S., Zhang, M., Rigi, M., Aftab, M. & Berger, D. H. Cooperation between GATA4 and TGF-β signaling regulates 

intestinal epithelial gene expression. Am. J. Physiol. Gastrointest. Liver Physiol. 292, (2007).
	68.	 Thompson, C. A. et al. GATA4 is sufficient to Establish jejunal versus ileal identity in the small intestine. Cell. Mol. Gastroenterol. 

Hepatol. 3, 422–446 (2017).
	69.	 Battle, M. A. et al. GATA4 is essential for jejunal function in mice. Gastroenterology 135, 1676–1686e1 (2008).
	70.	 Benoit, Y. D. et al. Cooperation between HNF-1α, Cdx2, and GATA-4 in initiating an differentiation program in a normal human 

intestinal epithelial progenitor cell line. Am. J. Physiol. Gastrointest. Liver Physiol. 298, 504–517 (2010).
	71.	 Lepage, D. et al. Gata4 is critical to maintain gut barrier function and mucosal integrity following epithelial injury. Sci. Rep. 6 (1), 

6–1 (2016). (2016).
	72.	 Jiang, Y. & Zhang, Z. OVOL2: an epithelial lineage determiner with emerging roles in energy homeostasis. Trends Cell. Biol. 33, 

824–833 (2023).
	73.	 MacKay, D. R., Hu, M., Li, B., Rhéaume, C. & Dai, X. The mouse Ovol2 gene is required for cranial neural tube development. Dev. 

Biol. 291, 38–52 (2006).
	74.	 Matissek, S. J. & Elsawa, S. F. GLI3: a mediator of genetic diseases, development and cancer. Cell Communication and Signaling 

2020 18:1 18, 1–20 (2020).
	75.	 Huang, H. et al. Specific requirement of Gli transcription factors in hedgehog-mediated intestinal development. J. Biol. Chem. 288, 

17589–17596 (2013).
	76.	 Tang, Y. et al. Increased apoptosis and accelerated epithelial migration following Inhibition of Hedgehog signaling in adaptive 

small bowel postresection. Am. J. Physiol. Gastrointest. Liver Physiol. 290, 1280–1288 (2006).
	77.	 Kimmel, S. G., Mo, R., Hui, C. C. & Kim, P. C. W. New mouse models of congenital anorectal malformations. J. Pediatr. Surg. 35, 

227–231 (2000).
	78.	 Mo, R. et al. Anorectal malformations caused by defects in Sonic Hedgehog signaling. Am. J. Pathol. 159, 765–774 (2001).
	79.	 Parkin, C. A. & Ingham, P. W. The adventures of Sonic Hedgehog in development and repair. I. Hedgehog signaling in 

Gastrointestinal development and disease. Am. J. Physiol. Gastrointest. Liver Physiol. 294, (2008).
	80.	 Grange, D. K. et al. Two new patients with Curry–Jones syndrome with trichoblastoma and Medulloblastoma suggest an etiologic 

role of the Sonic hedgehog-patched-GLI pathway. Am. J. Med. Genet. A. 146A, 2589–2597 (2008).
	81.	 Twigg, S. R. F. et al. A recurrent mosaic mutation in SMO, encoding the Hedgehog signal transducer smoothened, is the major 

cause of Curry-Jones syndrome. Am. J. Hum. Genet. https://doi.org/10.1016/j.ajhg.2016.04.007 (2016).
	82.	 Li, J. et al. Cyclic adenosine 5′-Monophosphate-Stimulated neurotensin secretion is mediated through Rap1 downstream of both 

Epac and protein kinase A signaling pathways. Mol. Endocrinol. 21, 159–171 (2007).
	83.	 Sabbatini, M. E., Chen, X., Ernst, S. A. & Williams, J. A. Rap1 activation plays a regulatory role in pancreatic amylase secretion. J. 

Biol. Chem. 283, 23884–23894 (2008).
	84.	 Williams, J. A., Chen, X. & Sabbatini, M. E. Small G proteins as key regulators of pancreatic digestive enzyme secretion. Am. J. 

Physiol. Endocrinol. Metab. 296, 405–414 (2009).
	85.	 Severson, E. A., Lee, W. Y., Capaldo, C. T., Nusrat, A. & Parkos, C. A. Junctional adhesion molecule a interacts with Afadin and 

PDZ-GEF2 to activate RaplA, regulate j31 integrin levels, and enhance cell migration. Mol. Biol. Cell. 20, 1916–1925 (2009).
	86.	 Zieba, B. J. et al. The cAMP-responsive Rap1 guanine nucleotide exchange factor, Epac, induces smooth muscle relaxation by 

down-regulation of RhoA activity. J. Biol. Chem. 286, 16681–16692 (2011).
	87.	 Sheikh, I. A., Koley, H., Chakrabarti, M. K. & Hoque, K. M. The Epac1 signaling pathway regulates Cl- secretion via modulation of 

apical KCNN4c channels in diarrhea. J. Biol. Chem. 288, 20404–20415 (2013).
	88.	 Misztal, I. et al. Manual for BLUPF90 Family of Programs (Athens, 2022).
	89.	 Aguilar, I., Misztal, I., Tsuruta, S., Legarra, A. & Wang, H. PREGSF90-POSTGSF90: Computational Tools for the Implementation 

of Single-step Genomic Selection and Genome-wide Association with Ungenotyped Individuals in BLUPF90 Programs Andres 
Legarra Council on Dairy Cattle Breeding. In 10. World Congress on Genetics Applied to Livestock Production (WCGALP). American 
Society of Animal Science (2014). https://doi.org/10.13140/2.1.4801.5045

Scientific Reports |        (2025) 15:13774 10| https://doi.org/10.1038/s41598-025-98029-5

www.nature.com/scientificreports/

https://doi.org/10.1016/j.ajhg.2016.04.007
https://doi.org/10.13140/2.1.4801.5045
http://www.nature.com/scientificreports


	90.	 Cheng, J. et al. Genome-wide association study of disease resilience traits from a natural polymicrobial disease challenge model in 
pigs identifies the importance of the major histocompatibility complex region. G3 Genes|Genomes|Genetics 12, (2022).

	91.	 Do, D. N. et al. Genome-Wide association study reveals genetic architecture of eating behavior in pigs and its implications for 
humans obesity by comparative mapping. PLoS One. 8, e71509 (2013).

	92.	 Moreira, G. C. M. et al. Integration of genome wide association studies and whole genome sequencing provides novel insights into 
fat deposition in chicken. Scientific Reports 2018 8:1 8, 1–14 (2018).

	93.	 Tang, Z. et al. Genome-wide association study reveals candidate genes for growth relevant traits in pigs. Front. Genet. 10, 445963 
(2019).

	94.	 Wang, H., Misztal, I., Aguilar, I., Legarra, A. & Muir, W. M. Genome-wide association mapping including phenotypes from 
relatives without genotypes. Genet. Res. (Camb). 94, 73–83 (2012).

	95.	 Onteru, S. K. et al. Whole genome association studies of residual feed intake and related traits in the pig. PLoS One. 8, e61756 
(2013).

	96.	 Van Goor, A. et al. Quantitative trait loci identified for blood chemistry components of an advanced intercross line of chickens 
under heat stress. BMC Genom. 17, 1–15 (2016).

	97.	 R Core Team. R: A language and environment for statistical computing. R Foundation For Statistical Computing, Vienna, Austria 
(2022). https://www.r-project.org

	98.	 Kinsella, R. J. et al. Ensembl BioMarts: a hub for data retrieval across taxonomic space. Database (2011). (2011).

Acknowledgements
This project was financed by the National Council for Scientific and Technological Development (CNPq) [grant 
no. 407489/2018-5], from the Brazilian Government. The authors also acknowledge CNPq for the doctoral 
scholarship extended to RM, the technical support (AT) grant to LMH, and the productivity fellowship to AMGI 
and MCL. The authors also acknowledge the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - 
Brasil (CAPES) - Finance Code 001 for financing part of this study and also for the Master’s Scholarship granted 
to SFP for the development of this research.

Author contributions
A.M.G.I., J.O.P., L.O.D.C., and M.C.L. conceived and designed the experiment. A.M.G.I., J.O.P., M.C.L., S.F.P., 
R.M., and M.E.C performed data analysis and curation. L.O.D.C., M.S.F., and J.S.L. performed data collection. 
L.M.H. and M.A.Z.M. were responsible for image evaluation and histopathological analysis. M.E.C, R.M., 
R.A.T., L.O.D.C., M.S.F., and J.S.L assisted in results interpretation. A.M.G.I., J.O.P., M.C.L. and L.T.D. super-
vised the research, monitored data analysis procedures and results interpretation. S.F.P, A.M.G.I., J.O.P., M.C.L., 
prepared the original draft manuscript. M.C.L. was responsible for funding acquisition. All authors have read 
and approved the final manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Ethics
The protocols and the use of animals for this research were approved by the Ethics Committee on Animal Use 
(CEUA) from the Embrapa Swine and Poultry National Research Center under the protocol # 002/2016. This 
study was carried out in compliance with the ARRIVE guidelines (https://arriveguidelines.org).

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​8​0​2​9​-​5​​​​​.​​

Correspondence and requests for materials should be addressed to M.C.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:13774 11| https://doi.org/10.1038/s41598-025-98029-5

www.nature.com/scientificreports/

https://www.r-project.org
https://arriveguidelines.org
https://doi.org/10.1038/s41598-025-98029-5
https://doi.org/10.1038/s41598-025-98029-5
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Genome-wide association analysis reveals insights into the genetic architecture of mesenteric torsion in pigs
	﻿Results
	﻿Discussion
	﻿Methods
	﻿Ethics statement
	﻿Animals and data
	﻿Genotype quality control
	﻿Genome-wide association study (GWAS)
	﻿Identification of candidate genes and enrichment analysis

	﻿References


