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Abstract 

Gene expression is a dynamic phenotype influenced by tissue-specific regulatory 

mechanisms, including promoters, enhancers, and repressors, often located in non-coding 

genomic regions. Regulatory sequences can modulate gene expression directly through cis 

factors or indirectly via trans factors. Identifying genetic variants, such as single nucleotide 

polymorphisms (SNPs), in these regulatory regions can improve both expression quantitative 

trait locus (eQTL) mapping and gene expression prediction. The use of whole genome 

sequencing (WGS) data offers the possibility for enhanced eQTL mapping accuracy, but the 

detection of causal variants remains challenging. In this study, we evaluate the potential 

added-value of integrating tissue-specific epigenetic annotations, such as chromatin 

accessibility and methylation status, into within-breed genomic predictions of gene expression 

for three distinct pig breeds: Duroc, Landrace, and Large White. By incorporating functional 

annotations from early developmental stages, we demonstrated improved eQTL mapping 

interpretability and highlighted the enrichment of trait-relevant QTLs. However, while 

functional annotations improved the interpretability of eQTL mapping within breeds, 

predictions across breeds remain challenging due to differences in genetic architectures and 

linkage disequilibrium. Our work contributes to the understanding of gene expression 

regulation in livestock and suggests that incorporating functional annotations into genomic 

prediction models holds promise for targeting causal mutations, despite continued challenges 

for predictions across breeds. 
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Highlights 

● Matched whole-genome sequences and expression reveal transcriptional regulatory 

variants. 

● Early epigenetic marks can guide transcriptome prediction and eQTL mapping. 

● Annotation-guided models can enhance the interpretability of eQTL mapping. 

● Porting predictions across pig breeds remains challenging even with annotations. 

● A case study linked IGF2 liver eQTLs with annotations and cholesterol QTLs. 

1. Introduction 

Gene expression represents a heritable intermediate phenotype that can be expected to be 

more closely tied to the genome than conventional phenotypes (Stranger et al. 2007). 

Expression is notably impacted by tissue-specific regulatory mechanisms, which may have 

properties of inhibition, modulation, or promotion; examples include promoters, enhancers or 

repressors, which are located in non-coding or more rarely coding genomic regions (Ong and 

Corces 2011). Regulatory sequences may modulate gene expression either directly (cis 

factors, generally in proximity to the gene on the same chromosome), or indirectly by acting 

as trans factors, located more distantly (Wittkopp, Haerum, and Clark 2004). These regulatory 

sequences can be affected by mutations, including for instance single nucleotide 

polymorphisms (SNPs), in turn impacting gene expression. Identifying and capitalizing on 

these genetic variants holds promise for improved expression quantitative trait locus (eQTL) 

mapping and prediction of gene expression based on genomic sequence (Bessière et al. 2018; 

Agarwal and Shendure 2020). Large-effect variants in regulatory sequences are typically 

identified using expression genome-wide association studies (eGWAS), while more subtle 

effects remain difficult to detect, for example due to epistatic effects and low allele frequency 

of causal variants, leading to low linkage disequilibrium with variants available on commercial 

SNP-chips and thus insufficient power.  

 

The use of whole genome sequencing (WGS) data offers the possibility to discover these rare 

variants (Cirulli and Goldstein 2010), and thus the potential to lead to an improvement in eQTL 

mapping and prediction quality. A potential strategy to better exploit WGS data for prediction 

models may be the prioritization of certain regions of the genome through the use of functional 

annotations. In particular, integrating information on regulatory mechanisms in predictions of 

gene expression from WGS data could lead to prediction gains and shed insight on the 

underlying regulatory processes (Avsec et al. 2021), thus providing a better understanding of 

the biological processes driving complex traits and consolidating future genome annotations. 

Many types of models have been proposed for simultaneous QTL mapping and genomic 

prediction of complex traits, including BayesR (Erbe et al. 2012), which has been shown to be 

well-suited for traits with a small number of moderate to strong QTLs (Moser et al. 2015; 

Mollandin, Rau, and Croiseau 2021). A natural extension of this approach is the BayesRC 

model (MacLeod et al. 2016), which proposes the use of functional annotations to partition 

SNPs into categories that are independently modeled with the BayesR mixture model. One 

limitation of BayesRC is the need for disjoint annotation categories; however, complex, large-

scale functional annotations now cover multiple tissues, temporalities, and types of assays 

(Clark et al. 2020), generating substantial overlaps across annotation categories. The recently 

proposed BayesRCπ model implemented in the BayesRCO software (Mollandin et al. 2022) 

overcomes this limitation by disambiguating among multiple annotations for SNPs by 
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preferentially assigning them to the most representative annotation, thus making it a promising 

approach to account for complex, overlapping functional annotations. Current efforts to 

incorporate functional annotations into genomic prediction models have not generally led to 

significant gains in prediction accuracy for livestock production traits, although improvements 

in QTL mapping precision have been observed (Abdollahi-Arpanahi, Morota, and 

Peñagaricano 2017; Xiang et al. 2021). A practical framework for the most appropriate use of 

prior annotation information has yet to be identified, and the most relevant sets of annotations 

must typically be identified on a case-by-case basis.  

 

Gene expression represents a highly dynamic phenotype, in some cases with high specificity 

in tissues or during development, suggesting the potential importance of using functional 

annotations from closely related developmental stages and tissues (Cardoso-Moreira et al. 

2019; Sonawane et al. 2017). As such, constructing annotations based on tissue-specific 

information (Foissac et al. 2019; Pan et al. 2021) or developmental stage (Acloque et al. 2022) 

stands out as a promising strategy. Epigenetic marks, such as chromatin accessibility (Klemm, 

Shipony, and Greenleaf 2019) and methylation (Corbett et al. 2022), are particularly relevant 

for gene expression given the strong impact of epigenetic mechanisms on gene transcription. 

Contrary to human and mouse, to date relatively few studies have identified regulatory 

elements and analyzed their phenotypic impact in livestock species. Recent efforts, such as 

the Functional Annotation of ANimal Genomes (FAANG) and Farm Animal Genotype-Tissue 

Expression (FarmGTEx) consortia, have sought to fill this gap by providing insight into the 

regulatory mechanisms of gene expression in multiple tissues and several livestock species, 

notably through rich publicly available catalogs of tissue-specific functional annotations in pigs 

and cattle (Clark et al. 2020; Liu et al. 2022; Teng et al. 2024). In this context, the GENE-

SWitCH project (Acloque et al. 2022) generated extensive functional genomic annotations in 

a variety of different tissues during early developmental stages for both pig and chicken 

(https://data.faang.org/projects/GENE-SWitCH).  

 

Among livestock species, pigs hold particular interest as both an important source of meat for 

humans and as a highly relevant human biomedical model due to their similarity in anatomical 

structure, physiology, and immunology (Lunney et al. 2021). Over the last century, pig 

breeding programs and the introduction of crosses with specialized dam and sire lines enabled 

rapid genetic improvements and the development of multiple breeds and more diverse 

breeding goals reflecting societal needs (Merks 2000; Neeteson-van Nieuwenhoven, Knap, 

and Avendaño 2013). For example, the Duroc (DU), Landrace (LD), and Large White (LW) 

commercial breeds differ considerably in muscle growth and structure (Lee et al. 2012; Tang 

et al. 2020). Previous eQTL studies in pigs have typically focused on breed-specific analyses 

(Ballester et al. 2017; Maroilley et al. 2017). A recent study instead sought to identify genetic 

polymorphisms associated with gene expression variability in the duodenum, liver, and muscle 

shared across the DU, LD and LW breeds, yielding a set of nearly 14 million significant cis 

and trans expression-associated regulatory variants within and across tissues (Crespo-

Piazuelo et al. 2023). 

 

In this work, we capitalize on the multi-breed and multi-tissue pig eQTL data from (Crespo-

Piazuelo et al. 2023) to evaluate the potential added-value of tissue-specific epigenetic 

annotations for within-breed eQTL mapping of liver and muscle gene expression using base 

pair-resolution genotypes in three highly distinct commercial pig breeds: DU, LD and LW. In 

particular, we make use of tissue-specific annotations that were generated by the GENE-
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SWitCH project to characterize chromatin accessibility and methylation status at three different 

early developmental stages, and we focus on the expression of a target subset of genes of 

interest. Our study further evaluates the potential for these epigenetic annotations to guide 

genomic predictions across breeds through the prioritization of shared regulatory 

mechanisms. 

2. Results 

2.1 Exploring the pertinence of tissue-specific epigenetic annotations for an 

intermediate molecular phenotype. 

Our objective was to leverage epigenetic annotations obtained at several early developmental 

stages, as well as predicted variant effects, to prioritize putative regulatory variants in genomic 

prediction models of tissue-specific gene expression in three commercial pig breeds (Figure 

1). Transcriptome data in liver and muscle and genotype data were collected for a total of 

n=100 animals for each breed (DU, LD, LW). Rather than performing a transcriptome-wide 

analysis, we focused our attention on liver and muscle expression for a targeted subset of 10 

genes distributed on 8 chromosomes (Supplementary Table 1). These included a set of 3 

genes previously highlighted as being regulated by methylation: IGF2 (Van Laere et al. 2003), 

PRKAG1 (Kai et al. 2022) and LEPR (Hao, Cui, and Gu 2016). In addition, to explore the 

potential added-value of tissue-specific functional annotations for tissue-specific eQTL 

mapping and prediction, we focused on a subset of 7 genes (DET1, NUDT22, SUPT3H, 

CELF2, R3HCC1, HUS1, SLA-7) with cis-regulatory variants consistently found across 

multiple tissues (Crespo-Piazuelo et al. 2023). We hypothesize that leveraging tissue-specific 

annotations can reveal pertinent regulatory mechanisms for these genes beyond the 

previously identified shared signals across tissues. 

 

We used annotations generated post-mortem from independent Large White samples at early 

organogenesis (30 days post-fertilisation; dpf) and late organogenesis (70 dpf) as well as in 

newborn (NB) piglets (Acloque et al. 2022). We focused on liver- and muscle-specific 

epigenetic annotations generated at each developmental stage for two different functional 

genomic assays: methylation profiling by whole genome bisulfite sequencing (WGBS) and 

chromatin accessibility profiling by assay for transposase-accessible chromatin with high-

throughput sequencing (ATAC-seq). For the former, genomic regions were categorized as 

being unmethylated (UMR), roughly corresponding to promoters, or lowly methylated (LMR), 

corresponding to putative enhancers (Stadler et al. 2011). For the latter, genomic regions were 

categorized as open chromatin regions (OCR), potentially representing enhancers, promoters, 

repressors or insulators (Roadmap Epigenomics Consortium et al. 2015). We additionally 

incorporated two broad tissue-agnostic annotations based on the Variant Effect Predictor 

(VEP) tool (McLaren et al. 2016): non-synonymous coding (NSC) variants and potential 

regulatory (REG) variants. Finally, tissue-specific epigenetic annotations (OCR, LMR, UMR) 

at each of the 3 developmental stages (30 dpf, 70 dpf, newborn) were concatenated with 

tissue-agnostic predicted variant effect categories (REG, NSC), and SNPs were assigned to 

one or more annotation category according to their genomic position; any non-annotated 

variants were assigned to a final “other” category. 

 

For each of the 10 targeted genes, we then used as learning data the n=100 animals within 

each breed as well as the set of genetic variants located on the respective chromosome of the 

gene. In this way, our genomic predictions were constructed using an extensive definition of 
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cis-regulatory variants. Genomic prediction models that were agnostic to annotations 

(BayesR) or that incorporated the aforementioned annotations as prior information 

(BayesRCπ) were fit to each learning dataset to perform eQTL mapping. We subsequently 

evaluated the portability of prediction models across breeds by assessing the prediction quality 

of the learning model on each of the two remaining breeds. 

 

 

Figure 1. Schematic overview of the study. (A) Matched whole genome sequencing and liver and muscle gene 

expression data were available for n=100 pigs in each of three breeds (DU, LD, LW). (B) We focused on a targeted 

subset of 10 genes either regulated by methylation or with cis-regulatory variants found consistently across multiple 

tissues. (C) Functional annotations included both non-context dependent annotations and epigenetic annotations 

dependent on developmental stage and tissue. The former correspond to predicted variant effects (McLaren et al. 

2016), i.e. those predicted to cause a nonsynonymous coding change (NSC) and those predicted to have potential 

regulatory roles (REG). The latter correspond to open chromatin regions (OCR) identified by assay for transposase-

accessible chromatin using sequencing (ATAC-seq), as well as unmethylated regions (UMR) and lowly methylated 

regions (LMR) identified by whole genome bisulfite sequencing (WGBS). Epigenetic annotations were available for 

two tissues (liver, muscle) at three developmental stages: 30 days post-fertilisation (dpf), 70 dpf, and newborn. (D) 

Tissue-specific eQTL mapping and gene expression prediction were performed using BayesRCπ for each 

combination of {gene x tissue x breed} using variants on the respective chromosome of each gene and the full set 

of functional annotations. Created in BioRender. Mollandin, F. (2025) https://BioRender.com/l37n199  

 

2.2 Considerable genomic and transcriptomic variability is observed among three 

commercial pig breeds. 

After removing genetic variants with a minor allele frequency (MAF) < 5% or with >10% 

missing genotype calls in the full set of n=300 animals, the original genomic dataset included 

25,315,878 polymorphisms (Crespo-Piazuelo et al. 2023); for the set of 8 chromosomes 

corresponding to the 10 target genes, the number of SNPs varied from 542,356 (chr18) to 

1,815,427 (chr1). Given our objective of evaluating the portability of genomic prediction 

models across breeds, we applied an additional filter to remove variants with a per-breed MAF 

< 5% in one or more of the breeds considered, which removed approximately a third of these 

variants (Supplementary Table 2); a total of 14,489,226 polymorphisms were retained across 

the 8 chromosomes, varying from 177,240 (chr18) to 629,069 (chr1) per chromosome, that 

were relatively uniformly distributed across each chromosome (Supplementary Figure 1). After 
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filtering, we observed considerable genomic (Figure 2A) and, to a lesser extent, transcriptomic 

(Figure 2B) heterogeneity among the three pig breeds likely due to differences resulting from 

selection or drift. As expected, a strong separation of DU from the two other breeds is seen 

along the first principal component, particularly for the genomic and muscle transcriptome 

data, perhaps reflecting stronger selection constraints on muscle than liver. A secondary 

separation between LD and LW is present on the second principal component, with a weaker 

distinction observed in the liver transcriptome. Similar separation between the three pig breeds 

is observed for chromosome-specific genomic principal components analyses 

(Supplementary Figure 2). 

 

As previously noted, our focus here is on the liver- and muscle-specific expression of 10 target 

genes (Figure 2C); note that as LEPR displays very low expression in the muscle, we consider 

only its expression in the liver in the following. Variability in the expression of these target 

genes is observed both across breeds within a given tissue (e.g., LEPR in liver) as well as 

between genes (e.g., generally strong expression for IGF2, generally weak expression for 

NUDT22). In the original study design, the DU and LD breeds included both males and 

females, whereas the LW breed had only males; to avoid sex-specific biases, log2 counts per 

million (CPM) expression values for the DU and LD breeds were corrected for an intercept 

(i.e., overall mean) and sex fixed effect, while those for the LW breed were corrected only for 

an intercept (Supplementary Figure 3). 

 

Beyond the heterogeneity of the expression of these genes, we also observed considerable 

variability in the heritability of their expression, both between tissues as well as across breeds 

(Figure 2D). We further remark slightly higher expression heritabilities for LW in liver, and 

generally higher heritabilities in muscle for LD. These breed-specific differences are also 

reflected by disparities in the learning quality for each breed, as quantified by the correlation 

between observed and predicted expression values for each breed, with generally higher 

learning prediction accuracies for LD models trained on muscle compared to liver, and for LW 

models trained on liver compared to muscle (Figure 2E).  
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Figure 2. Genome- and transcriptome-wide heterogeneity among three pig breeds. (A) Principal components 

analysis (PCA) on genomic data from autosomal chromosomes. (B) PCA on transcriptomic data (sex-corrected log 

counts per million values; CPM) by tissue. Percentage variance explained for each of the first two components is 

indicated in text for each PCA. (C) Boxplots of transcriptomic data (sex-corrected log CPM values) for target genes 

by breed and tissue. (D) Distribution of estimated heritabilities of expression (across targeted genes and breeds) 

in liver and muscle, colored by the training breed. (E) Spearman correlations across targeted genes in learning 

data by breed and tissue. DU=Duroc (red); LD=Landrace (green); LW=Large White (blue). 

 

 

2.3 Annotations related to tissue-specific epigenetic marks during early development 

are biologically relevant for the analysis of complex traits.  

Annotations related to the predicted potential impact of variants as well as tissue-specific 

epigenetic marks such as chromatin accessibility and methylation are of particular interest for 

gene expression data, both with respect to prediction and for identifying potentially important 

regulatory regions. Overall, 16.9% and 14.1% of the filtered variants on the 8 chromosomes 

were assigned to one or more epigenetic or predicted variant effect categories in liver and 

muscle, respectively (Figure 3A). Although most variants were assigned to a single annotation, 

a considerable number were assigned to multiple categories, with a maximum number of multi-

annotations corresponding to 8 (Figure 3B); generally similar patterns were observed between 

the two tissues. When considering each of the annotation categories separately (Figure 3C, 

Supplementary Table 2), we remark that the two VEP categories are those with the sparsest 

(NSC) and densest (REG) densities. Tissue- and stage-specific epigenetic annotations were 

intermediate in terms of the number of annotated SNPs, with a slightly higher density in liver 

than muscle, particularly for early developmental stages (OCR at 30 dpf; LMR and UMR at 30 

and 70 dpf, respectively). Annotation categories unsurprisingly tended to cluster together 
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(Figure 3D) first according to type of epigenetic mark (OCR, UMR, LMR) and predicted variant 

effect (NSC, REG), followed by tissue type (liver, muscle); we also generally remark a 

consistency between developmental stages and the annotation category clustering structure.  

 

 
Figure 3. Annotations related to predicted variant effects and tissue-specific epigenetic marks during early 

development. (A) Percentage of SNPs annotated according to tissue-agnostic variant effect predictions (VEP)  or 

tissue-specific epigenetic annotations in liver (left) and muscle (right). (B) Number of SNPs annotated with one or 

more annotation categories in liver (blue) and muscle (green). (C) Number of annotated SNPs for each category. 

(D) Dendrogram representing a hierarchical clustering of annotation categories based on the Jaccard distance and 

complete linkage. Liver- and muscle-specific epigenetic annotations are represented in blue and green, 

respectively, and VEP annotations in black. (E) Odds ratio and associated -log10 P-values from a Fisher’s exact 

test of the enrichment of QTLs from PigQTLdb broad trait categories within each grouping of annotation categories: 

tissue-agnostic VEP annotations (top), liver-specific (middle) and muscle specific (bottom) epigenetic annotations. 

OCR: open chromatin regions; UMR: unmethylated regions: LMR: lowly methylated regions; REG: predicted 

regulatory variant; NSC: predicted nonsynonymous coding variants; dpf: days post fertilization.  

 

 

To evaluate the extent to which these annotations colocalized with previously identified 

variants of interest in GWAS of pig traits (Figure 3E), we then tested each category for 

overrepresentation of curated QTLs for high-level trait categories (Meat and Carcass Traits, 

Health Traits, Exterior Traits, Production Traits and Reproduction Traits) identified in the 

PigQTLdb (Hu, Park, and Reecy 2021). The distribution of QTLs for each high-level trait 

category across chromosomes is shown in Supplementary Figure 4. Our results suggest that 

there is little overlap between LMR variants and previously identified QTLs in both liver and 

muscle; similarly, the variant effect prediction categories (REG, NSC) did not show strong 

enrichment. However, the remaining tissue-specific epigenetic categories were found to be 

highly enriched in PigQTLdb QTLs, supporting the biological relevance of these categories 
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with respect to the genetic architecture of complex traits. A complementary analysis of the 

enrichment results of each high-level QTL trait category for annotations is shown in 

Supplementary Figure 5. 

 

2.4 eQTL mapping is enriched in pig trait QTLs when guided by functional annotations 

in muscle and liver  

We next sought to evaluate the impact of leveraging predicted variant effects and tissue-

specific epigenetic annotations to prioritize variants in genomic prediction models fit for each 

breed independently. As previously noted, these annotations reflect partially redundant prior 

information (Figure 3B), where SNPs may be simultaneously assigned to one or more 

categories. The annotation-agnostic BayesR genomic prediction model (Erbe et al. 2012), 

which is based here on a prior five-component mixture model (null, very small, small, medium 

or large SNP effects), was recently extended in the BayesRCπ model (Mollandin et al. 2022) 

by incorporating complex overlapping variant annotations through a prior distribution. For both 

BayesR and BayesRCπ, eQTL mapping can be performed by ranking SNPs according to their 

estimated posterior variance (see Material and Methods). 

 

One measure of the biological pertinence of highly ranked SNPs is the enrichment of known 

QTLs among those with large estimated posterior variances (Supplementary Figure 6). When 

investigating the distribution of gene set enrichment analysis (GSEA) results for each 

PigQTLdb trait across the 10 target genes and 3 learning breeds for each tissue, we remark 

significantly stronger enrichment of known QTLs for the annotation-aware BayesRCπ model 

as compared to the annotation-agnostic BayesR model in both tissues (Figure 4A;  

Kolmogorov-Smirnov test, P = 2.5 x 10-16 and P = 2.3 x 10-9 for liver and muscle, respectively). 

When specifically considering the number of scenarios (10 target genes x 3 learning breeds x 

5 PigQTLdb broad trait categories) where statistically significant enrichments were observed 

among highly ranked SNPs (Figure 4B), we remark that BayesRCπ generally leads to as many 

or more high-level trait categories with significant enrichments as compared to BayesR, with 

the exception of the Exterior traits in liver. In particular, in both tissues considerably more 

scenarios with significant QTL enrichments are observed for Reproduction and Meat and 

carcass traits when using annotations, and for Health traits in liver. Detailed results for each 

of the individual PigQTLdb traits with significant enrichment among estimated posterior 

variances are shown in Supplementary Tables 3 and 4 (BayesRCπ and BayesR, respectively).  

 

We similarly investigated QTL enrichments among high-level trait categories in each tissue for 

each gene individually (Figure 4C). The distribution of enrichment P-values for BayesRCπ 

estimated posterior variances across scenarios (learning breeds x PigQTLdb trait within each 

high-level category) reveals an enrichment of Health QTLs among IGF2 eQTLs in liver, as well 

as of Meat and carcass QTLs among PRKAG1 eQTLs in both liver and muscle. Taken 

together, these results suggest that biologically relevant QTLs for a variety of trait categories 

are enriched in relevant tissues when using an annotation-guided genomic prediction model. 

We thus focus the remainder of this work on results from the BayesRCπ model.  
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Figure 4. Guiding eQTL mapping of gene expression in muscle and liver with functional annotations.(A) 

Density plot of -log10 P-values for the enrichment of QTLs among estimated posterior variances for BayesR (grey) 

and BayesRCπ (orange) in each tissue across all scenarios (genes, learning breeds). (B) Number of scenarios 

(genes, learning breed) with significant enrichments (P-value < 0.05) in QTLs for different categories of pig traits 

based on estimated posterior variances for BayesR (grey) and BayesRCπ (orange). (C) Distribution (across 

learning breeds and individual traits) of -log10 P-values corresponding to the enrichment of QTLs for broad trait 

categories among BayesRCπ posterior variances for each gene within each tissue. In each panel, the dotted 

vertical line corresponds to a P-value threshold of 0.05 for reference. 

 

 

2.5 Predicting expression across breeds is challenging, but not due to differences in 

pig trait QTL enrichments.  

Our results suggest that using predicted variant effects and tissue-specific epigenetic 

annotations leads to a more meaningful eQTL mapping with respect to known QTLs for a 

variety of trait categories (Figure 4). We next sought to evaluate whether these annotations 

were similarly useful for performing genomic predictions of gene expression across breeds. 

To assess the BayesRCπ prediction portability across breeds, we first learned model 

parameters on each breed individually and subsequently predicted gene expression values 

for the remaining two breeds (10 target genes x 3 learning breeds x 2 tissues, with the 

exception of LEPR with only liver-specific expression). 

 

Globally, Spearman correlations between predicted and observed gene expression tended to 

be modest across genes for each learning-validation breed pair and quite variable across 

genes, with a maximum of 0.1561 on average (standard deviation = 0.228) when learning on 
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LW and validating on LD in liver, and a minimum of 0.0173 (standard deviation = 0.240) on 

average when learning on LW and validating on DU in liver (Figure 5A). Given the strong 

genetic distinctness of DU compared to LD and LW (Figure 2A), it is somewhat surprising that 

these global trends do not align with the expectation of systematically worse performance for 

learning-validation breed pairs including DU. However, these global average trends do mask 

the considerable variability in prediction quality among genes for each tissue and among 

learning-validation breed pairs (Figure 5B). For example, HUS1 has very strong predictive 

performance for across breeds predictions in both tissues (ranging from 0.373 to 0.791), in 

particular for muscle, regardless of the pair of breeds used for learning and validation. At the 

other extreme, SUPT3H in muscle has negative validation correlations (ranging from -0.219 

to -0.058) for all combinations of learning and validation breeds. Most genes are intermediate 

to these two cases, with no evident pattern revealing systematically advantageous or 

disadvantageous choices for learning and validation breed. 

 

Expression predictions across breeds thus remain challenging despite the use of relevant 

annotations (Figure 3) as prior biological information, which is perhaps to be expected given 

the genetic and transcriptomic separation of these three breeds (Figure 2A and B) and the 

variability inherent in gene expression across breeds (Figure 2C and D). To investigate 

whether part of this difficulty could be explained by breed-specific PigQTLdb QTL enrichments 

among estimated posterior variances, we examined GSEA results across genes for each 

learning breed (Figure 5C). Although some variability can be observed across breeds, we do 

not observe any systematic breed-specific trends. Similarly, we sought to determine whether 

marked differences in inferred genetic architecture could play a role by investigating the 

distribution of correlations between sliding windows of cumulative estimated posterior 

variances for each pair of breeds (Figure 5D). Generally high correlations (> 0.90) were 

observed regardless of the pair of learning and validation breeds, although those including DU 

tended to be lower than that of LD and LW. Similar results were observed when estimating 

the correlation between individual rather than window-based estimated posterior variances 

(Supplementary Figure 7). Taken together, these results suggest that the difficulty of across 

breeds expression prediction is not linked to breed-specific annotation differences. 
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Figure 5. Predictions of expression in liver and muscle across breeds. (A) Heatmap of Spearman correlations 

from BayesRCπ for each combination of learning and validation breed within each tissue, averaged across genes. 

Grey boxes along the diagonal correspond to cases where the learning and validation data are the same. (B) 

Individual Spearman correlations by gene for each tissue and each combination of training and validation breed 

(indicated by different colors and shapes). The vertical dotted line indicates 0 as a reference point. (C) Boxplots 

(across genes and learning breeds) of -log10 P-values for the enrichment of broad trait QTLs per breed. DU=Duroc 

(red); LD=Landrace (green); LW=Large White (blue). (D) Distribution (across genes) of the correlations between 

window-based posterior variance estimates for each pair of learning breeds.  

 

2.6 Annotation-driven eQTLs for IGF2 expression in liver colocalize with stage-specific 

epigenetic marks and cholesterol QTLs. 

Finally, we investigated in greater detail the role played by the predicted variant effects and 

tissue-specific epigenetic annotations in the eQTL mapping for a specific case study. Our 

previous results highlighted the strong enrichment of Health QTLs among BayesRCπ 

estimated posterior variances in liver for IGF2, which is located on chromosome 2 (Figure 4C). 

For IGF2 liver expression, the Health trait with the most significant enrichment in both the DU 

and LD breeds (Supplementary Table 3) was LDL cholesterol (Chen et al. 2013); in the case 

of DU, a highly ranked SNP with a large posterior variance and previously identified as being 

associated with LDL cholesterol corresponded to chr2:50750725 (rs81359856; Figure 6A). 

The distribution of genotypes for this SNP in each breed (Figure 6B) unsurprisingly reveals an 

association with IGF2 expression in DU, notably higher expression associated with the AA 

homozygote. A similar but less marked trend is seen for this SNP in the LD breed, whereas 

only a small frequency of AA homozygotes at this locus are observed in LW.  
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We next examined the colocalization of breed-specific eQTLs (based on estimated posterior 

variances) for IGF2 liver expression with the predicted variant effect and tissue-specific 

annotations as well as the PigQTLdb high-level trait QTLs in a 1Mb window around this leading 

SNP (Figure 6C). Although some similarities can be seen in the genetic architectures identified 

for each breed from annotation-guided genomic prediction, breed-specific regions are indeed 

evident despite the use of a common set of annotations, in line with the results shown in Figure 

5D. Similar conclusions can be drawn from chromosome-wide Manhattan plots of the window-

based cumulative posterior variances for IGF2 in both liver (Supplementary Figure 8) and 

muscle (Supplementary Figure 9), as well as in the 1Mb window directly surrounding IGF2, 

rather than around the leading SNP from the LDL cholesterol enrichment analysis 

(Supplementary Figure 10). By investigating the physical positions of each annotation as well 

as those of known PigQTLdb QTLs, we remark interesting overlaps between mapped eQTLs 

within each breed; for example, variant chr2:50750725 (rs81359856), which had a large 

posterior variance in DU, corresponding to a known Health QTL (Figure 6C, middle panel), is 

also annotated as being LMR at 30 dpf as well as UMR at 70 dpf (Figure 6C, bottom panel). 

As another example, the top ranked SNP for IGF2 liver expression in DU in this window 

(chr2:51256286; rs341162083) is annotated as OCR at all three developmental stages (Figure 

6C). Overall, the proportion of medium- to large-effect variants identified within each 

annotation category (Figure 6D) supports the biological relevance of the NSC predicted variant 

effect category as well as the accessible and unmethylated regions in early development (30 

and 70 dpf), with early development LMRs and predicted regulatory variants showing weaker 

enrichment in such effects; similar results are observed across the three breeds.  
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Figure 6. Annotation-guided eQTL mapping for IGF2 expression in liver. (top) Position of IGF2 and density of 

SNPs (grey) on chromosome 2, with the region visualized in panel C highlighted in black. (A) Enrichment plot for 
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cholesterol QTLs from PigQTLdb based on posterior variances for liver IGF2 expression in the DU breed. (B) 

Boxplots of top-ranked DU variant for cholesterol enrichment (chr2:50750725, panel A) in DU, LD and LW. (C) 

Neighborhood +/- 1 Mb around variant chr2:50750725, a highly ranked variant for IGF2 expression in liver. 

Estimated posterior variances of effects for each genetic variant in the window are shown in the middle panel for 

each learning breed (DU=Duroc: LD = Landrace; LW = Large White). The bottom panels indicate the position of 

QTL categories from PigQTLdb and of predicted variant effect annotations and liver-specific epigenetic annotations 

(circles). The position of variants chr2:50750725 and chr2:51256286 are indicated with a dotted line, and 

annotations located at this positions are highlighted with diamonds. (D) BayesRCπ frequency of VEP and liver-

specific epigenetic annotations among medium (lighter shading) or high (darker shading) effect SNPs for each of 

the three learning breeds. The position on chromosome 2 of IGF2, the density of markers, and the region presented 

in panel C are highlighted in the karyotype at the top of the figure. 

3. Discussion 

In this work, we used predicted variant effects and tissue-specific epigenetic marks from early 

developmental stages as informative prior annotations to guide genomic prediction models of 

liver and muscle gene expression in three commercial pig breeds displaying considerable 

genomic and, to a lesser extent, transcriptomic heterogeneity (Figure 2). Whole genome 

sequencing and RNA sequencing data respectively provided high-resolution genotypes and 

an intermediate molecular phenotype to construct predictive models for each breed. We 

focused on a target subset of 10 genes based on a previous eQTL analysis (Crespo-Piazuelo 

et al. 2023) and prior knowledge of the pertinence of epigenetic regulatory mechanisms. 

Tissue-specific epigenetic annotations during early development (early and late 

organogenesis, newborn) were shown to be enriched in previously identified QTLs of complex 

traits, thus supporting the pertinent biological signal therein (Figure 3). A model directly 

incorporating these annotations was shown to improve interpretability of eQTL mapping, as 

measured by the over-enrichment of QTLs of high-level trait categories among variants with 

large estimated posterior variances, in comparison to prediction based on genomic sequence 

alone (Figure 4). However, annotation-guided prediction models did not systematically lead to 

strong performance when performing predictions across breeds. Our results suggest that the 

challenge of porting predictions across breeds here is more likely to be linked to differences 

in genetic architectures rather than disparities in the pertinence of annotations (Figure 5). 

Similar challenges have been observed for the prediction of gene expression across human 

populations (Keys et al. 2020).  

 

Despite similarities in highly prioritized genomic regions across breeds, differences in linkage 

disequilibrium, allele frequency, and fixed mutations due to intensive selection or drift 

complicate prediction across breeds even when incorporating relevant annotations to better 

target potential causal mutations. For example, around IGF2, a haplotype segregating at low 

frequency in the 1977 LW ancestral population increased to high frequency, with a particularly 

strong increase in a 1.5 Mb segment at the end of the region corresponding to the location of 

the IGF2 gene, where the haplotype was almost fixed (Boitard et al. 2023). The signature 

observed in this region was most likely due to the selection of the quantitative trait nucleotide 

allele that increases muscle growth in pigs. We provided a more in-depth look at the eQTL 

mapping results for IGF2 liver expression, which were strongly enriched for health trait QTLs 

and showed interesting overlap with early development epigenetic marks (Figure 6). IGF2 liver 

expression represents a particularly interesting case study due to its established link with 

hepatic lipid homeostasis (Kessler et al. 2016; Lopez et al. 2018). In addition, the complex 

structure of the IGF2 locus and its effect on growth and fatness traits has been described in 

previous studies, including a trans-epistatic interaction with chromosome 13 for fatness trait 
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QTLs in this region (Tortereau, Sanchez, et al. 2011) as well as a second nearby QTL for pig 

fatness in French LW and Dutch LD based designs (Tortereau, Gilbert, et al. 2011). Our 

annotation-guided prediction model enabled the identification of eQTLs that may be good 

candidates for directly regulating IGF2 expression in different breeds within the same genomic 

region. These results suggest the interest in using functional annotations from several time 

points during early embryonic and foetal life to identify genetic variants in putative regulatory 

regions that affect complex traits in adults, a central point that we sought to address  within 

the European GENE-SWitCH project, which is part of the FAANG initiative (https://www.gene-

switch.eu/).  

 

There are several limitations of this work that are worth noting. First, variability in gene 

expression is both genetically driven as well as linked to complex tissue-specific regulatory 

mechanisms that respond to environmental stimuli, highlighting the challenge of predicting 

gene expression based on genotypes; compounding this difficulty are the modest learning 

sample sizes (n=100) available for each breed. To balance biologically reasonable 

assumptions with computational constraints, we used as explanatory variables in our 

predictive models only chromosome-wide cis-genetic variants; this strategy implicitly assumes 

that trans-variants have a limited impact on gene expression and thus does not capture 

potential long-range regulatory mechanisms. In addition, preprocessing steps for functional 

annotation data as well as the genomic and transcriptomic data are particularly important for 

annotation-guided genomic prediction and eQTL mapping. We have chosen here to reduce 

the number of SNPs in the WGS data by filtering on per-breed minor allele frequency to focus 

on a common set of SNPs across breeds, which is quite  stringent given the modest sample 

sizes in each breed and may ignore potentially important breed-specific variants that have 

been fixed due to selection. Epigenetic annotations were obtained from a different set of LW 

animals with a limited number of replicates, which leaves the possibility that they do not 

completely reflect potential regulatory mechanisms of the DU and LD breeds or that some 

regions have greater within-breed variability than that captured here. In addition, only 

annotations from early developmental stages (30 and 70 dpf, newborn) were used, while the 

tissue-specific expression data used as an intermediate molecular phenotype were collected 

from 6-month-old animals. Predictive models based on gene expression data sampled 

concomitantly to phenotypes were recently shown to improve phenotypic predictions (Perez 

et al. 2022); similarly, it might be reasonable to assume that the most meaningful annotations 

would correspond to those obtained at the stage closest to the sampling time of the expression 

data. However, a more complicated picture emerges from our results. For example, newborn 

UMRs have the highest proportion of medium- and large-effect variants for IGF2 liver 

expression (Figure 6D), closely followed by chromatin accessibility during early and late 

organogenesis.  

 

For future work, although extending this study to the full transcriptome would likely be 

computationally over-demanding, it would be interesting to conduct a comparative analogous 

study for a complementary set of genes. Alternative strategies for constructing prior 

categorization of variants according to epigenetic marks could also be considered. One 

plausible hypothesis would be to consider a category of SNPs in regions characterized by 

changes in methylation or chromatin accessibility between developmental stages, i.e. so-

called regulatory switches, which may represent dynamic regulation mechanisms involved in 

gene expression. In addition, other annotations could prove to be useful, including for example 
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tissue-specific chromatin conformation and histone marks or eQTL signals from PigGTeX 

(Teng et al. 2024); we leave such investigations to future work. 

4. Conclusions 

Genomic prediction models are widely used for the prediction of complex traits or disease risk, 

and they can similarly be used to perform eQTL mapping and prediction of gene expression 

data. We sought to construct predictive models of liver and muscle gene expression in pigs 

using base pair-resolution genotypes for three commercial breeds. We investigated the added-

value of augmenting our predictive models of gene expression with prior annotations of 

polymorphisms based on predicted variant effects and tissue-specific epigenetic marks from 

early development. Our results suggested the utility of these functional annotations for eQTL 

mapping, though they did not systematically lead to strong predictive results across breeds. 

We postulate that this is due to differences in genetic architectures between breeds rather 

than disparities in the pertinence of annotations. 

5. Methods 

 

5.1 Study design.  

Samples from three different tissues (duodenum, liver, and muscle) were collected at 

slaughter from n=300 approximately 6-month-old pigs of three different breeds (Duroc, DU; 

Landrace, LD; Large White, LW), with n=100 animals per breed (Crespo-Piazuelo et al. 2023). 

The DU and LD breeds included data for both sexes (DU, 50 castrated males and 50 females; 

LD, 39 entire males and 61 females), while LW included only entire males. Genomic DNA was 

extracted from blood (DU, LD) or liver (LW), and RNA was extracted from duodenum, liver, 

and muscle. DNA and RNA were then paired-end (2 x 150bp) sequenced using the Illumina 

NovaSeq6000 platform. In the current study, we focus in particular on data arising from the 

liver and muscle. 

 

5.2 Whole genome sequencing data.  

Full details about DNA extraction, sequencing, mapping, and variant calling are available in 

(Crespo-Piazuelo et al. 2023). Briefly, sequencing reads were mapped to the Sscrofa11.1 

reference genome assembly with BWA-MEM (H. Li 2012) and genetic variant calling was 

performed with GATK (McKenna et al. 2010). Further data preprocessing steps were carried 

out using PLINK (v1.07) (Chang et al. 2015) to separate variants by chromosome and breed, 

and to remove variants with any missing calls, a minor allele frequency (MAF) less than 5% in 

one or more breeds (n=100 animals per breed), or fixed heterozygosity in one or more breeds. 

To ensure compatibility, minor allele encoding within breeds was specified to be that of the full 

dataset including all three breeds (n=300).  

 

5.3 Transcriptomics data.  

As above, full details about RNA extraction, sequencing, mapping, and quantification are 

available in (Crespo-Piazuelo et al. 2023). Briefly, RNA sequences were mapped to the 

Sscrofa11.1 reference genome assembly with STAR (Dobin et al. 2013). Gene expression 

was quantified by counting reads aligning to genes using RSEM (B. Li and Dewey 2011) and 

normalized using the trimmed mean of M-values (TMM) approach (Robinson and Oshlack 
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2010), yielding log2 counts per million (CPM) values (Robinson, McCarthy, and Smyth 2010). 

Lowly expressed genes (CPM values < 10/minimum library size in millions) were filtered from 

further analyses. To avoid sex-specific biases, transcriptomic data for the DU and LD breeds 

were subsequently corrected by retaining residuals from a linear regression of sex and an 

intercept on log2 CPM values; as LW animals were all male, their log2 CPM values were 

corrected only for an intercept. Finally, all corrected log2 CPM values were multiplied by 100 

to avoid underflow when estimating model parameters; for brevity, we refer to these as 

expression values throughout the text. 

 

5.4 Targeted subset of genes.  

Our aim was to focus on eQTL mapping and genomic predictions of expression for a subset 

of genes of interest; we particularly sought to identify genes that were strong candidates for 

being regulated by genetic or epigenetic variants. In an earlier study (Crespo-Piazuelo et al. 

2023), an eGWAS identified polymorphisms significantly associated (Bonferonni corrected p-

values < 0.05) with gene expression that were subsequently grouped into expression 

quantitative trait locus (eQTL) regions. Cis-eQTL regions were defined as those found within 

a ±1Mb window around their respective gene, and the remaining eQTL regions were denoted 

as trans-eQTLs. Based on these analyses, a set of 7 expressed genes were identified for 

which top polymorphisms in their respective cis-eQTL regions were shared across multiple 

tissues (duodenum, liver, muscle): CELF2, DET1, HUS1, NUDT22, R3HCC1, SLA-7, and 

SUPT3H. We further identified 3 additional genes that were identified as having cis-signals in 

the eGWAS (Crespo-Piazuelo et al. 2023) and have been previously reported to be 

methylated: IGF2, PRKAG1, and LEPR, the latter of which was expressed only in the liver. 

This set of 10 genes was thus used in our subsequent analyses; a description and summary 

of the previous eGWAS results (Crespo-Piazuelo et al. 2023) for these genes can be found in 

Supplementary Table 1.  

 

Heritability of tissue-specific expression was estimated by fitting a Bayesian reproducing 

kernel Hilbert spaces (RKHS) regression (Pérez and de los Campos 2014) using an 

eigenvalue decomposition of the genomic relatedness matrix based on the centered and 

scaled genetic variants on the respective chromosome for each target gene (2000 iterations 

burn-in, followed by 12000 iterations), and calculating the ratio of total additive genetic to total 

variance. Within-breed learning quality was assessed using the Bayesian RKHS model by 

calculating the Spearman correlation between estimated and true gene expression values on 

the learning data for each breed.  

 

5.5 Tissue-specific epigenetic annotations.  

Post-mortem samples were harvested from pig embryos at early organogenesis (n=4 pools at 

30 days post-fertilisation; dpf) and late organogenesis (n=4 individuals; 70 dpf) as well as in 

newborn LW piglets (n=4 individuals; NB). Note that these samples were independent from 

those used for the whole genome sequencing and transcriptomics assays described above. 

We focused on epigenetic annotations generated within each of the aforementioned 

developmental stages in liver and muscle for two different functional genomic assays; these 

data are indexed and freely available on the GENE-SWitCH project page of the FAANG Data 

portal (https://data.faang.org/projects/GENE-SWitCH).  
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First, we considered methylation profiling by whole genome bisulfite sequencing (WGBS) 

assays for n=1 pool or individual at each developmental stage; note that the remaining n=3 

pools or individuals were profiled by Reduced Representation Bisulfite Sequencing (RRBS) 

and were not considered here. Genomic regions were categorized with a hidden Markov 

model (HMM) as being unmethylated (UMR) or lowly methylated (LMR) in a given tissue 

(Stadler et al. 2011; Burger et al. 2013). Briefly, using the recommended settings for the 

MethylSeekR package, thresholds for segmentation were as follows: (1) coverage of > 10 

reads per site, (2) a q-value < 0.05 for regions, and (3) average DNA methylation < 50% for 

methylome segmentation (de Vos 2023).  

 

Second, chromatin accessibility profiling by assay for transposase-accessible chromatin with 

high-throughput sequencing (ATAC-seq) was used to identify open chromatin regions (OCR) 

in n=4 animals (2 males and 2 females). ATAC-seq reads were processed with the nf-core 

ATAC-seq pipeline (https://nf-co.re/atacseq) version 1.2.1. Briefly, reads were mapped to the 

genome with BWA and open chromatin regions (i.e., broad peaks) were obtained from the 

mapped reads using Macs2. Peaks from all samples were then merged into 336,746 

consensus peaks representing potential regulatory regions, and several quality controls were 

provided in a multiQC report.  

 

5.6 Tissue-agnostic predicted variant effect annotations.  

The Variant Effect Predictor (VEP) tool (Ensembl release 106, Sscrofa11.1 reference genome) 

was used to identify the predicted potential impact of variants (McLaren et al. 2016). Predicted 

effect classes were collapsed into two broad tissue-agnostic annotations as proposed in 

(MacLeod et al. 2016): (1) non-synonymous coding (NSC) variants, corresponding to 

{coding_sequence_variant, frameshift_variant, inframe_deletion, inframe_insertion, 

initiator_codon_variant, missense_variant, splice_acceptor_variant, splice_donor_variant, 

splice_region_variant, stop_gained, stop_lost, stop_retained_variant} and (2) potential 

regulatory (REG) variants, corresponding to {3_prime_UTR_variant, 5_prime_UTR_variant, 

downstream_gene_variant, mature_miRNA_variant, non_coding_transcript_variant, 

non_coding_exon_variant, upstream_gene_variant}. 

 

5.7 Global set of annotations 

Tissue-specific epigenetic annotations (OCR, LMR, UMR) at each of the 3 developmental 

stages (30 dpf, 70 dpf, newborn) were concatenated with non context-dependent predicted 

variant effect categories (REG, NSC). The corresponding genomic intervals were overlapped 

with SNP positions in the WGS data using the GenomicRanges Bioconductor package 

(Lawrence et al. 2013). Any remaining unannotated variants were assigned to a final “other” 

category. The final global set of annotations thus corresponded to a binary matrix with a total 

of 12 annotation categories, with 1’s indicating variants assigned to a particular annotation 

and 0’s otherwise. To explore similarities among the global set of annotation categories, we 

performed a hierarchical clustering of annotation categories using complete linkage and the 

Jaccard distance. 

 

5.8 eQTL mapping and prediction with BayesRCπ.  

A general linear model for genomic prediction can be defined as 

 

𝑦 = 𝜇1𝑛 + 𝑋𝛽 + 𝑒, 
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where here y is the vector of sex-corrected log2 CPM values for a given gene of interest, μ the 

intercept, X the centered and scaled marker matrix, β the vector of SNP effects, e the vector 

of residuals, and e follows a centered multivariate normal distribution with variance covariance 

matrix 𝐼𝑛𝜎𝑒
2.  

In this work we used chromosome-specific genetic variants to simultaneously perform eQTL 

mapping and prediction based on each of the three pig breeds considered. In particular, we 

focus on comparisons between a model based on genomic variants alone with a model 

additionally including biologically relevant categorizations of variants obtained from complex 

and overlapping functional annotation maps; to this end, we respectively make use of BayesR 

(Erbe et al. 2012) and BayesRCπ (Mollandin et al. 2022). Both define prior mixture 

distributions for β to model variants with null to large effects; BayesRCπ further introduces a 

mixture of mixtures prior to disambiguate variants with multiple annotations, as is the case in 

the functional annotation categorizations used here. Given the high resolution of the genomic 

sequencing data used here, prior mixture distributions for genetic effect sizes were defined for 

five components, corresponding to 0, 0.001%, 0.01%, 0.1%, and 1% of the total additive 

genetic variance for both models; otherwise, default parameters were used. Models were fit 

for each combination of gene (10 target genes), tissue (muscle, liver), and learning breed (DU, 

LD, LW). Parameters were estimated using a Gibbs sampler for BayesR and BayesRCπ 

(50,000 iterations, discarding the first 20,000 as burn-in and using a thinning rate of 10).  

 

eQTL mapping was performed using estimates of posterior variances from each model. As 

genotypes are centered and scaled, for both models the posterior variance of SNP i is 

estimated as �̂�𝑖 = �̂�𝑖
2, where �̂�𝑖

2 corresponds to the posterior mean of 𝛽𝑖
2 across iterations after 

burn-in. To account for differences in linkage disequilibrium structures across the three breeds, 

in addition to SNP-specific posterior variances, we also considered window-based posterior 

variances, where values in non-overlapping windows of 1 Kb were summed rather than 

considering estimates for individual SNPs; note that one limitation of such an approach is that 

the number of SNPs summed may not be comparable across windows.  

 

Prediction accuracy across breeds was assessed using the Spearman correlation between 

true and estimated gene expression values in each of the two breeds not used for learning. 

 

5.9 Gene set enrichment analysis. 

The biological relevance of annotation categories as well as estimated posterior variances 

from BayesR and BayesRCπ were assessed based on their co-localization with known QTLs 

in pigs for a variety of pig traits. We made use of the PigQTLdb database (Release 45; 

SusScrofa11.1) to obtain curated cross-experiment results of genotype-phenotype association 

studies for pig traits (Hu, Park, and Reecy 2021). Only QTLs corresponding to SNPs were 

considered for the analysis. Gene set enrichment analyses (GSEA) of individual PigQTLdb 

traits among per-SNP estimated posterior variances were performed using the fgsea 

Bioconductor package v1.24.0 (Korotkevich et al. 2016). Enrichment tests with an adjusted P-

value < 0.05 were considered to be significant. Enrichment analysis results were performed 

for both individual traits as well as for a set of 5 broad trait categories, the latter of which 

correspond to the highest level of the PigQTLdb trait hierarchy (Meat and Carcass Traits, 

Health Traits, Exterior Traits, Production Traits and Reproduction Traits). 
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5.10 Statistical analyses.  

Principal components analysis (PCA) was performed on genomic data from autosomal 

chromosomes (chr1 to chr18) using PLINK v1.09 (Chang et al. 2015) and the –pca flag, with 

per-breed MAF filtering as described above as well as LD-based variant pruning using the --

indep-pairwise flag with a window size of 50 Kb, a step size of 10, and a r2 threshold of 0.10. 

PCA was similarly performed on transcriptomic data for each tissue based on uncorrected but 

scaled log2 CPM values using the mixOmics package v 6.28.0 (Rohart et al. 2017). Fisher’s 

exact test was used to test for the overrepresentation of PigQTLdb QTLs among each 

annotation category. Unless otherwise noted, statistical analyses were performed using R 

v4.4.0. 

Acknowledgments 

Computing cluster resources were provided by the Centre de Traitement de l’Information 

Génétique (CTIG) of the INRAE Animal Genetics department. We are grateful to Juan Pablo 

Sánchez for helpful discussions about this work. The authors thank the selection companies 

Axiom and Nucléus of Alliance R&D and the INRAE UE3P France Génétique Porc facility 

(https://doi.org/10.15454/1.5573932732039927E12) for producing the LW pigs, as well as 

Selección Batallé S.A. for producing the DU pigs and Hendrix Genetics for producing the LD 

pigs. The authors report there are no competing interests to declare. 

Funding 

This work is part of GENE-SWitCH (https://www.gene-switch.eu) and has received funding 

from the European Union's Horizon 2020 Research and Innovation Programme under the 

grant agreement n° 817998. The work was conducted in the frame of EuroFAANG, a synergy 

of six Horizon 2020 projects that shared the common goal to discover links between genotype 

to phenotype in farmed animals and meet global Functional Annotation of ANimal Genomes 

(FAANG) objectives. This work was also partially supported by the INRAE  DIGIT-BIO (Digital 

biology to understand and predict biological systems) Metaprogramme.  

CRediT authorship contribution statement 

Fanny Mollandin: Formal analysis, Investigation, Methodology, Software, Visualization, 

Writing – original draft, Writing – review and editing. Hervé Acloque: Funding acquisition, 

Resources, Writing – review and editing. Maria Ballester: Investigation, Writing – review and 

editing. Marco Bink: Supervision, Writing – review and editing. Mario Calus: Supervision, 

Writing – review and editing. Daniel Crespo-Piazuelo: Data curation, Formal analysis, 

Investigation, Writing – review and editing. Pascal Croiseau: Methodology, Supervision, 

Writing – review and editing. Sarah Djebali: Formal analysis, Writing – review and editing. 

Sylvain Foissac: Data curation, Formal analysis, Writing – review and editing. Hélène 

Gilbert: Supervision, Writing – review and editing. Elisabetta Giuffra: Funding acquisition, 

Writing – review and editing. Cervin Guyomar: Formal analysis, Writing – review and editing 

Ole Madsen: Supervision, Writing – review and editing. Marie-José Mercat: Writing – review 

and editing. Bruno da Costa Perez: Supervision, Writing – review and editing. Jani de Vos: 

Data curation, Formal analysis, Writing – review and editing. Andrea Rau: Conceptualization, 

Formal analysis, Investigation, Methodology, Supervision, Visualization, Writing – original 

draft, Writing – review and editing. 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?hC37Aa
https://www.zotero.org/google-docs/?lNOeaZ
https://doi.org/10.15454/1.5573932732039927E12
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/


22 

Data availability 

Raw sequence data supporting the findings of this study are available at the FAANG data 

portal (https://data.faang.org), with the following BioProject accession codes: WGS data 

(PRJEB58030), RNA-seq data (PRJEB58031), WGBS data (PRJEB42772) and ATAC-seq 

data (PRJEB44468). The BayesR and BayesRCπ models are available as part of the open-

source BayesRCO package, available at https://github.com/FAANG/BayesRCO. Source code 

to reproduce the analyses and manuscript figures and full results from the GSEA of PigQTLdb 

traits among BayesR and BayesRCO eQTLs are available at 

https://github.com/andreamrau/2025_BayesRCO_eQTL, with associated raw data available 

at https://doi.org/10.5281/zenodo.14973198. 

Declaration of generative AI and AI-assisted technologies in the writing 

process 

 

During the preparation of this work the corresponding author used ChatGPT in order to write 

the abstract of this manuscript. After using this tool, the authors reviewed and edited the 

content as needed and take full responsibility for the content of the publication. 

References 

 
Abdollahi-Arpanahi, Rostam, Gota Morota, and Francisco Peñagaricano. 2017. “Predicting 

Bull Fertility Using Genomic Data and Biological Information.” Journal of Dairy Science 
100 (12): 9656–66. https://doi.org/10.3168/jds.2017-13288. 

Acloque, H., P.W. Harrison, W. Lakhal, F. Martin, A.L. Archibald, M. Beinat, M. Davey, et al. 
2022. “Extensive functional genomics information from early developmental time 
points for pig and chicken.” In Proceeding of 12th World Congress on Genetics Applied 
to Livestock Production (WCGALP), 2281–84. Rotterdam, the Netherlands: 
Wageningen Academic Publishers. https://doi.org/10.3920/978-90-8686-940-4_550. 

Agarwal, Vikram, and Jay Shendure. 2020. “Predicting MRNA Abundance Directly from 
Genomic Sequence Using Deep Convolutional Neural Networks.” Cell Reports 31 (7): 
107663. https://doi.org/10.1016/j.celrep.2020.107663. 

Avsec, Žiga, Vikram Agarwal, Daniel Visentin, Joseph R. Ledsam, Agnieszka Grabska-
Barwinska, Kyle R. Taylor, Yannis Assael, John Jumper, Pushmeet Kohli, and David 
R. Kelley. 2021. “Effective Gene Expression Prediction from Sequence by Integrating 
Long-Range Interactions.” Nature Methods 18 (10): 1196–1203. 
https://doi.org/10.1038/s41592-021-01252-x. 

Ballester, Maria, Yuliaxis Ramayo-Caldas, Manuel Revilla, Jordi Corominas, Anna Castelló, 
Jordi Estellé, Ana I. Fernández, and Josep M. Folch. 2017. “Integration of Liver Gene 
Co-Expression Networks and EGWAs Analyses Highlighted Candidate Regulators 
Implicated in Lipid Metabolism in Pigs.” Scientific Reports 7 (1): 46539. 
https://doi.org/10.1038/srep46539. 

Bessière, Chloé, May Taha, Florent Petitprez, Jimmy Vandel, Jean-Michel Marin, Laurent 
Bréhélin, Sophie Lèbre, and Charles-Henri Lecellier. 2018. “Probing Instructions for 
Expression Regulation in Gene Nucleotide Compositions.” Edited by Zhaolei Zhang. 
PLOS Computational Biology 14 (1): e1005921. 
https://doi.org/10.1371/journal.pcbi.1005921. 

Boitard, Simon, Laurence Liaubet, Cyriel Paris, Katia Fève, Patrice Dehais, Alban Bouquet, 
Juliette Riquet, and Marie-José Mercat. 2023. “Whole-Genome Sequencing of 
Cryopreserved Resources from French Large White Pigs at Two Distinct Sampling 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://data.faang.org/
https://data.faang.org/dataset/PRJEB58030
https://data.faang.org/dataset/PRJEB58031
https://data.faang.org/dataset/PRJEB42772
https://data.faang.org/dataset/PRJEB44468
https://github.com/FAANG/BayesRCO
https://github.com/andreamrau/2025_BayesRCO_eQTL
https://doi.org/10.5281/zenodo.14973198
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/


23 

Times Reveals Strong Signatures of Convergent and Divergent Selection between the 
Dam and Sire Lines.” Genetics Selection Evolution 55 (1): 13. 
https://doi.org/10.1186/s12711-023-00789-z. 

Burger, Lukas, Dimos Gaidatzis, Dirk Schübeler, and Michael B. Stadler. 2013. “Identification 
of Active Regulatory Regions from DNA Methylation Data.” Nucleic Acids Research 41 
(16): e155–e155. https://doi.org/10.1093/nar/gkt599. 

Cardoso-Moreira, Margarida, Jean Halbert, Delphine Valloton, Britta Velten, Chunyan Chen, 
Yi Shao, Angélica Liechti, et al. 2019. “Gene Expression across Mammalian Organ 
Development.” Nature 571 (7766): 505–9. https://doi.org/10.1038/s41586-019-1338-5. 

Chang, Christopher C, Carson C Chow, Laurent CAM Tellier, Shashaank Vattikuti, Shaun M 
Purcell, and James J Lee. 2015. “Second-Generation PLINK: Rising to the Challenge 
of Larger and Richer Datasets.” GigaScience 4 (1): 7. https://doi.org/10.1186/s13742-
015-0047-8. 

Chen, Congying, Bin Yang, Zhijun Zeng, Hui Yang, Chenlong Liu, Jun Ren, and Lusheng 
Huang. 2013. “Genetic Dissection of Blood Lipid Traits by Integrating Genome-Wide 
Association Study and Gene Expression Profiling in a Porcine Model.” BMC Genomics 
14 (1): 848. https://doi.org/10.1186/1471-2164-14-848. 

Cirulli, Elizabeth T., and David B. Goldstein. 2010. “Uncovering the Roles of Rare Variants in 
Common Disease through Whole-Genome Sequencing.” Nature Reviews Genetics 11 
(6): 415–25. https://doi.org/10.1038/nrg2779. 

Clark, Emily L., Alan L. Archibald, Hans D. Daetwyler, Martien A. M. Groenen, Peter W. 
Harrison, Ross D. Houston, Christa Kühn, et al. 2020. “From FAANG to Fork: 
Application of Highly Annotated Genomes to Improve Farmed Animal Production.” 
Genome Biology 21 (1): 285. https://doi.org/10.1186/s13059-020-02197-8. 

Corbett, Ryan J., Andrea M. Luttman, Juber Herrera-Uribe, Haibo Liu, Nancy E. Raney, Jenna 
M. Grabowski, Crystal L. Loving, Christopher K. Tuggle, and Catherine W. Ernst. 2022. 
“Assessment of DNA Methylation in Porcine Immune Cells Reveals Novel Regulatory 
Elements Associated with Cell-Specific Gene Expression and Immune Capacity 
Traits.” BMC Genomics 23 (1): 575. https://doi.org/10.1186/s12864-022-08773-5. 

Crespo-Piazuelo, Daniel, Hervé Acloque, Olga González-Rodríguez, Mayrone Mongellaz, 
Marie-José Mercat, Marco C A M Bink, Abe E Huisman, Yuliaxis Ramayo-Caldas, Juan 
Pablo Sánchez, and Maria Ballester. 2023. “Identification of Transcriptional Regulatory 
Variants in Pig Duodenum, Liver, and Muscle Tissues.” GigaScience 12:giad042. 
https://doi.org/10.1093/gigascience/giad042. 

Dobin, Alexander, Carrie A. Davis, Felix Schlesinger, Jorg Drenkow, Chris Zaleski, Sonali Jha, 
Philippe Batut, Mark Chaisson, and Thomas R. Gingeras. 2013. “STAR: Ultrafast 
Universal RNA-Seq Aligner.” Bioinformatics 29 (1): 15–21. 
https://doi.org/10.1093/bioinformatics/bts635. 

Erbe, M., B.J. Hayes, L.K. Matukumalli, S. Goswami, P.J. Bowman, C.M. Reich, B.A. Mason, 
and M.E. Goddard. 2012. “Improving Accuracy of Genomic Predictions within and 
between Dairy Cattle Breeds with Imputed High-Density Single Nucleotide 
Polymorphism Panels.” Journal of Dairy Science 95 (7): 4114–29. 
https://doi.org/10.3168/jds.2011-5019. 

Foissac, Sylvain, Sarah Djebali, Kylie Munyard, Nathalie Vialaneix, Andrea Rau, Kevin Muret, 
Diane Esquerré, et al. 2019. “Multi-Species Annotation of Transcriptome and 
Chromatin Structure in Domesticated Animals.” BMC Biology 17 (1): 108. 
https://doi.org/10.1186/s12915-019-0726-5. 

Hao, Yue, Yanjun Cui, and Xianhong Gu. 2016. “Genome-Wide DNA Methylation Profiles 
Changes Associated with Constant Heat Stress in Pigs as Measured by Bisulfite 
Sequencing.” Scientific Reports 6 (1): 27507. https://doi.org/10.1038/srep27507. 

Hu, Zhi-Liang, Carissa A Park, and James M Reecy. 2021. “Bringing the Animal QTLdb and 
CorrDB into the Future: Meeting New Challenges and Providing Updated Services.” 
Nucleic Acids Research, November, gkab1116. https://doi.org/10.1093/nar/gkab1116. 

Kai, Wang, Wu Ping-xian, Wang Shu-jie, Ji Xiang, Chen Dong, Jiang An-an, Xiao Wei-hang, 
et al. 2022. “Epigenome-Wide DNA Methylation Analysis Reveals Differentially 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/


24 

Methylation Patterns in Skeletal Muscle between Chinese Chenghua and Qingyu 
Pigs.” Journal of Integrative Agriculture 21 (6): 1731–39. 
https://doi.org/10.1016/S2095-3119(21)63814-5. 

Kessler, Sonja M., Stephan Laggai, Elien Van Wonterg, Katja Gemperlein, Rolf Müller, 
Johannes Haybaeck, Roosmarijn E. Vandenbroucke, Manfred Ogris, Claude Libert, 
and Alexandra K. Kiemer. 2016. “Transient Hepatic Overexpression of Insulin-Like 
Growth Factor 2 Induces Free Cholesterol and Lipid Droplet Formation.” Frontiers in 
Physiology 7 (April). https://doi.org/10.3389/fphys.2016.00147. 

Keys, Kevin L., Angel C. Y. Mak, Marquitta J. White, Walter L. Eckalbar, Andrew W. Dahl, Joel 
Mefford, Anna V. Mikhaylova, et al. 2020. “On the Cross-Population Generalizability of 
Gene Expression Prediction Models.” Edited by Tuuli Lappalainen. PLOS Genetics 16 
(8): e1008927. https://doi.org/10.1371/journal.pgen.1008927. 

Klemm, Sandy L., Zohar Shipony, and William J. Greenleaf. 2019. “Chromatin Accessibility 
and the Regulatory Epigenome.” Nature Reviews Genetics 20 (4): 207–20. 
https://doi.org/10.1038/s41576-018-0089-8. 

Korotkevich, Gennady, Vladimir Sukhov, Nikolay Budin, Boris Shpak, Maxim N. Artyomov, 
and Alexey Sergushichev. 2016. “Fast Gene Set Enrichment Analysis.” 
https://doi.org/10.1101/060012. 

Lawrence, Michael, Wolfgang Huber, Hervé Pagès, Patrick Aboyoun, Marc Carlson, Robert 
Gentleman, Martin T. Morgan, and Vincent J. Carey. 2013. “Software for Computing 
and Annotating Genomic Ranges.” Edited by Andreas Prlic. PLoS Computational 
Biology 9 (8): e1003118. https://doi.org/10.1371/journal.pcbi.1003118. 

Lee, S.H., J.H. Choe, Y.M. Choi, K.C. Jung, M.S. Rhee, K.C. Hong, S.K. Lee, Y.C. Ryu, and 
B.C. Kim. 2012. “The Influence of Pork Quality Traits and Muscle Fiber Characteristics 
on the Eating Quality of Pork from Various Breeds.” Meat Science 90 (2): 284–91. 
https://doi.org/10.1016/j.meatsci.2011.07.012. 

Li, Bo, and Colin N Dewey. 2011. “RSEM: Accurate Transcript Quantification from RNA-Seq 
Data with or without a Reference Genome.” BMC Bioinformatics 12 (1): 323. 
https://doi.org/10.1186/1471-2105-12-323. 

Li, Heng. 2012. “Exploring Single-Sample SNP and INDEL Calling with Whole-Genome de 
Novo Assembly.” Bioinformatics 28 (14): 1838–44. 
https://doi.org/10.1093/bioinformatics/bts280. 

Liu, Shuli, Yahui Gao, Oriol Canela-Xandri, Sheng Wang, Ying Yu, Wentao Cai, Bingjie Li, et 
al. 2022. “A Multi-Tissue Atlas of Regulatory Variants in Cattle.” Nature Genetics 54 
(9): 1438–47. https://doi.org/10.1038/s41588-022-01153-5. 

Lopez, Mary Frances, Lingyun Zheng, Ji Miao, Reddy Gali, Grzegorz Gorski, and Joel N. 
Hirschhorn. 2018. “Disruption of the Igf2 Gene Alters Hepatic Lipid Homeostasis and 
Gene Expression in the Newborn Mouse.” American Journal of Physiology-
Endocrinology and Metabolism 315 (5): E735–44. 
https://doi.org/10.1152/ajpendo.00048.2018. 

Lunney, Joan K., Angelica Van Goor, Kristen E. Walker, Taylor Hailstock, Jasmine Franklin, 
and Chaohui Dai. 2021. “Importance of the Pig as a Human Biomedical Model.” 
Science Translational Medicine 13 (621): eabd5758. 
https://doi.org/10.1126/scitranslmed.abd5758. 

MacLeod, I. M., P. J. Bowman, C. J. Vander Jagt, M. Haile-Mariam, K. E. Kemper, A. J. 
Chamberlain, C. Schrooten, B. J. Hayes, and M. E. Goddard. 2016. “Exploiting 
Biological Priors and Sequence Variants Enhances QTL Discovery and Genomic 
Prediction of Complex Traits.” BMC Genomics 17 (1): 144. 
https://doi.org/10.1186/s12864-016-2443-6. 

Maroilley, T., G. Lemonnier, J. Lecardonnel, D. Esquerré, Y. Ramayo-Caldas, M. J. Mercat, 
C. Rogel-Gaillard, and J. Estellé. 2017. “Deciphering the Genetic Regulation of 
Peripheral Blood Transcriptome in Pigs through Expression Genome-Wide 
Association Study and Allele-Specific Expression Analysis.” BMC Genomics 18 (1): 
967. https://doi.org/10.1186/s12864-017-4354-6. 

McKenna, Aaron, Matthew Hanna, Eric Banks, Andrey Sivachenko, Kristian Cibulskis, Andrew 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/


25 

Kernytsky, Kiran Garimella, et al. 2010. “The Genome Analysis Toolkit: A MapReduce 
Framework for Analyzing next-Generation DNA Sequencing Data.” Genome Research 
20 (9): 1297–1303. https://doi.org/10.1101/gr.107524.110. 

McLaren, William, Laurent Gil, Sarah E. Hunt, Harpreet Singh Riat, Graham R. S. Ritchie, 
Anja Thormann, Paul Flicek, and Fiona Cunningham. 2016. “The Ensembl Variant 
Effect Predictor.” Genome Biology 17 (1): 122. https://doi.org/10.1186/s13059-016-
0974-4. 

Merks, Jan W.M. 2000. “One Century of Genetic Changes in Pigs and the Future Needs.” 
BSAP Occasional Publication 27:8–19. https://doi.org/10.1017/S1463981500040498. 

Mollandin, Fanny, Hélène Gilbert, Pascal Croiseau, and Andrea Rau. 2022. “Accounting for 
Overlapping Annotations in Genomic Prediction Models of Complex Traits.” BMC 
Bioinformatics 23 (1): 365. https://doi.org/10.1186/s12859-022-04914-5. 

Mollandin, Fanny, Andrea Rau, and Pascal Croiseau. 2021. “An Evaluation of the Predictive 
Performance and Mapping Power of the BayesR Model for Genomic Prediction.” G3 
Genes|Genomes|Genetics 11 (11): jkab225. 
https://doi.org/10.1093/g3journal/jkab225. 

Moser, Gerhard, Sang Hong Lee, Ben J. Hayes, Michael E. Goddard, Naomi R. Wray, and 
Peter M. Visscher. 2015. “Simultaneous Discovery, Estimation and Prediction Analysis 
of Complex Traits Using a Bayesian Mixture Model.” Edited by Chris Haley. PLOS 
Genetics 11 (4): e1004969. https://doi.org/10.1371/journal.pgen.1004969. 

Neeteson-van Nieuwenhoven, Anne-Marie, Pieter Knap, and Santiago Avendaño. 2013. “The 
Role of Sustainable Commercial Pig and Poultry Breeding for Food Security.” Animal 
Frontiers 3 (1): 52–57. https://doi.org/10.2527/af.2013-0008. 

Ong, Chin-Tong, and Victor G. Corces. 2011. “Enhancer Function: New Insights into the 
Regulation of Tissue-Specific Gene Expression.” Nature Reviews Genetics 12 (4): 
283–93. https://doi.org/10.1038/nrg2957. 

Pan, Zhangyuan, Yuelin Yao, Hongwei Yin, Zexi Cai, Ying Wang, Lijing Bai, Colin Kern, et al. 
2021. “Pig Genome Functional Annotation Enhances the Biological Interpretation of 
Complex Traits and Human Disease.” Nature Communications 12 (1): 5848. 
https://doi.org/10.1038/s41467-021-26153-7. 

Perez, Bruno C, Marco C A M Bink, Karen L Svenson, Gary A Churchill, and Mario P L Calus. 
2022. “Adding Gene Transcripts into Genomic Prediction Improves Accuracy and 
Reveals Sampling Time Dependence.” Edited by D -J de Koning. G3 
Genes|Genomes|Genetics 12 (11): jkac258. 
https://doi.org/10.1093/g3journal/jkac258. 

Pérez, Paulino, and Gustavo de los Campos. 2014. “Genome-Wide Regression and Prediction 
with the BGLR Statistical Package.” Genetics 198 (2): 483–95. 
https://doi.org/10.1534/genetics.114.164442. 

Roadmap Epigenomics Consortium, Anshul Kundaje, Wouter Meuleman, Jason Ernst, Misha 
Bilenky, Angela Yen, Alireza Heravi-Moussavi, et al. 2015. “Integrative Analysis of 111 
Reference Human Epigenomes.” Nature 518 (7539): 317–30. 
https://doi.org/10.1038/nature14248. 

Robinson, Mark D., Davis J. McCarthy, and Gordon K. Smyth. 2010. “EdgeR: A Bioconductor 
Package for Differential Expression Analysis of Digital Gene Expression Data.” 
Bioinformatics (Oxford, England) 26 (1): 139–40. 
https://doi.org/10.1093/bioinformatics/btp616. 

Robinson, Mark D, and Alicia Oshlack. 2010. “A Scaling Normalization Method for Differential 
Expression Analysis of RNA-Seq Data.” Genome Biology 11 (3): R25. 
https://doi.org/10.1186/gb-2010-11-3-r25. 

Rohart, Florian, Benoît Gautier, Amrit Singh, and Kim-Anh Lê Cao. 2017. “MixOmics: An R 
Package for ‘omics Feature Selection and Multiple Data Integration.” Edited by Dina 
Schneidman. PLOS Computational Biology 13 (11): e1005752. 
https://doi.org/10.1371/journal.pcbi.1005752. 

Sonawane, Abhijeet Rajendra, John Platig, Maud Fagny, Cho-Yi Chen, Joseph Nathaniel 
Paulson, Camila Miranda Lopes-Ramos, Dawn Lisa DeMeo, John Quackenbush, 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/


26 

Kimberly Glass, and Marieke Lydia Kuijjer. 2017. “Understanding Tissue-Specific 
Gene Regulation.” Cell Reports 21 (4): 1077–88. 
https://doi.org/10.1016/j.celrep.2017.10.001. 

Stadler, Michael B., Rabih Murr, Lukas Burger, Robert Ivanek, Florian Lienert, Anne Schöler, 
Erik van Nimwegen, et al. 2011. “DNA-Binding Factors Shape the Mouse Methylome 
at Distal Regulatory Regions.” Nature 480 (7378): 490–95. 
https://doi.org/10.1038/nature10716. 

Stranger, Barbara E, Alexandra C Nica, Matthew S Forrest, Antigone Dimas, Christine P Bird, 
Claude Beazley, Catherine E Ingle, et al. 2007. “Population Genomics of Human Gene 
Expression.” Nature Genetics 39 (10): 1217–24. https://doi.org/10.1038/ng2142. 

Tang, Z., Y. Fu, J. Xu, M. Zhu, X. Li, M. Yu, S. Zhao, and X. Liu. 2020. “Discovery of Selection‐
driven Genetic Differences of Duroc, Landrace, and Yorkshire Pig Breeds by 
EigenGWAS and Fst Analyses.” Animal Genetics 51 (4): 531–40. 
https://doi.org/10.1111/age.12946. 

Teng, Jinyan, Yahui Gao, Hongwei Yin, Zhonghao Bai, Shuli Liu, Haonan Zeng, The PigGTEx 
Consortium, et al. 2024. “A Compendium of Genetic Regulatory Effects across Pig 
Tissues.” Nature Genetics 56 (1): 112–23. https://doi.org/10.1038/s41588-023-01585-
7. 

Tortereau, Flavie, Hélène Gilbert, Henri CM Heuven, Jean-Pierre Bidanel, Martien AM 
Groenen, and Juliette Riquet. 2011. “Number and Mode of Inheritance of QTL 
Influencing Backfat Thickness on SSC2p in Sino-European Pig Pedigrees.” Genetics 
Selection Evolution 43 (1): 11. https://doi.org/10.1186/1297-9686-43-11. 

Tortereau, Flavie, Marie-Pierre Sanchez, Katia Fève, Hélène Gilbert, Nathalie Iannuccelli, 
Yvon Billon, Denis Milan, Jean-Pierre Bidanel, and Juliette Riquet. 2011. “Progeny-
Testing of Full-Sibs IBD in a SSC2 QTL Region Highlights Epistatic Interactions for 
Fatness Traits in Pigs.” BMC Genetics 12 (1): 92. https://doi.org/10.1186/1471-2156-
12-92. 

Van Laere, Anne-Sophie, Minh Nguyen, Martin Braunschweig, Carine Nezer, Catherine 
Collette, Laurence Moreau, Alan L. Archibald, et al. 2003. “A Regulatory Mutation in 
IGF2 Causes a Major QTL Effect on Muscle Growth in the Pig.” Nature 425 (6960): 
832–36. https://doi.org/10.1038/nature02064. 

Vos, Jani de. 2023. “Disentangling the Epigenome during Development of Pig and Chicken.” 
Wageningen University. https://doi.org/10.18174/641526. 

Wittkopp, Patricia J., Belinda K. Haerum, and Andrew G. Clark. 2004. “Evolutionary Changes 
in Cis and Trans Gene Regulation.” Nature 430 (6995): 85–88. 
https://doi.org/10.1038/nature02698. 

Xiang, Ruidong, Ed J. Breen, Claire P. Prowse-Wilkins, Amanda J. Chamberlain, and Michael 
E. Goddard. 2021. “Bayesian Genome-Wide Analysis of Cattle Traits Using Variants 
with Functional and Evolutionary Significance.” Animal Production Science 61 (18): 
1818–27. https://doi.org/10.1071/AN21061. 

 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 11, 2025. ; https://doi.org/10.1101/2025.03.05.641618doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://www.zotero.org/google-docs/?7EwWlS
https://doi.org/10.1101/2025.03.05.641618
http://creativecommons.org/licenses/by-nc/4.0/

