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Abstract
Background  Genomic imprinting, a mechanism resulting in parent-of-origin expression of genes through epigenetic 
regulation, intersects with a broad range of biological fields, including evolution, molecular genetics and epigenetics, 
and determinism of complex traits. Although next generation sequencing technologies nowadays enable imprinted 
genes to be detected in a genome-wide manner, a wide spectrum of this phenomena is evaluated only in humans 
and rodents.

Results  Here, we propose to map genes showing a parental expression imbalance in hypothalamus, muscle and 
placenta in piglets around birth using an extensive strategy that minimized biases and relied on reciprocal crosses, 
reconstruction of parental phases after imputation, and statistical analyses discriminating parent-of-origin from allele-
specific expression. We detected 141 genes with strong to exclusive parental expression imbalance (ratio > 25:75). 
A large proportion (80%) of these genes have never been shown to exhibit parent-of-origin expression and a small 
proportion (15%) are shared by at least two tissues, suggesting an overall weak conservation landscape of genomic 
imprinting. Interestingly, we identified novel parent-of-origin expressed genes involved in neurodevelopmental 
(PREPL, Prolyl Endopeptidase Like) and fetal growth (FAM20B, Glycosaminoglycan Xylosylkinase, and POU6F2, POU 
Class 6 Homeobox 2) functions. In-depth analyses of specific loci highlighted specific imprinted isoforms of COPG2 
(COPI Coat Complex Subunit Gamma 2) and confirmed livestock-specific imprinted genes such as the Zinc Finger 
Protein 300-like gene.

Conclusions  Altogether, our results provide an atlas of parent-of-origin expressed genes in the pig, making it 
the most documented species for genomic imprinting after humans and rodents. Our findings indicate weak 
conservation of this mechanism across species and tissues, suggesting a small number of core imprinted genes 
shared across eutherians and another imprinted genes that seem specific to species or tissues. These latter parent-of-
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Background
Genomic imprinting is an original molecular phenom-
enon that leads to a preferential allele-specific expression 
dependent on the parental origin. Genomic imprinting is 
a form of epigenetic regulation found in placental mam-
mals and flowering plants [1]. Parent-of-origin expressed 
(POE) genes, often called imprinted genes, are found 
isolated or as clusters across the genome, represent-
ing about 1% of the total gene content in the best stud-
ied mammals such as mice, rat, and human species [2]. 
Imprinted genes include different types, with approxi-
mately 1/3 being protein-coding genes and the rest being 
non-coding RNAs genes comprising long (lncRNAs) and 
small RNAs (microRNAs and snoRNAs) [3]. The greatest 
variability of imprinting patterns (i.e. parental expressed 
allele exhibiting a weak to robust parent-of-origin effect) 
has been observed for protein-coding genes [4].

Imprinted genes play critical roles in foetal and post-
natal development and adult tissue function [2], as 
supported by various human imprinting disorders (as 
reviewed in [5]), as well as mutations within imprinted 
genes associated with major agronomic phenotypes 
(as reviewed in [6]). Initial studies on genomic imprint-
ing, mainly focused on key imprinted genes expressing 
exclusively one parental allele, suggested a certain level 
of conservation of imprinted genes between tissues and 
species [7–9]. More recently, multiple studies have dem-
onstrated differences between both tissues and develop-
ment stages, with the placenta and brain showing the 
highest frequency of imprinted genes [10–12]. These 
results are supported by Bonthuis et al. [13], who high-
lighted that the number of imprinted genes in the arcu-
ate nucleus of the hypothalamus was 100 to 300% higher 
than in somatic skeletal tissues.

More and more studies are now focusing on the evo-
lution of genomic imprinting across species. Compari-
son of the genomic imprinting phenomenon through the 
phylogeny of eutherians has brought novel insights on 
molecular mechanisms of the acquisition of imprinting 
by distinguishing canonical from non-canonical imprint-
ing, the latter being exclusively identified in muridae so 
far [14]. While canonical imprinting is driven by DNA 
methylation, non-canonical imprinting, a form of oocyte-
specific acquisition of genomic imprinting, is established 
by the apposition of H3K27me3 on retrovirus sequences, 
including long terminal repeats (LTR) [15]. Non-canon-
ical imprinting results in maternally DNA methylated 
imprints that govern paternal-specific gene expression in 
extra-embryonic cells. To date, humans and rodents are 
the species that have been most extensively studied and 

some specific studies have been dedicated to marsupials 
[16, 17]. However, genomic imprinting studies on other 
species, including livestock, are often restricted to a few 
orthologous genes [8, 9, 18], leading to a gap of knowl-
edge about genomic imprinting across evolutionary 
space.

Next-generation sequencing technologies focused on 
RNA have enabled the identification of imprinted genes 
in a genome-wide manner by allowing the detection of a 
large spectrum of parental imbalances in transcripts from 
various biological samples [19]. However, the application 
of such novel approaches to study genomic imprinting 
mechanisms requires dedicated experimental designs 
and specific bioinformatics and statistical methods to 
avoid false positive results [20]. Many studies have relied 
on reciprocal crosses between genetically and pheno-
typically divergent strains of mice [21], rats [14], breeds 
of pigs [22], and even subspecies (cattle) [23], in order to 
maximise the heterozygosity in offspring and leverage 
POE. Although these experimental designs are powerful, 
they require rigorous and stringent analysis in order to 
discriminate between the following two classes of mono-
allelic expression [19]: allele-specific expression (ASE), 
which represents unequal expression based on nucleo-
tide identity, whicht is sometimes referred to as allele-
genotype expression (AGE) [22, 24], and POE, which 
represents unequal expression based on parental origin. 
Most, but not all, AGE are breed-specific expression con-
trasts, since genetically divergent breeds are character-
ized by having a high number of variants that are fixed 
for alternate alleles in the breeds that are crossed [14, 22, 
24]. Evaluating all genetic variability, rather than focusing 
only on breed-specific variants, enhances the detection of 
both AGE and POE. This approach, although rarely per-
formed, can be applied in livestock species since parental 
breeds are polymorphic and carry heterozygous variants 
that are shared between breeds.

Another bias when identifying novel imprinted genes 
stems from the quality of genome annotations, in par-
ticular for non-coding RNAs. However, recent data 
obtained in pigs has highlighted novel POE genes [22, 
25–27], including livestock-specific imprinted genes such 
as KBTBD6 (Kelch Repeat And BTB Domain Containing 
6) [25], ZNF791-like (Zinc Finger Protein 791) [26], and 
ZNF300-like (Zinc Finger Protein 300) [27]. This under-
scores the importance of acquiring in-depth knowledge 
of genomic imprinting in various mammalian species in 
order to measure its extent and conservation and to study 
the role of imprinted genes in the determinism of com-
plex traits in domestic species.

origin expressed genes may have been subjected to evolutionary forces that have determine their imprinting status in 
either a livestock-specific or a tissue-specific manner.
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Here, we propose to map imprinted genes in hypo-
thalamus, muscle, and placenta in piglets around birth, 
using an extensive strategy by minimizing biases. This 
approach relies on reciprocal outbred crosses and recon-
struction of the parental phases after imputation in order 
to discriminate between POE and AGE, taking into 
account all genetic variability. Genome-wide compari-
son of both number and distribution of imprinted genes 
along the pig genome has shown weak conservation 
across tissues and species (pig vs. human and mouse spe-
cies). However, when parental expressed genes are shared 
across eutherians, they exhibit a strong conservation of 
their imprinting patterns (i.e. the direction of parental 
expressed allele). In addition, deeper analyses of spe-
cific loci confirmed livestock-specific imprinted genes, 
including the ZNF300-like gene (Zinc Finger Protein 300) 
(LOC100520903), as well as specific imprinted isoforms 
of COPG2 (COPI Coat Complex Subunit Gamma 2), a 
gene showing conflicting data in the literature.

Methods
Ethical statement
All procedures and guidelines for animal care were 
approved by the local ethical committee on animal 
experimentation (Poitou–Charentes) and the French 
Ministry of Higher Education and Scientific Research 
(authorizations no  2018021912005794 and no 11789-
2017101117033530). The use of animals and the proce-
dures performed in this study to obtain placental samples 
(dataset 2) were approved by the European Union legis-
lation (directive 86/609/EEC) and French legislation in 
the Midi-Pyrénées Region of France (Decree 2001–464 
29/05/01; accreditation for animal housing C-35–275-
32). The technical and scientific staff obtained individual 
accreditation for experiments (MP/01/01/01/11) from 
the Ethics Committee (région Midi-Pyrénées, France). 
Under these conditions, this study follows the ARRIVE 
guidelines (Animal Research: Reporting of In Vivo Exper-
iments) and is committed to the 3Rs of laboratory animal 
research.

Animals and experimental designs
In order to detect parental expression imbalance, we 
relied on two datasets that were generated on reciprocal 
crosses between two genetically distant pig breeds, the 
European Large White (LW) breed and the Asian Meis-
han (MS) breed (Fig.  1A). Piglets from the first dataset 
were produced to highlight parental expression imbal-
ance in muscle and hypothalamus at day 1 after birth by 
combining transcriptomic data obtained on these tissues 
from piglets and genomic data obtained from the blood 
of both the piglets and their parents. Dataset 1 included 
5 parents and their 9 offspring distributed as: 2 sows, 1 

boar, and 6 piglets from the cross 1 and 1 sow, 1 boar, and 
3 piglets from cross 2 (Fig. 1A).

The second dataset was produced to target imprinting 
genes in the placenta at day 110 of gestation. This devel-
opmental stage corresponds to a mature stage in pig, 
since the gestation length ranges from 111 to 120  days 
from the first day of mating. Dataset 2 included 24 par-
ents and their 54 offspring, distributed as: 10 sows, 2 
boars, and 12 fetuses from cross 1, and 7 sows, 2 boars, 
and 42 fetuses from cross 2 (Fig. 1A). Details on animal 
resources and the whole genetic design can also be found 
in [28] (Fig. 1A).

Animals to produce dataset 1 were generated in the 
frame of the PIPETTE project (French National Research 
Agency ANR-18-CE20-0018), as described in [29]. Ani-
mals to produce dataset 2 were generated in the frame 
of the PORCINET project (French National Research 
Agency ANR-09-GENM005). Animals from both data-
sets were produced at the GenESI INRAE experimental 
farm [30].

Biological sample collection and nucleic acid extraction
For the dataset 1, 14 biological samples were used for 
genomic DNA extraction. Blood samples were col-
lected on EDTA and stored frozen for nine months at 
− 20  °C. Biological samples were collected at the adult 
developmental stage for all parents (n = 5), while bio-
logical samples were collected at day 1 after birth for all 
offspring (n = 9). High molecular weight genomic DNA 
was extracted from blood using the Genomic-tip 100/G 
kit (Qiagen, Reference 10,243), as recommended by the 
manufacturer. Genomic DNA concentrations were mea-
sured using the Qubit fluorimetry system with the Broad 
Range kit (Invitrogen, Reference Q32850) Fragment 
size distributions were assessed using the Femto Pulse 
Genomic DNA 165 kb Kit (Agilent). Purity was measured 
using a Nanodrop system (Thermo Fisher). All samples 
were purified with beads to obtain expected ratios i.e. 
260/280: 1.8–2 and 260/230: 2–2.2.

In addition, genomic DNA was extracted from blood, 
hypothalamus, and muscle (n = 4) to perform molecular 
analyses of the IGF2 locus.

For transcript RNA extraction from longissimus dorsi 
muscle and hypothalamus from the dataset 1, nine piglets 
were slaughtered at day 1 after birth. A piece of longis-
simus dorsi and hypothalamus was cut and immediately 
frozen to avoid degradation of transcripts. RNA extrac-
tions for muscle were performed using the Quick-RNA 
Miniprep Plus Kit (Zymo Research, Reference R1057) 
following the manufacturer’s recommendation. RNA 
extractions for hypothalamus were performed using 
the NucleoSpin RNA kit (Macherey–Nagel, Reference 
740,955) following the manufacturer’s recommendation. 
RNA concentrations were measured using the Qubit 



Page 4 of 22Perret et al. Genetics Selection Evolution           (2026) 58:18 

fluorimetry system with the Broad Range kit (Invitrogen, 
Reference Q10210). Fragment size distributions were 
assessed using agarose seakem electrophoresis after RNA 
denaturation. Purity was measured using a Nanodrop 
8000 system (Thermo Scientific).

For the dataset 2, the 54 placenta samples and their 
associated endometrium from crossbred fetuses were 
collected at day 110 of gestation. RNA extraction was 
carried out on the frozen powdered placenta samples 
according to the NucleoSpin RNA, Mini kit for RNA 

Fig. 1  Experimental designs and approach to detect parental expression. a Large White (LW) pigs and Meishan (MS) pigs underwent reciprocal crosses 
at two different developmental stages (day 1 after birth for dataset 1 and day 110 of gestation for dataset 2). Tissue sample size and sequencing contents 
across both datasets are mentioned. b Roadmap of preprocessing and statistical analyses leading to an extensive strategy to discriminate allele-specific 
expression (AGE) from parent-of-origin expression (POE). The key step of our strategy relies on the filtering of variant, within trio and duo and for each 
variant, of heterozygous offspring for which the parental origin of both alleles (a1 and a2) could be identified (in blue for the boar and in red from the sow)
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purification (Macherey–Nagel, Reference 740,955). Pre-
paratory steps, RNA purification, and quality controls are 
described in the datapaper by Maman et al. [31].

Sequencing technologies
Preparation of libraries and of RNA and DNA sequencing 
were performed on the GeT-PlaGe core facility in INRAE 
Toulouse [32]. Long reads Oxford Nanopore Technology 
(ONT) was used to sequence genomic DNA extracted 
from blood for dataset 1. ONT libraries were prepared 
according to the manufacturer’s instructions “1D gDNA 
selecting for long reads (SQK-LSK109)”. At each step, 
DNA was quantified using the Qubit dsDNA HS Assay 
Kit (Life Technologies). DNA purity was tested using 
the Nanodrop (Thermofisher) and size distribution and 
degradation were assessed using the Fragment Analyzer 
(Agilent) DNF-464 HS Large Fragment Kit. Purification 
steps were performed using AMPure XP beads (Beck-
man Coulter). For one Flowcell, 5 μg of DNA was purified 
and then sheared at 25 kb using the Megaruptor system 
(diagenode). A size selection step using the Short Read 
Eliminator M Kit (Circulomics) was performed. A one 
step DNA damage repair + END-repair + dA tail of dou-
ble stranded DNA fragments was performed on 2 μg of 
DNA, after which adapters were ligated to the fragments. 
The library was loaded onto a FLO-PRO002 R9.4.1 flow 
cell and sequenced on an PromethION instrument at 20 
fmol within 72 h. At 24 h and 48 h, a nuclease flush was 
performed on the same flow cell, after which the library 
was re-loaded at 20 fmol. The DNAseq of the dataset 
1 (blood) are available from the European Nucleotide 
Archive (ENA) under accession number PRJEB86771.

For RNA-seq experiments, libraries were prepared 
by the GeT-PlaGe core facility in INRAE Toulouse [32]. 
Sequencing was performed on a S4 flow cell of an Illu-
mina NovaSeq6000 machine using a paired-end read 
length of 2 × 150  bp. The RNAseq of the first dataset 
(muscle and hypothalamus) are available from the Euro-
pean Nucleotide Archive (ENA) under the accession 
number PRJEB86771. For the dataset 2, all protocols and 
quality controls were submitted to FAANG database and 
described in Maman et al. [31].

Data preprocessing
Variant calling
All bioinformatic analyses were performed at the 
genotoul bioinformatics platform Toulouse Occitanie 
[33] and are presented on Fig.  1B.The ONT (filtered) 
fastq reads were aligned to the Sscrofa11.1 reference 
assembly (GCF_000003025.6) using minimap2 with the 
map_ont flag, resulting in alignments corresponding to 
a coverage ranging from 30 to 60X of the genome. Vari-
ants were called using the PEPPER-Margin-DeepVariant 
pipeline [34] release 0.4 with the ont flag. This model 

was trained for the guppy 4 basecaller, corresponding to 
the basecaller of the produced ONT reads (MinKNOW-
Live-Basecalling version 4.0.11 (flipflop)). Only auto-
somes were considered. The resulting gvcf files were 
merged using GLnexus [35], resulting in a single vcf file 
for the 14 animals containing 27,569,029 variants. In 
order to fill missing genotypes from genomic ONT vari-
ant calling, data were imputed using Beagle 4.0 [36]. The 
resulting vcf file, called Dataset1_DNAseq_variants_final.
vcf.gz, was deposited in the Recherche Data Gouv public 
database [37].

For RNAseq analyses from longissimus dorsi (muscle) 
and hypothalamus, transcriptome assembly and quanti-
fication were performed using the Nextflow nf-core\rna-
seq (version nfcore- Nextflow RNA-seq 3.13.2) pipeline. 
Mapping was performed with STAR software against the 
Sus scrofa genome reference version 11.1 (Sus_scrofa.
Sscrofa11.1.dna.toplevel.fa) and the gene structure anno-
tation version 11.1.109 (Sus_scrofa.Sscrofa11.1.109.gtf ). 
Variant calling from RNAseq was performed following 
GATK guidelines, leading to a single vcf file for each tis-
sue for the 9 animals, including 2,204,937 and 3,572,855 
variants in longissimus dorsi and hypothalamus, 
respectively. These vcf files, called Dataset1_RNAseq_
muscle_variants_final.vcf.gz and Dataset1_RNAseq_
hypothalamus_variants_final.vcf.gz, have been deposited 
in the Recherche Data Gouv public database [37].

For the dataset 2, we used data from placenta (fetal 
tissue) and endometrium (maternal tissue) to recon-
struct the parental origin of alleles using imputation and 
phasing. For RNAseq analyses from placenta and endo-
metrium samples, transcriptome assembly and quan-
tification were performed using the Nextflow nf-core\
rnaseq (version nfcore-Nextflow-v20.11.0-edge) pipeline. 
Mapping was performed with STAR software against the 
Sus scrofa genome reference version 11.1 (Sus_scrofa.
Sscrofa11.1.dna.toplevel.fa) and the gene structure anno-
tation version 11.1.104 (Sus_scrofa.Sscrofa11.1.104.gtf ). 
Associated bioinformatic analyses have been described 
in a data paper [31]. The RNAseq fastq files have been 
deposited in the European Nucleotide Archive (ENA) at 
EMBL-EBI under accession number PRJEB75252.

Variant calling from RNAseq dataset 2 was performed 
using a fork of the Nextflow nf-core RNAVAR code from 
GitHub (dev version, release 104). Two DSL2 modules 
were integrated into the Nextflow nf-core/RNAVAR 
pipeline and the haplotype code was modified to add 
a gVCF generation step. VCF indexes for dbSNP and 
indels were built using tabix-0.2.5 and bcftools-1.14. The 
STAR indexes (v2.7.5a) and the fasta indexes were built 
using samtools (v1.19) and GATK CreateSequenceDic-
tionary (v4.4.0.0), based on the references Sus_scrofa.
Sscrofa11.1.104.gtf, sus_scrofa.vcf (release-104), and 
Sus_scrofa.Sscrofa11.1.dna.toplevel.fa. Nextflow nf-core/
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RNAVAR pipeline was performed using default filtering 
criteria and generated 54 gVCF files from the 54 placen-
tal samples and 28 gVCF files from the 28 endometrium 
samples. Last, one single vcf file per tissue (placental and 
endometrium) was generated using GATK GenomicsD-
BImport (v4.2.6.1). In total, 792,902 and 798,812 variants 
were called from placenta and endometrium RNAseq 
data, respectively. The vcf file specific of the placenta 
called Dataset2_RNAseq_placenta_variants_final.vcf.gz 
has been deposited in the Recherche Data Gouv public 
database [37].

Imputation and reconstruction of genomes for dataset 2
Since only limited whole genome sequencing was per-
formed for the dataset 2, we reconstructed genomes 
of both parents and offspring based on endometrium 
and placenta RNAseq data, which represent mother 
and offspring, respectively, as well as a dataset of addi-
tional genomes (n = 84) that are not publically available. 
We used the whole dataset presented in [28, 31], which 
includes 256 animals comprising RNAseq from the pla-
centa of 224 fetuses and RNAseq from the maternal 
endometrium of 28 sows. Among the 224 fetuses, 112 
were sampled at day 90 of gestation and 112 were sam-
pled at day 110 of gestation. The whole genome sequenc-
ing data of 4 sires from dataset 2 were available, resulting 
in 194 trios and 30 duos for assessing parental origin of 
alleles in the 224 offspring. First, using bcftools 1.17 [38], 
only heterozygous biallelic SNPs were kept from both 
vcf files of the 112 placental fetuses at day 110 of gesta-
tion and 28 maternal endometrium. Second, we checked 
that sibling fetuses had the same maternal genome from 
endometrium RNAseq variant calling using the iden-
tity by state (IBS) parameter of PLINK 1.9 [39]. Since 
the experimental design involved crosses between the 
Large White and Meishan breeds, we used a dataset of 
additional genomes (n = 84) that are not publically avail-
able including Large White (n = 75) and Meishan (n = 9) 
genomes to impute from RNAseq variant calls to whole 
genome variant calls, using SHAPEIT5 [40]. Only auto-
somes were considered. Finally, we checked and filtered 
out Mendelian incompatibilities between mother and 
fetus using PLINK 1.9 [39]. In total, we reconstructed 
genomic data for 31,311,840 SNPs after pruning, imputa-
tion, and phasing. This vcf file, called Dataset2_DNAseq_
variants_final.vcf.gz, has been deposited in the Recherche 
Data Gouv public database [37].

Annotation of variants
Annotation of significant variants was performed using 
using the Variant Effect Predictor (VEP) toolset [41] 
based on the Ensembl annotation release 114 and the 
NCBI annotation release 106 databases, since they often 

show differences in annotation, especially for 3’ and 5’ 
UTR annotation and identification of novel genes.

Detection of parental variants
In contrast to congenic lines, pig breeds are outbred 
populations, meaning that most variants are polymor-
phic in both breeds, although some other variants are 
breed-specific. To take advantage of all genetic variability 
and exploit parental origin of all variants, we cannot rely 
on the reference haplotypes from founders or on classi-
cal phasing methods [36, 40], which phase chromosome 
independently, although parents transmit one copy of 
each chromosome to their offspring. Thus, we used the 
following dedicated strategy to select only informative 
parental variants. For each variant, only heterozygous 
offspring whose parental origin of the two alleles could 
be traced were retained. To identify such variants, each 
nuclear family (trios and duos) was evaluated indepen-
dently and filtering was performed using the SnpSift tool 
[42]. Thus, for each individual from a trio, three com-
binations enable us to determine the paternal origin, 
and three other combinations enable us to determine 
the maternal origin (Fig.  1B). For duos, only one pos-
sible combination per parental origin was used. Using 
this approach, the combinations were first grouped by 
parental origin and by individual using bcftools 1.17 [38], 
resulting in two global parental files for each descen-
dant. In order to obtain a list of positions that could be 
used to detect specific parental expression in hypothala-
mus, muscle, and placenta, each genomic parental file, 
obtained either from ONT (hypothalamus and muscle) 
or reconstructed (placenta), was then cross-referenced 
with its associated variant file that was generated from 
the RNAseq experiments. This resulted in a set of files 
with common positions between the ONT and RNA-seq 
data for each parental origin and each individual. These 
output files were then merged via bcftools 1.17 [38] to 
generate a global file containing, for each descendant 
of each cross, all positions that were exploitable for the 
detection of POE and AGE. The parental alleles of the 
individuals' genotypes were recoded into paternal origin 
(Pat) and maternal origin (Mat) alleles using a custom-
ized pearl script. Consequently, for each variant, two 
nomenclatures existed, one with alleles coded as a1 and 
a2 to detect AGE and one coded as Pat and Mat to detect 
POE.

Statistical analyses
All statistical analyses were performed with R v4.3.1

Relative normalisation of RNAseq raw read counts
Prior to statistical analyses, RNA-seq raw read counts for 
each SNP and each sample were normalised using rela-
tive size factors to account for differences in sequencing 
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depth. For each sample i, the raw library size, Li, was cal-
culated as the total number of mapped reads after align-
ment. A relative size factor, SFi, was then computed by 
dividing Li by the median library size across all samples. 
Normalised read counts were obtained by dividing the 
raw read counts (Cij, for SNP j in sample i) by the corre-
sponding size factor, SFi.

This approach preserves the relative proportions of 
allele-specific read counts within each sample, while 
reducing inter-sample variation due to differences in 
sequencing depth.

Organization of normalised read counts per SNP, depending 
on both parental and allelic origins
For each variant, only heterozygous offspring for which 
parental origin was traceable for both alleles were 
retained. This means that the number of individuals used 
at each position varied and that the expected read counts 
for biallelic expression were 50:50 since all analysed indi-
viduals were heterozygous. For each SNP with two alleles 
(a1 and a2), normalised read counts were organized per 
individual into four categories: Pa1 corresponding to 
paternal allele 1 reads, Pa2 corresponding to paternal 
allele 2 reads, Ma1 corresponding to maternal allele 1 
reads, and Ma2 corresponding to maternal allele 2 reads.

Total normalised read counts per SNP across all indi-
viduals were computed as:

	

Tot (a1) =
n∑

i=1

(Pa1i + Ma1i) and

Tot (a2) =
n∑

i=1

(Pa2i + Ma2i) for allelic origin, and

Tot (Pat) =
n∑

i=1

(Pa1i + Pa2i) and

Tot (Mat) =
n∑

i=1

(Ma1i + Ma2i) for parental origin.

Fisher’s exact tests to discriminate allelic imbalance from 
parental origin imbalance
A two-sided Fisher’s exact test, the AGE test, was 
performed to detect allelic imbalance by comparing 
observed normalised read counts per allele (a1 and a2) 
against expected counts under a null hypothesis of the 
equal (50:50) allelic contribution that is typical of biallelic 
expression (Table 1).

A two-sided Fisher’s exact test, the POE test, was per-
formed to detect parental origin imbalance by comparing 
observed normalised read counts per parental origin (Pat 
and Mat) against expected counts under a null hypoth-
esis of the equal (50:50) allelic contribution that is typical 
of biallelic expression (Table 2).

A one-sided Fisher’s exact test using the greater than 
option, the POE > AGE test, was performed to detect 
whether the expression imbalance was more important 
for POE (parental origin imbalance) than AGE (allelic 
imbalance). This was performed by comparing both min-
imums and maximums of the distribution of normalised 
read counts, given their classification by parental origin 
(POE) or allelic origin (AGE) (Table 3).

A one-sided Fisher’s exact test using the greater than 
option, the AGE > POE test, was performed to detect 
whether the expression imbalance was more important 
for AGE (allelic imbalance) than POE (parental origin 
imbalance). This was performed by comparing both min-
imums and maximums of the distribution of normalised 
read counts given their classification by allelic origin 
(AGE) or parental origin (POE) (Table 4).

A Bonferroni-corrected p-value threshold of 0.01 
divided by the number of tests was applied. To determine 
unique parent-of-origin expressed genes, we used only 

Table 1  Contingency table to test AGE
a1 a2

Observed Tot(a1) Tot(a2)

Expected Tot(a1)+Tot(a2)
2

Tot(a1)+Tot(a2)
2

Table 2  Contingency table to test POE
Pat Mat

Observed Tot(Pat) Tot(Mat)

Expected Tot(Pat)+Tot(Mat)
2

Tot(Pat)+Tot(Mat)
2

Table 3  Contingency table to test POE > AGE
AGE POE

Minimum Min(Tot(a1), Tot(a2)) Min(Tot(Pat), Tot(Mat))

Maximum Max(Tot(a1), Tot(a2)) Max(Tot(Pat), Tot(Mat))

Table 4  Contingency table to test AGE > POE
POE AGE

Minimum Min(Tot(Pat), Tot(Mat)) Min(Tot(a1), Tot(a2))

Maximum Max(Tot(Pat), Tot(Mat)) Max(Tot(a1), Tot(a2))
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significant variants that were annotated. For genes that 
were tagged by several variants, the mean of all maternal 
expressed alleles was evaluated.

Fisher’s exact tests to detect a potential sex effect in placenta
To assess whether the parental expression imbalance 
could be cofounded with a differential expression level 
between males and females, the two-sided Fisher’s exact 
tests AGE and POE were performed within groups of 
males and females. This analysis was possible only in pla-
centa using the dataset 2, which included 27 males and 
27 females.

An adaptation of a one-sided Fisher’s exact test using 
the greater than option was computed as (Tables  5 and 
6):

Molecular analyses of the IGF2 locus
Allele-specific PCR for parental informativity
A PCR allele competitive extension (PACE) [43] analy-
sis was performed with 10 ng of purified blood genomic 
DNA, using the PACE®-IR 2 × Genotyping Master mix 
(3CR Bio-science) and 12 microM of a mix of extended 
allele specific forward primers and 30 microM of com-
mon reverse primer in a final volume of 5 µL. The 
touch-down PCR amplification condition was 15  min 
at 94  °C for the hot-start (eurobio SCIENTIFIC, refer-
ence PB10.11–05) activation, 10 cycles of 20  s at 94  °C, 
58–66  °C for 30  s (dropping 0.8 ◦C per cycle), then 40 
cycles of 20 s at 94 °C and 30 s at 58 °C performed on an 
ABI9700 thermocycler, followed by a final point read of 
the fluorescence on an ABI QuantStudio 6 real-time PCR 
system, and using the QuantStudio software 1.3 (Applied 
Biosystems). The trio of primers used for genotyping the 
variant rs3473951016 were ​G​A​A​G​G​T​G​A​C​C​A​A​G​T​T​C​A​
T​G​C​T​C​C​A​G​G​A​G​C​A​G​A​G​T​G​C​G​C​A​C, ​G​A​A​G​G​T​C​G​G​
A​G​T​C​A​A​C​G​G​A​T​T​A​T​C​C​A​G​G​A​G​C​A​G​A​G​T​G​C​G​C​A​A, 
and ​T​C​C​C​T​G​C​C​C​A​G​C​C​C​C​C​A​C​T.

Bisulfite conversion of genomic DNA extracted from 
hypothalamus and muscle
500  ng of hypothalamus and muscle genomic DNA 
sample collected from 10 piglets were bisulfite con-
verted using an EZ DNA methylation-direct kit (Zymo 
Research, cat D5020).

PCR conditions before Sanger sequencing
We used Sanger sequencing (i) to validate the accu-
racy of the PACE genotyped rs3473951016 variant from 
blood genomic DNA samples and (ii) for epigenotyp-
ing rs3473951016 variant on sodium bisulfite-treated 
genomic DNA obtained from hypothalamus and muscle 
samples. PCR were performed using the PCR eurobio 5X 
kit (eurobio SCIENTIFIC, reference PB10.11-05) in the 
presence of primers at 10 μM, 0.05 U of Taq polymerase 

and the corresponding amount of genomic DNA. The 
genotyping step required an amount of 10  ng of blood 
genomic DNA. The epigenotyping step required 25 ng of 
bisulfite converted hypothalamus and muscle genomic 
DNA targeting the IGF2 locus. The pair of primers used 
to genotype the variant rs3473951016 was ​C​C​G​G​G​C​T​T​
T​T​T​C​T​A​A​C​A​G​G and ​C​C​G​T​C​G​A​C​T​A​G​C​T​G​G​T​G​A​A​
T (genotyping step). The pair of primers used to detect 
the methylated allele and perform Methylation-sensitive 
PCR (MS-PCR) was ​A​A​A​G​A​G​T​T​T​C​G​T​T​T​T​T​T​T​A​G​
G​G​C​G​G and ​A​A​A​C​C​C​T​A​A​C​C​C​C​A​C​A​C​C​C​C​T​T​A​C​
G (epigenotyping step). The PCR cycling conditions on 
a verity PCR machine (Applied Biosystems) were 5 min 
at 94  °C for the PCRBIO Taq DNA Polymerase Clas-
sic activation, then 30 cycles (genotyping) and 35 cycles 
(epigenotyping) of 30 s at 94 °C, primer annealing of 30 s 
at 60 °C, and 30 s of primer extension at 72 °C. The PCR 
products were then purified using the “Thermosensitive 
Alkaline Phosphatase” (F0654, Thermo-Scientific) a 0.06 
U/microL final), and the “Exonuclease I” (MO293L, NEB) 
1.25  U/μM. The reaction was performed at 37  °C for 
45 min, followed by an inactivation step at 80 °C during 
30 min. The sequencing reaction has been performed by 
Genewiz company (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​n​e​​w​i​z​​.​c​o​m​​/​e​​n​-​G​B​/). 
The results were ​a​n​a​l​y​s​e​d with the CLC software.

Results
An extensive strategy to detect parental expression 
imbalance
Genetic variability between parental genomes is a pre-
requisite for the characterization of the transcriptome 
with allele-specific resolution and the systematic identifi-
cation of putative POE genes. In order to detect POE, we 
relied on two datasets generated from reciprocal crosses 
between two genetically distant pig breeds, the European 
Large White (LW) breed and the Asian Meishan (MS) 
breed (Fig. 1B). In contrast to congenic lines, the major-
ity of variants are polymorphic in both these parental 
breeds, although some variants are breed-specific. Piglets 
from the first dataset were produced to identify POE in 
muscle and hypothalamus at day 1 and the second dataset 
targeted detection of POE in the placenta at day 110 of 

Table 5  Contingency table to test a parental expression 
imbalance only in females

Males Females
Minimum Min(Tot(Pat), Tot(Mat)) Min(Tot(Pat), Tot(Mat))

Maximum Max(Tot(Pat), Tot(Mat)) Max(Tot(Pat), Tot(Mat))

Table 6  Contingency table to test a parental expression 
imbalance only in males

Females Males
Minimum Min(Tot(Pat), Tot(Mat)) Min(Tot(Pat), Tot(Mat))

Maximum Max(Tot(Pat), Tot(Mat)) Max(Tot(Pat), Tot(Mat))

https://www.genewiz.com/en-GB/
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Fig. 2 (See legend on next page.)
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gestation. We developed a strategy to identify POE genes, 
exploring all genetic variability, rather than restricting 
the analysis to breed-specific variants, and considering 
all variants regardless of their initial annotation in the pig 
reference genome (Fig. 1B).

Calling of variants followed by imputation allowed 
the detection of 27,569,028 and 31,311,840 variants in 
the first and second dataset, respectively. The very large 
number of variants in both datasets may be explained 
by (i) the mapping of reads on the Sscrofa11.1 refer-
ence genome, which is from a Duroc pig and (ii) the high 
genetic diversity between the Large White and Meishan 
parental breeds. A total of 1,490,388 and 566,278 variants 
in, respectively, datasets 1 and 2 were Duroc-specific and 
had only alternative alleles in our data and are, therefore, 
not useful for further analyses. Filtering of variants was 
performed to keep all informative heterozygous vari-
ants in offspring, those that were fixed in each parental 
breed, as usually done (respectively 3,047,025 and 8,085 
datasets 1 and 2), and those for which parental origin was 
traceable (i.e. one of the two parent was homozygous). 
The six possible parental genomic combinations (Fig. 1B) 
enabled us to identify 24,024,152 informative variants in 
dataset 1 and 13,025,625 in dataset 2 (Additional file 1 
Figs. S1 and S2).

Calling of variants from transcriptomic data enabled 
us to identify 3,572,855, 2,204,937, and 792,903 variants 
in, respectively, the hypothalamus, muscle, and placenta 
RNAseq data. The lists of variants from the genomic and 
transcriptomic data were intersected per tissue to obtain 
positions for which parental expression imbalance could 
be exploited (Fig. 1B and Additional file 1 Fig. S2). From 
the intersection, we only retained bi-allelic genomic posi-
tions that consisted of at least one individual per crossing 
direction, and for which the total number of reads was at 
least 15 in the hypothalamus and muscle, and at least 90 
in the placenta, due to the 6 times greater number of F1s 
compared with the other two datasets. A total of 539,555, 
322,599, and 191,901 variants were considered for fur-
ther analyses for hypothalamus, muscle, and placenta, 
respectively (Additional file 1 Fig. S2).

Different statistical analyses were performed to dis-
criminate POE from AGE (Fig.  2A). We first assessed 
POE and AGE expression using two-sided Fisher’s exact 
tests at each genomic position in the three tissues. We 
also assessed which of the two mono-allelic expression 
models (POE: POE > AGE or AGE: AGE > POE) was most 

probable, using one-sided Fisher's tests (Fig.  2A). From 
the 539,555, 322,599, and 191,901 variants analyzed in, 
respectively, the hypothalamus, muscle, and placenta, 
bi-allelic expression was concluded for a large propor-
tion, as neither AGE nor POE could be significantly 
determined for 531,357, 317,735, and 186,847 variants in 
these respective tissues. We determined AGE to be sig-
nificantly (0.01 Bonferroni corrected p-value) more prob-
able than POE (AGE > POE, Fisher test) for 8,160, 3,387, 
and 4,567 variants in these respective tissues. Finally, we 
identified 510, 348, and 469 variants (0.01 Bonferroni 
corrected p-value) in these respective tissues for which 
POE was significantly more likely than AGE (POE > AGE, 
Fisher test) (Fig. 2B).

Identification of parent-of-origin expressed genes, from 
weak imbalance to imprinting
Our strategy to identify parental expression imbalance in 
a genome-wide manner relied on an approach in which 
all variants were initially considered since no filters were 
applied on either selection of variants from their original 
breed or on the annotation of variants, in order to maxi-
mize the possibility of identifying novel candidate genes 
for imprinting. We analyzed both the genomic distribu-
tion and the parental origin of the 510, 348 and 469 vari-
ants that were detected to show POE in respectively, the 
hypothalamus, muscle, and placenta. While some vari-
ants were grouped in clusters, others were more wide-
spread, suggesting that one gene could be either targeted 
by several variants or a single variant (Additional file 1 
Fig. S3). Annotation of the 510, 348, and 469 variants that 
show significant POE using the VEP toolset [41] identi-
fied 185, 104, and 213 genes in the hypothalamus, mus-
cle, and placenta, respectively (Additional file 2 Table S1), 
including isolated unannotated variants. In total, this 
represented at least 450 genes with a significant parental 
expression imbalance. Several highly significant variants 
were identified in well-known imprinted genes such as 
IGF2 (Insulin-like Growth Factor 2), MEG3 (Maternally 
Expressed Gene 3), and MEST (Mesoderm Specific Tran-
script), confirming the validity of our approach (Addi-
tional file 2 Table S1).

The power of our statistical analyses of parental imbal-
ance ratios enabled identification of very weak parental 
imbalance (46:54). Variants showing weak to moderate 
parental expression imbalance (ratios ranging from 46:54 
to 25:75) were not considered further. This resulted in 

(See figure on previous page.)
Fig. 2  Discrimination between parental and allelic origin. a Examples of variants that are significant either for parental imbalance test (rs3472903225), al-
lelic imbalance (rs3472187167) or non significant (rs700461902). The 4 Fisher’s exact tests are shown with real data extracted from normalized read counst 
and structured either on allelic origin (a1 and a2) or on parental origin (Pat and Mat). b Scatter plot of statistical analyses for all informative variants in the 
three tissues (hypothalamus, muscle and placenta). For each variant, the values of -log10 (Pval AGE) and − log10 (Pval POE) from Fishers’ exact tests have 
been plotted and the direction of the effect (AGE or POE) has been colored in black for the POE > AGE significancy, in dark grey for the AGE > POE Fisher 
test significancy and in light grey when it was not possible to discriminate between both directions. Only variants in black showing parental expression 
imbalance have been conserved for further analyses. The 3 variants shown in (a) are plotted on the scatter plot
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260, 200 and 91 variants for further analyses for the 
hypothalamus, muscle, and placenta, respectively (Addi-
tional file 3 Table S2). To assess whether potential false-
positive calls of parental expression imbalance might be 
explained by different expression levels between sexes, 
we perfomed independent analyses in males (n = 27) and 
females (n = 27) in dataset 2, since dataset 1 includes only 
nine offspring. Significant differences between males and 
females were identified for 23 out of 91 variants but the 
pattern of imprinting was not affected by sex, suggest-
ing that the variants in the three tissues that were signifi-
cant for POE was not biased (Additional file 1 Fig. S4 and 
Additional file 3 Table S2). Of the 260, 200 and 91 vari-
ants in, respectively, the hypothalamus, muscle and pla-
centa, a total 141 genes were annotated, including 51 with 
an exclusive parental expression imbalance (ratio greater 
than 5:95) (Additional file 3 Table S2). Among all genes, 
12 did not correspond to a HUGO Gene Nomenclature, 
established from a committee of the Human Genome 
Organisation (HUGO), but were annotated to genes with 
uncertain functions (LOC symbols) from NCBI annota-
tion release 106. A total of 70, 48, and 51 genes showed 
parental expression imbalance in hypothalamus, muscle, 
and placenta, respectively. While more genes showed 
preferential expression of the paternal (n = 37) versus 
the maternal (n = 14) allele in the placenta, paternal ver-
sus maternal allele expression was more balanced in the 
hypothalamus (40 versus 30) and muscle (27 versus 21) 
(Fig. 3A).

Analyses of the distribution of reads for the known 
imprinted genes IGF2, MEG3, and MEST clearly high-
lighted exclusive expression from the paternal allele for 
MEST and from the maternal allele for MEG3 (Fig. 3B). 
The conclusion of full paternal expression seemed as 
sharp for IGF2 in muscle and placenta but a switch to 
maternal expression was observed in the hypothala-
mus. Unfortunately, we could not determine whether 
a similar switch in parental expression was also present 
for the H19 gene, which is regulated by the Imprinting 
Control Region 1 (ICR1), because there were no infor-
mative variants in the H19 gene. We addressed whether 
these differences in IGF2 expression patterns between 
tissues could be caused by a difference in parental origin 
of methylation within ICR1. We molecularly character-
ised the parental origin of ICR1 methylation using the 
rs3473951016 variant in this region that was informative 
in dataset 1. Based on chromatograms, we observed the 
presence of the paternal allele in both tissues for each 
cross. Thus, the change in the direction of the POE for 
the IGF2 gene, which showed maternal expression in the 
hypothalamus and exclusive paternal expression in mus-
cle tissue, is not associated with a switch in the parental 
origin of methylation at ICR1, but rather with alternative, 

tissue-specific promoters or enhancers (Fig.  3C and 
Additional file 1 Fig. S5).

Identification of novel imprinted genes shared between 
tissues and likely livestock-specific
In order to better characterize imprinted genes in piglets 
and further explore genes showing parental expression 
imbalance based on statistical tests, we evaluated their 
distribution between the three tissues. Among the 141 
genes identified across tissues, the majority seemed spe-
cific to one tissue, with 48, 27 and 44 out of 70, 48, and 
51 genes with significant POE for hypothalamus, mus-
cle, and placenta, respectively (Fig. 4A). While 15 genes 
were shared between hypothalamus and muscle, only 
1 (LOC100520903 also called ZNF300-like) was com-
mon between hypothalamus and placenta and none was 
shared between muscle and placenta, suggesting speci-
ficity of genomic imprinting mechanisms in hypothala-
mus versus placenta. We identified 6 genes that showed 
parental expression imbalance in all three tissues, i.e. 
FAM20B, IGF2, IGF2R, MEG3, MEST, and KBTBD6 
(Fig. 4A).

Further analyses were conducted on significant POE 
genes that were shared between at least two tissues 
(n = 22). The magnitude of parental expression imbal-
ance and the number of informative offspring were also 
analysed in greater detail to detect novel imprinted 
genes (Fig.  4B and Additional file 3 Table S2). Most of 
these genes were conserved across species, except for 
KBTBD6, which is known to be a livestock-specific 
imprinted gene, as well as FAM20B (Glycosaminoglycan 
Xylosylkinase), HSD17B11 (Hydroxysteroid 17-beta dehy-
drogenase 11), PDE4DIP (Phosphodiesterase 4D Interact-
ing Protein), PODXL (Podocalyxin Like), POU6F2 (POU 
Class 6 Homeobox 2), PREPL (prolyl endopeptidase like), 
RNF34 (Ring Finger Protein 34), SLA-1 (Swine Leucocyte 
Antigen 1), TK2(Thymidine Kinase 2), TNKS (Tankyrase) 
and LOC100520903 (ZNF300-like). In mice, these genes 
are mainly involved in behavior and growth (Additional 
file 1 Fig. S6). Focusing on genes for which at least half 
of offspring were informative for evalutating parental 
expression imbalance, exclusive paternal expression was 
observed for KBTBD6 and exclusive maternal expres-
sion for POU6F2. Although the pattern of imprinting 
for FAM20B and PDE4DIP was not restricted to a single 
parental allele, a high significant imbalance in the direc-
tion of the paternal allele was observed (Fig. 4C).

A focused analysis on the unannotated LOC100520903 
gene, a zinc finger protein 300-like gene, was carried out. 
The ZNF300-like gene is located between RNF216 (Ring 
Finger Protein 2016) and OR10AH1 (Olfactory Receptor 
Family 10 subfamily AH member 1) and showed a short 
and a long isoform, as well as features such as a CpG 
island that spans the first exon of the longest isoform 
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Fig. 3  Genome-wide detection of parental expression imbalance (ratio above 25:75) in piglets. a Genes showing parent-of-origin expression (n = 141). 
Each signficant variants for POE > AGE statistical Fisher test has been annotated using both Ensembl annotation release 114 and NCBI annotation release 
106. When several variants tagged the same gene, the mean of POE has been considered leading to 70, 48 and 51 genes with parental expression imbal-
ance in hypothalamus, muscle and placenta, respectively. The ratio of maternal allele has been plotted on the heatmap with blue corresponding to pa-
ternal expression and red corresponding to maternal expression. b Parental ratio for three imprinted genes in each tissue. For each tissue, one significant 
variant tagging IGF2, MEG3 and MEST genes has been considered and number of parental reads for informative individuals has been plotted relative to 
its parental origin. Reads from paternal and maternal origins have been colored in blue and red, respectively. c Parental methylation evaluation at the 
Imprinting Control Center 1 (ICR1) of the IGF2 locus. The variant rs3473951016, located within ICR1, was informative in two nuclear families from recipro-
cal crossed of dataset 1 with the T allele coming from the boar in the first MSLW cross and the G allele coming from the boar in the second LWMS cross. 
Chromatograms issued form methylation sensitive PCR followed by Sanger sequencing of PCR products in hypothalamus and muscle showed that only 
paternal allele is methylated in both tissues
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Fig. 4  Conservation of imprinted genes in piglets across tissues. a Venn diagram of parent-of origin expressed genes. A venn diagram was build from 
the 70, 48 and 51 genes with a significant parental expression imbalance in hypothalamus, muscle and placenta, respectively. Most of detected genes 
seemed tissue-specific. b Heatmap of POE focused on genes detected in at least two tissues. The ratio of maternal allele has been plotted on the heat-
map with blue corresponding to paternal expression and red corresponding to maternal expression. c Parental expression imbalance of novel imprinted 
genes. Among genes showing POE in at least two tissues, genes with a strong or exclusive parental imbalance (above 25: 75) and unknwon so far for 
imprinting were selected. For each tissue, one significant variant tagging KBTBD6, FAM20B, POU6F2 and PDE4DIP genes has been considered and number 
of parental reads for informative individuals has been plotted. Reads from paternal and maternal origins have been colored in blue and red, respectively.
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and repeat elements such as LTR (Fig.  5A). This region 
seems to have undergone different evolutionary forces 
based on the dot plot between several species in Fig. 5B, 
which demonstrates the acquisition of complexity in 

orthologous regions across speciation through an expan-
sion of highly repeated elements of Type I transposons 
family. In piglets, this novel gene exhibits exclusive pater-
nal expression in both the hypothalamus and the placenta 

Fig.  5  The paternally expressed ZNF300-like gene (LOC100520903); a putative lineage-specific imprinted gene. a Detection of the LOC100520903, a 
ZNF300-like gene, in both hypothalamus and placenta. Screenshot of the RNF216-RBAK locus using the Integrative Genome Viewer (IGV [68]). Expression 
level in hypothalamus in one individual showed coverage from the forward strand of the annotated LOC100520903 only in the NCBI Sus scrofa release 106. 
Distribution of CpG island, LTR repeats and chromatin marks regulation along the region using publicaly available FAANG dataset. b Comparison of se-
quences of the RNF216-RBAK region in several species. Fasta sequences of RNF216-RBAK region from mouse (GCA_000001635.9), dog (GCA_011100685.1), 
horse (GCA_041296265.1), cow (GCA_002263795.4), sheep (GCA_016772045.2), pig (GCA_000003025.6), chimpanzee (GCA_028858775.2) and human 
(GCA_000001405.29) were aligned and compared across each other. The dot plot showed the evolution of the region through expansion of repeated 
elements across speciation. c Parental expression imbalance of the ZNF300-like gene. For hypothalamus and placenta, one significant variant tagging the 
LOC100520903 gene has been considered and number of parental reads for informative individuals has been plotted. Reads from paternal and maternal 
origins have been colored in blue and red, respectively
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Fig. 6 (See legend on next page.)
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(Fig. 5C), although parental expression appeared ambigu-
ous in the placenta for two out of 54 individuals, likely 
due to their low level of expression.

The COPG2 locus, detection of the paternal COPG2IT1 gene 
and isoform-specific imprinting of COPG2
We tried to understand the inconsistencies that we 
obtained for the COPG2 gene in piglets since discrep-
ancies were also observed in human and mouse for this 
gene. Indeed, several variants spanning the COPG2 gene 
brought conflicting information on parental expres-
sion imbalance, with some variants suggesting bi-allelic 
expression, some a trend for preferential maternal allele 
expression, and others exclusive paternal allele expres-
sion. A deep visual analysis of reads through the Inte-
grative Genome Viewer (IGV), combined with the 
identification of isoforms from our transcriptomic data 
using Stringtie [44], allowed a novel antisense transcript 
to be detected in the hypothalamus that was not yet 
annotated in the pig genome (Fig.  6A). This transcript 
was located between the COPG2 and MEST genes and 
likely corresponds to the COPG2IT1 gene, which clearly 
showed paternal expression based on distribution reads 
for rs333817407 and rs3475266292 (Fig. 6A).

Besides identification of the COPG2IT1 non-coding 
transcript within the COPG2 locus, visual and manual 
inspection of the COPG2 gene itself identified parental 
expression of specific COPG2 isoforms (Fig. 6B). Anno-
tation of COPG2 isoforms based on the Ensembl anno-
tation release 113 and the NCBI annotation release 106 
suggested short and long isoforms that share the first 
exons. Reconstruction of transcripts that were pres-
ent in hypothalamus and muscle detected at least four 
distinct isoforms, two short (ENSSSCT00000075615 
and ENSSSCT00000059717) and two long isoforms 
(ENSSSCT00000071157 and ENSSSCT00000054137), 
as shown on sashimi plots in Fig. 6B. Based on the loca-
tion of informative variants within the different exons of 
the COPG2 gene, we observed a sharp switch between 
variants that were common to the short and long iso-
forms (rs326095797, rs321963523, and rs336408570) 
and variants that were specific to the short isoforms 
(rs339021210 and rs334493269 for COPG2 short isoform 
1 and rs3476453296 and rs3474403860 for COPG2 short 

isoform 2) (Fig.  6B). We conclude that both short iso-
forms were exclusively expressed from the paternal allele, 
while this was more difficult to conclude for the long 
isoforms between maternal or bi-allelic expression since 
some exons were shared with the downstream MEST 
exons.

Discussion
Advantages and limitations of our approach to minimize 
bias
We provided the results of a large-scale analysis of paren-
tal expression imbalance in piglets around birth, with the 
major objective of minimizing bias, as per latest recom-
mendations [20]. Our strategy was based on reciprocal 
crosses between two breeds with very high genetic het-
erogeneity to maximize heterozygosity in offspring and 
to discriminate between the two classes of mono-allelic 
expression (AGE and POE). The use of experimentally 
manipulated embryos, focusing solely on gynogenotes 
and ignoring androgenotes, does not allow AGE and POE 
to be distinguished and is less accurate for genome-wide 
mapping of genes subject to genomic imprinting [25, 26]. 
The acquisition of genomic data from both parents and 
offspring allowed us to exploit the all genetic variability 
by selecting all the heterozygous variants in offspring for 
which the parental origin could be deduced. Unlike con-
genic mouse lines, farm animal populations are polymor-
phic. Although it is possible to select only fixed variants 
in each breed to mimic the approach used for recipro-
cal crosses in mice, this is much more restrictive [22, 
45–47]. Here, we were able to exploit 24,024,152 paren-
tal informative variants in hypothalamus and muscle 
and 13,025,625 in placenta from genomic data, including 
3,047,025 and 8,085 variants that were fixed in Large-
White and Meishan breeds for datasets 1 and 2, respec-
tively. Most other studies analyze only breed-specific 
variants from reciprocal crosses and exploit around five 
times fewer variants [22].

All previous studies aiming at detecting imprinted 
genes use variant annotation as an additional filter before 
statistical analysis in order to consider only annotated 
genes. This assumes that the genome is perfectly anno-
tated, which is not the case, particularly for non-cod-
ing genes, which represent 2/3 of the imprinted genes 

(See figure on previous page.)
Fig. 6  Detection of COPG2IT1 and COPG2 paternally expressed isoforms for the COPG2 locus. a Identification of the paternal COPG2IT1 gene in hypo-
thalamus. Screenshot of the COPG2 locus using the Integrative Genome Viewer (IGV [68]). Expression level in hypothalamus in one individual showed 
high coverage (grey box) from the reverse strand while none gene was located and annotated in the last available Ensembl annotation release 113. 
Transcript asssembly using Stringtie [44] detected an antisense transcript at this location. Two significant variants for POE > ASE statistical Fisher’s exact 
test (rs333817407 and rs3475266292) overlapped this novel transcript and showed an exclusive paternal expressed allele in hypothalamus strongly sug-
gested the identification of COPG2IT1 gene. b Identification of paternal COPG2 isoforms. The COPG2 transcripts showed short and long isoforms in both 
hypothalamus and muscle. Transcript assembly using Stringtie [44] improved 3’ UTR of shortest isoforms compared to Ensembl annotation release 113. 
Analyses of POE of variants spanning COPG2 gene showed that variants rs339021210, rs3344933269, rs3476453296 and rs3474403860 tagged exclusively 
last exons of COPG2 shortest isoforms. Only paternal allele is expressed for all of them, suggesting a paternal expression of shortest isoforms of COPG2. 
None informative and significant variants tagged exclusively longest isoforms of COPG2, making their expression patterns unconclusive
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identified to date [4]. Their identification in mammalian 
genomes is difficult and they are often poorly anno-
tated [48]. For example, KCNQ1OT1 and NESP-AS, 
which are known to regulate imprinting at, respectively, 
the CDN1C-KCNQ1 loci and GNAS in mammals, do 
not appear in the porcine genome annotation (Ensembl 
annotation release 113 and NCBI annotation release 
106 databases). Here, we chose to apply an annotation 
filter a posteriori in order not to restrict the list of sig-
nificant variants. Several variants did not appear to be 
located in annotated genes or were poorly annotated, 
and manual inspection of these variants often revealed a 
gene. In addition, as non-coding genes are poorly anno-
tated in the current pig genome build, there is a higher 
risk to incorrectly annotate a protein-coding gene that 
is adjacent to a not annotated non-coding gene as being 
imprinted. While we were able to detect the expression of 
several long non-coding RNAs (COPG2IT1 and AIRN) 
by visual inspection, COPG2IT1 and AIRN would have 
been tagged to, respectively, COPG2 and IGF2R instead 
of as non-coding genes (Additional file 1 Fig. S7). These 
examples show the importance of genome annotation for 
studying genomic imprinting in a genome-wide manner. 
However, our results for the COPG2 locus demonstrate 
the complexity and potential for misleading results that 
can arise from a genome-wide approach.

Although our aproach is intended to minimize bias, 
we still face some limitations to detect an exhaustive list 
of POE genes. Although we generated whole genome 
sequencing from ONT for dataset 1, we did not explore 
the haplotype phasing from such technologies as Li et al. 
[49] recently performed to take advantage of all genetic 
variability. The lack of informativity on parental origin 
still remains the greatest source of incompleteness in 
the detection of imprinted genes. For example, we were 
not able to identify the PEG10 or H19 genes, which are 
well-known imprinted genes in pigs, in contrast to Li et 
al. [49], who used three sets of trio families by crossing 
divergent pig breeds to generate sufficient heterozygous 
loci. Furthermore, the threshold that was chosen to iden-
tify parental expression imbalance may have impaired 
the identification of genuine imprinted genes such as 
PLAGL1 and BEGAIN, which showed parental expres-
sion imbalance below the 25:75 ratio. Indeed, some 
variants that tag PLAGL1 showed significant parental 
expression imbalance (p-value = 7.05e-18) but with weak 
imbalance in favor of the maternal allele (56:44 ratio) in 
placenta. In a similar way, some variants that tag BEGAIN 
showed significant parental expression imbalance 
(p-value = 3.40e-87) in hypothalamus but with a stronger 
imbalance in favor of the paternal allele (70:30 ratio). Our 
stringent criteria using a Bonferroni significance thresh-
old and a minimum imprinting ratio may have resulted 
in missing the detection of some imprinted genes. In 

contrast, false positive calls could also have resulted from 
the low number of heterozygous animals in both recip-
rocal crosses, the low number of variants per gene, as 
well as the level of expression of genes. Thus additional 
multi-omics experiments using different combinations of 
breeds [49] will be very useful to obtain a full overview of 
the genomic imprinting landscape in pigs.

Specificity of genomic imprinting by tissue and 
developmental stage
The first comparative studies on the presence of 
imprinted genes across tissues and species focused on a 
few candidate genes per orthology, particularly in live-
stock species (as reviewed in [6]), and suggested firstly 
that these atypical regulatory mechanisms were con-
served across species. High-throughput -omics technolo-
gies then provided access to a global and more exhaustive 
overview, leading to more contrasting results, despite the 
biases inherent in these methods [20]. It was then shown 
that imprinted expression (i.e. the number of imprinted 
genes, as well as the strength of the parental imbalance 
for a given gene) was stronger in embryonic tissues, 
including hypothalamus and placenta, than in adulthood 
tissues [4, 45 ,50]. More specifically, the hypothalamus 
has even been characterized to have a higher frequency of 
imprinted gene expression than other brain regions [10, 
51]. Our results on the comparison between tissues were 
consistent with these conclusions, as, using the most 
stringent filters, we identified 70, 48, and 51 imprinted 
genes in the hypothalamus, muscle, and placenta, respec-
tively. In addition, for the 141 genes with strongest POE 
magnitudes, 86% were genes detected in the hypothala-
mus and placenta, supporting the notion that genomic 
imprinting may constitute a conserved mechanism to 
instruct both neural and placental functions.

Some discrepancies that we observed across tissues 
concerning patterns of imprinting have already been 
shown in previous studies, such as the switch from 
strong maternal allele expression of IGF2 in the hypo-
thalamus to exclusive paternal expression in the other 
tissues investigated [4, 51]. The placenta is also the tis-
sue with the most imprinting discrepancies between 
the mouse and humans [52] although the placentas of 
these two species are structurally equivalent (discoidal 
or hemo-chorial placenta). From a functional point of 
view, the dynamics of gene expression during gestation 
demonstrates that the mouse placenta looks similar to 
the human placenta only during the first half of preg-
nancy [53], suggesting the importance of developmental 
stage of the placenta. Here, placentas from piglets were 
sampled around birth. In addition, pigs present an epi-
thelo-chorial placenta [54], unlike humans and mice. We 
hypothesized that developmental stage and placentation 
may explain why we observed imprinting patterns that 
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were not conserved between species, particularly with 
regard to genes expressed in the placenta such as CBR1, 
HM13, and PLAGL1. In fact, these genes showed exclu-
sive paternal expression in human and murine placentas 
[52, 55], while we observed the opposite for pigs, espe-
cially for CBR1.

Weak conservation of imprinted genes across mammals, in 
contrast to their imprinting patterns
Our approach revealed a number of genes with strong or 
even exclusive parental expression imbalance (n = 141), 
consistent with studies carried out in humans and mice, 
for which approximately 200 imprinted have been char-
acterized (as reviewed in [2]). The use of two datasets of 
very different sizes showed that a larger dataset increases 
the number of genes with intermediate expression lev-
els versus genes with very strong or exclusive parental 
expression imbalance. Among the 141 genes with strong 
POE imbalance, 65 and 35% showed paternal and mater-
nal expression, respectively. These results were consistent 
with the data available for other species for imprinting, 
such as humans, rats, and mice ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​e​i​m​p​r​i​
n​t​.​c​o​m​/​​​​​, accession date 2025/08/20), in contrast to what 
has been reported in the literature for pigs, where these 
ratios appear to be balanced between the two parental 
origins [22, 49].

In order to evaluate the conservation landscape of 
parental expression imbalance, we compared genes iden-
tified in piglets regardless of the tissue analyzed to human 
and mouse species (as reviewed in [2]). The distribution 
of the 141 imprinted genes along the pig autosomes and 
the position of orthologous mouse and human imprinted 
genes known from the literature is shown in Fig. 7. Only 
a small proportion of locations overlapped between spe-
cies, since only 21 genes with a parental expression imbal-
ance were shared between at least two species, while 53 
were shared between human and mouse (as reviewed in 
[2]). As previously mentioned, some known imprinted 
genes in pigs such as BEGAIN, PLAGL1, and HM13 
showed parental imbalance below 25:75 and, therefore, 
were part of our first list of 450 parental expressed genes 
(Additional file 2 Table S1). Of these, most of the genes 
that were conserved across piglets, mouse, and human 
were located in clusters and often showed exclusive 
parental expression, which is typical of known imprinted 
genes. For additional common positions between species, 
some neighboured orthologous genes showed parental 
expression imbalance (Additional file 1 Fig. S8). In con-
trast, imprinting patterns (i.e., the direction of parental 
expressed allele) were very well conserved for 15 out of 
the 21 imprinted genes that were shared between at least 
two species. Discrepancies due to conflicting data or tis-
sue dependency were already suggested in the literature 

for COPG2 (COPI Coat Complex Subunit Gamma 2) and 
IGF2.

While genes known to be imprinted in pigs were 
detected, such as NAP1L5 [56], MEST [57], PEG3 
[56], novel imprinted genes were identified, including 
POU6F2, FAM20B, PDE4DIP, HSD17B11 (17-Beta-
Hydroxysteroid Dehydrogenase Xi), and PREPL. Among 
these genes, it is difficult to determine whether they are 
specific to pigs or shared by a wider phylogenic clade, 
since some novel imprinted genes still remain to be dis-
covered [58]. Interestingly, mono-allelic expression was 
shown for PDE4DIP in both Bos Indicus [59] and for 
human patients with acute myeloid leukemia [60]. In 
addition, these genes appeared to be particularly impor-
tant for behavioral phenotypes, neural development, 
growth, and pre- or post-natal mortality, as demon-
strated by the effects in knockouts mice (Mouse Genome 
Informatics database). For example, deletions of FAM20B 
in mice led to embryonic lethality or perinatal lethality, 
with homozygous embryos showing severely stunted 
growth, with multisystem organ hypoplasia and delayed 
development [61, 62]. Furthermore, germline mutations 
in POU6F2 were significantly associated with Wilms’ 
tumor [63], a child nephroblastoma that is highly preva-
lent in human imprinting disorders such as Beckwith-
Wiedemann syndrome [64]. Although a large majority 
of imprinted genes that we identified are novel, parental 
expression imbalance of these genes in humans or mice 
cannot be ruled out, especially for genes that do not show 
exclusive paternal or maternal imbalance. Detection of 
genes with strong parental expression imbalance sup-
ports the relevance of our approach [3, 20].

The field of genomic imprinting in pigs is growing, 
with two recent articles identifying 179 [22] and 121 [49] 
imprinted genes. The overlap of POE genes we identi-
fied with previous studies in pigs is, however, limited, 
with 15 common genes (Additional file 3 Table S2); dif-
ferences in developmental stage or breeds used seem to 
be the most likely explanations [22, 49]. However, some 
novel parent-of-origin expressed genes are shared with 
these studies in pigs, including SLCO1A2 (Solute Car-
rier Organic Anion Transporter Family Member 1A2), 
DCAF16 (DDB1 And CUL4 Associated Factor 16), 
ETNPPL (Ethanolamine-Phosphate Phospho-Lyase), 
DOC2B (Double C2 Domain Beta), and AOX1 (Aldehyde 
Oxidase 1), demonstrating the power of our strategy. 
While the most robust and extensive approach to date 
identified 179 genes with POE, only 17 had a 5:95 aver-
age expression imbalance in the same tissue for at least 
one developmental stage, compared to 51 in our study. 
Moreover, KBTBD6 [25], ZNF791 [26], and ZNF300-like 
[27] imprinted genes, identified exclusively in domes-
tic animals, including artiodactyls and carnivores, are 
among the genes showing total imbalance in our study 

https://www.geneimprint.com/
https://www.geneimprint.com/
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(Fig. 7). These results increase the spectrum of imprinted 
genes that may have acquired POE during speciation 
and genome evolution, likely via the integration of ret-
roviral sequences [65]. Finally, the complexity of data 

analyses from genome-wide studies is highlighted by our 
in-depth inspection of specific loci such as the COPG2 
locus, for which we identified the antisense non-coding 
COPG2IT1 gene and its paternal expression as well as 

Fig. 7  Conservation of imprinted genes across human and mouse species. Distribution along the pig autosomes of genes showing POE in piglets and 
orthologous imprinted genes identified in both human and mouse species. The location of the 70, 48 and 51 genes (n = 141) identified in hypothalamus, 
muscle and placenta, respectively has been plotted on the ideogram in light grey. Positions of mouse and human orthologous imprinted genes [2] have 
been mentioned in black and overlapping of genes and positions between piglets, mouse and human, suggesting conservation across species, have 
been highlighted in green. Positions of livestock-specific imprinted genes [25–27] have been mentioned have been highlighted in pink
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an imprinted-specific isoform for the COPG2 gene. The 
pattern of expression that we observed for the short iso-
forms of COPG2 in hypothalamus may be the result of a 
tissue-specific alternative promoter [66] or be typical of 
specific neuronal cells [12, 51]. Although imprinted-iso-
form-specificity has been highlighted in different species 
[66, 67], this has not yet been described in pigs.

Conclusions
The ability to detect imprinted genes across a wide range 
of species provides a valuable opportunity to enhance our 
understanding of the regulatory mechanisms underlying 
genomic imprinting. Indeed, the identification in recent 
years of specific genomic imprinting in domesticated 
animals emphasizes the importance of acquiring deeper 
knowledge across eutherians and particularly in livestock 
species, for which an extensive cartography of imprinted 
genes could significantly improve the evaluation and 
contribution of parental gene expression effects on agro-
nomic complex traits.
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