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ABSTRACT
Genomic imprinting is an epigenetic mechanism that leads to parental-allele-specific gene expression.
Approximately 150 imprinted genes have been identified in humans and mice but less than 30 have been
described as imprinted in cattle. For the purpose of de novo identification of imprinted genes in bovine,
we determined global monoallelic gene expression in brain, skeletal muscle, liver, kidney and placenta of
day »105 Bos taurus indicus £ Bos taurus taurus F1 conceptuses using RNA sequencing. To accomplish
this, we developed a bioinformatics pipeline to identify parent-specific single nucleotide polymorphism
alleles after filtering adenosine to inosine (A-to-I) RNA editing sites. We identified 53 genes subject to
monoallelic expression. Twenty three are genes known to be imprinted in the cow and an additional 7
have previously been characterized as imprinted in human and/or mouse that have not been reported as
imprinted in cattle. Of the remaining 23 genes, we found that 10 are uncharacterized or unannotated
transcripts located in known imprinted clusters, whereas the other 13 genes are distributed throughout
the bovine genome and are not close to any known imprinted clusters. To exclude potential cis-eQTL
effects on allele expression, we corroborated the parental specificity of monoallelic expression in day 86
Bos taurus taurus £ Bos taurus taurus conceptuses and identified 8 novel bovine imprinted genes. Further,
we identified 671 candidate A-to-I RNA editing sites and describe random X-inactivation in day 15 bovine
extraembryonic membranes. Our results expand the imprinted gene list in bovine and demonstrate that
monoallelic gene expression can be the result of cis-eQTL effects.

Abbreviations: A-to-I, adenosine-to-inosine; ADARs, adenosine deaminase acting on RNAs; B. t. indicus, Bos taurus
indicus; B. t. taurus, Bos taurus taurus; CDS, coding sequence; cis-eQTL, cis-regulating expression quantitative trait
loci; CPAT, Coding Potential Assessment Tool; DMR, differentially methylated region; EEM, extraembryonic mem-
branes; FDR, false discovery rate; GATK, Genome Analysis ToolKit; ICR, imprinting control region; Indel, insertion/
deletion; IGV, Integrative Genome Viewer; LOI, loss-of-imprinting; LOS, large offspring syndrome; PAR, pseudoauto-
somal region; PCR, polymerase chain reaction; RDD, RNA-DNA differences; SNP, single nucleotide polymorphism;
UTR, untranslated region; XCI, X-chromosome inactivation

KEYWORDS
A-to-I RNA editing; allele-
specific gene expression;
genomic imprinting; next
generation sequencing; X
chromosome inactivation

Introduction

In mammals, approximately 150 genes have been shown to be
expressed in a parental-allele-specific manner.1 These genes,
collectively known as imprinted genes, are essential for normal
embryonic growth, placental function, and postnatal behavior2

and their misregulation has been linked to several developmen-
tal syndromes and types of cancers.3,4 Most imprinted genes
are organized in clusters and are regulated by cluster-specific
DNA elements termed imprinting control regions (ICRs).1

ICRs are marked with DNA methylation and histone posttrans-
lational modifications in a sex-specific manner during gameto-
genesis.1 These epigenetic signatures are maintained during
development and serve to differentiate the parental alleles in
somatic cells, when both genomes are found within the same
nucleus.1 Since the discovery of the first 3 imprinted genes in

1991,5-7 more than 100 imprinted genes have been identified in
humans and mice (http://igc.otago.ac.nz; http://www.har.mrc.
ac.uk/research/genomic_imprinting/). However, the list of
imprinted genes is not yet comprehensive as their expression
can vary by tissue and stage of development.1,2

Many fewer imprinted genes (a total of 34) have been
reported in domestic farm animal species.8 In addition, most
imprinted genes in cow, pig, sheep, and rabbit have been char-
acterized in studies designed to corroborate the allele-specific
expression of genes previously described as imprinted in
human and/or mouse.9-15 As in human and mouse, allele speci-
ficity in monoallelic expression of these genes is a requirement
for proper embryonic and fetal growth; loss-of-imprinting
(LOI) has been associated with abnormal development of
the conceptus.8,12,16,17 One such example is large offspring
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syndrome (LOS) in bovine and ovine,18 a fetal overgrowth con-
dition that is phenotypically and epigenetically similar to the
LOI condition Beckwith-Wiedemann syndrome in human.12 In
a previous study,13 we analyzed a group of genes known to
have imprinted expression in human and/or mouse and
showed loss of monoallelic expression and differential tran-
script abundance of multiple imprinted genes in LOS. We also
found that some of the genes (e.g., COPG2, IMPACT, HTR2A)
do not express in the expected monoallelic fashion but rather
are biallelically expressed in the bovine conceptus. The species
specificity of genomic imprinting suggests that certain genes
may only be imprinted in cattle; therefore, de novo identifica-
tion of imprinted genes using genome-wide scale approaches is
required in order to achieve a more thorough understanding of
this epigenetic mechanism and its role in fetal development of
this economically important species.

Advances in high throughput sequencing technology provide
an unprecedented opportunity for the discovery of imprinted
genes at the transcriptome level and has led to the discovery of
additional imprinted genes in mice and humans.19 In mice,
transcriptome wide identification of imprinted genes relies on
RNA sequencing (from here on referred to as RNAseq) of F1
offspring resulting from reciprocal crosses of distantly related
inbred mice to identify parental-allele-specific gene expres-
sion.20,21 While this approach has been successful, bioinformat-
ics analyses alone can suffer from a high false positive rate due
to the potential technical artifacts of RNAseq.22 Thus, the use
of next generation sequencing to identify imprinted genes
requires independent validation through traditional methods
(i.e., Sanger sequencing). In human, systemic characterization
of genomic imprinting using RNAseq has recently been per-
formed in 46 tissues from 178 adults.23 This study highlights
the widespread tissue-specificity of genomic imprinting as well
as the species-specificity of imprinting (some genes imprinted
in human are not imprinted in the mouse).23

Beyond genomic imprinting, X chromosome inactivation
(XCI) is another epigenetic phenomenon that can regulate gene
dosage by silencing one of the parental alleles in females.24

Contrary to parental-origin-dependent silencing of imprinted
genes, dosage compensation of X-linked genes in most organs
is achieved by randomly silencing one of the X chromosomes.25

However, in extra-embryonic tissues of mouse and rat, XCI is
imprinted and it is always the paternal X chromosome that is
inactivated.26,27 It has not been resolved whether XCI is
imprinted or random in the human placenta24 and, in cattle, a
study based on the allele-specific expression of the X-linked
gene MAOA indicates that XCI is imprinted in the placenta
with preferential silencing of the paternal X chromosome.28

In this study, we determined global allele-specific gene
expression in day »105 Bos taurus indicus (B. t. indicus) £ Bos
taurus taurus (B. t. taurus) F1 conceptuses (gestation length
»280 days) using RNAseq. We developed an analysis pipeline
to identify monoallelically expressed genes by resolving several
technical challenges such as correction of allelic mapping bias
of RNAseq reads and filtering potential RNA editing sites in
RNAseq data and then validated our findings by Sanger
sequencing. Further, we corroborated the parental specificity of
monoallelic expression in day 86 B. t. taurus £ B. t. taurus
(Holstein breed) conceptuses to exclude potential cis-eQTL

effects on allele expression. Finally, we describe random X-
inactivation in day 15 bovine extraembryonic membranes.

Results

Pipeline for identification of monoallelically expressed
genes in bovine using RNAseq

The identification of imprinted gene expression requires the use
of DNA polymorphisms to identify parental origin of the alleles
in an F1 individual. For bovids, it is not always possible to know
the identity of the parental alleles, for example, if those individ-
uals were conceived with oocytes obtained from abattoir ova-
ries. This fact, together with the fact that cattle are not inbred,
makes the global identification of genes subject to allele-specific
expression using RNAseq a challenging task. Another challenge
when working in bovine is encountered when aligning RNAseq
reads to the publically available reference genome (i.e.,
UMD3.1) because only one B. t. taurus female (i.e., Hereford
breed) is documented with only one of her alleles recorded. In
the present study, we developed a bioinformatics pipeline
(Fig. 1) to identify candidate imprinted genes in cattle using
RNAseq data from 4 gestation day »105 female bovine concep-
tuses (fetus and placenta) generated from the breeding of one
Nelore bull [ABS CSS MR N OB 425/1 677344 29NE0001
97155 (i.e., B. t. indicus)] to 4 Holstein breed (B. t. taurus)
females of unknown genetics.12 We utilized this breeding
scheme, which involves fertile mating between subspecies of
cattle that diverged »620,000 y ago,29 to increase the likelihood
of finding informative polymorphisms with which to ascribe
parental origin of the nucleic acid being studied.

First, the sire’s DNA was subjected to next generation sequenc-
ing (DNAseq) to identify all single nucleotide polymorphisms
(SNPs) between his genome and the B. t. taurus reference genome
UMD3.1 build. In total, 347.3 million 2£ 100 bp paired-end reads
(»20X coverage of the bovine reference genome) were obtained
(Fig. S1A) and used to genotype the B. t. indicus sire. We used
Genome Analysis Toolkit GATK; 30 and SAMtools31 pipelines for
SNP calling and only SNPs identified by both pipelines (i.e.,
93.11%; Fig. 1 and Fig. S1B and C) were used to edit the reference
genome to generate a pseudo B. t. indicus genome. Aligning RNA-
seq reads to a non-identical reference genome has been shown to
introduce alignment bias32,33 so we combined the reference
genome and the pseudo B. t. indicus genome to create a custom
diploid genome. RNAseq reads from the B. t. indicus£ B. t. taurus
F1 conceptuses were mapped to the diploid genome using both the
HISAT234 and BWA35 pipelines and only variants identified by
both methods were retained for further analyses (Fig. 1) to mini-
mize the potential effects of false positives.

Genotyping day »105 B. t. indicus £ B. t. taurus F1
conceptuses using RNAseq

RNAseq data were obtained from brain, kidney, liver, skeletal
muscle and placenta of the 4 conceptuses (Control #1, #2, #3,
and #4; Table S1) and were aligned to the custom B. t. indicus/
B. t. taurus diploid genome. We adapted the SNPiR pipeline36

to identify SNPs using all RNAseq reads from each conceptus.
To minimize false positive SNP calls, in addition to the default
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pipeline, BWA,35,36 we also mapped the reads using HISAT234

and only retained variants common to both alignment strate-
gies (Fig. S2A, Table S1). The identified RNA variants in the F1
conceptuses were compared to known bovine dbSNP entries
(http://www.ncbi.nlm.nih.gov/SNP) and the identified B. t.
indicus SNPs. We found that »98% of the RNA variants were
matched to the bovine dbSNP entries and/or were supported
by the B. t. indicus DNAseq reads and we refer to them as
“genomic variants” (Fig. S2B). The genomic variants exhibited
a »2.5 transition/transversion ratio (see methods; Fig. S2C)
while the remaining »2% RNA variants (Fig. S2B), hereinafter
referred to as “RNA-DNA differences (RDDs),” exhibited 14–
18 transition/transversion ratios and were enriched for A > G
and T > C mismatches (Fig. S2D).

Identification and validation of A-to-I RNA editing
sites in B. t. indicus £ B. t. taurus conceptuses

We reasoned that some of the RDDs with A > G and T > C
mismatches resulted from adenosine-to-inosine (A-to-I) RNA
editing, a tissue specific posttranscriptional mechanism in
which adenosine is converted to inosine in RNA duplexes by
adenosine deaminase acting on RNAs (ADARs).37 A-to-I RNA
editing is detected as A > G mismatches in cDNA.37 To con-
firm the true identity of A-to-I RNA editing, we retrieved the
variant information (i.e., read counts for both the reference and
alternative alleles) in the RNAseq data of each tissue from each
individual (Fig. 2A). Further, we required that each RDD has at
least 10 reads coverage per tissue per conceptus to discriminate
rare SNPs or sequencing errors from true RNA editing sites.

For brain, liver, and skeletal muscle, only RDDs shared by Con-
trols #1, #3, and #4 were used to identify RNA editing sites
since the RNAseq reads for these tissues from Control #2 were
sequenced at 50 bp length instead of 100 bp length for the other
samples (Table S1). We identified 404, 275, 266, 208, and 180
RNA variants in brain, kidney, liver, skeletal muscle, and pla-
centa, respectively (Fig. 2A). Of these, the majority (> 72%)
were A > G mismatches (Fig. 2A and B) and we considered
them to putatively represent A-to-I editing sites (Table S2).

We analyzed 7 predicated editing sites in 4 genes (COPA,
SEC16A, GRIK2, and GABRA3) using Sanger sequencing to
confirm that the editing site did not represent a heterozygous
SNP in DNA and also to corroborate the editing of the RNA
molecules (a second “G” peak in the sequencing chromato-
gram). We were able to validate 6 of 7 to be true A-to-I editing
sites (Fig. 2C and D, Fig. S3).

Characterization and species conservation of candidate
A-to-I editing sites

Analysis of the putative A-to-I editing events indicated that
»96% (643/671) of these sites were within noncoding regions
such as UTRs and introns and approximately 2% (15/671) were
located in coding sequences (CDS; Fig. S4). This observation is
consistent with findings in human and mouse that the majority
of A-to-I RNA editing events occur in noncoding regions.38 Of
the sites located in CDS, 14 could cause an amino acid change
(Table S2).

To determine whether the identified A-to-I RNA editing
sites in bovine were conserved in human and/or mouse, we

Figure 1. Summary of the pipelines used in this study. Top left and right of figure show the bioinformatics methods used to identify monoallelically expressed genes in
day»105 Bos taurus indicus (B. t. indicus) £ Bos taurus taurus (B. t. taurus) F1 conceptuses. Bottom left shows the pipeline used to corroborate the findings of the bioinfor-
matics analyses. SNP D single nucleotide polymorphism.
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retrieved 80 bp of flanking sequences 40 bp upstream and 40 bp
downstream; 39 and aligned the 81 nucleotides to the human
and mouse genomes using BLAST. A valid BLAST hit with >

86% identity was required to ascribe a site as being conserved
between species.39 With this criterion, 20 of the sites were pre-
dicted to be conserved between bovine and human and/or
mouse. Table 1 shows that 13 out of 20 editing sites are located
in the CDS and 12 of those editing events can cause an amino
acid change.

Identification of genes with monoallelic expression
in B. t. indicus £ B. t. taurus conceptuses

As the RDDs were enriched with A-to-I editing sites, we
used only genomic variants for the identification of monoal-
lelically expressed genes. We first assigned parental origin of
each allele within the F1 RNAseq reads by determining
which SNPs were found in the sire’s DNAseq reads. As

illustrated in Fig. S5, the only SNPs that were used to assign
parental alleles were those that were homozygous in the B.
t. indicus sire and that had at least one allele different from
the allele found in the sire in the F1 RNAseq data. Follow-
ing assignment of the parental alleles, allele-specific read
counts covering each of the SNPs in the same gene were
aggregated as previously described22 and a binomial test
was used to detect consistent allelic expression bias (false
discovery rate (FDR) < 0.05; Table S3 and S4). As the
annotation of the bovine genome is imperfect, we further
manually annotated the candidate genes using the Integra-
tive Genomic Viewer (IGV).40 We identified a total of 53
genes subject to monoallelic expression in at least one of
the analyzed tissues (33 in brain, 36 in kidney, 38 in liver,
36 in muscle, and 35 in placenta; Table S3 and S4). Of the
identified 53 genes, 23 were known to be imprinted in the
cow (also in human and/or mouse; http://igc.otago.ac.nz/;
http://www.har.mrc.ac.uk/research/genomic_imprinting/) and

Figure 2. Identification of adenosine-to-inosine (A-to-I) RNA editing sites in day »105 B. t. indicus £ B t. taurus F1 conceptuses. A). Pipeline used to identify which RNA-
DNA differences (RDDs) were potential A-to-I RNA editing sites. RDDs refer to RNA variants not found in the bovine dbSNP database nor in the B. t. indicus sire DNAseq
reads. RNA variants were identified using all the RNAseq reads of each conceptus. Only RDDs with �10 reads coverage per tissue per conceptus and had strand informa-
tion of the transcript template were used to identify potential editing sites. �Note: for brain, liver, and skeletal muscle only RDDs shared by Control #1, #3, and #4 were
used to identify RNA editing sites since the RNAseq reads for those tissues in Control #2 were sequenced at 50 bp length instead of 100 bp length for all other samples.
B). Variant type distribution of the RDDs. “A > G” variants were considered candidate A-to-I RNA editing sites (detailed information of these sites may be found in
Table S2). C) and D). Validation of the identified A-to-I RNA editing sites by Sanger sequencing. Red arrows indicate the editing sites. Panel C shows an example of A-to-I
editing in the coding sequence (CDS) of COPA, which can cause an amino acid change (Ile!Val) while panel D shows 2 editing sites in the 3’ untranslated region (3’UTR)
of SEC16A. Further verification of A-to-I RNA editing sites may be found in Fig. S3.
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7 had previously been characterized as imprinted in human
and/or mouse but had not been reported to be imprinted in
cow (Table S5). Of the remaining 23 genes, 10 were uncharac-
terized or unannotated transcripts located in known imprinted
clusters, whereas the other 13 genes were distributed through-
out the bovine genome and were not located close to any
known imprinted clusters (Table S5).

Validation of the imprinted genes previously
identified in human and/or mouse

We used PCR followed by Sanger sequencing to validate the allele
specific expression of GNASXL (GNAS/GNASXL domain), COP-
G2IT1 (MEST/COPG2 domain), MEG8 and MEG9 (GTL2/DLK1
domain), MIMT1, USP29, ZIM2 (PEG3/USP29 domain), PON3
and PPP1R9A (PEG10/SGCE domain), and MKRN3 (SNRPN
domain). The other 20 imprinted genes (Table S5) were not vali-
dated because we have previously described these genes to be
imprinted.13 In the GNAS domain, we identified GNASXL as a
paternally expressed transcript isoform which has a unique first
exon but shares identical sequences from exon 2 to the end of the
transcript with the maternally expressed transcript GNAS [also
known as NESP55 in cattle (NM_001271771.1), Fig. 3A. By using
the SNP located in the last exon of these transcripts (Fig. 3A) we
validated the paternal expression ofGNASXL andmaternal expres-
sion of GNAS (Fig. 3B). In addition, analyses of 2 other SNPs (one
specific to the GNASXL first exon and the other specific to the
GNAS first exon) confirmed this result (Fig. S6A). Further, DNA
methylation of theGNASXL andGNAS promoter regions was con-
firmed using bisulfite mutagenesis followed by cloning and
sequencing. The GNASXL differentially methylated region (DMR;
the locus’ putative ICR) showed hypomethylation of the paternal
allele and hypermethylation of the maternal allele, which was asso-
ciated with the paternal expression of this transcript (Fig. 3C and
Fig. S6B). To the contrary, the GNASDMR was methylated on the
paternal allele while unmethylated on the maternal allele, which
was associated with the maternal expression of GNAS (Fig. 3C and
Fig. S6B). In addition to GNASXL and GNAS, we verified the

maternal expression ofMEG8,MEG9, PPP1R9A, PON3 and ZIM2,
and paternal expression of COPG2IT1, MIMT1, MKRN3, and
USP29 in B. t. indicus£ B. t. taurus F1 hybrids (Fig. S7-S9).

Validation of the monoallelic expression of the
uncharacterized/unannotated transcripts
in previously known imprinted clusters

We identified 10 uncharacterized/unannotated transcripts with
monoallelic expression in previously known imprinted clusters,
of which 4 transcripts were located in the PEG3/USP29 cluster
and 6 transcripts were in the SNRPN domain. In the PEG3/
USP29 domain, the 4 uncharacterized transcripts (LOC508098,
MGC157368, LOC104974975, and LOC100298176) were
located downstream of the paternally expressed gene PEG3 and
upstream of the maternally expressed gene ZIM2 (Fig. 3D). We
verified the maternal expression of LOC508098, MGC157368,
LOC104974975, and LOC100298176 (Fig. 3E, Fig. S8, Table S3,
and S5). According to RefSeq gene annotation,41 LOC508098,
MGC157368, and LOC104974975 are protein-coding genes. In
addition, LOC100298176 has high protein-coding potential
(0.78 coding probability) based on the Coding Potential Assess-
ment Tool CPAT; 42. We considered a transcript with CPAT
coding probability > 0.348 to possess protein-coding potential
as previously reported for bovine.43

In the SNPRN domain, LOC100848941 and LOC101907203
were identified as 2 paternally expressed noncoding RNAs
(ncRNAs) located downstream of the maternally expressed gene
UBE3A (Fig. S9). In addition, 2 paternally expressed ncRNAs
(LOC100849023 and LOC101907679; Fig. 4A left panel) located
upstream of UBE3A were identified (Fig. S9). Finally, we verified
paternal expression of an unannotated ncRNA CPAT coding
probability 0.06;42 with cuffmerge gene ID XLOC_045114
(Chr21:350,550–552,040 bp, UMD3.1) which was located
»300 kb upstream of the paternally expressed gene SNRPN
(Fig. S9). To determine whether XLOC_045114 has any human/
mouse counterpart, we aligned its cDNA sequence to the human

Table 1. A-to-I RNA editing sites in bovine that are conserved in human and/or mouse.

Chr/Pos Tissue type Gene Gene section Outcome Conservation

Chr3:9479773 Brain, kidney, liver, skeletal muscle, placenta COPA CDS Nonsyn (Ile!Val) Human
Chr4:114454773 Skeletal muscle, placenta FASTK Intron Unknown Human, mouse
Chr5:76189492 Brain ELFN2 Intron Unknown Human
Chr7:71024261 Brain CYFIP2 CDS Nonsyn (Lys!Glu) Human, mouse
Chr9:48598875 Brain GRIK2 Intron Unknown Human, mouse
Chr9:48598884 Brain GRIK2 Intron Unknown Human
Chr9:48598902 Brain GRIK2 Intron Unknown Human, mouse
Chr9:48600509 Brain GRIK2 Intron Unknown Human
Chr9:48600848 Brain GRIK2 CDS Nonsyn (Gln!Arg) Human, mouse
Chr9:48600865 Brain GRIK2 CDS Syn (Gly!Gly) Human
Chr9:48634035 Brain GRIK2 CDS Nonsyn (Tyr!Cys) Human, mouse
Chr9:48634048 Brain GRIK2 CDS Nonsyn (Ile!Val) Human, mouse
Chr12:15671536 Brain, kidney, liver, skeletal muscle, placenta COG3 CDS Nonsyn (Ile!Val) Human, mouse
Chr13:67116409 Brain, skeletal muscle, placenta BLCAP CDS Nonsyn (Lys!Arg) Human
Chr13:67116439 Brain, kidney, skeletal muscle, placenta BLCAP CDS Nonsyn (Gln!Arg) Human, mouse
Chr13:67116448 Brain, kidney BLCAP CDS Nonsyn (Tyr!Cys) Human, mouse
Chr17:42806463 Brain GRIA2 Intron Unknown Human, mouse
Chr17:42806724 Brain GRIA2 CDS Nonsyn (Gln!Arg) Human, mouse
Chr22:39005364 Brain CADPS CDS Nonsyn (Glu!Gly) Human, mouse
ChrX:34866822 Brain GABRA3 CDS Nonsyn (Ile!Met) Human, mouse

Chr: chromosome; pos: position; CDS: coding sequence; Nonsyn: nonsynonymous editing; Syn: synonymous editing.
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and mouse genomes using BLAST but were unable to confi-
dently identify any matches.

Validation of monoallelically expressed genes not found in
known imprinted clusters

We identified 13 genes with monoallelic expression that were
located >15 Mb from any known imprinted clusters. For these

genes, 9 (AOX1, APCS, AS3MT, C1R, C1S, CDA, KRT7, OOEP,
and RDH16) were annotated protein-coding genes, of which
APCS, AS3MT, C1R, C1S, CDA, OOEP, and RDH16 were mono-
allelically expressed from the B. t. taurus allele (maternal), while
AOX1 and KRT7 were expressed from the B. t. indicus allele
(paternal) (Fig. 4C and Fig. S10 left panels and Table S3). The
remaining 4 genes were either uncharacterized ncRNA
(LOC101905472) or unannotated transcripts: XLOC_009410

Figure 3. Validation of the allele-specific gene expression in GNAS/GNASXL and PEG3/USP29 imprinted clusters in day »105 B. t. indicus £ B. t. taurus F1 conceptuses. A).
Schematics of the GNAS/GNASXL loci (not all exons are shown and are not drawn to scale). Bent arrows represent the transcription start sites. Patterned boxes above and
below the gene structure (in black) represent the GNASXL and GNAS transcripts, respectively. The red asterisk in the last exon represents the SNP used to discriminate the
parental alleles for allele-specific expression analyses in panel B. The black ovals represent the CpGs found within the amplicon used for DNA methylation analyses (panel
C). B). Validation of the maternal expression of GNAS and paternal expression of GNASXL by Sanger sequencing. The SNP site is indicated by red arrows. Left: genotyping
results obtained by Sanger sequencing of the B. t. indicus sire and the F1 individuals at the SNP site. Middle and right: Sanger sequencing results of RT-PCR amplicons of
GNAS and GNASXL. Validation of the allelic expression of GNAS and GNASXL at other SNP sites may be found in Fig. S6A. C). DNA methylation analyses of GNASXL (top)
and GNAS (bottom) differentially methylated regions (DMRs). DNA methylation was determined using bisulfite mutagenesis, cloning, and Sanger sequencing. Parental-ori-
gin of each clone was determined using heterozygous SNPs in the F1 individuals. Methylation of CpG sites for each parental allele was summarized from at least 7 clones
and is presented with pie charts with black representing the percent of methylated cytosines and white representing the percent of unmethylated cytosines at each site.
The complete bisulfite maps may be found in Fig. S6B. D). Schematics of the PEG3/USP29 imprinted cluster. Bent arrows represent the transcription direction of each
gene. E). Validation of maternal expression of MGC157368 and LOC100298176. Top panels for each gene are the genotyping results obtained by Sanger sequencing of the
B. t. indicus sire and F1 individuals. Bottom panels are the Sanger sequencing results of the RT-PCR amplicons of MGC157368 and LOC100298176. The validation of the alle-
lic expression of other genes in the PEG3/USP29 imprinted cluster may be found in Fig. S8. D genes previously identified to be imprinted in human, mouse, and
bovine. D genes previously identified to be imprinted in human and/or mouse but not reported to be imprinted in bovine. D uncharacterized transcripts
in known imprinted clusters.

506 Z. CHEN ET AL.



(Chr4:59,913,253–59,913,967, UMD3.1, CPAT coding probabil-
ity: 0.38), XLOC_012439 (Chr5:115,431,044–115,432,886,
UMD3.1, CPAT coding probability: 0.36), and XLOC_052524
(ChrX:113,053,268–113,055,164, UMD3.1, CPAT coding prob-
ability: 0.02). Consistent with RNAseq analysis, Sanger sequenc-
ing confirmed the maternal expression of XLOC_052524, and
paternal expression of LOC101905472, XLOC_012439, and
XLOC_009410 in the B. t. indicus £ B. t. taurus F1 hybrids
(Fig. 4B and Fig. S10 left panels and Table S3).

Corroboration of the allele-specificity of gene expression
in day 86 B. t. taurus £ B. t. taurus conceptuses

Beyond genomic imprinting, cis-eQTL (cis-regulating expres-
sion quantitative trait loci) can also induce biased allelic gene
expression.19 As we lack the ability to produce the reciprocal
B. t. taurus £ B. t. indicus F1 conceptuses, we used tissues
from 9 day 86 B. t. taurus £ B. t. taurus female conceptuses

(Holstein breed all sired by bull: 507HO10723 DE-SU 527
SPUR-ET) to corroborate allelic specificity of transcription of
genes not previously reported to be imprinted in bovine (n D
33; Table S5). We used PCR followed by Sanger sequencing to
identify informative SNPs in the B. t. taurus £ B. t. taurus
conceptuses. Of the analyzed 33 genes we found 20 genes
with heterozygous SNPs in at least one conceptus (Fig. 4,
Fig. S10 and S11 right panels). Of these, 9 genes (COPG2IT1,
GNAS, GNASXL, MEG8, LOC101907679, LOC100298176,
LOC104974975, LOC1009849023, MEG8, and XLOC_052524)
showed consistent parental-allele-specific gene expression
between the B. t. indicus £ B. t. taurus and B. t. taurus £ B. t.
taurus conceptuses while RDH16 and CDA were found to be
biallelically expressed and C1R, C1S, LOC101905472, and
XLOC_012439 were monoallelically expressed but not
imprinted (Fig 4, Fig S10 and S11). We were not able to assign
parental origin to the monoallelically expressed APCS, ZIM2,
USP29, LOC508908, and XLOC_009410 alleles as the sire was

Figure 4. Corroboration of the allele-specificity in gene expression identified by RNAseq. A-C). Left panels show results obtained from the day »105 B. t. indicus £ B. t.
taurus F1 conceptuses. A-C). Right panels show results obtained from the day 86 B. t. taurus £ B. t. taurus individuals. For each gene, the top lines are the genotyping
results of the F1s and their sire while the bottom lines are the Sanger sequencing results of the RT-PCR amplicons of the F1 conceptuses. A). An example of a gene that
had parental-origin-dependent monoallelic expression. LOC101907679, an uncharacterized transcript in the SNRPN imprinted cluster was paternally expressed in both B. t.
indicus £ B. t. taurus and B. t. taurus £ B. t. taurus individuals. B). An example of a gene that had sequence-dependent monoallelic expression. For LOC101905472, the “C”
allele was always predominantly expressed, regardless of its parental-origin. C). An example of a gene (CDA) that was monoallelically expressed in B. t. indicus £ B. t. tau-
rus F1 hybrids but biallelically expressed in B. t. taurus £ B. t. taurus individuals. Further validations of allele-specific expression in B. t. indicus £ B. t. taurus F1s and B. t.
taurus conceptuses may be found in Fig. S10 and S11.
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heterozygous at these loci (Fig. 5, Fig. S10 and S11). Using this
scheme, 8 novel imprinted genes were identified (Fig. 5B) and
imprinted expression of another 23 genes in cattle was cor-
roborated (Fig. 5A). RNAseq results indicated that 16 of these
genes showed allele-specific expression in all analyzed tissues,
7 had biallelic expression in at least one tissue, and 8 were
lowly expressed in some tissues (Fig. 5A and 5B). We also
identified a paternal transcript in the SNRPN domain
(referred here as “LOC100848941 brain isoform”) which con-
nected the 2 paternal transcripts LOC100848941 and
LOC101907203 (Fig. S9 top panel).

Allele-specific expression analyses of X-linked
genes in bovine placenta

To determine whether X-chromosome inactivation (XCI) in
bovine placenta is random or imprinted,28,44 allele expression
ratios for the annotated X-linked genes were analyzed in pla-
centa of the 4 B. t. indicus £ B. t. taurus F1 female conceptuses.
If the XCI is imprinted, we expect that most of the X-linked
genes would be expressed from the maternal allele, except for
those genes that escape XCI.45 However, if XCI is random, we
expect that both parental alleles of the X-linked genes would be
expressed and that allele expression ratios would be variable
among individuals due to the sampling effects.45 We plotted
the distribution of the allele expression ratios for both autoso-
mal genes and X-linked genes in placenta of the 4 B. t. indicus
£ B. t. taurus F1 conceptuses (Fig. 6A). For autosomal genes,

the distribution of the allele expression ratios of all 4 individu-
als had an approximate 50:50 ratio. However, the X-linked
genes showed biallelic expression but with inter-individual var-
iation of the allele expression ratios (mean ranges from 29.0 to
66.7%; Fig. 6A), which is consistent with the distribution of the
allele expression ratios for the X-linked genes in the mule and
horse placenta.45 We further analyzed the allele expression
ratios of 14 X-linked genes that have previously been described
as imprinted in mouse placenta46 and/or extra-embryonic cell
lines,47 2 genes (CD99 and ZBED1) found in the pseudoautoso-
mal region (PAR),48 and the ncRNA XIST, which is expressed
from the inactive X.24 We observed that similar to the X-linked
genes, XIST was expressed from both parental alleles (Fig 6B
and C, Table S6). Further, we found an anti-association
between the allelic expression ratio of XIST and the X-linked
genes in 2 of the samples (Fig 6B and Table S6). Conversely to
XIST and the X-linked genes, the allele expression ratios of the
PAR genes CD99 and ZBED1 centered toward 50:50 with no
apparent association with X-linked genes or XIST expression
(Fig. 6B). For this study the placental samples were taken from
the intercotyledonary chorioallantois for which predecessor
cells come from the trophectoderm and the epiblast,49,50 there-
fore, the possibility exists that the randomness of X-linked gene
allele expression observed here was simply the result of the
expression observed in tissues derived from the inner cell
mass.24 To refine our findings, we turned to day 15 bovine
extraembryonic membranes (EEM)51 and CT1 cells,52 a tro-
phectoderm cell line derived from a single bovine female

Figure 5. Summary of the imprinted and monoallelically expressed genes identified in the current study. For A-C), different colors denote the type of expression of listed
genes for each analyzed tissue. A). Genes previously reported to be imprinted in bovine. B). Genes not previously reported to be imprinted in bovine. C). Genes with
monoallelic expression in the B. t. indicus £ B. t. taurus F1s but which parental origin of the transcript could not be corroborated due to lack of informative SNPs in the B.
t. taurus £ B. t. taurus conceptuses or as a result of the heterozygosity of their sire. # D genes with inter-individual variations in allele-specific gene expression.
LOC100848941̂ is an isoform of LOC100848941 (SNPRN imprinted cluster) only identified in brain. Allele-specific read counts and allelic expression ratios of each gene may
be found in Tables S3.
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blastocyst. The EEM were dissected from the female concep-
tuses by removing the embryonic disk and should contain no
epiblast derivatives.53 Sanger sequencing results showed that
XIST was expressed from both parental alleles in EEM of the
4 day 15 conceptuses analyzed (Fig. 6C and Fig. S12), indicating
random XCI in bovine extraembryonic membranes. However,
in CT1 cells only one allele of XIST was expressed. It is possible
that this “monoallelic” XIST expression resulted from the
clonal expansion of the cells that randomly inactivate one of
the X chromosomes.

Discussion

To date, approximately 150 imprinted genes have been identi-
fied in humans and mice (http://igc.otago.ac.nz; http://www.
har.mrc.ac.uk/research/genomic_imprinting/), but less than 30
genes have been described as imprinted in cattle.8 In this study,
we advance the genomic imprinting field by the de novo

identification of imprinted genes in bovine using RNAseq. To
do so, we identified parent-specific SNP alleles in RNAseq data
after filtering A-to-I RNA editing sites and determined global
allele-specific gene expression in B. t. indicus £ B. t. taurus F1
conceptuses. We also corroborated the allele specificity of the
identified monoallelically expressed genes using B. t. taurus £
B. t. taurus progenies to exclude potential cis-eQTL effects on
allelic expression. These analyses confirmed the allelic origin of
23 transcripts previously reported to be imprinted in bovine
and identified 8 novel imprinted genes in the bovine concep-
tuses. Of note, we were not able to corroborate the allele-spe-
cific expression of 16 genes in the B. t. taurus £ B. t. taurus
conceptuses because of a lack of informative SNPs. However, of
these 16 genes, PPP1R9A, PON3, MKRN3, and ZIM2 have pre-
viously been reported to be imprinted in human and/or mouse
and showed consistent allele-specific expression in the B. t.
indicus £ B. t. taurus F1s, which together suggest that these 4
genes are also imprinted in bovine.

Figure 6. Allele-specific expression analyses for autosomal and X-linked genes in placental membranes from day »105 B. t. indicus £ B. t. taurus F1 hybrids. The placental
membranes used for this study were the intercotyledonary region of the chorioallantois. A). Histograms of the allelic expression ratios for the autosomal genes (top) and
X-linked genes (bottom) in placenta from each conceptus. The Y-axis represents the percent of genes with varied levels of expression from the B. t. taurus (maternal) allele
(X axis). N D number of annotated genes with informative SNPs. Mean D the mean of the percent allelic expression. B). Plot of allelic expression ratios of XIST (filled
circles), 2 pseudo-autosomal genes (gray diamonds), and 14 X-linked genes (open circles) from the placenta RNAseq data. The X-linked genes have previously been
described as being subjected to imprinted X chromosome inactivation in mouse. The detailed allele-specific read counts of these genes may be found in Table S6. C).
Sanger sequencing results of XIST allelic expression in the B. t. indicus£ B. t. taurus F1 placenta, in in vivo (AI)- and in vitro (IVF)-produced day 15 (D15) bovine extraembry-
onic membranes (EEM), and CT1 trophectoderm cell line. Top row is the genotyping results while the 2 bottom rows are sequencing results for the RT-PCR amplicons.
Both random primers and oligo(dT) were used for cDNA synthesis.
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Most imprinted genes are organized in megabase-sized clus-
ters. Within the cluster is a differentially methylated imprinting
control region which regulates the proper allelic expression of
the imprinted genes across the entire domain.54,55 Of the 53
monoallelically expressed genes identified in this study, 30
genes have previously been reported to be imprinted in humans
and/or mice and 24 are distributed in 8 imprinted clusters
namely; GNAS/GNASXL domain, PEG3/USP29 domain, GTL2/
DLK1 domain, PEG10/SGCE domain, MEST/COPG2 domain,
SNRPN domain, H19/IGF2 domain, and KCNQ1 domain. Fur-
ther, 10 previously uncharacterized/unannotated transcripts
were identified to be subject to allele-specific expression in 2
known imprinted clusters (4 transcripts in PEG3/USP29
domain and 6 in the SNRPN domain) in the B. t. indicus £ B. t.
taurus conceptuses. Of these 10 transcripts, LOC100298176
and LOC1014974975 (within the PEG3/USP29 domain) and
LOC101907679 and LOC100849023 (within the SNRPN
domain) were demonstrated to be imprinted in the bovine con-
ceptuses. For the remaining 6 transcripts, parental-specificity
could not be ascertained due to a lack of informative SNPs in
the B. t. taurus £ B. t. taurus conceptuses. However, we suggest
that these genes are also imprinted in bovine because of the
proximity of these uncharacterized/unannotated transcripts to
known imprinted genes is less than 100 kb and they are within
known and well characterized clusters. In addition, in the
SNRPN domain, the last exon of the antisense LOC100848941
brain isoform extends to the UBE3A gene. It is tempting to
speculate that the paternal expression of this transcript may be
involved in the repression of the paternal copy of UBE3A as is
observed for UBE3A-ATS in human56 and mouse.57

Gene expression can be affected by genetic variants. cis-
eQTL refers to the class of genetic variants that affect gene
expression on the same DNA molecule thus leading to allele-
specific or allele-biased gene expression.58 To determine
whether monoallelic gene expression identified in the B. t. indi-
cus £ B. t. taurus F1s was due to cis-eQTL effects or genomic
imprinting, we corroborated the parent-specificity of the tran-
scripts in B. t. taurus £ B. t. taurus progeneis as we lack the
ability to produce reciprocal B. t. taurus £ B. t. indicus crosses.
Our findings confirmed that monoallelic gene expression is not
necessarily the result of genomic imprinting.19 For the example
of LOC101905472, it is always the “C” allele that is predomi-
nantly expressed regardless of its parental-origin in both B. t.
indicus £ B. t. taurus and B. t. taurus £ B. t. taurus concep-
tuses. Further, CDA and RDH16 showed monoallelic expres-
sion in B. t. indicus £ B. t. taurus conceptuses but biallelic
expression in B. t. taurus £ B. t. taurus progenies. Our results
demonstrate that strong cis-eQTL could lead to monoallelic
gene expression and highlight the importance of the determina-
tion of allele-specific gene expression using different mating
structures crosses prior to claiming that any monoallelically
expressed genes are imprinted.

Genome-wide assessment of imprinted gene expression in
non-inbred organisms such as cattle and humans can be chal-
lenging as heterozygous SNPs are not always informative of
parental-origin of an allele. We were unable to assign the allele-
origin of a heterozygous SNP in the B. t. indicus £ B. t. taurus
F1s if the B. t. indicus sire was heterozygous at the same site.
Discovery of imprinted genes using RNAseq relies on aligning

reads to a reference genome, however, some bovine sequences
have recently been shown to be absent or misassembled in the
current bovine reference genome UMD3.159 and perfection of
the reference assembly will help improve the RNAseq-based
identification of imprinted genes in cattle. Further, technical
limitations of standard RNAseq may also preclude the compre-
hensive discovery of imprinted genes. For example, the identifi-
cation of antisense imprinted transcripts such as APEG3, a
paternally expressed antisense transcript in the PEG3 locus,60 is
not possible as our samples were not sequenced using a strand-
specific RNAseq protocol.61 In addition, the procedures per-
formed for RNA isolation for this study prevent us from identi-
fying small imprinted RNAs as well as non-polyadenylated
molecules (e.g., some long ncRNAs). In future studies, the sin-
gle-cell RNAseq technology will allow allele-specific gene
expression analyses at exquisite resolution62 and help identify
genes that are only imprinted in specific cell types such as
Ube3a in neurons.63

Advances in next generation sequencing technology have
allowed the discovery of more than a million A-to-I RNA
editing sites in human38,64 and thousands of sites in
mouse.65,66 Conversely to human and mouse, only 23 A-to-
I RNA editing sites have been reported in cattle and these
editing sites were identified as a result of searching evolu-
tionarily conserved human/mouse A-to-I RNA editing sites
in bovine brain RNAseq data.39 In this study, we greatly
expand the list by identifying 671 potential A-to-I RNA
editing sites in the bovine conceptuses using RNAseq. Con-
sistent with the observation that most A-to-I editing sites in
human and mouse are not located in coding regions,38,67

»96% of the identified editing sites in this study were in
UTRs and introns. These editing events could either regu-
late RNA splicing processes68 or prevent the formation of
double stranded RNA that may be recognized as non-self
by the immune system.69 We also found that »3% (20/671)
of the editing sites identified in bovine are conserved in
human and/or mouse and 11 of these sites are within neu-
rotransmitter receptor genes such as GRIK2, GRIA2, and
GABRA3. One of the notable conserved A-to-I RNA editing
sites is in GRIA2 CDS region (Chr17:42,806,724; UMD3.1),
which has »99% edited transcripts in brain and can result
in the replacement of a glutamine residue by arginine in
the GRIA2 protein. This editing site has been demonstrated
to be the physiologically most important editing substrate
of Adar2 because the seizure and lethality phenotype of
Adar2 null mice can be reverted when the unedited Gria2
transcripts are replaced with the edited allele.70

Imprinted X-chromosome inactivation in extraembryonic
membranes has been described in mouse26 and rat.27 In bovine,
a report showed that the X-linked gene MAOA is preferentially
expressed from the maternal X-chromosome in term placenta
suggesting imprinted X-inactivation in this species.28 Here we
show that XIST is expressed from both parental chromosomes
in epiblast-free 53extraembryonic membranes from day 15
bovine conceptuses.51 From our results, we favor the hypothesis
that XCI is random in bovine extraembryonic membranes and
not imprinted as previously suggested.

In summary, with this work we advance the field of
genomic imprinting by expanding the list of imprinted
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genes in bovine and demonstrate that monoallelic gene
expression can be due to cis-eQTL effects. In addition, our
results greatly increase the number of identified A-to-I
RNA editing sites in bovine conceptuses. We also show that
XCI is random in bovine extraembryonic membranes. These
findings will facilitate future studies to further dissect the
molecular mechanisms and physiological roles of genomic
imprinting and A-to-I RNA editing during fetal develop-
ment of this economically important species.

Materials and methods

Whole genome sequencing of the B. t. indicus sire

Genomic DNA isolated from the semen of the B. t. indicus sire
(Nelore breed; ABS CSS MR N OB 425/1 677344 29NE0001
97155) used to generate the B. t. indicus £ B. t. taurus F1
hybrids was subject to DNAseq. In brief, 2 DNAseq libraries
(one with 350 bp target insert size, the other with 550 bp target
insert size) were prepared using Illumina TruSeq DNA PCR-
Free Sample Preparation Kit according to the manufacturer’s
instructions (Illumina). Each DNAseq library was sequenced in
a single lane with 2 £100 bp paired-end reads on an Illumina
HiSeq 2000 platform. One percent PhiX DNA was spiked into
the bovine genomic DNA sample prior to library preparation
to act as an internal control and allow the HiSeq optical system
optimal base calling. A total of 347.3 million raw read pairs
were obtained for genotyping the B. t. indicus sire after remov-
ing the DNAseq reads derived from PhiX DNA (Fig. S1). The
raw FASTQ files are publically available at Gene Expression
Omnibus (GEO accession no. GSE77389).

Identification of the SNPs of B. t. indicus sire using DNAseq

Raw DNAseq read pairs were subject to quality trimming prior
to alignment to the reference genome (Fig. S1). The FastqMcf
program (version: 1.04.636; http://code.google.com/p/ea-utils/
wiki/FastqMcf) was used to remove the adaptor sequences in
the reads. Further, DynamicTrim version: 3.3.1; 71 was used to
obtain the longest segment of the read in which each base has
<1% error rate. After quality trimming, DNAseq read pairs
were aligned to the bovine reference genome assembly
UMD3.1 using Bowtie2 version: 2.2.3; 72. Only read pairs that
had the expected read mate orientation and expected ranges of
insert size were retained for further analyses.

Following Bowtie2 alignment, Genome Analysis Tool Kit
GATK; version: 3.3–0; 30,73 was used to further process the
aligned read pairs for SNP calling. Known insertions/deletions
(indel) and known SNPs downloaded from Ensembl and
RefSeq FTP sites were supplied for insertions/deletions re-
alignment and base quality recalibration (ftp://ftp.ensembl.org/
pub/release-78/variation/vcf/bos_taurus/ ftp://ftp.ncbi.nlm.nih.
gov/snp/organisms/cow_9913/VCF/; ftp://ftp.ncbi.nlm.nih.
gov/snp/organisms/cow_30522/). After processing the aligned
read pairs, GATK HaplotypeCaller was used to identify SNPs
using the default parameters. Aligned read pairs subjected to
indel realignment were also used for SNP calling by GATK
HaplotypeCaller and SAMtools mpileup version: 0.1.19; 31,74

without the base quality recalibration step in order to improve
the identification of true SNPs.

Generation of the pseudo B. t. indicus genome and
construction of a B. t. indicus/B. t. taurus diploid genome

A pseudo B. t. indicus genome was generated by editing the ref-
erence allele (UMD3.1; i.e., B. t. taurus) with the SNPs found in
our B. t. indicus sire identified by the 3 SNP calling pipelines
mentioned above (Fig. S1B, C, and D). The diploid genome was
generated by combining the B. t. taurus and the pseudo B. t.
indicus FASTA files.

RNAseq of day »105 B. t. indicus £ B. t. taurus F1
conceptuses

The four day »105 B. t. indicus £ B. t. taurus F1 conceptuses
used in this study (Control #1, #2, #3, and #4) were previously
described.12 These conceptuses shared the same B. t. indicus
sire (ABS CSS MR N OB 425/1 677344 29NE0001 97155).
RNAseq data of brain, kidney, liver, and skeletal muscle of the
F1 individuals were previously described GEO accession num-
ber: GSE63509.13 In addition, for the current study, we gener-
ated RNAseq data from the placenta (intercotyledon regions)
of these conceptuses following the RNA isolation, library prep-
aration and sequencing procedures described previously.13 The
raw FASTQ files are publically available at GEO database
(accession number GSE77389).

Alignment of RNAseq reads to the custom diploid genome

Prior to alignment, single-end RNAseq reads were processed as
previously described.13 In brief, FastqMcf (version: 1.04.636;
http://code.google.com/p/ea-utils/wiki/FastqMcf) and Dynami-
cTrim version 3.3.171 programs were used to remove adaptor
sequences and low quality bases in the reads, respectively. Only
reads with a length greater than 30 bp were used for alignment.
The RNAseq reads were aligned to the custom diploid genome
to minimize single reference genome alignment bias.32,33,75,76

HISAT2 version: 2.0.034 was used to align RNAseq reads to
the diploid genome using the following parameters: –score-min
L, 0, ¡0.2 –mp 6, 6 –known-splicesite-infile known-splicesite-
RefSeq-Ensembl.txt. These parameters require at least 96%
sequence identity for the RNAseq reads to be aligned. The
known splicing junctions in Ensembl and RefSeq databases
were downloaded from the Bovine Genome Database http://
www.bovinegenome.org. 77 The alignment of the RNAseq reads
to the diploid genome was then merged to identify: i) reads that
were aligned to the same single genomic position in both the B.
t. taurus reference genome and the pseudo B. t. indicus genome,
and ii) reads that were uniquely aligned to either genome but
not aligned to the other.

Transcript assembly and determination of transcript
abundance

Cufflinks version 2.2.178 was used for transcript assembly of
each RNAseq library. Cuffmerge version 2.2.178 was used to
generate a unified gene annotation for all libraries. Gene
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models generated by Cuffmerge were then compared to
Ensembl and RefSeq gene models using Cuffcompare version
2.2.1.78 If a Cuffmerge gene model matched one Ensembl/
RefSeq gene model (i.e., shared the same intron chain; class_-
code “D”), this Cuffmerge gene model was considered anno-
tated. If a cuffmerge gene model did not match any Ensembl/
RefSeq gene model (e.g., class_code “u” or “x”), it was consid-
ered unannotated. In addition, if a single Cuffmerge gene
model matched more than one Ensembl/RefSeq gene model,
the Cuffmerge gene model was replaced by the corresponding
Ensembl/RefSeq gene models.

RNAseq read counts for each gene model were generated
using HTSeq-count version 0.5.479 with mode: intersection-
nonempty. Read counts were then normalized to the library
size using Bioconductor package edgeR version 3.8.6.80,81 For
each tissue type, genes with � 4 counts/million (CPM) between
all conceptuses were considered to be expressed and were
retained for allele-specific expression analyses.

Identification of SNPs in the B. t. indicus £ B. t. taurus F1
conceptuses transcriptomes using RNAseq

The SNPiR pipeline36 was adapted to identify SNPs from
the RNAseq data. The adapted SNPiR pipeline included 3
major steps: i) align RNAseq reads to the diploid UMD3.1/
B. t. indicus genome using BWA mem,35 ii) call variants
using GATK UnifiedGenotyper,30 and iii) filter potential
false positive variants (as described below). For read map-
ping, BWA mem version 0.7.735 was used to align the reads
to the diploid genome using default parameters. As BWA
does not align reads that span splice junctions, we next
aligned the unmapped reads to the known splice junctions
http://www.bovinegenome.org.77 The RNAseq reads that were
successfully aligned to the diploid genome were then merged
with the splice junction alignments. The uniquely aligned
RNAseq reads were subjected to PCR duplicates removal (only
for the purpose of SNP identification), insertions/deletions re-
alignment, and base quality recalibration. All RNAseq read
alignments from each conceptus were then pooled for SNP call-
ing. GATK UnifiedGenotyper was used to call variants using
the following loose criteria: -stand_call_conf 0 –stand_emit_-
conf 0 –mbq 20 –output_mode EMIT_ALL_CONFIDENT_-
SITES –U ALLOW_N_CIGAR_READS. The last step of these
analyses was to apply a series of stringent filtering steps to
remove potential false positive variants. Specifically, variants
were required to have quality Q > 20 and all variants that were
only found at the end (< 6 bp to read ends) of aligned reads
were discarded. Further, RNA variants in repetitive regions
annotated by UCSC (http://hgdownload.cse.ucsc.edu/golden
Path/bosTau6/database/) were discarded and variants that were
in a homopolymer runs � 5 bp were also removed. In addition,
intronic variants that were within 4 bp of splice junctions were
discarded. Finally, to ensure that the reads supporting the var-
iants were uniquely aligned, BLAT version 3482 was used to re-
align these reads to the reference genome. A read alignment
was required to meet 2 criteria to be considered as a unique
mapping: i) the best alignment hit overlapped the variant site,
and ii) the second best hit resulted in a <95% sequence identity
to the reference genome. Only the variants for which at least

half of the alignments were unique to the reference genome
were retained for further analyses.

To minimize potential false positives, only the RNA var-
iants identified by both the HISAT2 and BWA alignment
strategies were used for further analyses. Further, the RNA
variants that were supported by the B. t. indicus DNAseq
reads and/or were present in RefSeq and Ensembl dbSNP
(downloaded from RefSeq and Ensembl FTP sites) were
defined as genomic variants, while others were defined as
RDDs. It should be noted that if a SNP in dbSNP was sub-
mitted with molecular type as “cDNA,” this SNP was con-
sidered to be an RDD (i.e., a potential RNA editing site).
The genomic variants were considered to be the result of
SNPs and were used to assign RNAseq reads to parental
alleles for allele-specific gene expression analyses, while the
RDDs were used to identify A-to-I RNA editing sites.
Finally, the transition/transversion (Ts/Tv) is the number of
transition variants (purine-to-purine, pyrimidine-to-pyrimi-
dine) to the number of transversion variants (purine-to-
pyrimidine, pyrimidine-to-purine).

Identification of A-to-I RNA editing sites using the RNAseq
data of B. t. indicus £ B. t. taurus F1 conceptuses

The RDDs were subjected to further filtering to identify A-
to-I RNA editing sites. Only the RDDs that were detected
in the same tissue for all 4 conceptuses (� 10 reads cover-
age/conceptus) were retained for further analyses. The ratio-
nale for this was that true A-to-I RNA editing sites should
be present in all animals while low frequency SNPs should
not.38 It should be noted that the RNAseq reads for brain,
liver, and skeletal muscle of Control #2 were of 50 bp in
length and for these samples, the RDDs were kept for fur-
ther analyses if they were present in Control #1, #3, and #4
conceptuses (all 100 bp reads). Finally, the RDDs were
manually annotated to determine the variant type (e.g., A
> G or T > C) according to the DNA strand of the tran-
script template. For example, if a “T > C” variant was in a
transcript that was transcribed from the antisense DNA
strand then the variant type was converted from “T > C”
to “A > G.” Only the RDDs that had the “A > G” variant
type were considered candidate A-to-I RNA editing sites.

To determine whether any of the A-to-I RNA editing sites
identified in bovine day »105 conceptuses were conserved in
human and/or mouse, 40 bp upstream and downstream
sequences39 of the bovine A-to-I RNA editing site were
BLAST against the human (hg19) and mouse builds (mm9).
Both human and mouse genomes were downloaded from the
UCSC database (http://hgdownload.soe.ucsc.edu/goldenPath/
hg19/bigZips/; http://hgdownload.soe.ucsc.edu/goldenPath/
mm9/bigZips/, respectively). For a site to be considered to be
conserved between bovine, mouse, and/or human, 70 of the 81
nucleotides had to provide a perfect match39 and the site had to
have previously been reported to be an A-to-I RNA editing site.
The previously identified editing sites in human and mouse
were downloaded from the RADAR database http://rnaedit.
com.83
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Allele-specific gene expression analyses using the RNAseq
data of B. t. indicus £ B. t. taurus F1 conceptuses

The DNA variants of the B. t. indicus sire were used to deter-
mine the allele-origin of the RNAseq reads in the B. t. indicus
£ B. t. taurus F1 hybrids. As illustrated in Fig. S5, only SNP
sites that were homozygous in the B. t. indicus sire and for
which the SNP was heterozygous or an alternate homozygote
in the conceptuses were used to determine the allele-origin of
the RNAseq reads. Following the allele-origin assignment,
allele-specific read counts for SNPs in the same gene were
aggregated for allele-specific gene expression analyses, as this
strategy has been shown to improve the sensitivity of prediction
of imprinted genes using RNAseq.22 To identify genes with
monoallelic expression in each tissue type, allele-specific read
counts of the same gene were pooled for all 4 individuals and
the significance of allelic expression bias was determined using
the binomial test (see statistical analyses section). To further fil-
ter potential false positives, these candidate genes were manu-
ally inspected using the Integrative Genomic Viewer (IGV)40

and genes with spurious alignment of the RNAseq reads or dis-
cordant allelic bias of the SNPs within the same exon were
discarded.

Validation of the A-to-I RNA editing sites in B. t. indicus £
B. t. taurus F1 hybrids

DNA and cDNA of the B. t. indicus £ B. t. taurus F1 concep-
tuses were amplified by PCR and were subjected to Sanger
sequencing to validate the A-to-I RNA editing sites identified
by RNAseq. Nucleic acid isolation, cDNA synthesis, and PCR
amplification were as previously reported.12,13 Primer informa-
tion may be found in Table S7.

Validation of the allele-specific gene expression in B. t.
indicus £ B. t. taurus F1 hybrids

To validate the allele specificity of the monoallelically expressed
genes, both DNA and cDNA of the F1 hybrids and DNA of the
sire were amplified by PCR and sequenced over the SNP sites
used to ascribe parental origin of the transcripts. Nucleic acid
isolation, cDNA synthesis, and PCR amplifications were as pre-
viously reported.12,13 Primer information may be found in
Table S7.

Corroboration of the allele-specific gene expression
in day 86 B. t. taurus £ B. t. taurus conceptuses

B. t. taurus females (i.e., Holstein breed) were subjected to
estrous synchronization and artificial insemination with sex-
sorted semen from a single B. t. taurus bull (i.e., Holstein breed;
507HO10723 DE-SU 527 SPUR-ET). Nine B. t. taurus £ B. t.
taurus female conceptuses were collected at day 86 of gestation.
At collection, 1 £ 1 mm2 samples of internal organs including
brain, kidney, liver, skeletal muscle and fetal placenta (interco-
tyledon area) were snap frozen in liquid nitrogen and stored at
¡80�C. Both DNA and cDNA of the B. t. taurus £ B. t. taurus
conceptuses and DNA of the B. t. taurus sire were amplified by
PCR to corroborate the parental-specific gene expression

(i.e., imprinted status) of the identified monoallelically
expressed genes detected in the B. t. indicus £ B. t. taurus F1
hybrids. Nucleic acid isolation, cDNA synthesis, and PCR
amplification were as previously reported.12,13 Primer informa-
tion may be found in Table S7.

DNA methylation analysis at GNAS/GNASXL domain

Bisulfite mutagenesis of genomic DNA was performed follow-
ing the One-Step Modification Procedure of the Imprint DNA
Modification Kit (Sigma). Methyl Primer Express Software
(version 1.0, Applied Biosystems) was used to design primers
that amplify regions proximal to the GNAS and GNASXL pro-
moters. Both amplicons spanned SNPs identified by the whole
genome sequencing of the B. t. indicus sire. Bisulfite PCR reac-
tions were as previously reported.12,13 The cycling programs
were as follows: initial denaturation at 94�C for 2 minutes and
15 seconds, 45 cycles of 94�C for 30 seconds, 56.1/58.7�C for
45 seconds (ramping rate: 1�C/second), and 72�C for 45 sec-
onds, and final extension at 72�C for 5 minutes. The PCR prod-
ucts were resolved by agarose gel electrophoresis and isolated as
previously described.12 The PCR amplicons were cloned using
pGEM-T Easy Vector System (Promega) according to the man-
ufacturer’s instructions. Bacteria used were NEB 5-a F’Iq Com-
petent E. coli (NEB). Bacteria colonies were screened by blue-
white screen method and positive colonies were subject to
Sanger sequencing as described above.

Statistical analyses

All RNAseq libraries were normalized by the trimmed mean of
M-values method.84 For each gene, a binomial exact test was
applied to examine if the B. t. indicus or B. t. taurus allele repre-
sented more than 85% of all reads.13 Genes were then ranked by
their P-values and adjusted to compute false discovery rates
(FDRs) using the Storey method.85 Genes for which the FDR
was less than 0.05 were considered to be monoallelically
expressed.

Data access

The DNAseq reads from the B. t. indicus sire and the RNAseq
reads from the B. t. indicus£ B. t. taurus F1 conceptuses are avail-
able in the NCBI Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) under accession numbers
GSE77389 (DNAseq reads of the sire and RNAseq reads of the
placenta) and GSE63509 (RNAseq reads of the brain, kidney,
liver, and skeletal muscle). The sequences of the unannotated
transcripts identified in this study have been submitted to Gen-
Bank (http://www.ncbi.nlm.nih.gov/genbank/) under accession
numbers KU530101-KU530107.
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