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Circular RNAs have been observed in a large number of species and tissues and
are now recognized as a clear component of the transcriptome. Our study takes
advantage of functional datasets produced within the FAANG consortium to investigate
the pervasiveness of circular RNA transcription in farm animals. We describe here the
circular transcriptional landscape in pig, sheep and bovine testicular, muscular and liver
tissues using total 66 RNA-seq datasets. After an exhaustive detection of circular RNAs,
we propose an annotation of exonic, intronic and sub-exonic circRNAs and comparative
analyses of circRNA content to evaluate the variability between individuals, tissues and
species. Despite technical bias due to the various origins of the datasets, we were
able to characterize some features (i) (ruminant) liver contains more exonic circRNAs
than muscle (i) in testis, the number of exonic circRNAs seems associated with the
sexual maturity of the animal. (jii) a particular class of circRNAs, sub-exonic circRNAs,
are produced by a large variety of multi-exonic genes (protein-coding genes, long non-
coding RNAs and pseudogenes) and mono-exonic genes (protein-coding genes from
mitochondrial genome and small non-coding genes). Moreover, for multi-exonic genes
there seems to be a relationship between the sub-exonic circRNAs transcription level
and the linear transcription level. Finally, sub-exonic circRNAs produced by mono-exonic
genes (mitochondrial protein-coding genes, ribozyme, and sno) exhibit a particular
behavior. Caution has to be taken regarding the interpretation of the unannotated
circRNA proportion in a given tissue/species: clusters of circRNAs without annotation
were characterized in genomic regions with annotation and/or assembly problems of the
respective animal genomes. This study highlights the importance of improving genome
annotation to better consider candidate circRNAs and to better understand the circular
transcriptome. Furthermore, it emphasizes the need for considering the relative “weight”
of circRNAs/parent genes for comparative analyses of several circular transcriptomes.
Although there are points of agreement in the circular transcriptome of the same tissue in
two species, it will be not possible to do without the characterization of it in both species.
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INTRODUCTION

The identification and functional characterization of all
transcripts in livestock species is one of the major goals of the
consortium for the Functional Annotation of Animal Genomes
(FAANG'). An animal genome contains 20,000 to 30,000 genes
but only a subset of these genes produce transcripts in a given
tissue. Developments in high-throughput RNA-seq technology
have enabled a deeper understanding of gene expression
functions. The classical approach for studying the transcriptome
uses the mRNA-seq protocol (sequencing of polyadenylated
RNAs). A large number of mRNA-seq studies have demonstrated
for example that part of the associated genes are transcribed in a
tissue specific manner (Soumillon et al., 2013). However, datasets
generated by mRNA-seq contain only a part of the transcripts.
To overcome this drawback, it is possible to sequence RNAs after
depletion of ribosomal sequences (total-RNA-seq) (Chen et al.,
2020). Studies using the total-RNA-seq protocol have shown
that a large number of protein-coding genes, long non-coding
(Inc) RNA genes and intergenic elements are expressed in a
tissue-specific manner (Soumillon et al., 2013; Clark et al., 2017;
Yang et al., 2020).

Since 2012, advances in high throughput sequencing revealed
the presence of circular RNAs (circRNAs) in total-RNA-seq
datasets in addition to linear transcripts (Salzman et al., 2012).
CircRNAs are probably a natural by-product of the transcription
process in all eukaryotes (see Kristensen et al. (2019) for a
review). To study circRNAs, it is important to identify the gene
that is likely to generate the considered circRNA alongside the
linear transcripts already described, namely the parent gene.
The majority of studies have focused on exonic circRNA that
are generated by the circularization of one or several exons
through a back splicing process: the end of an exon is joined
to the beginning of an upstream exon (Kristensen et al., 2019;
Li et al,, 2019). Exonic circRNAs can be produced by coding
or non-coding genes (Salzman et al., 2012; Barrett et al., 2017;
Robic et al., 2020) and by some snRNA genes (Kaur et al., 2018;
Robic et al., 2020). Two types of circRNAs can be derived from
intronic sequences (see Robic and Kiithn (2020) for a review):
(1) when intron lariats escape degradation due to the failure
of intron debranching (Zhang et al., 2013), they may become
circRNA precursors of lariat-derived circRNAs and (2) for very
rare introns we can observe the circularization of the entire
intronic sequences as intron circle (Taggart et al., 2017). These
two types of intron derived circRNAs can be grouped as “intronic
circRNAs.” Sub-exonic circRNAs have been characterized as
including only a part of the exon of some mono-exonic genes
(Robic et al., 2020). Up to now, only intronic circRNA from
protein-coding genes and only sub-exonic circRNAs from small-
non-coding (snc) RNA have been reported in pigs (Robic et al,,
2020). Understanding to what extent, these different subclasses
of circRNAs are produced and what kind of genes are able to
produce them is a question of interest.

In 2013, circRNAs were shown to have functional relevance
(Jeck et al, 2013; Memczak et al, 2013) as reviewed by

'www.animalgenome.org/community/FAANG/

(Chen, 2020; Xiao et al., 2020). Since the landmark discovery
of ciRS-7/CDRlas functioning as a miR-7 sponge in Hansen
et al. (2013), a lot of studies focused on circRNAs action as
microRNA decoys. However, as circRNA research expands, many
divergent views have emerged (reviewed by Li et al, 2019)
and our understanding of circRNAs, their production and their
function, remains limited. The diversity of functions assigned to
circRNAs is very large but concerns only some circRNAs. For
example, recent studies have highlighted that the presence of
a particular circRNA from SLC45A4 is essential to keep neural
cells in a progenitor state in the mammalian brain (Suenkel
et al., 2020). Recently, the regulatory functions of two circRNAs
produced respectively from a mitochondrial gene (Zhao et al.,
2020) and from an intron (Das et al., 2020; Stoll et al., 2020)
were characterized. These studies have also underlined the
need to work on the conservation of circRNAs, and beyond
exonic circRNAs.

The identification of circular RNAs in highly divergent species
raises interesting questions about their evolutionary history, and
functions (Wang et al., 2014; Ji et al., 2019; Zucko and Boris-
Lawrie, 2020). Li et al. (2019), who reviewed this topic, reported
wide discrepancies: some studies claimed that circRNAs are
evolutionarily highly conserved molecules, while others believe
they are species-specific. For our study, we take advantage
of functional datasets produced within partners and also the
FAANG consortium to study circular RNA in farm animals
(cattle, pig, sheep). We studied the pervasiveness of circRNA
transcription in three tissues (skeletal muscle, liver, and testis). As
the transcriptomes of these three tissues present specific features
(Yang et al., 2020), this choice seemed to us pertinent to compare
and analyze circRNA production.

MATERIALS AND METHODS

Data Collection

For this study, we collected total-RNA-seq data produced by
our groups and others from the literature. The whole dataset
contains 33 bovine tissues, 15 ovine tissues and 19 pig tissues
(Table 1). The considered datasets are originating from three
SRA projects for bovine tissue and from four SRA projects for
porcine tissues. All the ovine datasets were generated at Roslin
Institute in a unique SRA biological project PRJEB19199 (Clark
et al., 2017). We achieved to consider at least 70 giga bases (gb)
of sequencing data for each tissue in a given species. In the
following, a batch is defined as a collection of datasets from a
single tissue of animals from the same species, same sex, same
age, and originating from a unique SRA project. In Table 1,
these datasets are clustered in 17 batches and one singleton.
The dataset ssc_testis_1 was excluded from the batch, which
constituted datasets from the SRA project PRINA506525, because
of its atypical behavior regarding the production of circRNAs
(Robic et al., 2019). Among the 48 animals from the SRA project
PRJEB34570 (Nolte et al., 2019), we chose six males and six
females to obtain two batches balanced on known physiological
traits. For bovine testis (Gao et al., 2019), we selected datasets
from bulls at 13 months of age (bta_testis_4-6), which is assumed
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TABLE 1 | Samples characteristics.

Datasets Species Tissue Age animal Sex animal Breed Reads PE (bp) SRA project gb

bta_liver_1-6 (1 cattle liver 18 months male Charolais X Holstein-F2 FBN (Nolte et al., 2019) 2 x 100 PRJEB34570 68.1

bta_liver_7-12 (1 cattle liver 3.5 years female Charolais X Holstein-F2 FBN (Nolte et al., 2019) 2 x 100 PRJEB34570 68.3
bta_liver_13-15 cattle liver "adult" male EMBL-2017 2 x 10 PRJEB13074 26.4
bta_muscle_1-6 (1) cattle muscle 18 months male Charolais X Holstein-F2 FBN (Nolte et al., 2019) 2 x 100 PRJEB34570 55.1

bta_muscle_7-12 (1 cattle muscle 3.5 years female Charolais X Holstein-F2 FBN (Nolte et al., 2019) 2 x 100 PRJUEB34570 56.5
bta_testis_1-3 cattle testis 2 days male Angus Yangling (Gao et al., 2019) 2 x 150 PRJINA47564 46.5
bta_testis_4-6 cattle testis 13 months male Angus Yangling (Gao et al., 2019) 2 x 150 PRJUNA47564 43.9
ssc_liver_5-7 () pig liver 2 years male EMBL-2019 2 x 150 PRJEB33381 46.0
ssc_liver_8-10 pig liver "adult" male EMBL-2017 2 x 100 PRJEB13074 26.6
ssc_muscle_2-4 (2) pig muscle 2 years male EMBL-2019 2 x 150 PRJEB33381 87.8
ssc_testis_1 (94 pig testis 6 months male Pietrain (Pi) INRAE (Robic et al., 2019) 2 x 125 PRJNA506525 17.3
ssc_testis_2-7 (4) pig testis 6 months male 3 Pi & 3Pi X Large White INRAE (Robic et al., 2019) 2 x 125 PRJUNA506525 115.2
ssc_testis_8-10 (2) pig testis 2 years male EMBL-2019 2 x 150 PRJEB33381 56.6
oar_liver_1-3 (1) sheep liver 2 years male Scot. Blackface x Texel Roslin (Clark et al., 2017) 2x125 PRJEB19199 90.8
oar_liver_4-6 (1) sheep liver 2 years female Scot. Blackface x Texel Roslin (Clark et al., 2017) 2 x 125 PRJEB19199 90.8
oar_muscle_1-3 (1 sheep muscle 2 years male Scot. Blackface x Texel Roslin (Clark et al., 2017) 2 x 125 PRJEB19199 99.4
oar_muscle_4-6 (1) sheep muscle 2 years female Scot. Blackface x Texel Roslin (Clark et al., 2017) 2x125 PRJEB19199 91.8
oar_testis_1-3 (1) sheep testis 2 years male Scot. Blackface x Texel Roslin (Clark et al., 2017) 2 x 125 PRJEB19199 92.9

Seven teen groups of datasets were collected, combining total RNAseq generated by our groups and others from the literature. Only groups of datasets generated by sequencing stranded RNA from healthy animals
and containing at least three datasets produced in parallel were selected. ' The animals from [bta_liver_1-6 and bta_muscle_1-6], [bta_liver_7-12 and bta_muscle_7-12], [oar_liver_1-6 and oar_muscle_1-6], and
[oar_liver_4-6, oar_muscle_4-6 and oar_testis_1-3] were the same and were presented in the same order. 2The three animals from [ssc_liver_5-7, ssc_muscle_2-4 and ssc_testis_8-10] were the same but they were
not presented in the same order. °\We chose to not associate the dataset ssc_testis_1 to other datasets from the SRA project PRINA506525 because we know that this datasets is an outlier dataset in its origin group.

4Datasets ssc_testis_1-7 were obtained from corresponding animals previously called Animal—31, —05, —54, —16, —65, —73, and —93 in Robic et al. (2019).
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an age at the end of puberty (Rawlings et al., 2008; McGowan
etal., 2018), to represent data from pubertal testis.

To analyze the impact of read length on the circular RNA
detection, we produced 6 new datasets with 2 x 100 bp PE
(Paired- End) sequencing from the 6 datasets from cattle testis
samples, which had been previously sequenced for 2 x 150 bp PE.

Reads Mapping
The RNA-seq reads were aligned to the following genome
reference  assemblies: ARS-UCD1.2 (GCA_002263795.2),
Oar_rambouillet_v1.0 (GCA_002742125.1), Sscrofall.l
(GCA_000003025.6) for cow, sheep and pig respectively.
We used the gene annotation (v-101) provided by Ensembl
(Ensembl-Websites: Cattle, 2021; Pig, 2021; Sheep, 2021).
RNA-seq reads were mapped to the genome reference
assemblies using the rapid splice-aware read mapper Spliced
Transcripts Alignment (STAR) (Dobin et al, 2013). Two
alignment modes were considered, single-end alignments (STAR-
SE option, mates of each pair were mapped independently)
and paired-end alignments (STAR-PE option). STAR was used
with the previously proposed parameters (Cheng et al., 2016)
that enable the highlighting of chimeric reads with only two
segments and with a minimal size for the smallest mapped
segment of 15 bp.

CircRNA Detection and Annotation

The first step in the detection of circRNAs is the identification
of reads containing a circular junction (see Gao and Zhao, 2018
for a review). The analysis of these reads allows to describe each
circRNA by the two points involved in the circular junction
(the genomic boundaries of the circularized transcript: two
genomic coordinates) and the strand. The second step of the
characterization of circRNAs is their annotation.

Standard CircRNA Detection and Quantification
The first approach for detecting circRNAs used the combination
of circRNAs detected by CIRCexplorer2 (CE2, Zhang et al,
2016) and CIRI2 (Gao et al., 2015, 2018) which have become
reference tools for the identification of exonic circRNAs (Zeng
et al., 2017; Gao and Zhao, 2018; Hansen, 2018; Dodbele et al.,
2021). CE2 is able to use several aligners and our choice was to
use CE2 associated to STAR-PE (Dobin et al., 2013) alignment
mode (Zhang et al., 2016). It is important to note that we have
chosen more stringent parameters for the alignment performed
with STAR-PE than those suggested by Zhang et al. (2016) (see
above) for the detection of chimeric reads. As CE2 identifies
reads containing a circular junction within those reads that STAR
calls “chimeric reads” (CR), we will call these reads “circular
chimeric reads” (hereafter CCRs). CIRI2 (Gao et al.,, 2018) is
based on the bwa-mem aligner (Au et al., 2016) together with a
dedicated approach to align unmapped segments. CIRI2 was used
to identify the reads containing circular junctions with default
parameters. Reads containing a circular junction are called BS]J
(“back-spliced junction”) reads by CIRI2.

All circular RNAs identified by CE2 as generated from
backsplicing of two described exons were considered as exonic
circRNAs. Those annotated as “ciRNA” correspond to circRNAs

localized entirely in intronic sequences and with the circRNA 5
junction site corresponding to the intron donor site. Although
the term “ciRNA” is the one proposed for intronic circular RNA
by Zhang et al. (2013), the location of the 3’ junction of these
circRNAs must be analyzed before to consider them as intronic
circRNA (Robic and Kiihn, 2020).

Only circRNAs detected by both CE2 and CIRI2 were
considered for quantification as suggested previously by Hansen
(2018). A CIRI2 formatted list of circRNAs was provided
to CIRIquant (Zhang et al., 2020) to obtain an accurate
quantification of circRNAs. The quantitative measure is the
number of BS] reads provided by CIRIquant. The expression
measure for each parent gene is simply the sum of expression
measure of the circRNAs it produces. In order to obtain, for
each circRNA of each parent gene, an average expression for
the tissue, the average expression over all animals was computed
after normalization by animal (TMM normalization provided by
edgeR, Robinson et al., 2010).

Detection of Orthologous circRNAs

Orthologous circular RNAs were identified based on nucleotide
sequence alignments. Each circRNA is represented by the
nucleotide sequence crossing the circular junction point (200bp,
100 bp on each side). Given the close evolutionary between
bovine and ovine we have limited the detection of orthologous
circRNAs to those two species. All circRNA bovine sequences
were aligned to ovine circRNA sequences and reciprocal best hits
were considered as orthologous circRNAs. For the parent genes,
the orthologs were defined as the Ensembl one-to-one orthologs.

Computational Approach for Exhaustive Detection
and Characterization of circRNAs Complementary to
Standard Tools

In this manuscript, we use CD as an abbreviation for our
dedicated approach to detect circRNAs. Our approach to identify
reads containing a circular junction is based on split alignment
as defined by Gao et al. (2018) and was originally proposed
by Memczak et al. (2013). This approach has previously been
described (Robic et al., 2020), and we underline only some
essential features. The focus of this alternative framework
method is limited to selecting reads that are mapped by
STAR-SE as CR with only two segments, and where both
segments are mapped to the same strand in inverted order.
To select CCRs, we extracted information from the tabular
file (chimeric.out.junction) provided by STAR, which contains
the mapping coordinates of each segment and mapping data
(CIGAR). An output file (BED format) containing a list
of circRNAs is obtained by clustering of CCR on genomic
coordinates. The second part of our approach consists in
proposing an annotation for the circRNAs detected. The
annotation was performed using the species corresponding gene
annotation from Ensembl and in particular, the list of exons and
the corresponding list of introns.

For the annotation purpose, we define the following classes:
(i) exonic, when both junctions correspond exactly to exon
boundaries, where both exons belong to the same gene. (ii) sub-
exonic, when both junctions fall strictly within a single exon.
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(iii) intronic, when both junctions fall within a single intron,
the 5 junction corresponding to the intron donor site and the
3’ junction located not further than 60 bp away from the intron
acceptor site (Robic and Kithn, 2020). CircRNA from ribosomal
RNA genes were excluded from the list of sub-exonic circRNAs.
All circRNAs with a too small genomic size (when the genomic
size < (1/2 length of read + 5 nt)) were excluded from the
annotation process.

RESULTS

Circular RNAs: Detection and Annotation
Initial circRNAs Landscape Established by CIRI2 and
CIRCexplorer2

The detection pipelines detected on average 8,300 and 16,300
circRNAs per sample for CE2 and CIRI2 respectively. A first
analysis on six datasets showed that a very large part of exonic
circRNA (>90%) detected by CE2 was also detected by CIRI2,
while the fraction of ciRNAs (putative intronic circRNAs, see
Materials and Methods) proposed by CE2 and detected also by
CIRI2 was less than 2%. These observations underline the fact
that the detection of non-exonic circRNAs remains a difficult
task and at least subject of debate. As it is common practice
(Gong et al., 2020), initially reccommended by Hansen (2018), we
considered only the circRNAs detected by both tools (Dodbele
et al., 2021). Moreover, we retained only circRNAs characterized
by at least four reads containing the circular junction, and this
threshold was applied after the intersection of CE2 and CIRI2
data (BSJs > = 4). On average and in each of the 66 datasets,
1,957 circRNAs were characterized by CE2 + CIRI2.

Using this strategy, we were able to characterize 12,589 exonic
circRNAs and 6 ciRNA in the bovine datasets (Supplementary
File 1). For pigs, the statistics were 14,137 and 1, for exonic
circRNAs and ciRNAs respectively. For sheep, we found 5,556
exonic circRNAs and 3 ciRNAs. A large variability between
datasets in this raw number of circRNAs detected was noted
(see Supplementary File 2). Before all further analyses, the
number of circRNAs identified in each of the 66 datasets was
corrected by the number of uniquely mapped reads by STAR
(Supplementary File 2). We compared this normalized number
of circRNA in each of the 66 datasets (Figures 1A-F). Since some
datasets differ by read length, in order to analyze the impact
of read length on the circular detection, we produced six new
datasets of 2 x 100 bp PE sequencing from the six bta_testis_1-6
datasets, which had been previously sequenced for 2 x 150 bp
PE. The detection of exonic circRNAs was performed by CE2,
and we observed a 10 to 20% loss of initial exonic circRNAs with
shortened reads (data not shown). This experiment shows that
even if the length of the reads has an impact on the detection
of exonic circRNAs, this impact is moderate. Therefore, the
difference of reads lengths from PE sequencing do not explain the
large differences observed between circRNA content of the two
batches generated from porcine liver at EMBL in two different
SRA projects (ssc_liver_8-10 (Figure 1C) and ssc_liver_5-7
(Figure 1D)). In bovine liver, the number of circRNAs also
appeared variable between SRA projects. We observed 13.94 to

17.98 circRNAs per million uniquely mapped reads (per million
reads for short) for the 12 first datasets (bta_liver_1-12), and 3.96
to 8.29 for the three others (bta_liver_13-15) (Figures 1A,C),
although all samples were sequenced in PE mode with 2 x 100 bp.
For bta_liver_1_12, the circRNAs per million reads did not
differ much between samples, although the dataset included
physiologically very divergent animals, i.e., bulls at the end of
fattening and cows at the beginning of lactation. Also in porcine
testis, the number of circRNAs seemed very different in datasets
produced at EMBL (ssc_testis_8-10) to those produced at INRAE
(ssc_testis_2-7). However, in this comparison, the age of the
considered animals was different: datasets ssc_testis_8-10 were
obtained from adult boars (two years old), while ssc_testis_2-7
originated from pubertal animals (<6 months old).

The number of circRNAs detected in testis of very young bulls
seemed higher than in testis from pubertal animals (Figure 1F).
As these two datasets were included in the same SRA project
and absence of technical bias could be assumed, a statistical
analysis was performed (Supplementary File 3), which revealed
that the difference in the number of circRNAs was significant
(p-Value = 0.016). The number of circRNA in testis of pubertal
animals appeared similar in bovine and in pigs, and also the
number of circRNAs in testis of adult animals displayed a
similar level in pigs and sheep (Figure 1G), although these
datasets were not generated by the same sequencing lab. This
analysis underlines the importance to consider the age (or sexual
maturity) of animals for testicular datasets. Since the difference
between males and females was not statistically significant for
bovine liver and muscle from the same animals (bta_liver_1-
6 and _7-12; bta_muscle_1-6 and 7-12), we will no longer
differentiate between male and female datasets of this species-
tissue combination.

The number of circular junction reads associated with
the detection of a circRNA is commonly used to quantify
the expression of this circRNA. We chose to perform this
quantification by CIRIquant (Zhang et al., 2020), and each
circRNA characterized by the CE2 + CIRI2 approach was
associated with an expression level measured by the number
of BSJs. We considered the sum of the BSJs (corrected by
the number of reads uniquely mapped in the dataset) across
datasets grouped in the same batch as the expression of this
circRNA in the considered batch. We did a ranking of circRNA
expressions within each batch; this should enable comparisons
of ranking between batches. When we performed a pairwise
comparison of the Top-100 most highly expressed circRNAs
(Supplementary Table 1) between batches, we found different
degrees of overlaps between pairs (Figure 2A in blue). All
comparisons were performed within species, even though we
also looked at differences/similarities of the statistics between
species. Before comparing batches, we compared six pairs of
two randomly selected datasets from the batch bta_liver_1-12,
and on average 71% of overlaps were observed (six comparisons
performed: 63 to 79%). Similar levels of overlap were noted
when comparing the two different batches from bovine liver
(72%) and between the two batches from porcine liver (72%).
These scores showed that the identification of the most highly
expressed circRNAs (at least in liver) is not very sensitive to the
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batches produced at FBN. (B) the three ovine batches produced at Roslin Institute (C) The two batches produced by EMBL in 2017. (D) The two batches produced
by EMBL in 2019. (E) The batch of 6 datasets produced from porcine pubertal testes at INRAE. (F) The two batches of bovine testes produced by Yangling
University. (G) Comparison per tissue and species of the number of exonic circRNAs detected by CE2 + CIRI2 per million of reads uniquely mapped.
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CE2+CIRI2 bta_liver_1-12 bta_liver_13-15 bta_muscle_1-12 bta_testis_1-3 bta_testis_4-6
Cattle males and females males males and females Very young animals pubertal animals
bta_liver_1-12 100 72 33 39 25
bta_liver_13-15 87 100 23 34 23 A1
B-1 bta_muscle_1-12 32 33 100 32 18
bta_testis_1-3 40 39 33 100 46
bta_testis_4-6 24 23 20 43 100
CE2+CIRI2 ssc_liver_5-7 ssc_liver_8-10 ssc_muscle_2-4 ssc_testis_2-7 ssc_testis_8-10
Pig males EMBL2019 males EMBL2017 males EMBL2019 Pubertal animals adults EMBL2019
ssc_liver_5-7 100 72 21 29 26
ssc_liver_8-10 74 100 26 30 26 A-2
B-2 ssc_muscle_2-4 67 71 100 20 17
ssc_testis_2-7 37 33 40 100 48
ssc_testis_8-10 31 28 32 84 100
CE2+CIRI2 oar_liver_1-6 oar_muscle_1-6 oar_testis_1-3
Sheep males and females males and females adults
oar_liver_1-6 100 45 39
B-3 oar_muscle_1-6 40 100 37 A-3
oar_testis_1-3 43 40 100
FIGURE 2 | Comparisons circRNAs and parent genes between datasets. The three diagrams depict analyses of exonic circRNAs characterized by CE2 + CIRI2. The
number of similarities (same circRNA or same parent gene) found for a comparison between two datasets was reported in a box. A-(boxes with a blue background):
The expression of a circRNA in a batch has been defined as the sum of the BSJs (normalized counts) observed in the different datasets of this batch. The circRNAs
were ranked on their expression to establish the Top-100 of circRNAs expressed in this batch (Lists of Top-100/circRNAs relative to these analyses were reported in
Supplementary Table 1). B-(boxes with a yellow background): The circRNA expression of genes in a batch has been defined as the sum of the BSJs (normalized
counts) from each circRNA produced by this gene observed in the different datasets of this batch. The parent genes were ranked on their circRNA expression to
establish the Top-100 of parent genes expressed in this batch (Lists of Top-100/genes relative to these analyses were reported in Supplementary Table 2).

source of data analyzed for circRNAs characterization. Between
muscle and liver, similar levels of overlap were noted in bovine
(23-33%) and in pigs (21-26%) (Figures 2A-1,2). In testis, we
noted a similar level of overlap between testis from pubertal
animals and muscle from other animals (cattle:18% and pigs:
20%). However, the level of overlap between testis and adult
muscle seemed to decrease with the age of testis, because we
observed a 32% overlap for testis from young animals (cattle),
and 17% for testis from adult pigs. These analyses demonstrate
the differences in the circRNA expression in testes in relation to
the age of the animals. Curiously, the levels of overlap between
testis/liver/muscle appeared higher in sheep (Figure 2A-3) than
in bovine (Figure 2A-1) or pigs (Figure 2A-2), probably because
of differences in genome annotation. These analyses underline
once again the importance to consider the age of animals for
testicular datasets, but attenuates the importance of the source
of datasets with respect to most highly expressed circRNAs.
However, it has to be considered that these analyses are restricted
almost exclusively to exonic circRNA.

When we examined the circRNAs detected jointly by CE2 and
CIRI2 and retained in our analysis (Supplementary List 1), we
noted that almost all are exonic circRNAs. As our purpose is
to study all types of circRNAs in three tissues of three species,
we included a dataset (ssc_testis_1) with a particular circRNA

content already explored in previous studies (Robic et al., 2019,
2020). This porcine testicular dataset is known to contain more
than 100 intron-derived circRNAs. The major intronic circRNA
described in this dataset was a lariat-derived circRNA from
the ATX2NL gene. CE2 was able to detect circRNAs from the
respective ATX2NL intron, but with six times less CCRs than
previously observed (Robic et al., 2020). CIRI2 did not detect
this intronic circRNA, probably because of its small size. CE2
was also able to detect the six intronic circRNAs from the
DNAH17 previously reported (Robic et al., 2019) but again with
a lower number of CCRs than expected. These observations
confirmed that CE2 is able to detect intronic circRNAs (Das
et al, 2020), but as suggested previously (Robic and Kiihn,
2020), the strong requests on the two paired-end reads as
included in the CE2 algorithm could impair the characterization
of intronic circRNAs. The dataset ssc_testis_1 had also been
used to describe the first sub-exonic circRNAs (Robic et al.,
2020). These sub-exonic circRNAs were characterized by the
observation of reads containing a circular junction and spanning
parts of the single exon from mono-exonic genes classified as
small non-coding RNA. The genes involved were able to produce
several, potentially overlapping circRNAs from a single exon.
The production of a set of circRNAs by the mono-exonic gene
RMRP (orthologous gene of porcine/bovine/sheep RNase_MRP)

Frontiers in Genetics | www.frontiersin.org

May 2021 | Volume 12 | Article 665153


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Robic et al.

circRNAs, Annotations and Livestock Species

was already highlighted in two species (Liu et al., 2020; Robic
et al., 2020). This gene was reported as able to produce several
dozens of sets of sub-exonic circRNAs in the dataset ssc_testis_1,
but only two sub-exonic circRNAs were found in the list of
circRNAs provided by CIRI2. From these data, we could conclude
that the lists of circRNAs obtained by the conservative approach
of CE2 + CIRI2 output fell short with respect to an exhaustive
circRNA detection in the three tissues under investigation.

Exhaustive Detection and Annotation of circRNAs

As our purpose was to study all types of circRNAs, we used
an alternative approach (CD) for the exhaustive detection
of circRNA (see section “Materials and Methods”). The next
objective was to further annotate the detected circRNAs as either
exonic, intronic and sub-exonic, and the remaining as undefined
or unannotated. Our objective was not to provide an alternative
list of exonic circRNAs to the one established by CE2 + CIRI2,
but only to identify a maximum number of exonic circRNA
as a prerequisite for an improved, subsequent analysis of the
other circRNAs. The criteria to annotate exonic circRNAs were
identical to those used by CE2, but for intronic circRNAs we
were more stringent (see section “Materials and Methods”). As
Liu et al. (2020) suggested that the production of sub-exonic
circRNAs was not limited to exons from mono-exonic and non-
coding RNA-genes, we integrated in our alternative approach
also the detection of sub-exonic circRNAs from all exons: from
coding and non-coding genes, from mono-exonic and multi-
exonic genes. To avoid including false positives in our analysis,
we disregarded very rare circularization events: circRNAs were
retained when they were characterized by at least 5 CCRs.
This choice was motivated by previous studies using a similar
approach for the detection of circRNAs (Robic et al., 2019,
2020). On average and in each of the 66 datasets, CD detected
65,500 circRNAs, and after the application of this threshold, 2,644
circRNAs were retained.

Results of the exhaustive detection of circRNA were shown
on Figure 3. The number of putative circRNAs detected by CD
appeared higher than circRNA detected by CE2 + CIRI2. This
difference was particularly marked on the datasets from bovine
and porcine muscle (Figures 1A,D, 3A,D). The next step was the
characterization of exonic circRNAs and they were indicated in
blue on the histograms presented on the Figure 3 (and were listed
in Supplementary List 2). For example, 10,351 exonic circRNAs
were characterized by CD in 18 porcine datasets (by at least
five CCRs in one dataset). Only 50 were never detected by CE2
or CIRI2 (10,358 and 9,940 were detected by CIRI2 and CE2
respectively). The number of exonic circRNAs detected by CD
(Figure 4A) appeared consistent with the number of circRNAs
(mainly exonic circRNAs) jointly detected by CE2 and CIRI2
(Figure 1G), even though on average, CE2 4+ CIRI2 detected
more circRNA than exonic circRNAs detected by CD.

Next, we proceeded to the identification, in the 67 (66 + 1)
datasets, of intronic circular RNA and sub-exonic circRNAs.
We detected only a very low number of introns associated
with intronic circRNA in several datasets (for example, intronic
circRNA were detected for zero to four introns in bovine muscle
datasets) (Supplementary List 3), and the dataset ssc_testis_1

turned out again as an outlier (132 introns concerned). In
contrast to previous studies, in which only mono-exonic non-
coding genes were considered, all sub-exonic circRNA, covered
by at least 5 CCRs, for all types of genes (mono- and multi-
exonic) were listed. The two ribozyme genes, RNase_MRP
and RNaseP_nuc, are the major small non-coding RNA gene
able to produce sub-exonic circRNA. For sub-exonic circRNA
assigned to multi-exonic genes, each exon involved produced
several, possibly overlapping, sub-exonic circRNAs. We noted
that several exons within a particular gene could contribute to the
production of sub-exonic circRNAs. For example, we observed
sub-exonic circRNAs from the nine exons of FGB and from 11 out
of the 15 exons of the ALB gene in bovine liver (Supplementary
List 4). Therefore, not only the snc genes contribute to sub-exonic
circRNA production but also protein-coding genes, IncRNAs and
pseudogenes (see below).

No antisense sub-exonic circRNA was detected in porcine
and ovine datasets, but we observed that four misc-RNA and
two ribozyme genes produced sense and antisense sub-exonic
circRNAs in bovine liver and/or testis. Antisense sub-exonic
circRNAs were never seen without the corresponding (from the
same exon) sense sub-exonic circRNAs.

Tissue Complexity

Analysis of the Number of circRNAs Characterized
We now turn to the comparison of the number of circRNAs
observed in liver, muscle and testis in the three species. The
circRNAs detected for each dataset by CD, number and associated
annotations, exhibit a much higher homogeneity within batches
than between batches, indicating that technical bias (library
preparation for example) might drive, in part, the observed
difference between tissues and species (Figure 3). We noted for
example large differences for sub-exonic, intronic and exonic
circRNAs number between two batches from porcine liver
(ssc_liver_8-10 and ssc_liver_5-7) and two batches from bovine
liver (bta_liver_1-12 and bta_liver_13-15) (Figure 4). We noted
also large differences of patterns between the two batches from
porcine testis (ssc_testis_2-7 and ssc_testis_8-10), but in this case
the different age of the animals might drive the differences. Once
again, in the CD analysis the number of exonic circRNAs in testis
of pubertal animals appeared similar in bovine (bta_testis_4-6)
and in pigs (ssc_testis_2-7) (Figures 1G, 4C), and in testis of
adult animals in ovine (oar_testis_1-3) and in pigs (ssc_testis_8-
10). Nevertheless, we noted that these datasets were generated by
different sequencing labs.

In order to avoid the potential technical bias mentioned above,
we compared batches originating from the same SRA project.
A significant difference was detected in the number of exonic
circRNA and in the number of CCRs associated with exonic
circRNAs between young and adult animal testes (p = 0.016 and
p = 0.011). These results confirmed data already observed with
circRNAs detected by CE2 4 CIRI2 (p = 0.016). In cattle, (2 x 12
datasets produced at FBN) and in sheep (2 x 6 datasets) we
were able to show that the liver transcriptome contains more
exonic circRNAs than muscle. The three comparisons (number
of exonic circRNAs detected by CD, number of CCRs associated
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FIGURE 3 | Number of circRNA characterized by CD. These histograms represent the number of circRNA (per million of reads uniquely mapped) which are detected
by at least 5 CCRs and annotated as exonic circRNA, intronic circRNAs, sub-exonic or unannotated. Histograms are regrouped by SRA projects. (A) The two bovine
batches produced at FBN. (B) the three ovine batches produced at Roslin Institute (C) The two batches produced by EMBL in 2017. (D) The two batches produced
by EMBL in 2019. (E) The batch of 6 datasets produced from porcine pubertal testes at INRAE. (F) The two batches of bovine testes produced by Yangling
University.

with exonic circRNAs detected by CD and number of exonic
circRNAs detected by CE2 + CIRI2) were statistically significant
in cattle (p = 3E-9, p = 3E-9, and p = 3E-9, respectively) and in
sheep (p =0.0062, p =0.019, and p = 0.0031). In contrast, we were
not able to confirm this difference in pig. All statistical analyses
were reported in Supplementary File 3.

Analysis of circRNAs Remaining Without Annotation

Among unannotated circRNAs, a large fraction of very small
circRNAs was detected especially in some datasets. For example,
in bta_muscle_1-12 we noted 19 to 32% of circRNAs with a
genomic size less than 55 bp. It would be necessary to examine
the underlying reads to understand this small size, and it is
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FIGURE 4 | circRNAs detected by CD. (A) Number of exonic circRNA detected by CD per million of reads uniquely mapped. (B) Number of intronic circRNA
detected by CD per million of reads uniquely mapped. (C) Number of sub-exonic circRNA detected by CD per million of reads uniquely mapped. (D,E) Relationship
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possible that they are false positives. Thus, they were kept as
non-annotated circRNAs.

We noticed in porcine muscle that a large proportion
of circRNAs was not assigned to a specific chromosome,
but was localized on unassigned scaffolds. In ssc_muscle_3
and _4, more than 60% of the circRNAs were localized on
these unassigned scaffolds, while only 4.5% of all annotated
porcine genes are localized there. For example, in ssc_muscle_3
we counted 3,447 circRNAs localized on these unassigned
sequences among the total of 5,540 circRNAs characterized.
Even more specifically, 2,494 of them were localized on
AEMKO02000489 and 930 on AEMKO02000695. Except a few
sub-exonic circRNAs from a gene, which is probably not
fully included in the AEMK02000489 scaffold, these circRNAs
remained without annotation. These two scaffolds include only
51 and 16 kb of sequence, respectively, and several RNA
genes were suspected to be localized there. These observations
about circRNAs assigned to these two scaffolds confirm
that they included sequences that are transcribed in muscle.
Nevertheless, it cannot be excluded that these are only linear
transcripts associated with a bad assembly of the sequences in
these scaffolds.

More generally, we searched for circRNA clusters without
annotation along the chromosomes, because we suspected
that the analysis of clusters of unannotated circRNAs would
allow us to highlight regions with sequence/assembly/annotation
problems. The first example were 450 circRNAs in bta_muscle_6
(40% of unannotated circRNAs characterized in this dataset)
detected in the region BTA-2:18,1-18,3Mb. In ssc_muscle_2, we
noted 350 circRNAs without annotation in the region SSC-
15:84,23-84,49 Mb. The respective genomic sections contain the
Titin gene (TTN), which is an exceptional gene with probably
more than 350 exons spread over 300 kb (data from the Ensembl
annotation of the human genome), while only 7 or 13 exons
were identified in the TTN annotation of the pig and cattle
genomes (Ensembl v-102), respectively. In the sheep genome,
the TTN gene is not annotated in Ensembl (v-102), but in
the dataset oar_muscle 2, 200 circRNA without annotation
were detected (30% of unannotated circRNAs characterized
in this dataset) in the region suspected to contain this gene.
The second example was initiated by the characterization of a
cluster of circRNAs without annotation in several bovine liver
and muscle datasets. This region on BTA-27: 6.21-6.23Mb is
known to contain the Defensin gene cluster, which is extremely
expanded in ruminants. The assembly in this genomic region is
difficult due to a substantial number of copies of the same or
very similar sequences. In addition, it is assumed that bovine
individuals differ in the number of Defensin gene copies. In
sheep, this region is apparently not included in the reference
genome considered.

There are also regions, where not the genome assembly, but
only the annotation is deficient and the impact on the number of
detected circRNAs remaining without annotation is very limited.
For example in a region of BTA-7 (2,73-2,74 Mb) seven circRNAs
without an annotation were detected in bta_muscle_6. NCBI and
Ensembl do not annotate a gene there. However, RNA-seq data
displayed at NCBI would strongly support a gene annotation and

a new gene with a very large number of exons had been annotated
(Nolte et al., 2020).

To finish, a last example, one circRNA was detected only
in the dataset ssc_muscle_4 but with a very high number of
CCRs by CD (and with a very high number of BSJs by CIRI2).
This circRNAs could be explained by a fusion between one exon
from ENSSSCG00000029441 (probably MYH2) and one from
ENSSSCG00000018005 (MYHS8). A potential fusion of exons
from two annotated genes would explain why the annotation-
dependent CE2 pipeline did not retain this circRNA. Even though
we cannot discard the hypothesis of a deficiency in genome
annotation, we believe rather this to be a structural alteration in
the respective genomic region restricted to this particular animal.

The above examples underline that the accuracy of the
reference assembly and of the annotation has a major impact
on the number of unannotated circRNAs preventing from
drawing any conclusion from the observed difference between
tissues and samples.

Intronic circRNAs

In bovine and porcine datasets, respectively 53 introns (from
53 genes) and 80 introns (from 79 genes) were able to
produce intronic circRNAs. A large part of intronic circRNAs
characterized in bovine and porcine datasets were mainly
detected in testicular datasets. In porcine datasets, the top-ranked
expressed intronic circRNA, from an intron of ATXN2L, has
ten times more CCRs than the second ranked one (PEXIO0).
This intronic circRNA was detected in each of the 18 porcine
datasets and is always among the strongest contributors of
intronic circRNAs. Even though ATXN2L was ranked at the
second position in terms of CCRs associated with intronic
cirRNAs in bovine testis, the landscape of the production of
intronic circRNAs in bovine testis is not dominated by the
production of a particular intron. The ATXN2L intron concerned
is in an orthologous position in pig and cattle. The orthologous
ovine gene is not annotated in the reference genome used
(Oar_rambouillet_v1.0).

The number of intronic circRNA (Figure 4B) seems to be
related to the number of exonic circRNA (Figure 4A) but not to
the number of sub-exonic circRNAs (Figure 4C). Specifically, the
number of CCRs associated to intronic circRNAs appears to be
correlated to the number of CCRs associated to exonic circRNA
in porcine and in bovine testis (Figures 4D,E). If we consider the
six bovine testicular datasets (from young and pubertal animals),
the correlation coeflicient is 0.92. The correlation is similar
between the six porcine testicular datasets from pubertal animals
regardless of whether all introns with intronic circRNAs are
considered (Figure 4D) or if the ATXN2L intron with the highest
intronic circRNA expression is excluded (r = 0.88) (Figure 4E).
Excluding CCRs from ATXNZ2L enables a comparison of intronic
circRNA contents for bovine and porcine testis at the same scale.

So far, intronic circRNAs have been identified only from
coding genes (reviewed by Robic and Kiithn, 2020), but the
current study shows that IncRNAs can also be involved
in the production of intronic circRNAs. In pigs, this
study highlighted that the IncRNAs ENSSSCG00000048463
and ENSSSCG00000041596 generated intronic circRNAs,
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however at a low expression level, with 6 and 11 associated
CCRes, respectively.

Analysis of the Production of Sub-Exonic circRNAs
To analyze the catalog of genes capable of producing sub-exonic
and/or exonic circular RNAs, we examined the 2 x 12 datasets
produced at FBN from bovine liver and muscle. We observe
that 1,914 and 839 genes are able to produce exonic circRNAs
in liver and muscle, respectively, while only 472 and 228 are
able to produce sub-exonic circRNAs in the respective tissues.
Only 124 genes produce both exonic and sub-exonic circRNAs
in liver, while in muscle we find only 37. The ability to produce
sub-exonic circRNA is therefore not related to the ability to
produce exonic circRNA.

The top-3 ranked genes producing sub-exonic circRNAs in
bovine liver are ALB, COX1 and FGB. In bovine muscle, we
could identify COX1, MYHI, MYH2, and ACTA1 among the top-
5 ranked genes producing sub-exonic circRNAs. In ovine muscle,
XIRP2, MYHI, ACTA1, and MYH7 are among the top-6 ranked
genes. Two myosin genes are found in the top ranking list of the
strongest contributors to sub-exonic circRNAs in porcine muscle.
In ovine liver, nearly half of the CCRs are assigned to sub-exonic
circRNAs produced by ALB. In the porcine liver, ALB, FGB, and
FGA are the top-3 genes producing sub-exonic circRNAs. In
porcine and ovine testis, the strongest contributor of sub-exonic
circRNAs is HSPCA. All these coding parent genes producing
a large number of sub-exonic circRNA are also known to be
among the top-ranked contributors of linear transcripts in the
respective tissue. The contribution of protein-coding genes to the
production of sub-exonic circRNAs represents a large fraction of
CCRs characterizing sub-exonic circRNAs (especially in bovine
liver and muscle). Moreover, the list of protein coding genes
providing the strongest contribution of sub-exonic circRNA
seems to be a direct reflection of the respective list for linear
transcript contribution. This would be a feature of sub-exonic
circRNAs that is not shared with exonic circRNA.

In previous studies, sub-exonic circRNAs had been searched
in mono-exonic nc genes (Robic et al., 2020). However, also
coding mono-exonic genes contribute to sub-exonic circRNA
production. Specifically, the gene COXI is a mono-exonic gene
localized on the mitochondrial genome. It is among genes able
to produce a high number of sub-exonic circRNAs in bovine
and ovine liver and in bovine and ovine muscle, while in
pigs its contribution is insignificant (in liver and muscle). In
cattle, where 13 protein-coding genes are described on the
mitochondrial genome, 12 were identified as able to produce
sub-exonic circRNAs. All these 13 mitochondrial protein-coding
genes are mono-exonic genes (Taanman, 1999).

In spite of our new data on the contribution of coding
genes to circRNA production, non-coding genes were also
important contributors of sub-exonic circRNA in some datasets.
RNase_MRP is the strongest contributor of sub-exonic circRNA
in each dataset of ssc_testis_2-7. This observation confirms data
obtained previously on ssc_testis_1 (Robic et al., 2020). Among
the other 60 datasets, there is an important contribution of
RNase_MRP to sub-exonic circRNAs in oar_liver_5. We also
noted a significant contribution of RNaseP_nuc to subexonic

circular RNAs in bta_muscle_9 while no sub-exonic circular RNA
of this gene was detected in the other bovine muscle datasets.
Nevertheless, apart from the sub-exonic circRNAs produced by
ribozymes, we have to be careful with respect to the possible
production of sub-exonic circRNAs by sncRNAs. Some batches
seem to be very rich in some sncRNAs while others display
not a single read aligned on the respective reference genome
(data not shown). With the currently available data and metadata
descriptions, it is difficult to differentiate a tissue/age specificity
from a difference resulting from a technical bias e.g., the RNA
extraction methodology.

Our data show that genes able to produce sub-exonic circRNA
can be separated into two sub-groups. Mono-exonic and nc
genes were already described as being able to produce sub-exonic
circRNAs, and this study shows that mitochondrial genes, which
are protein-coding and mono-exonic genes, are also concerned.
Furthermore, this study demonstrates that multi-exonic genes,
in particular protein-coding genes, can also produce sub-
exonic circRNAs. In addition, the coding-genes that are major
contributors of sub-exonic circRNAs strongly contribute also to
the production of linear transcripts. All data were reported in
Supplementary List 4.

circRNAs and Non-coding Genes

The current knowledge about nc genes is still poor in the livestock
species investigated here, which has an impact on evaluating their
contribution to circRNA production. While there is a similar
number of protein-coding genes annotated in livestock and
human genomes (cow-21,861, pig-21,280, sheep-20,477, human-
20,448, Ensembl v-101), comparing the number of annotated
pseudogenes (cow-492, pig-1,626, sheep-830, human-15,217)
and of IncRNAs (cow-1,480, pig-6,790, sheep-2,229, human-
16,909) demonstrates that non-coding genes are still poorly
described in livestock species. This study shows that nc genes
can also contribute to the production of intronic, sub-exonic
and exonic circRNAs. For the production of intronic circRNAs,
the current study highlights only two IncRNAs, but for the
sub-exonic circRNAs, the contribution of non-coding genes is
unquestionable (Table 2). In cattle and pigs, 945 and 998 genes
were characterized as able to produce sub-exonic circRNAs
(Table 2), respectively. Among them, 4 and 18 were IncRNAs.
Surprisingly in sheep, where only 462 genes are characterized
as able to produce sub-exonic circRNAs, we found a relatively
higher number of IncRNAs (15). There is a much higher
number of IncRNAs involved in exonic circRNA production
in sheep compared to pigs considering the number of overall
annotated IncRNAs (CE2 + CIRI2, Table 3). For example,
in ovine testis, we observed that the strongest contributor of
exonic circRNAs in terms of BS] (Supplementary Table 2)
is a Inc. This IncRNA was able to produce eleven exonic
circRNAs of which the three most expressed were ranked at
#2, #38, and #50 among the top-ranked exonic circRNAs in
ovine testis (Supplementary Table 1). This might be due to
fewer, but more precisely annotated IncRNA genes in sheep
including a higher number of described exons. All non-coding
genes, which were confirmed by both approaches (CE2 + CIRI2
and CD) as able to produce exonic circRNAs, are reported in
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TABLE 2 | Coding and non-coding genes are to produce sub-exonic circRNAs.

Genes concerned by
sub-exonic circRNAs

Protein-coding genes

Long non-coding genes

Small
non-coding
genes

Pseudogenes

N. of exons
concerned

N. of genes
concerned

N. of genes
concerned

N. of exons
concerned

N. of exons
concerned

N. of genes
concerned

N. of genes
concerned

Cattle 945 908 1,451 4

Pig 998 954

Sheep 465 434 569 15

1,228 19

4 3 3 30

11 misc_RNA,
2 ribozyme,
2 8nc,
2 Sca_RNA,
13 Sno
22 6 7 19
2 misc_RNA,
2 ribozyme,
2 Sca_RNA,
12 Sno,
1Y_RNA
20 7 9 9
1 misc_RNA,
2 ribozyme,
1 Sca_RNA,
5 Sno

Genes able to produce sub-exonic circRNAs were characterized using CD approach. Lists were available in Supplementary List 4.

TABLE 3 | Non-coding genes able to produce exonic circRNAs.

IncRNAs No. of Pseudogenes No. sncRNAs No. of

genes concerned of genes genes concerned
concerned
Cattle 6 0 18no
Pig 32 7 1 Sno
Sheep 103 2 0

Only non-coding genes highlighted by both approaches used for circRNA detection
(CE2 + CIRI2 and CD) were considered as able to produce exonic circRNAs. Their
respective Ensembl_Id were reported in Supplementary File 4.

Supplementary File 4. Non-coding genes are also involved in
the production of exonic circRNA, not only IncRNAs but also
pseudogenes and snoRNAs (Table 3).

Comparison of Circular Transcriptomes

(exonic circRNAs)

Comparison of Circular Transcriptomes Between
Tissues

When we examined the number of genes producing the 100
strongest expressed exonic circRNAs (CE2 + CIRI2) of a
given batch (hereafter Top-100/circRNAs), we counted 87 to
89 distinct genes for the five porcine batches, and 92 to 93
for the three ovine batches. For four bovine batches 90 to 97
genes produced the 100 strongest expressed exonic circRNAs, the
exception was in muscle where only 83 distinct parent genes were
identified (Supplementary Table 1). As we previously proposed a
comparison based on the most highly expressed exonic circRNA
(Figure 2A), we propose now a comparison based on genes
with the highest expression in terms of BS]. The Top-100 list
of parent genes most strongly producing exonic circRNAs was

established for each batch from the three species (hereafter
Top-100/genes, Supplementary Table 2), and analyzed. The
levels of overlap between testis/liver/muscle appeared higher
in sheep than in cattle or pigs (Figure 2B-3 in yellow). In
cattle, the levels of overlap observed for pairwise comparisons
of Top-100/genes (Figure 2B-1) were similar to those noted for
Top-100/circRNAs (Figure 2A-1 in blue). The main exception
is the overlaps between the two batches from bovine liver
(87% for Top-100/genes and 72% for Top-100/circRNAs). In
pigs, the level of overlap observed for pairwise comparisons
of Top-100/genes (Figure 2B-2) were almost systematically
higher than those noted for Top-100/circRNAs (Figure 2A-2).
On Top-100/genes, overlaps between the pubertal and adult
batches from porcine testis (84%) were better than the overlaps
observed between the two batches from porcine liver (74%
for Top-100/genes, Figure 2B-2). Exonic circRNA production
with high BS] seemed focused on a group of genes that
produce several distinct exonic circRNAs with a balance of
circular isoforms which would be dependent on considered
tissue (Supplementary Table 1 and Supplementary File 5). One
example to illustrate this: The gene NUP2I0L was ranked at
the second position in terms of BSJs counts in porcine pubertal
testis, and 30 distinct exonic circRNAs were characterized with
a dominant form. In adult porcine testis this gene was ranked
at the third position with 23 circular isoforms characterized
but without dominant form. When we examined the Top-
100/genes established for the porcine batches (Supplementary
Table 2), we noticed that KANSLIL was among the strongest
producers of exonic circRNAs (CE2 + CIRI2) in the five
batches (#1 to #7). The bovine orthologous gene produced
also many exonic circRNAs, with the highest ranking noted
for testis from young bulls (#17) and the lowest ranking for
pubertal testis (#62).
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Impact of Genes Able to Produce Multiple Exonic
circRNAs

We further examined genes with multiple exonic circRNAs
characterized. The protein-coding gene SMARCCI is able to
produce 41 distinct exonic circRNAs in the porcine testis
(CE2 + CIRI2) (Supplementary File 5). Less than 30 exons
were reported for this porcine gene (as in humans), which are
spread across 190 kb (Ensembl, v-102). In contrast, the bovine
SMARCCI is able to produce only five distinct exonic circRNAs
in testis and no circRNAs from the ovine SMARCCI gene were
identified. This result was confirmed among the exonic cirRNAs
characterized by CD. The strongest producer of distinct circRNAs
(Supplementary File 5) in bovine testis is DNAHI4, but this
gene does not appear in the ovine and porcine lists, because of
poor knowledge (sequences/annotation) about this gene in these
species. In muscle, the gene producing the largest diversity of
circRNAs is the same in the three species (Supplementary File 5).
The Nebulin gene (NEB) is a gene with a large number of exons.
In humans, more than 180 exons were characterized in a region of
200 kb (Ensembl v-102). Among the three species investigated in
our study, the highest number of distinct exonic circRNAs from
this gene is noted for cattle. In the three species, NEB produced
this diversity of exonic circRNAs quasi-exclusively in muscle
(29/30 cattle, 15/16 pigs, 17/19 sheep). When we examined lists
of genes present in Top-100/genes (Supplementary Table 2), we
noticed that these lists contained mainly genes with multiple
exonic circRNAs characterized. NEB was a good example to
illustrate this. In porcine and ovine muscle, NEB was ranked
at the third position of genes expressing a high quantity of
circular transcripts where 16 and 19 circular isoforms were
respectively characterized (Supplementary Table 2). In pigs and
in sheep, a circular form among all exonic circRNAs from NEB
appeared dominant and this dominant form was ranked at #2
and #4 on the ovine and porcine Top-100/circRNAs in muscle
(Supplementary Table 1). These dominant alternative circular
transcripts are not pig-sheep orthologous circRNAs. In bovine
muscle, 30 distinct NEB circRNAs were characterized and this
parent gene was ranked at the second position in terms of BS]Js
counts (Supplementary Table 2). Even though the expression of
the strongest expressed alternative form of NEB circRNA was 20
times higher than the lowest, there was not really a dominant
form in bovine muscle.

Comparison of the Circular Transcriptome Between
Species

The comparison of the expression profiles between species was
performed using two different approaches. First, a comparison
between the expression profiles of orthologous parent genes was
performed (see Methods). We observe here a clear correlation
between the expression profile between species for the same
tissue as exemplified by the comparison of sheep and bovine
tissues expression profiles (Figure 5A). Ranking the expression
profiles from highest to lowest for each species and each tissue
however underlines that this ranking is not strictly conserved
between the three species (Table 4). From the examination
of this table, it would be tempting to deduce (Table 4) that
for example (1) the circular transcripts expression of ovine

SUGT1 would be a differential characteristic with respect to pig
muscle (2) the circular transcripts expression of ovine TRDN
would be a differential characteristic with respect to bovine
muscle. When we examined respective annotations available,
this suggestion appeared possible for SUGTI. In contrast, this
suggestion did not stand up to the examination of the annotation
of the bovine TRDN gene. Moreover, when we examined
these data, we found no clear overlap as demonstrated by
two examples: (1) The NEB gene was ranked high across all
three species: at #3 on the ovine list and also #3 on the
porcine list and #23 on the bovine list. (2) In contrast, the
#8 of the ovine list (SLC9A2) was found at #60 and #2,854
on the bovine and porcine lists, respectively. The genes that
are the strongest producers of circRNA in sheep muscle are
not necessarily genes that produce a lot of circRNA in pig
or cattle muscle.

In order to bypass the limitation of comparing the expression
of parent genes, we identified directly orthologous circRNAs
based on sequence similarities (see Methods). From 3,899 ovine
circRNAs and 8,723 bovine circRNAs, we were able to identify
1,832 orthologous circRNAs (see Suppl_Lists-1). For comparison,
the Ensembl one-to-one ortholog set contains 16,110 orthologs,
among 21,861 bovine and 20,477 ovine coding genes. Again,
we observe a correlation between the expressions of circRNAs
between species for the same tissue (Figure 5B) suggesting
that, just as the linear transcriptome (Kryuchkova-Mostacci and
Robinson-Rechavi, 2016), the circRNA transcription profile is, at
least in part, conserved across species.

DISCUSSION

The imbalance between batches observed during the circRNA
characterization phase and other issues (e.g., incomplete genome
assemblies/annotations) precluded us to perform a global
comparison between tissues and between species. Instead, we
highlight a few examples to show different and sometimes
seemingly contradictory results to demonstrate the complex issue
of these comparisons.

Even though each of the datasets considered individually was
of correct quality, the agglomeration of datasets from different
origins proved to be difficult. This was a surprising outcome,
because many studies used a similar approach with mRNA-
seq datasets from different sources (Soumillon et al, 2013;
Fang et al, 2020). However, while it is difficult to compare
the number of circRNAs when datasets come from different
sources, the contents in circRNAs (the most expressed circRNAs
or the genes with the highest expressing of circRNA in terms
of BS]) are quite comparable. We can put up the hypothesis
that protocols for RNA preparation and sequencing have a
significant impact on circRNA recovery. We assume that a subset
of circular RNAs may be present in tissues in a complex form
and that RNA purification methods may differ with respect to
their recovery (Pamudurti et al., 2017; Ragan et al., 2019). The
differences between RNA preparation protocols are not always
well explained but, for example, we are sure that there are
differences in the use or non-use of TRIzol, which exist between
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FIGURE 5 | Comparative analysis of the bovine and ovine transcriptomes. (A) Circular expression profiles of orthologous genes (measured as number of BSJs) were
compared in liver, and in muscle. (B) Expression profiles of orthologous circRNAs (measured as number of BSJs) were compared in liver, and in muscle. Only
genes/circRNAs with a substantial expression were kept for these correlation analyses (log10(BSJs) > 1.2 for each tissue and each species).

TABLE 4 | Strongest parent genes for cirRNA production identified in muscle.

Ovine gene Rank in Bovine orthologous gene Rank in Porcine orthologous gene Rank in
oar_muscle bta_muscle ssc_muscle
ENSOARG00020005060 SUGT1 1 ENSBTAG00000002137 382 ENSSSCG00000039338 -
ENSOARG00020003405 UBESA 2 ENSBTAG00000002487 1,005 ENSSSCG00000004832 4
ENSOARG00020024247 NEB 3 ENSBTAG00000006907 23 ENSSSCG00000016397 3
ENSOARG00020019783 ANO5 4 ENSBTAG00000019394 392 ENSSSCG00000013344 1,673
ENSOARG00020010566 LMO7 5 ENSBTAG00000010693 2 ENSSSCG00000040184 386
ENSOARG00020016807 PPP2R3A 6 ENSBTAG00000023416 233 ENSSSCG00000033185 1,189
ENSOARG00020020875 TRDN 7 ENSBTAG00000038849 - ENSSSCG00000027613 263
ENSOARG00020002529 SLC9A2 8 ENSBTAG00000001706 60 ENSSSCG00000008153 2,854
ENSOARG00020012532 SENPE 9 ENSBTAG00000005869 1 ENSSSCG00000020702 733
ENSOARG00020003993 ANO6 10 ENSBTAG00000002902 130 ENSSSCG00000000804 -
ENSOARG00020021163 SLTM 11 ENSBTAG00000011319 853 ENSSSCG00000004592 20
ENSOARG00020002353 SNX13 12 ENSBTAG00000014074 207 ENSSSCG00000024761 273
ENSOARG00020006228 MYBPC1 13 ENSBTAG00000011392 3 ENSSSCG00005042452 -
ENSOARG00020025783 GOLGA4 14 ENSBTAG00000016563 377 ENSSSCG00000011243 -
ENSOARG00020017442 ZEB1 15 ENSBTAG00000020053 704 ENSSSCG00000011025 630

At left, the list is provided encompassing the top-15 parent genes for exonic circular RNAs with respect to the number of BSJs identified in sheep muscle. In the center
and on the right, the respective ranking is given for orthologous genes in the list of parent genes for exonic circular RNA in bovine and porcine muscle.
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batches for this study. For example, the RNA produced for the
ssc_testis_1-7 datasets was obtained from a dry-powdered tissue
sample before being treated with TRIzol (Robic et al., 2016).
In contrast, datasets generated at FBN or at Roslin Institute
were produced from a tissue sample homogenized directly in
TRIzol (Clark et al., 2017; Nolte et al.,, 2019). Moreover, an
additional on-column-purification step was performed for RNAs
extracted at FBN (bta_muscle_1-12) (Nolte et al., 2019) or at
INRAE (ssc_testis_1-7) (Robic et al., 2019). Some protocols are
described too succinctly to be sure that this type of additional
step did not performed. These observations demonstrate the need
for harmonized or at least fully described laboratory methods
attached as metadata to enable samples to be fully useful in
functional annotation of genomes as agreed upon in the global
FAANG initiative.

Although the diversity regarding the source of datasets had
somewhat limited our analyses, we were able to show that the
ruminant liver contains more exonic circRNA than muscle. In
testis, the number of exonic circRNAs seemed associated with the
age of the animals. In bulls, the testis contained more circRNAs
at birth than at puberty. An inverse dynamic was observed
in rat (Zhou et al, 2018; Gong et al., 2020). Nevertheless, at
birth, a rodents testis presents large differences with a bull
testis (Fujihara et al.,, 2011; McGowan et al., 2018; Picut et al,,
2018). When we compared the circRNA expression of two
datasets from the same tissue of the same species, we observed
differences, but much less than those between two tissues of
the same species. However, the similarities between species are
more difficult to quantify, because annotations relative to parent
genes are often deficient in at least one of the species considered.
The overlap between pubertal testis and testis at other stages
led to an intermediate value and showed that the testis is a
tissue with a maturation in progress. We showed that there are
points of agreement in the circular transcriptome of the same
tissue in two species, but also many divergences. Some of the
strongest parental genes for exonic circular RNAs may be also
among those genes, which produce a large quantity of circular
transcripts in several tissues. Nevertheless, this characteristic
of high circRNA expression across tissues may be limited to
one species (KANSLIL in pigs). Moreover, the parent genes
of exonic circRNAs are often capable of producing several
distinct circRNAs. This has an impact on the composition of
the circular transcriptome and the balance between the different
circular isoforms contributed also to the composition of circular
transcriptome. It seems that among these circular isoforms,
there may be a dominant form, but this is not a rule. The
balance between the different isoforms will have to be studied
in the future, as this seems to be a very specific question for
the circular transcriptome. Analyses presented here showed that
it is not enough to have a set of orthologous genes capable
of producing circRNAs to obtain a similar circRNA landscape
in the same tissue from both species. The fact that exonic
circRNAs can be produced from the same exons (orthologous
circRNA as found by Suenkel et al., 2020) or not appears at this
stage as a detail. For example SMARCA5 is known to produce
exonic circRNAs in connection with biological data in humans
(Kong et al., 2017) and pigs (Robic et al., 2019), but the exons

involved are different. One future direction might be to take
into account the relative “weight” of exonic circRNAs/parent
genes for comparative analyses of several circular transcriptomes.
Among lists of genes able to produce exonic circRNAs in one
species, we can find a proportion of genes, which are able to
produce exonic circRNAs also in a second species and in the same
tissue. Nevertheless, the relative contribution of those genes to
the second circular transcriptome is not predictable. There may
be points of concordance in the circular transcriptome of the
same tissue in two species, but it will be difficult to conclude
from one species to another demonstrating the need to conduct
a comprehensive characterization within each species. Besides,
we would like to emphasize that in this study we considered
circRNAs distinguishable by their circular junction. We know
nothing about the internal structure of circRNA and multiple
distinct circular RNAs can share the same circular junction
(Dodbele et al., 2021).

This study shows that multi-exonic genes can also generate
sub-exonic circRNAs. These multi-exonic genes were most often
protein-coding genes, but some IncRNA and pseudogenes were
also highlighted. Because the list of genes, which are the strongest
contributors of sub-exonic circRNAs (especially in bovine liver
and muscle), seems to be a direct reflection of the respective
list of contributors of linear transcripts, we suspect that these
circRNAs from multi-exonic genes are mostly the result of
splicing machinery errors or a destruction process of linear
transcripts. For sub-exonic circRNA from mono-exonic genes,
this current study confirmed the previous study (Robic et al.,
2020, which was based only on the ssc_testis_1 dataset) that
ribozymes and other snc-RNA genes are able to produce sub-
exonic circRNAs. We provide data supporting the production
of sub-exonic circRNAs by mitochondrial protein-coding genes,
which is new, but not a surprise. The transcription of these
mono-exonic genes does not require the splicing step (no
intronic sequence to be removed), and frequently sub-exonic
circRNAs include a notable part of potentially transcribed
sequences (unique exons). These genes have probably kept some
features of ancestral genes (prokaryotic genes) including the
production of circRNAs (Danan et al., 2012). It was already
described for ribozymes (Cervera and de la Pena, 2020). We
believe that it is a constitutive phenomenon relative to these
mono-exonic genes, where a part of transcripts is circular. We
cannot rule out the hypothesis that the transcripts of these
genes adopt the circular form for a better life span or a best
biological efficiency.

When we wanted to compare results between species, we
were confronted with problems related to the reference genome,
because some of the genes were not annotated with the same
quality in all species. We would like to emphasize that the
assignment of a given circRNA to a parent gene is dependent on
the knowledge of the genome and available annotation. We began
this study with strict constraints on the annotation of the parent
circRNA gene (see Materials and Methods). Although excellent
analyses to compare circular transcriptomes have recently been
published using a different approach (Ji et al., 2019), we still
believe that, especially in animal species, it is important to
perform comparative studies with only circRNAs with a clearly
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identified parent gene (Dong et al, 2017). Moreover, this
approach avoid also a large number of false positive circRNA
annotations (Kaur et al., 2018; Ragan et al.,, 2019). This study
shows that nc genes can give rise to intronic, sub-exonic and
exonic circRNAs. For exonic circRNAs, we were surprised to
observe the highest similarities between tissues and the smallest
number of distinct exonic circRNA in sheep. Our observations on
circRNAs showed that the ovine reference genome might suffer
from a deficit of described exons in protein-coding genes. The
ovine IncRNAs included in the genome annotation, however,
seemed to be better described than IncRNAs from pigs. We
would underline that the current knowledge about nc genes is
still poor in the livestock species investigated here (Gao et al.,
2019; Nolte et al., 2020). When we started this study, we assumed
that unannotated circRNAs would reveal the existence of new
exons/transcripts/genes, and we thought that the list contained
many circRNAs that could be annotated with a single effort
on genome annotation as suggested in a previous study (Robic
et al., 2020). Nevertheless, the current study revealed that the
vast majority of unannotated circRNAs were grouped in clusters
along the genome (especially in muscle). We showed that these
clusters pointed to genomic regions with problems regarding
gene annotation/assembly/sequences. In these genomic regions,
the problems are often multiple, and the identification of new
linear or circular transcripts seems to be a dangerous process, if it
is not associated with a real parallel effort on linear transcriptome
annotation and even an improved genome assembly.

This study highlights the importance of improving genome
annotation to better annotate circRNAs observed. To our
disappointment, not all detected circRNAs can directly
contribute to the annotation of new genes. Nevertheless, we
believe that a “wide-angle” approach to study circular RNAs can
help locate genomic regions with multiple problems. This study
highlights the importance of improving genome annotation to
better understand the circRNA production.
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