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ABSTRACT

Circular RNAs (circRNAs) have been identified in diverse eukaryotic species and are characterized by RNA
backsplicing events. Current available methods for circRNA identification are able to determine the start
and end locations of circRNAs in the genome but not their full-length sequences. In this study, we
developed a method to assemble the full-length sequences of circRNAs using the backsplicing RNA-Seq
reads and their corresponding paired-end reads. By applying the method to an rRNA-depleted/RNase
R-treated RNA-Seq dataset, we for the first time identified full-length sequences of nearly 3,000 circRNAs
in rice. We further showed that alternative circularization of circRNA is a common feature in rice and,
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surprisingly, found that the junction sites of a large number of rice circRNAs are flanked by diverse non-
GT/AG splicing signals while most human exonic circRNAs are flanked by canonical GT/AG splicing signals.
Our study provides a method for genome-wide identification of full-length circRNAs and expands our

understanding of splicing signals of circRNAs.

Introduction

Circular RNAs (circRNAs) are generated by a non-linear back-
splicing event between a downstream splice donor and an
upstream splice acceptor. Although several examples of circR-
NAs have been known for several decades, the phenomenon of
widespread of circRNAs in eukaryotes has only recently been
revealed."* In humans and animals, extensive attentions have
been given to circRNAs, which enhanced our understanding of
biogenesis and functions of circRNAs.”® CircRNAs can arise
from exons, introns and intergenic regions. The junction sites
of the circRNAs identified among various eukaryotic species
are mostly flanked by canonical splice sites, i.e. a 5 donor site
of GT and a 3’ acceptor site of AG.® It was reported that, in
humans, some exonic circRNAs are flanked by paired ALU ele-
ments and long introns.” Further works showed that biogenesis
of some animal circRNAs is mediated by complementary
sequences in their flanking introns.'®'> Competitive generation
of circular and linear transcripts from the same pre-transcript
has been observed and the splicing factor MBNL1 has been
found to be involved in circRNA biogenesis.'"* The RNA bind-
ing protein Quaking regulates the formation of circRNA."
Another work in yeast uncovered a mechanism that may
account for circularization of RNA in genes lacking noticeable
flanking intronic secondary structure, showing that circRNA
can be generated through an exon-containing lariat precur-
sor.'® For functions of circRNAs, the most prominent examples
are human CDRIas (CDRI antisense) and mouse Sry, which

were experimentally validated to function as miRNA
sponges.'”'® Human CDRIas contains dozens of miR-7 bind-
ing sites and its expression in zebrafish impaired midbrain
development, a phenotype similar to that observed in zebrafish
with a knocking-down level of miR-7."® Sry circRNA was found
to function as a decoy of miR-138."” A recent work further
showed that human circHIPK3 serves as a sponge for multiple
miRNAs."” Another possible function of circRNAs is to regu-
late expression of their parental genes.’>*' For example, exon-
intron-derived circRNAs have been shown to promote
transcription of their parental genes via interaction with Ul
snRNA based on complementary base pairing.*’

In contrast to human/animal circRNAs, little attention has
been given to circRNAs in plants. We have previously per-
formed genome-wide identification of circRNAs in rice and
Arabidopsis, and found that some features, such as conserva-
tion and harboring long flanking introns, are common in
plant and animal circRNAs.”> We also found some distinct
features of plant circRNAs, such as much less repetitive ele-
ments and complementary sequences in their flanking introns.
These results have been confirmed by a recent study in rice,
which further showed that overexpression of a circRNA
reduced the expression level of its parental gene, suggesting
that plant circRNA might act as a negative regulator of its
parental gene.”’

Several bioinformatics tools, such as find_circ, circRNA_-
finder, CIRCexplorer and CIRI, have been developed for
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circRNA identification.** After removing RNA-Seq reads
that aligned contiguously and full length to the target
genome, find_circ aligns 20-nt fragments (anchors) extracted
from both ends of the unmapped reads to the genome
sequence to find backsplicing events defined by alignment of
the anchors in a reverse orientation.'® CIRCexplorer deter-
mines the precise positions of downstream donor and
upstream acceptor splice sites by aligning splice junction
reads to annotated genes.13 circRNA_finder uses the STAR
read aligner to identify chimeric junction reads.”> CIRI is an
algorithm based on detection of paired chiastic clipping sig-
nal in the SAM alignment in combination with systematic fil-
trations to remove false positives.”® Other algorithms used in
identification of backsplicing transcripts include MapSplice,
TopHat-Fusion and segemehl.””>* More recently, a statistical
approach has also been used in detection of backsplicing
events and identification of circRNAs.?® It was reported that
the loop portion of lariats is resistant to RNase R and that
branch point reads could be detected in RNase R-treated
RNA-Seq data. Most methods could not distinguish lariats
and circRNAs, however, lariats usually contain a significant
portion of intronic sequence.

Basically, these bioinformatics tools first find fusion junction
sites and then use different filtration strategies to identify the corre-
sponding circRNAs. RNA-Seq reads supporting backsplicing
events are crucial for circRNA identification. The aforementioned
methods can identify the start and end locations of circRNAs in a
genome based on the position of the backsplicing site, but cannot
determine the full-length sequences of circRNAs, which can be
obtained by PCR-based experimental method but usually only for
a limited number of circRNAs.*"** Considering the importance of
full-length sequences for functional and evolutionary analyses of
circRNAs, it is necessary to find a way for large-scale identification
of full-length sequences of circRNAs. In this study, we developed
such a bioinformatics pipeline, which first identifies backsplicing
junctions and then assembles the full-length sequences of circR-
NAs using the paired-end reads aligned to the backsplicing junc-
tions. As a proof of concept, we identified approximately 3,000 full-
length circRNAs using this approach in rice and found that non-
GT/AG splicing signals are common in rice circRNAs.

Results
Assembly of full-length sequences of circular RNAs

A method called circseq_cup was developed in this study to
identify circRNAs and to assemble full-length circRNA sequen-
ces based on paired-end (PE) RNA-Seq data (Fig. 1a; details see
Methods). Briefly, circRNA-enriched clean RNA-Seq reads
were aligned to genome sequence and fusion junction sites
were identified using TopHat-Fusion.”” The genomic sequence
(referred to ‘n’) between 2 fusion junction sites was extracted
and 2 such genomic sequences were concatenated to form a
new sequence (referred to 2n’). The unmapped reads collected
during alignment using TopHat were aligned to the 2n’
sequences and those covering the middle joint of the 2n’
sequences (Fig. 1a) were considered as backsplicing reads. The
candidate backsplicing reads and their corresponding PE ones
were then collected. As backsplicing reads are crucial for the

identification of circRNAs, we thus only used the backsplicing
reads satisfying the criteria detailed in the Methods section in
contig assembly to make sure the accuracy of the assembled
circRNAs. Additionally, considering the difficulty in distin-
guishing linear and circular transcripts, we only collected the
backsplicing reads and their corresponding PE reads that were
fully aligned to the 2n’ sequences to make sure that all collected
reads are from candidate circular transcripts. The collected
reads were then assembled for each candidate circRNA using
Cap3.” A contig with overlap at its both ends was considered
as a circRNA. The contig sequence (excluding the overlap at
one of its ends) was designated the full-length circRNA
sequence (Fig. 1a). The tool circseq_cup we developed can also
use the mapping and fusion junction detection results gener-
ated by other aligners, including STAR-Fusion®® and sege-
mehl,”” as the input of Cap3 assembly to suit different
requirements for the sensitivity and accuracy of circRNA
identification.

Full-length sequences of circRNAs in rice

To evaluate the method, we generated PE RNA-Seq reads
from 3 libraries (replicates) using total RNA isolated from rice
roots and treated to deplete rRNA and linear RNA molecules
(see Methods and Supplementary Table S1). Two RNA-Seq
libraries had an insertion size of approximately 300 bp, while
the third library had an insertion size of ~400 bp. Following
the steps detailed in Methods and the last section, we identi-
fied 1,046, 1,368 and 1,225 circular full-length transcripts in
the 3 libraries, with a total of 3,011 non-redundant ones. This
result could indicate a poor repeatability of circRNA identifi-
cation in different RNA-Seq libraries with a decent sequencing
depth. However, when we considered 2 or more circRNA iso-
forms from the same circRNA locus as a single circRNA, we
found that over 60% circRNAs were reproducibly detected in
at least 2 libraries (Supplementary Table S2). circRNA iso-
forms refer to any overlapping circRNAs generated from the
same circRNA locus (see details in the next section). Analysis
of the number of PE reads supporting the detected circRNAs
showed that most circRNAs (~70%) have only <5 PE reads
in each of the 3 libraries, demonstrating that most identified
circRNAs are lowly expressed in rice (Fig. S1), which in part
could address the inconsistency of circRNA isoforms identi-
fied in different libraries that were generated from the same
tissue. RNA-Seq data with a much higher depth are preferred
for robust and repeatable circRNA identification in rice, espe-
cially for consistent identification of all circRNA isoforms.

Of the 3,011 circular full-length transcripts, 213 had their
fusion joint sites (both the splicing donor and acceptor) from
introns, of which 8 and 205 had the canonical GT/AG splicing
signals and non-GT/AG splicing signals, respectively. The latter
might be derived from lariats during splicing and were there-
fore excluded from further analyses.” Of the remaining 2,806
circRNAs (Supplementary Table S3), 1,846 (accounting for
65.8%) contain exons (exonic circRNAs) and 952 had their
entire full-length sequences matching intergenic regions (inter-
genic circRNAs).

To confirm the circRNA identification results, we did
RT-PCR with divergent primers (i.e., the forward primer
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Figure 1. Identification of circRNAs with full-length sequences. (a) Workflow for computational identification of circRNAs with full-length sequences based on paired-end
RNA-Seq data. Left panel, a pipeline for assembly of full-length circRNA sequence implemented in circseq_cup. Right panel, a model illustrating the assembly method by
circseq_cup. (b) Validation of full-length circRNA sequences by divergent RT-PCR. Left panel, a diagram showing a circRNA and the positions of divergent primers used in
amplification of circRNA. Forward and reverse primers were designed close to each other or even overlapping at their 5" ends to make sure that the PCR product was or
nearly was the full size of circRNA. Right panel, an example showing the full-length sequence of a circRNA (Chr12: 607,669-607,762) confirmed by Sanger sequencing. In

this case, the forward and reverse primers overlapped 3-nt at their 5 ends.

being located downstream of the reverse primer when they are
aligned to genomic sequence) followed by Sanger sequencing
for 30 exonic circRNAs and 5 intergenic circRNAs (Fig. 1b,
Supplementary Table S4). The divergent primers were
designed in a ‘back-to-back’ manner with the 5 ends of the
forward and reverse primers overlapping by less than 5-nt or
separated by a distance of no more than 5-nt (Fig. 1b). Of the
30 selected exonic circRNAs, 15 were validated successfully
for their full-length sequences. Two of the 5 intergenic circR-
NAs were also validated successfully, including the longest
(680 bases) circRNA (Chr4: 35,476,588-35,477,345) predicted
by our method (Supplementary Table S4). Additionally, we
randomly selected 5 circRNA loci generating multiple iso-
forms (details in the next section) for validation. At least one
predicted circRNA isoform was validated successfully for each
locus (Supplementary Table S4). These validation results dem-
onstrated that our method is efficient in identification of full-
length sequences of circRNAs.

Our method used only RNA-Seq reads covering backsplic-
ing sites and their corresponding PE reads in contig

assembly, the sizes of the full-length circRNAs identified
thus depend on the read length and the insertion sizes of
RNA-Seq library. As expected, we identified more full-length
circRNAs with a longer size (e.g. >240 bases) in the PE400
library than in the PE300 library (Fig. 2). The longest full-
length circRNAs identified in the PE300 and PE400 libraries
were 488 and 680 bases in length, respectively. The majority
of full-length circRNAs identified in both RNA-Seq libraries
had a length of 150-180 bases (Fig. 2). It seems to be that
150-180-nt circRNAs could be the dominant ones in rice.
However, the number of shorter circRNAs could have been
underestimated in our experiment, considering that the
insertion sizes we used were 300 and 400 bases and that
most small circRNAs (e.g., <100 bases) were not harvested
for sequencing library construction.

Alternative circularization of circRNAs in rice

Previous result showed that alternative circularization of
circRNA is a common feature in rice® Any 2 partial
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Figure 2. The size distribution of rice full-length circRNAs identified by circseq_cup
in 2 libraries with different insertion sizes. PE300 and PE400 refer to the paired-end
RNA-Seq libraries with a 300-nt and 400-nt insertion size, respectively.

overlapping circRNAs derived from the same locus were
defined here as circRNA isoforms generated by alternative cir-
cularization. Among the 2,806 rice circRNAs (from 1,269 loci)
presented in Supplementary Table S3, more than half (1,733,
accounting for 61.8%) were generated from only 196 loci
(15.4% of the total circRNA-generating loci; Fig. 3). For 31
circRNA loci, over 10 isoforms were detected at each locus, of
which 10 loci generated 16-30 circRNA isoforms, 7 loci pro-
duced 31-60 isoforms and 4 loci generated over 60 isoforms
with one of them having 192 isoforms (Fig. 3). These results
indicate that a large number of circRNA isoforms could be gen-
erated from the same locus by alternative circularization.
Sequencing of RT-PCR products amplified from 5 loci by diver-
gent primers was used to validate the predicted circRNA iso-
forms. For each locus, in addition to the validated circRNA
isoform(s), new isoforms not predicted by our method were
also found experimentally. For example, 192 isoforms with a
length ranging from 67 to 311 bases were predicted by our
method in a 314-nt intergenic region in chromosome 3 (the 2"
locus in Supplementary Table S4b). After sequencing 28 posi-
tive clones containing the expected insert, 12 circRNA isoforms
were identified with some of them confirmed by multiple
clones. Of the 12 circRNA isoforms, 4 were consistent with the
prediction results and 8 were new circRNA isoforms that were
not predicted by our method (Fig. 4a). In another locus (306-nt
in length; the 3™ locus in Supplementary Table $S4b) corre-
sponding to the 3-UTR and an exon of the gene
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Figure 3. The distribution of 2,806 circRNA isoforms identified by circseq_cup
showing alternative circularization of circRNAs in rice.

LOC_Os11g02080, which contains a hypoxia induced protein
domain, 41 isoforms were predicted. After sequencing 27 posi-
tive clones containing the expected size of insert, we success-
fully validated 10 predicted isoforms and found 3 new isoforms
that were not predicted. In this case, we found that one end of
the experimentally identified 13 circRNA isoforms share the
same or very close positions located at the 3'-UTR of
LOC_Os11g02080 (Fig. 4b). Furthermore, a circRNA locus (the
4™ Jocus in Supplementary Table $4b) corresponding to the 3'-
UTR and an exon of the gene LOC_Os12g02040 was predicted
to generate 38 isoforms. The full-length sequences of 8 isoforms
from this locus were validated successfully and 4 new isoforms
that were not predicted were also found (Supplementary
Table S4). Interestingly, the parental gene LOC_Os12¢02040 of
this circRNA locus is a homolog of LOC_Os11¢02080, which
was caused by large-scale duplication between chromosomes
11 and 12 (Plant genome duplication database).’® These results
confirmed that alternative circularization is quite common for
circRNA loci in rice and that not all circRNA isoforms from
the same locus could be bioinformatically predicted, probably
due to their very low expression levels.

A large number of circRNAs with diverse non-GT/AG
splicing signals in rice

The U2-dependent spliceosome is responsible for splicing of
the vast majority of introns in both plants and animals, with
GT and AG terminal dinucleotides at their 5" and 3’ termini,
respectively.”® We analyzed the splice sites of 2,806 rice circR-
NAs identified in this study. The full-length sequences of some
circRNAs could not be exactly mapped to a certain genome
position showing several bases shuffling. In these cases,
the exact backsplicing sites could not be determined. In view of
this uncertainty, we first required the full-length circRNA
sequences mapped to the rice genome satisfying both GT (AC)
and AG (CT) splicing signal criteria. If the paired GT/AG splic-
ing signal was not found, we then designated the annotated
ones of the rice genome as the splice sites. If both the GT/AG
splicing signal and the annotated splice sites were not found,
the backsplicing position was randomly designated. Based on
this mapping and annotation strategy, we surprisingly found
that, of the 2,806 circRNAs, only a small portion (206 or 7.3%)
were flanked by the canonical GT/AG (CT/AC) splicing signals
(Fig. 5a). A diverse set of non-GT/AG splicing signals were
found for the 1,057 circRNAs with a determined mapping posi-
tion (Supplementary Table S5). The top 5 non-GT/AG terminal
dinucleotides pairs were GC/GG, CA/GC, GG/AG, GC/CG,
and CT/CC. A certain splicing signal could not be assigned to
the remaining 1,543 circRNAs due to their shuffling mapping
on the rice genome, but no GT/AG was found among them.
Existence of the non-GT/AG splicing signals was confirmed
by our experimental validation of circRNAs. From the afore-
mentioned 5 circRNA loci with multiple isoforms, a total of 44
circRNA isoforms were identified. We found that all of them
were flanked by non-GT/AG splicing signals and that only a
few of them could be uniquely mapped (Supplementary
Table S4). For example, 3 of the 12 circRNA isoforms identified
from the intergenic circRNA locus in chromosome 3, which
had a unique mapping position in the rice genome, contained
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Figure 4. Two validated circRNA loci generating multiple isoforms with non-GT/AG splicing signals. (a) Validated full-length circRNA isoforms generated by alternative cir-
cularization at the circRNA locus from an intergenic region of the rice genome (Chr3: 29,382,350-29,382,650). Outer thick circle indicates genomic position. (b) Validated
full-length circRNA isoforms generated by alternative circularization at the circRNA locus from the UTR and exonic region of the gene LOC_Os11g02080 (Chr11: 563,430—
563,620). Outer thick circle indicates positions of UTR (light blue) and exon (dark blue). Each inner arc represents a validated circRNA isoform. The blue and gray arcs rep-
resent isoforms predicted by circseq_cup and identified only by amplification, respectively. Splicing signals were labeled at 2 ends of each isoform.

the splicing signals of CC/AC, GT/AA or TT/GA (Fig. 4a). The
remaining 9 isoforms could be aligned to a different position
with several bases of shifting at the same locus. A definite splic-
ing signal could not be assigned and no GT/AG was found for
these circRNAs. Similarly, the GT/AG pair was not found in all
of the 13 identified isoforms from LOC_Os11g02080 (Fig. 4b)
and in all of the 12 identified isoforms from LOC_Os12g02040
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Figure 5. Diverse splicing signals of full-length circRNAs in rice. (a) Splicing signals
of circRNAs identified in our rRNA-depleted/RNase R-treated RNA-Seq dataset
from rice roots. (b) Splicing signals of circRNAs identified in the public rRNA-
depleted RNA-Seq data from rice roots under phosphate starvation stress. Splicing
signal “GT/AG" also includes its complementary partner “AC/CT.” In the non-GT/AG
group, the top 10 splicing signals were shown individually, and others represent
the total number of the remaining non-GT/AG splicing signals of circRNAs with a
determined mapping position.

(Supplementary Table S4). Additionally, we applied our
method to another publicly available RNA-Seq data set
(GenBank accession number SRR1005311) generated from
rRNA depleted RNA from rice roots under phosphate starva-
tion stress conditions®” and also found a large number of circR-
NAs with non-GT/AG splicing signals. In this analysis, a total
of 943 circRNAs with full-length sequences were identified and
only 42 contained the canonical GT/AG splicing signals
(Fig. 5b). These results demonstrated that diverse non-GT/AG
splicing signals are common for rice circRNAs.

Full-length circRNAs in humans

To further evaluate our method in identification of human full-
length circRNAs, we applied circseq_cup to 2 publicly available
human RNA-Seq datasets (GenBank accession numbers
SRR444974 and SRR445016) enriched for circRNAs.” After
excluding possible lariats that had their fusion joint sites from
introns and were flanked by non-GT/AG splicing signals, a
total of 3,371 and 9,538 full-length circRNAs were identified in
the 2 libraries, respectively (Supplementary Table S6). Analysis
of the splice signals of these human circRNAs showed that the
majority (88.3% and 85.0%, respectively) of exonic circRNAs
have the canonical GT/AG splicing signals and only a small
portion are flanked by the non-GT/AG splicing signals (Sup-
plementary Table S6), which is in contrast to rice circRNAs
(Fig. 5). For intergenic circRNAs in humans, we also found a
large number of them containing non-GT/AG splicing signals
(61.2% and 94.1% in the 2 examined RNA-Seq data sets).

Discussion

Circular RNAs are a new type of non-coding RNA that have
been identified in a growing number of eukaryotes. Apart from
the breakthrough in deep-sequencing technology, development
of bioinformatical algorithms for genome-wide identification of
circRNAs has played a critical role in discovery and studies of
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circRNAs. Genome-wide identification of circRNAs is an initial
and crucial step toward understanding biogenesis, function and
evolution of circRNAs. Based on the presence of backsplicing
RNA-Seq reads, current available methods for circRNA identi-
fication are able to define the start and end locations of
circRNA in a reference genome, but none of them provide solu-
tion for determination of the full-length sequences of circRNAs
probably due to the difficulty in distinguishing linear and circu-
lar transcripts from the same locus. In this study, we developed
a bioinformatics pipeline for identification of circRNA with
full-length sequences, which are important for their functional
characterization and evolutionary analyses (Fig. 1).

Our approach first used publicly available tools, such as
TopHat-Fusion, STAR-Fusion and segemehl,””**** to identify
fusion joints, and then identified backsplicing reads. Based on
backsplicing reads and their corresponding paired-end RNA-
Seq reads we assembled the full-length sequences of circRNAs.
We used a set of stringent criteria to define the PE reads used
in assembly to guarantee that all the reads used are from circu-
lar transcripts rather than linear ones. Because of this, our
approach does not have advantages regarding the sensitivity of
circRNA identification compared to other current available
methods. In addition, the length of circRNAs defined using our
approach depends on the read length and the insertion sizes of
the sequencing libraries. Nevertheless, our method has the fol-
lowing advantages. First, for the first time full-length sequences
of circRNAs can be genome-widely predicted using the paired-
end RNA sequencing strategy. Second, apart from the presence
of backsplicing reads, a circRNA is determined by the acquisi-
tion of full-length sequences, which increases the accuracy of
the identified circRNAs. For example, it could eliminate other
types of non-co-linear events, such as trans-splicing and genetic
rearrangements, for which we could find reads with a chiastic
order but could not assemble successfully the full-length
sequences. Third, our method has a good ability to identify
circRNAs with multiple isoforms that shuffle only several bases
at a certain circRNA locus (Figs. 3 and 4). Finally, the first step
of our pipeline, ie. identification of candidate backsplicing
sites, can be done by adopting different fusion junction finding
algorithms. Because of variable sensitivity of different algo-
rithms, it is possible to identify more candidate full length
circRNAs by pooling all backsplicing sites identified using dif-
ferent algorithms as the input in contig assembly.

The canonical GT/AG splicing signals were usually used as a
major filter parameter in current circRNA identification meth-
ods. There are 2 types of spliceosomes in plants and animals,
i.e., the canonical U2-dependent and the non-canonical Ul2-
dependent spliceosomes. It has been reported that the
Ul2-type introns accounts for only ~0.3% of the introns in
human® and ~0.15% of introns in Arabidopsis thaliana.”
Compared to the U2-type introns that possess the canonical
GT and AG terminal dinucleotides, the Ul2-type introns pos-
sess very divergent terminal dinucleotides.*® Szabo et al (2015)
first found a small portion of Ul2-dependent circRNAs in
humans.”® Besides backsplicing reads, our method predicts
circRNAs mainly depending on full-length sequence acquisi-
tion rather than filtration by the GT/AG splicing signals. To
investigate the splicing signals involved in formation of circR-
NAs, we first excluded potential circular transcripts that were

derived from introns and had a non-GT/AG splicing signals, as
these circular transcripts might be lariats produced by a stan-
dard splicing event, which converts an intron into a lariat that
is then removed by the splicing machinery and finally
degraded.'®* Among the 2,806 rice exonic and intergenic
circRNAs as well as intronic circRNAs with the canonical GT/
AG splicing signals, we surprisingly found that only a very
small portion (7.3%) of these circRNAs are flanked by the GT/
AG splicing signals. The vast majority of them contain very
diverse non-GT/AG splicing signals (Supplementary Table S5).
This phenomenon was confirmed by our experimental valida-
tion (Supplementary Table S4). In contrast, the majority
(88.3% and 85.0%, respectively) of human exonic circRNAs
contain the canonical GT/AG splicing signals, although a small
portion with non-GT/AG splicing signals could be found in
our 2 examined RNA-Seq data from human fibroblasts
(Supplementary Table S6). At this stage, we do not know
whether circular splicing in rice circRNAs is mainly derived
from the minor U12 spliceosome dependent splicing or caused
by other mechanisms. But our results suggest that it should be
tentative for using the GT/AG splicing signals as a major filtra-
tion in circRNA identification, particularly in rice, as this will
significantly underestimate the number of authentic circRNAs.

Materials and methods
Plant materials

Rice (Oryza sativa cv Nipponbare) seedlings growing in the
hydroponic solution were used in RNA extraction and RNA-
Seq library preparation. Rice seeds were first pre-germinated in
tap water for 2 d before being transferred into the hydroponic
solution. Hydroponic experiments were performed under a
day/night temperature of 30/22°C and a 12-h photoperiod. The
composition of the hydroponic solution was the same as that
described by Yoshida et al. (1976).*' During the experimental
time, the hydroponic solution was renewed every 3 d. After
growing for 5 weeks, roots of rice seedlings were harvested
directly into liquid nitrogen and stored at —80°C until use.
Three biological experiments were performed.

Circular RNAs enriched RNA-Seq in rice

Total RNA was extracted from rice roots using RNeasy Mini
Kit (QIAGEN) and treated by DNase I in order to remove
residual genomic DNA. For preparation of RNA-Seq libraries
enriched for circRNAs, total RNA was first treated with the
Ribo-Zero rRNA Removal Kit (Epicentre) to remove rRNA
according to the manufacturer’s instructions, and then treated
by RNase R (Epicentre) to deplete linear RNA. RNase R treat-
ment was done by incubating 1 ug of rRNA-depleted total
RNA with 5 U RNase R in 1x RNase R buffer at 37°C for
30 min. Three RNA sequencing libraries (PE300_r1, PE300_r2
and PE400) with approximately 300 or 400 bp insertion size for
Mlumina Hiseq 3000 platform were constructed according to
the manufacturer’s instructions (Illumina). Over 10 Gb of
paired-end (PE, 2x150 bp) sequence data were generated for
each library (Supplementary Table S1).



We used FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) to check the quality of the sequencing reads
and the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/)
to remove the adaptor and low quality reads. RNA-Seq data
have been deposited in GenBank under the accession number
SRX1688668.

Development of the bioinformatics method for assembly
of full-length sequences of circRNAs

To obtain full-length sequences of circRNAs, we developed a
bioinformatics pipeline called circseq_cup, which is available at
http://ibi.zju.edu.cn/bioinplant/. The first step of the pipeline is
to align RNA-Seq reads and to identify candidate fusion junc-
tion sites using publicly available tools, such as TopHat-Fusion,
STAR-Fusion and segemehl.””*>** In this study, TopHat-
Fusion was used to identify candidate fusion junction sites with
the same parameters used in CIRCexplorer.>* Distance
between 2 fusion junction sites was set to be <5 kb and <50 kb
for rice and humans, respectively.

After candidate fusion junction sites were determined, the geno-
mic sequence between the fusion junction sites was extracted. Two
such genomic sequences were concatenated to form a single
sequence fragment so the junction between these 2 genomic
sequences represents a backsplicing site, to which RNA-Seq reads
from the corresponding circRNA can be contiguously aligned. The
concatenated sequences were then used as the reference to align
unmapped reads collected in the first round of alignment using
TopHat with the default parameters to confirm backsplicing sites.
The reads mapped to the reference and satisfied the following crite-
ria were considered as backsplicing reads and were collected for
contig assembly. Firstly, both reads (P1 and P2 in Fig. 1a) of the
same pair should be mapped to the reference. Secondly, at least one
of the PE reads should cover the joint of the 2 concatenated sequen-
ces by >20 -nt with at least 10-nt mapped to each side of the joint
in the reference. Thirdly, the 20-nt sequences from the PE read (i.e.
backsplicing read) aligned to the junction should be fully matched
to the corresponding 20-nt sequences flanking the joint in the refer-
ence. It aims to exclude the reads that were mapped to the flanking
sequence of the joint in the reference with mismatches introduced
by the parameter settings used in TopHat.

Assembly of the collected backsplicing PE reads for each indi-
vidual possible circRNA was performed using Cap3 with the
default parameters except the settings of -o 20, -s 300 and -j 40.”
An assembled contig possessing >5-nt overlap (the same
sequence) at its 2 ends was considered as the candidate full-
length sequence of circRNA. One mismatch was allowed if the
overlap was >10-nt. If the length of a contig was less than 100
bases, the overlap was required to be >20-nt. The contigs were
then filtered using the following criteria to exclude those 1) that
do not contain backsplicing sites; 2) that contain a sequence that
is repeated (allowing one mismatch) at the 20-nt upstream of
both the start and the end of backsplicing sites; 3) that contain a
sequence that is repeated (allowing one mismatch) at the 20-nt
downstream of both the end and the start of backsplicing sites;
4) that are supported by less than 2 pairs of PE reads. Addition-
ally, we compared the remaining contigs with a set of reference
sequences, including a pool of all exons, every linear transcript
and the genomic sequence between backsplicing sites, to remove
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the contigs that were not consistent with the reference and pos-
sessed <10-nt overlap. Finally, the remaining contigs were con-
sidered as full-length sequences of circRNAs.

Annotation of circRNAs

When the full-length sequence of a circRNA could not be
uniquely mapped to the reference genome with shuffling sev-
eral bases at a certain locus, we first mapped the full-length
sequences of circRNAs to satisfy the canonical GT/AG
(CT/AC) splicing signals and then the annotated splicing sites
of the reference genome. The circRNAs with their full-length
sequences not overlapping with any gene were defined as inter-
genic circRNAs. The circRNAs with their full-length sequences
containing exons were defined as exonic circRNAs. The rice
genome annotation information was obtained from RGAP7
(http://rice.plantbiology.msu.edu/). The human genome
sequence and annotation information were obtained from Illu-
mina iGenomes (hgl9; http://support.illumina.com/sequenc
ing/sequencing_software/igenome.html). Any two circRNAs
from a circRNA locus with overlapping positions were defined
as circRNA isoforms that were derived from alternative circu-
larization. A circRNA locus may contain multiple isoforms
(>2), of which one should overlap with at least another one
from the same locus.

Validation of full-length sequences of rice circRNAs

Total RNA was extracted from the same tissues as those used in
RNA-Seq and then treated by RNase R. First-strand cDNA was
synthesized from ~1 ;g of RNase R-treated RNA with random
hexamer using the First Strand cDNA Synthesis kit (TaKaRa,
Dalian, China). Genomic DNA was extracted using the conven-
tional CTAB method. Divergent primers were designed for
Polymerase Chain Reaction (PCR) with ¢cDNA or genomic
DNA as templates (Supplementary Table S4). The forward and
reverse divergent primers were designed close to each other or
even overlapping a few base pairs to make sure that the PCR
product amplified was or nearly was the full size of the target
circRNA. The expected results for a circular RNA would be
positive and negative amplification for cDNA and genomic
DNA, respectively. PCR conditions were as follows: an initial
3 min step at 94°C followed by 40 cycles of 45 s denaturing at
94°C, 35 s annealing at the appropriate annealing temperature
(depending on the primer set used) and 30 s extension at 72°C.
The final step was conducted at 72°C for 10 min. PCR products
were separated using agarose gel and bands were individually
excised, purified and directly Sanger-sequenced from both ends
using forward or reverse primer. For the bands weakly ampli-
fied, small PCR products or smearing bands, they were intro-
duced into pMD18-T vector (TaKaRa) and transformed into
Escherichia coli strain DH5«. Clones were then sequenced with
vector primers.
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