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Summary

� A large number of noncoding circular RNAs (circRNAs) with regulatory potency have been

identified in animals, but little attention has been given to plant circRNAs.
� We performed genome-wide identification of circRNAs in Oryza sativa and Arabidopsis

thaliana using publically available RNA-Seq data, analyzed and compared features of plant and

animal circRNAs.
� circRNAs (12037 and 6012) were identified in Oryza sativa and Arabidopsis thaliana,

respectively, with 56% (10/18) of the sampled rice exonic circRNAs validated experimentally.

Parent genes of over 700 exonic circRNAs were orthologues between rice and Arabidopsis,

suggesting conservation of circRNAs in plants. The introns flanking plant circRNAs were much

longer than introns from linear genes, and possessed less repetitive elements and reverse

complementary sequences than the flanking introns of animal circRNAs. Plant circRNAs showed

diverse expression patterns, and 27 rice exonic circRNAs were found to be differentially

expressed under phosphate-sufficient and -starvation conditions. A significantly positive

correlation was observed for the expression profiles of some circRNAs and their parent genes.
� Our results demonstrated that circRNAs are widespread in plants, revealed the common and

distinct features of circRNAs between plants and animals, and suggested that circRNAs could be

a critical class of noncoding regulators in plants.

Introduction

In addition tomessenger RNA (mRNA), cells contain diverse types
of noncoding RNA such asmicroRNA (miRNA), small interfering
RNA (siRNA), trans-acting siRNA (tasiRNA), and long noncod-
ing RNA (lncRNA). Circular RNAs (circRNAs) are a distinct class
of newly discovered endogenous noncoding RNAs (Salzman et al.,
2012; Memczak et al., 2013; Wang et al., 2014). Although
observed for decades in eukaryotic cells, circRNAs have been
previously perceived as splicing errors (Cocquerelle et al., 1993).
Due to the technological breakthroughs in high-throughput deep
sequencing and functional genomics, recent works have not only
uncovered large numbers of circRNAs that are abundantly and
stably expressed in animal cells, but also demonstrated that
circRNAs play an important role in a wide range of biological and
developmental processes in animals (Salzman et al., 2012, 2013;

Jeck et al., 2013; Memczak et al., 2013; Guo et al., 2014; Jeck &
Sharpless, 2014). For example, nearly 100 000 circRNAs have been
computationally predicted from the ENCODE transcriptome data
derived from 15 cell lines (Gao et al., 2015).

CircRNAs can arise from exons (exonic circRNA), introns
(intronic circRNA), and intergenic region (Zhang et al., 2013; Jeck
& Sharpless, 2014). It was suggested that head-to-tail splicing (so-
called back splicing), which is formed between the downstream
genomic fragment (as a splicing donor site) and the upstream
fragment (as a splicing acceptor site) (Fig. 1a), circularizes the
precursor RNA with a poorly characterized mechanism (Ashwal-
Fluss et al., 2014; Suzuki & Tsukahara, 2014). It was reported that
in humans, circularized exons are typically bracketed by unusually
long introns that are highly enriched in ALU repeats (Jeck et al.,
2013). Competitive generation of circular and linear transcripts
from the same pretranscript has been shown recently (Ashwal-Fluss
et al., 2014). Circularization of exon was mediated by comple-
mentary sequences in its flanking introns (X.O. Zhang et al., 2014;*These authors contributed equally to this work.
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Wang &Wang, 2015). Using extensive mutagenesis of expression
plasmids, it was showed that introns containing only the splice site
sequences along with short inverted repeats (30–40 nt) are
sufficient to allow the intervening exons to efficiently circularize
(Liang & Wilusz, 2014). A more recent work showed that the
presence of reverse complementary sequences in introns flanking
circRNAs is a conserved feature of circRNA biogenesis in animals
(Ivanov et al., 2015). Furthermore, canonical splice signals were
considered to be required for exon circularization (Starke et al.,
2015), and exon skipping was thought to be correlated with exon
circularization (Kelly et al., 2015). Another report showed that the
RNA binding protein Quaking regulates formation of circRNAs
(Conn et al., 2015).

CircRNAs often show tissue/cell-type/developmental-stage
specific expression patterns (Memczak et al., 2013; Salzman et al.,
2013; Gao et al., 2015). Although functions of circRNAs are still
largely unknown, their high abundance, evolutionary conservation
and derivation from important gene loci suggest that they play
important roles in cells (Vicens &Westhof, 2014; Y. Zhang et al.,
2014; Gao et al., 2015). For example, circRNAs were indicated to
play regulatory roles in gene expression (Burd et al., 2010; Y. Zhang
et al., 2014). It was found that the ratio of circular to linear RNA
isoforms was always lower in tumor compared with normal colon
samples and correlated negatively with the proliferation index
(Bachmayr-Heyda et al., 2015). A recent work found a regulatory
role of circRNAs in transcriptional control via specific RNA–RNA
interaction (Li et al., 2015). Additionally, two studies revealed that
circRNAs can act as miRNA sponges to sequester miRNAs
(Hansen et al., 2013; Memczak et al., 2013).

It has been realized that circRNAs are a large class of noncoding
RNAs with regulatory potency in animals. A recent study has
further shown that circRNA is expressed in a wide range of
eukaryotic species, including the model plant species Arabidopsis
thaliana (Wang et al., 2014), but little is known about the features
of plant circRNAs. To examine and explore the scope of plant
circRNAs, we first did genome-wide identification of circRNAs in
Oryza sativa and A. thaliana, and found thousands of circRNAs in
both species, suggesting that, as in animals, circRNAsmay be also a
class of noncoding regulators involved in a diverse of biological
pathways in plants. We then investigated the properties of plant
circRNAs, and revealed features similar to or distinct from that of
animal circRNAs.

Materials and Methods

Computational identification of circular RNAs

Oryza sativa L. (Nipponbare) and Arabidopsis thaliana (L.) Heynh.
(Col-0) genome sequences were downloaded from RGAP (v7,
http://rice.plantbiology.msu.edu/) and TAIR (v10, https://
www.arabidopsis.org/), respectively. Two sets of publicly available
ribosomal RNA (rRNA) depleted RNA-Seq (RibominusSeq) data
(Supporting Information Table S1) generated usingO. sativa roots
(GenBank accession PRJNA215013; read length 101 bp) and
A. thaliana leaves (PRJNA218215; read length 100 bp) were used
for genome-wide identification of circRNAs according to the
method used in animals (Memczak et al., 2013; Secco et al., 2013).
Briefly, RibominusSeq reads were first mapped to reference
genomes using BOWTIE2 (v2.0.5) (Langmead & Salzberg, 2012)
with the same parameters used byMemczak et al. (2013). The reads
that could be mapped to the genomes were discarded. For the
remaining unmapped reads, we extracted 20-nt anchors from both
ends and aligned them independently to the reference genomes to
find unique anchor positions. The aligned anchors with a reversed
orientation indicated circRNA splicing (Fig. 1b). The anchor
alignments were then extended such that the complete read aligns
and the breakpoints were flanked by GU/AG splice sites. A
candidate circRNA was called if it was supported by at least two
unique back spliced reads.
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Fig. 1 Identification of circular RNAs (circRNAs) in plants. (a) A model
showing linear and back splicing for generating linear mRNA and circRNA,
respectively. (b) The pipeline for computational identification of circRNAs in
plants following the method used in animals (Memczak et al., 2013). (c)
Validation of circRNAs by PCR with divergent primers. Upper left panel, a
model showing convergent and divergent primers for amplification of linear
RNA and circRNA, respectively. Upper right panel, an example showing that
a set of divergent primers amplified circRNA in cDNA but not in genomic
DNA; a set of convergent primers was used as a control. Lower panel, a
Sanger sequencing example showing that Os_ciR182 was derived through
exon back splicing from Os05g51490.
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Validation of circular RNAs

To validate the circRNAs identified in rice, we isolated total RNA
from rice plants grown under the same conditions as previously
reported (Secco et al., 2013) to generate the transcriptome data
(PRJNA215013) used in this study. Briefly, Oryza sativa (cv
Nipponbare) seedlings were first grown hydroponically for 2 wk
(30/22°C of day/night temperature and a 12-h photoperiod
regime) on the phosphate (Pi)-sufficient medium (0.32 mM Pi),
and then a portion of the plants were transferred to Pi-deficient
solution (0 mM Pi) and grown for 1 and 6 h (Secco et al., 2013).
Total RNAs were extracted from roots of the rice seedlings under
Pi-sufficient (control) and Pi-deficient treatments using RNeasy
Plant Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. First-strand cDNAwas synthesized from c. 1 lg of total RNA
with random hexamer using the First Strand cDNA Synthesis kit
(TaKaRa, Dalian, China). Genomic DNA of rice was extracted
using the conventional cetyltrimethylammonium bromide
(CTAB) method. Polymerase chain reactions (PCRs) were
performed using a set of divergent primers (Table S2) and a set
of convergent primers that were used as a control. PCR conditions
were as follows: an initial 3 min step at 94°C followed by 35 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.

Sequence analysis

Reciprocal BLAST search (BlastP in BLAST+, v2.2.27, E < 1e-10)
was first performed for all annotated Oryza sativa and
Arabidopsis thaliana genes. Those genes that were best hits to each
other were defined as orthologous genes. Gene ontology (GO)
enrichment analysis was performed using agriGO (http://bioinfo.-
cau.edu.cn/agriGO/) with Fisher’s exact test (Du et al., 2010) and
the whole set of the annotated genes as the reference. The repetitive
sequences of O. sativa and A. thaliana were downloaded from
RGAP (ftp://ftp.plantbiology.msu.edu/pub/data/TIGR_Plant_
Repeats/) and TAIR (ftp://ftp.arabidopsis.org/home/tair/Genes/
TAIR10_genome_release/TAIR10_transposable_elements/), res-
pectively. The intronic sequences from O. sativa and A. thaliana
were used to Blast (BlastN in BLAST+, v2.2.27, E < 1e-5) against
the repetitive sequences of O. sativa and A. thaliana, respectively.
For identification of reverse complementary sequence, the
sequences of two introns flanking a circRNA were used to Blast
(BlastN inBLAST+, v2.2.27, -strandminus, -word_size 5,E < 1e-5)
against each other.MEMEwas used to identifymotifs with a width
ranging from 5 to 60 nt among the introns flanking circRNAs
(Bailey et al., 2009).

Expression analysis

Mapping of the transcriptome reads was performed by TOPHAT

v2.0.9 (Trapnell et al., 2009) with the default settings. Quantifi-
cation of gene expressionwas done using the FPKMalgorithm.The

expression levels of circRNAs were determined by the number of
back spliced reads normalized by the total number of sequence
reads in each RNA-Seq data set (Gao et al., 2015). Coexpression of
circRNAs and their corresponding parent genes was determined by
R2 value of Pearson correlation coefficient.

Results

Identification of circular RNAs in plants

CircRNAs are recognizable based on back spliced reads in rRNA
depleted RNA-Seq (RibominusSeq) data (Fig. 1a). Back spliced
reads refer to the RNA-Seq reads that contain splice junction
formed by joining a splice donor to an upstream splice acceptor.
These reads usually cannot be mapped onto reference genome
(Fig. 1b; Table S1). We adopted the method used in animals
(Memczak et al., 2013) to identify circRNAs in plants (Fig. 1b, and
see the Materials and Methods section). Two sets of publicly
available RibominusSeq data from Oryza sativa and
Arabidopsis thaliana (Table S1) were collected for genome-wide
identification of circRNAs. From these two datasets, our mapping
exercise identified 1355 322 273 (39.1% of the total reads) and
96 864 928 (20.3%) unmapped reads inO. sativa and A. thaliana,
respectively. Using these unmapped RibominusSeq reads and the
in-house developed bioinformatic pipeline, we found 12 037 and
6012 circRNAs inO. sativa, andA. thaliana, respectively (Tables 1,
S3, S4).

Among the identified circRNAs, 6074 (50.5%) of the
Oryza sativa ones and 5152 (85.7%) of the Arabidopsis thaliana
ones were generated from exons of a single protein-coding gene,
that is, exonic circRNAs (Tables 1, S3, S4). Among these exonic
circRNAs, the majority of them possessed only a few (1–3) parent-
gene-derived-exons in both species. By contrast,most linear protein
coding genes harbors ≥ 7 exons (Fig. S1). Of the remaining
circRNAs, besides those generated from introns (intronic
circRNAs), untranslated regions (UTR circRNAs) and intergenic
region (intergenic circRNAs), some were found to contain back
spliced reads that aligned to two or more different genes, that is,
generated from trans-backsplicing. These were classified as other
circRNAs in this study (Table 1). A relatively higher rate (34.4%)
of such other circRNAs was found in O. sativa than in A. thaliana

Table 1 Genome-wide identification of circular RNAs (circRNAs) in plants
based on RibominusSeq data

Type of circRNA

Oryza sativa Arabidopsis thaliana

Number Percentage Number Percentage

Exonic circRNA 6074 50.5 5152 85.7
Intronic circRNA 485 4.0 1 0
UTR circRNA 636 5.3 19 0.3
Intergenic circRNA 705 5.9 32 0.5
Other circRNAa 4137 34.4 808 13.4
Total 12 037 100 6012 100

UTR, untranslated region.
aOther circRNAs refer to those derived from two or more genes.
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(13.4%). These results suggested that circRNAs in plants were
generated from diverse genomic regions, but mainly from coding
regions, and that circRNAs exist in both monocot and dicot plant
species. Additionally, we found that some parent genes produced
more than one circRNA although most genes produced only one
circRNA in both species (Fig. S2). These circRNAs were generated
by alternative back splicing or from different exons/introns in a
single gene.

To confirm our identification of circRNAs, 18 exonic circRNAs
randomly selected from the top 100 highly expressed rice ones were
used in experimental validation using reverse transcription (RT)-
PCR. A set of divergent primers (Table S2), that is, the forward
primer being located downstream of the reverse primer when they
are aligned to genomic sequence (Fig. 1c), were designed for each
circRNA and used to amplify both cDNA and genomicDNA. The
expected results would be positive and negative amplification in
cDNA and genomic DNA, respectively. As a control, convergent
primers that should amplify the linear mRNAs were also designed
for each circRNAused in verification. The amplified PCRproducts
using divergent primers were sequenced to confirm the presence of
the back spliced junctions, As a result, 10 of the 18 circRNAs were
validated (Table S2; see an example in Fig. 1c). Considering the
spatial and temporal specific expression patterns of circRNAs, it is
reasonable for the 56% (10/18) verification rate. Additionally, we
also randomly selected 10 highly expressed circRNAs from each of
the other categories (intergenic, intronic and other categories) for
validation; however, none of these circRNAs was successfully
validated (Table S2). Therefore, our further analyses were focused
on the exonic circRNAs.

Conservation of circular RNAs in plants

According to reciprocal BLAST search analysis, 10 768 gene pairs
were identified as orthologs in Oryza sativa and
Arabidopsis thaliana. Among the 6074 and 5152 parent genes
generating exonic circRNAs in O. sativa and A. thaliana, respec-
tively, over 700 gene pairs are orthologs (Table S5; see e.g. in
Fig. 2a), accounting for 12.2% and 14.5% of rice and Arabidopsis
genes generating exonic circRNAs, respectively. Considering the
data we used, whichwere fromdifferent tissues (root and leaf of rice
and Arabidopsis, respectively) and stress treatments (Pi-starvation
and high-light for rice and Arabidopsis, respectively), these ratios
were quite high. Furthermore, over 300 orthologous parent genes
generated circRNAs from a similar position (e.g. shown in Fig. 3a).
These results demonstrated the conservation feature of plant
circRNAs. We further examined conservation of the flanking
introns of these conserved circRNAs; however, we did not find any
sequence similarity (BlastN, word_size 5, E < 1e-5). Additionally,
no shared motif was found in these flanking intronic sequences
betweenO. sativa and A. thaliana. GO enrichment analysis for the
orthologous parent genes generating circRNAs in O. sativa and
A. thaliana showed that they were involved in diverse biological
processes such as developmental process and response to abiotic
stimulus (FDR < 0.05, Table S6), suggesting that the circRNAs
generated from these orthologous genes might also play a diverse
role in plants.

Sequence structure of introns flanking circular RNAs in plants

We compared the length of introns flanking exonic circRNAs
(Fig. 1a) with the intron length of linear genes, and found that
circRNAs had significantly longer flanking introns (P < 2.2e-16,
Wilcoxon rank sum test) in both Oryza sativa and
Arabidopsis thaliana (Fig. 2b). This is consistent with the result
discovered in animals (Jeck et al., 2013).

Repetitive elements (such as ALU repeats) or reverse comple-
mentary sequences are enriched in introns bracketing circRNAs in
animals, and 30–40 nt short inverted repeats are sufficient for
circularization (Jeck et al., 2013; Ivanov et al., 2015). Through
blast (BlastN, E < 1e-5) against the annotated repetitive sequences,
we found that only a very low proportion of intronic sequences
bracketing circRNAs could be aligned to repetitive sequences in
both Oryza sativa (6.2%) and Arabidopsis thaliana (0.3%). These
ratios were significantly lower (P < 1e-6, Exact Binomial test) than
those observed in introns from linear genes (13.2% and 2.3% for
O. sativa and A. thaliana, respectively; Fig. 2c). Among the 6074
rice and 5152 Arabidopsis exonic circRNAs, we found only 33 and
zero circRNAs possessing sequence similarity (BlastN,word_size 5,
E < 1e-5) in their flanking introns. To further confirm the BLAST
results, wemanually investigated reverse complementary sequences
(perfect match) in their flanking introns (Table S7) and found that
reverse complementary sequences with a length of > 15 nt only
exited in 46 (1.12%) rice and in only one (0.02%) Arabidopsis
circRNAs. In the 13 validated plant circRNAs (ten rice ones verified
in this study and three Arabidopsis ones validated by Wang et al.
(2014)), we found only two circRNAs (Os_ciR158 and Os_-
ciR133) containing > 15 nt reverse complementary repetitive
sequences in their flanking introns. This ratio (2 : 13 or 15.4%)was
still much lower than that reported in animals (e.g. 8 : 15% or
53.3%; Li et al., 2015). Taken together, our results showed limited
repetitive and reverse complementary sequences in intronic
sequences flanking exonic circRNAs in plants compared with that
in animals.

Diverse expression patterns of exonic circular RNAs in plants

Based on the number of back spliced reads identified in the datasets
used in this study and the CIRI approach (Gao et al., 2015), we
compared the expression profiles of rice exonic circRNAs under Pi-
sufficient and Pi-starvation stress (18 samples) and Arabidopsis
exonic circRNAs under low- and high-light stresses (six samples),
and found that exonic circRNAs often expressed specifically in
different developmental stages and/or stress treatments (Tables S8,
S9). In total, only 21 rice and 25 Arabidopsis exonic circRNAs were
commonly expressed in all the 18 rice and six Arabidopsis samples,
respectively. Many exonic circRNAs (4248 rice and 1919
Arabidopsis ones, accounting for 69.9% and 37.2%, respectively)
were only expressed in a single sample. Some exonic circRNAs
showed time point specific expression pattern, for example,
Os_ciR1837 only expressed at 21 d and Os_ciR1569 at 6 h under
both Pi-sufficient and Pi-starvation conditions. In Arabidopsis,
many circRNAs were uniquely expressed in the tnr-1 mutant,
particularly after 2 h of high-light treatment. Diverse expression
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patterns of 100 circRNAs randomly selected from the top 200
highly expressed circRNAs in O. sativa and A. thaliana were
showed in Figs 3(a) and Fig. S3, respectively.

Based on the average expression levels under Pi-sufficient (nine
samples) and Pi-starvation (nine samples) conditions, we identified
27 rice exonic circRNAs differentially expressed (P < 0.05, t-test;
Fig. 3b) under these two conditions, with six and 21 showing
significant upregulation and downregulation after Pi-starvation,
respectively (Table S10). We further examined the expression
profiles of the parent genes of these 27 Pi-starvation responsive
circRNAs and found that 11 of them were also differentially
expressed. Interestingly, 10 of the 11 differentially expressed parent
genes shared a common expression trend with their corresponding
circRNAs (eight of them shown in Fig. 3b), suggesting coregula-
tion of circRNAs and their parent genes during Pi-starvation stress.

CircRNAs have been reported to regulate expression of their
parent genes in cis in humans (Li et al., 2015). To further investigate
the expression relationship between the 6074 exonic circRNAs and
their parent genes in Oryza sativa, we calculated the Pearson
correlation coefficient R2 values based on their expression levels in
18 samples, and found a significantly positive correlation in 349
pairs (Table S11). We did not find any negatively correlated pair.

Discussion

Thousands of circRNAs have been identified in humans, mouse
and other animals, and the numbers are likely to grow further. The

large number and unique features of circRNAs make them an
important class of noncoding regulators that are worthy of further
research (Glazar et al., 2014). In plants, circRNAs identification has
been performed in Arabidopsis thaliana, and three were verified
(Wang et al., 2014), demonstrating the presence of circRNAs in
plants, but genome-wide and systematic identification of plant
circRNAs has not been reported so far and their features are not
clear. In this study we conducted a genome-wide identification of
circRNAs in A. thaliana and Oryza sativa, the model species of
dicot and monocot plants, respectively, and compared the features
of plant circRNAs with those of animal ones. Our results
demonstrate the presence of a large number of circRNAs in plants,
provide the resources of plant circRNAs for further functional
characterization, and first reveal the common and distinct prop-
erties of plant and animal circRNAs.

Several reports have revealed regulatory functions of circRNAs in
animals. We found that most plant circRNAs showed develop-
mental-/stress-specific expression patterns (Figs 3a, S3), similar to
that that has been reported in animals (Gao et al., 2015). For
example, 27 differentially expressed rice exonic circRNAs under Pi-
sufficient and Pi-starvation conditions suggested a potential role of
these circRNAs in responsive to Pi-starvation stress in rice (Fig. 3b);
circRNAs specifically expressed at a specific developmental time-
point could have their roles related to certain development events at
that time-point (Tables S8, S9). These results suggested that
circRNAs are also important functional regulators involved in
developmental-/stress-specific biological processes in plants. In
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Fig. 2 Features of circular RNAs (circRNAs) in
plants. (a) An example showing conservation
of exonic circRNAs. Upper panel, circRNAs are
generated from the same region of
orthologous gene pairs inOryza sativa and
Arabidopsis thaliana. Lower panel, VISTAplot
of Os01g70060 with At3g26990 as the
reference. The vertical bar shows sequence
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and introns were indicated by blue and gray,
respectively. (b) CircRNAs have significantly
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Fig. 3 Expression patterns of circular RNAs (circRNAs) inOryza sativa andArabidopsis thaliana. (a) Heatmaps showing the expression patterns of 100 circRNAs
(horizontal rows) randomly selected from the top 200 highly expressed circRNAs among different treatments (vertical columns) inO. sativa. Columns 1–9 (from
left to right) represent Pi-sufficient treatment for 1 h, 6 h, 24 h, 3 d, 7 d, 21 d, 21 d + 1 h, 21 d + 6 h and 21 d + 24 h, and columns 10–18 represent Pi-starvation
treatment for 1 h, 6 h, 24 h, 3 d, 7 d, 21 d, 21 d + 1 h, 21 d + 6 h and 21 d + 24 h. (b) Expression changes of eight differentially expressed circRNAs (left panel) and
their parent genes (right panel) inO. sativa roots under Pi-sufficient and Pi-starvation conditions. The relative expression values of circRNAwere calculated based
on the counts of back spliced reads for each circRNA normalized by the total number of sequence reads in each RNA-Seq data set (Gao et al., 2015), while the
expression levels of parent genes were determined by fragment per kilobase of exon permillion fragmentsmapped (Secco et al., 2013). Error bars indicate� SD.
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contrast to the findings in animals, where little or no correlationwas
found for the expression levels of circRNAs and their parent genes
(Salzman et al., 2013), our results showed that some exonic
circRNAs and their parent genes had their expression levels
significantly positively correlated (Table S11). Whether or not this
was a result of cis-transcriptional promotion of circRNAs on their
parent genes as reported in animal (Li et al., 2015) requires further
investigation; nevertheless, this result suggested a role of plant
circRNAs in regulation of their parent genes or vice versa. It has
been shown in animals that circRNAs can function as miRNA
sponge (Hansen et al., 2013;Memczak et al., 2013).Using the rules
for target mimics identification in plants (Wu et al., 2013; Ye et al.,
2014), we found that a small proportion of circRNAs (6.6% and
5.0% in rice and Arabidopsis, respectively) were potential target
mimics of miRNAs because the genomic regions producing
circRNAs contain miRNA binding site (data not shown).
However, it is hard to distinguish whether the target mimic site
belongs to the linear or circRNA transcripts until having the full
length of cDNAs of both the circRNAs and their parent
linear mRNAs. Therefore, the function of circRNAs as target
mimics remains tentative and needs further experimental
validation.

Several mechanisms have been proposed to address the question
of circRNAbiogenesis in animals. It has been shown that circRNA-
forming exons are often bracketed by unusually long introns, in
which splicing is thought to be less efficient (Ashwal-Fluss et al.,
2014). We found that, as in animals, the flanking introns of
circRNAs were much longer than introns of linear genes in plants
(Fig. 2b). Two recent works reported that introns bracketing
circRNAs are highly enriched for ALU repeats and reverse
complementary sequences, and that short inverted repeats (30–
40 nt) in flanking introns are sufficient to allow exons to efficiently
circularize in animals (Jeck et al., 2013; Ivanov et al., 2015). We
found a significantly lower proportionof both repetitive and reverse
complementary sequences in introns flanking exonic circRNAs
(Fig. 2c). This suggested that formation of only a few plant
circRNAs could be related to repetitive and reverse complementary
sequences present in flanking introns and that biogenesis of plant
circRNAs could use mechanism(s) different from those proposed
for animals. In addition, we did not find any sequence conservation
in the flanking introns for the circRNAs conserved between
Oryza sativa and Arabidopsis thaliana. This might suggest that
exonic sequences themselves could be also important for circRNA
biogenesis besides their flanking introns.

In addition to exonic circRNAs, we also predicted a considerable
number of circRNAs from noncoding regions (UTR, introns and
intergenic regions) and those covering two ormore genes, however,
none of the 30 sampled circRNAs of these types was successfully
validated (Table S2). The difficulty in validation may be caused by
their low and/or temporal specific expression patterns. Compared
with the verified exonic circRNAs, only a few of these types of
circRNAswere validated although a large number of themwere also
predicted in animals (Gao et al., 2015). Additionally, it is possible
that differences in genomic features, such as repetitive sequence,
between plants and animalsmake the prediction algorithm that was
originally developed for application in animals less sensitive when

employed in plants or cause incorrect predictions for plant
circRNAs. Alternatively, the filtration strategy used by this
algorithm may be insufficient for removal of false positives.
Whatever the possible reason, it is necessary to develop algorithm
specific for prediction of plant circRNAs according to the features
of plant genome and transcriptome.

In summary, genome-wide identification of circRNAs and
analysis of their conserved features suggested that circRNAs are
present in both monocot and dicot plants and are a critical class of
noncoding regulators in plants.Our results revealed the common as
well as distinct features of plant and animal circRNAs.
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