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Abstract

Circular RNA (circRNA) is a kind of covalently closed single-stranded RNA molecules that have been proved to play
important roles in transcriptional regulation of genes in diverse species. With the rapid development of bioinformatics tools,
a huge number (95 143) of circRNAs have been identified from different plant species, providing an opportunity for
uncovering the overall characteristics of plant circRNAs. Here, based on publicly available circRNAs, we comprehensively
analyzed characteristics of plant circRNAs with the help of various bioinformatics tools as well as in-house scripts and
workflows, including the percentage of coding genes generating circRNAs, the frequency of alternative splicing events of
circRNAs, the non-canonical splicing signals of circRNAs and the networks involving circRNAs, miRNAs and mRNAs. All this
information has been integrated into an upgraded online database, PlantcircBase 3.0 (http://ibi.zju.edu.cn/plantcircbase/). In
this database, we provided browse, search and visualization tools as well as a web-based blast tool, BLASTcirc, for prediction
of circRNAs from query sequences based on searching against plant genomes and transcriptomes.
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Introduction

Circular RNAs (circRNAs) are covalently closed, single-stranded
RNA molecules generated by back-splicing events, and used to be
considered as by-products of splicing. The first circRNAs, viroids
that propagate in plants tomato and Gynura, were detected by
Sangeretal. [1] in the 1970s. With the significant progress of high-
throughput sequencing technology and the rapid development
of bioinformatics tools and resources [2, 3], circRNAs have been
recently identified on a large scale, first in humans [4] and then
in many other species, from fruit fly [5, 6], worm [7], diverse

mammalians [6, 8, 9] to plants [10-12]. Tens of thousands of cir-
cRNAs have been identified by various bioinformatics prediction
tools, such as CIRCexplorer [13, 14], circRNA_finder [5], CIRI [15,
16], find_circ [6], KNIFE [17] and Segemehl [18]. Each tool has
its own pros and cons regarding the precision and sensitivity
in circRNA prediction [19-22], but all have been used to identify
numerous circRNAs in various species. The number of circRNAs
identified in different human samples has reached 183 000 as
of July 2018 according to CIRCpedia [14]. A total of over 95 000
circRNAs have also been identified in 12 plant species (Table 1)
by different research groups through June of this year.
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Table 1. Number of circRNAs predicted in plants (through June 2018)

Organisms Total number of circRNAs? References
Arabidopsis thaliana 38938 [10, 11, 23-27]
Gossypium arboretum 1041 [28]
Gossypium hirsutum 499 [28]

Glycine max 5323 [29]
Gossypium raimondii 1478 [28]
Hordeum vulgare 39 [30]

Oryza sativa 40 311 [11,12,31]
Poncirus trifoliata 556 [32]
Solanum lycopersicum 1904 [33-35]
Solanum tuberosum 1728 [36]
Triticum aestivum 88 [37]

Zea mays 3238 [38]

Total 95143 -

acircRNAs identified by different groups have been combined together based on their positions provided by different publications (Genome versions or other details

are provided in Supplementary data).

Studies in animals and humans have shown that the bio-
genesis of circRNAs is regulated by cis-regulatory elements such
as repetitive sequences or non-repetitive reverse complemen-
tary sequences flanking the circularized exons, and trans-acting
factors such as RNA binding proteins [39, 40]. In contrast, the
flanking sequences of plant circRNAs do not seem to be enriched
for repetitive elements or reverse complementary sequences [11,
12], indicating that circularization of plant circRNAs might be
regulated by alternative mechanisms that are yet to be found.

Recent studies have shown that circRNAs in animals play an
important regulatory role in a diverse of biological processes,
such as functioning as miRNA sponges [6, 41], promoting
transcription of their parental coding genes [42, 43] and affecting
the expression of parental genes by competing with linear
splicing [44, 45]. However, the biological functions of plant
circRNAs still remain largely unclear although the pervasiveness
of circRNAs in plants has been confirmed by genome-wide
investigation in rice and Arabidopsis [10-12] and other plants
(Table 1). A recent study [46] demonstrated that an Arabidopsis
circRNA generated from the sixth exon of SEPALLATA3 (SEP3)
regulates the expression of its parental gene (SEP3) by forming an
R-loop (an RNA:DNA hybrid), representing the first achievement
towards understanding the molecular mechanisms circRNAs
in plants. More recently, a lariat-derived circRNA, generated
from the first intron of AT5G37720, was discovered to regulate
gene expression and influence development of Arabidopsis
[47]. Rapid progress of research on circRNAs in both animals
and plants will enhance our knowledge and understand-
ing of how circRNAs function in regulating a diverse of
biological processes.

Most plant circRNAs are generated from
annotated genes

To clearly identify from where circRNAs are generated, circRNAs
were classified into ten types (Figure 1A) based on the annotated
genomic features, at which the two back-splicing sites of
a certain circRNA is located. The ten types are e-circRNA,
ei-circRNA, i-circRNA, ie-circRNA, u-circRNA, ue-circRNA, ui-
circRNA, ig-circRNA, igg-circRNA and ag-circRNA (e, i, u, g,ig and
ag represent exon, intron, UTR region, genic region, intergenic
region and across-genic region, respectively). Apart from ig-
circRNAs (No.8 in Figure 1A, green bar in Figure 1B), all other

types of circRNAs are fully or partly overlapped with genic
region of the genome. We found that ig-circRNAs account for
a small proportion (less than 20%) of all identified circRNAs in
most plant species (9 of 12), except Gossypium hirsutum (22%),
Solanum tuberosum (28%), and Zea mays (63%) (Figure 1B, Table
S1). In Arabidopsis thaliana and Oryza sativa, 86% (33,394) and
92% (37,033) of circRNAs are derived from protein coding genes,
respectively. Taken together, the results revealed that most
identified plant circRNAs are generated from annotated genes,
including both exonic and intronic regions, and thus might play
roles in influencing the expression of their host genes directly
or indirectly.

We also set up a generic system for nomenclature of
circRNAs based on their parental genes and classified types,
and have used the system in the current plant circRNA
database (PlantcircBase 3.0). In this system, each circRNA name
contains four parts with the formula ‘X circ_Y.Z’. X and Y
represents the parental gene and the type of the circRNA,
respectively. Z is a number showing that it is the Zth circRNA
from the locus. ‘circ’ represents circRNA. For simplicity, instead
of ten types, circRNAs were divided into four types in the
nomenclature system, i.e. the value of Y will be selected only
from ‘g’, ‘ig’, ‘igg’ and ‘ag’, which represent genic, intergenic,
intergenic-genic and across-genic circRNAs, respectively.
When using this system, e-circRNA, ei-circRNA, i-circRNA,
ie-circRNA, u-circRNA, ue-circRNA and ui-circRNA were all
considered as genic circRNAs. For example, ‘AT1G01010_circ_g.1’
represents the first genic circRNA derived from the parental
gene AT1G01010.

Widespread alternative splicing of plant
circRNAs

Alternative splicing is a common and complex splicing pattern
in higher eukaryotes [48], and has also been found in back-
splicing events in humans and fruit flies [14, 49]. For circRNAs,
alternative splicing may happen at back-splicing sites, which is
called alternative back-splicing, or in internal sequences, which
is similar to normal alternative splicing found in linear mRNAs
and is called alternative splicing too [14]. More than 10 circRNA
isoforms from a single locus have been experimentally validated
in rice [31], suggesting that alternative splicing events could be
also exists in plant circRNAs.
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Figure 1. Types of circRNAs and their proportions in different plant species. (A) Ten types of circRNAs. (1) e-circRNA, two back-splicing sites of a circRNA are both at
exons; (2) ei-circRNA, one back-splicing site of a circRNA is at exon while the other is at intron; (3) i-circRNA, two back-splicing sites of a circRNA are both at a single
intron; (4) ie-circRNA, two back-splicing sites of a circRNA are at two different introns across one or several exons; (5) u-circRNA, two back-splicing sites of a circRNA
are both at UTRs; (6) ue-circRNA, one back-splicing site of a circRNA is at UTR while the other is at exon; (7) ui-circRNA, one back-splicing site of a circRNA is at UTR
while the other is at intron; (8) ig-circRNA, two back-splicing sites of a circRNA are both at a single intergenic region; (9) igg-circRNA, one back-splicing site of a circRNA
is at intergenic region while the other is at genic region; (10) ag-circRNA, two back-splicing sites of a circRNA are at two different genes. The black, gray and blank
bars represent exons, introns and UTRs, respectively. The green lines represent intergenic region of the genomes. (B) Proportion of each type of circRNA in each plant
species. Different colors represent different types as shown in the bottom of the panel.

We investigated the alternative splicing events of plant
circRNAs and demonstrated that alternative back-splicing are
widespread. Identified circRNAs with overlapping genomic
positions were defined as isoforms from the circRNA locus.
The number of circRNA loci identified so far in 12 plant species
were shown in Figure 2A. Up to over 30% of circRNA loci have
alternative back-splicing events in A. thaliana, O. sativa and
S. tuberosum. Approximately 10% of circRNA loci in the other
plant species except Hordeum vulgare are alternatively spliced
(Figure 2B, Table S2). No detectable alternative back-splicing
event in H. vulgare is probably because only very limited number
of circRNAs have been identified (39 in total) in this species
(Figure 2A and B). Most circRNA loci generate 2—4 alternative
back-splicing isoforms (Figure 2C; only those loci with <10
isoforms are shown). In A. thaliana, we found 281 circRNA loci
being able to generate >10 isoforms (from 11 to 5547). The
corresponding circRNA loci having more than 10 isoforms in
O. sativa and S. tuberosum are 295 (with 11-205 isoforms) and
17 (with 11-168 isoforms), respectively. In view of the finding
that some protein coding genes have thousands of alternatively
spliced transcripts (e.g. the DSCAM gene in Drosophila could
theoretically generate at most 38 016 different transcripts by
alternative splicing) [50, 51], it is not surprising that a circRNA
locus has hundreds or thousands of isoforms.

Diverse non-canonical splicing signals of
plant circRNAs

The U2-dependent spliceosome (major spliceosome or canonical
spliceosome) involved in catalyzing pre-mRNA splicing has the
splicing signals of GU and AG at the 5" and 3’ splice sites, respec-
tively, and is the most abundant ribonucleoprotein complex
in higher eukaryotes [52]. Due to the splicing mechanism of
major spliceosome, most circRNA identification tools have a cri-
terion to filter out circRNAs without the GU/AG splicing signals
[53]. However, our recent study [31] has shown that both pre-
dicted and validated circRNAs in rice had diverse non-canonical
splicing signals, and provided evidence for the widespread non-
canonical splicing signals in plant circRNAs. By analyzing circR-
NAs identified in 12 plant species, we found that most circRNAs
have canonical splicing signals of GT/AG or CT/AC (Figure 3A,
Table S3), but the proportion of circRNAs with non-canonical
splicing signals is variable in different species. The irregular dis-
tribution of canonical and non-canonical splicing signals among
different species might be caused by different circRNA prediction
tools, different filtering criteria and different RNA-Seq strategies
used in identification of circRNAs. All of these could have a pro-
found effect on the number and characteristics of the identified
circRNAs.
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Figure 2. Alternative back-splicing events in plant circRNAs. (A) Number of circRNA loci in each plant species. External bars represent the total number of identified
circRNAs (circRNA isoforms) and internal bars represent the number of circRNA loci. (B) Percentage of circRNA loci that generate single isoform (light gray bars) and
multiple isoforms (black bars) in each species. (C) Number of circRNA isoforms generated by loci with alternative back-splicing events. The cross marks represent
average values of isoform numbers. Dots represent discrete points while drawing boxplots. It is noteworthy that isoform numbers larger than 10 in A. thaliana (281 loci),
Glycine max (two loci, 44 and 29 isoforms, respectively), O. sativa (295 loci), Solanum lycopersicum (one locus, 17 isoforms), S. tuberosum (17 loci) and Z. mays (two loci, 20
and 17 isoforms, respectively) were not drawn in this figure.

In order to systematically investigate the pattern of splicing nucleobases) in O. sativa and A. thaliana using CIRI [16] with
signals in plant circRNAs, we identified circRNAs with all our modifications (see details in Supplementary data). The
types of splicing signals (permutation and combination of four results (Figure 3B) showed that high confident circRNAs with
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Figure 3. Splicing signals of plant circRNAs. (A) Percentage of canonical (light gray area) and non-canonical (dark blue area) splicing signals in plant circRNAs collected
from publications (95 143 circRNAs from 12 plant species were used). (B) Distribution of diverse splicing signals of circRNAs in O. sativa and A. thaliana identified by the
modified CIRIL. RNA-Seq data used in this analysis were SRR1618548 (O. sativa) and SRR5591021 (A. thaliana). Horizontal and vertical axes represent different types of
splicing signals and number of identified circRNAs, respectively. Bars filled with dark blue represent circRNAs with relatively higher confidence, and canonical splicing

signals were highlighted in green and yellow.

the canonical splicing signals were not in the majority (only
account for 6% and 9% of all identified circRNAs in O. sativa
and A. thaliana, respectively), indicating that non-canonical
splicing mechanisms might be involved in biosynthesis of
plant circRNAs. This is consistent with our previous result [31]
obtained in rice using an independent circRNA identification
tool named circseq_cup.

Potential circRNA-miRNA-mRNA networks in
plants
To investigate the potential functions of plant circRNAs,

competing endogenous RNA networks associated with circRNAs
have been previously predicted, for example the circRNA-miRNA

interaction network (thousands of circRNAs and 92 miRNAs)
in soybean [29], the circRNA-centered subnetwork among co-
expressed circRNAs, lincRNAs and coding genes in potato [36],
the possible networks among differentially expressed circRNAs,
coding genes and miRNAs in tomato [35] and the circRNA-
miRNA-mRNA networks at different developmental stages in
A. thaliana [23, 25, 26]. Due to the lack of experimental evidences,
majority of these predicted networks were insufficiently credi-
ble. However, a recent study in mice [54] has successfully elu-
cidated a sophisticated non-coding RNA regulatory network
involving an IncRNA, a circRNA and two miRNAs by gene editing,
provided compelling proof for the significant regulatory function
by networks involving circRNAs.

Here, we estimated the interactions between circRNAs and
miRNAs (circRNA serves as miRNA sponge), miRNAs and mRNAs
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Table 2. Statistics of potential networks involving circRNAs, miRNAs and parental mRNAs

Organisms Networks circRNAs miRNAs mRNAs
A. thaliana 8322/59 31507 183 9369
G. arboretum 599/0 682 0 599

G. hirsutum 255/5 277 5 255

G. max 3736/50 5126 117 3876
G. raimondii 1089/25 1322 34 1088
H. vulgare 31/1 1 31

0. sativa 10 448/90 35088 272 11177
P. trifoliata 236/2 272 2 235

S. lycopersicum 989/15 1245 16 985

S. tuberosum 249/14 915 97 260

T. aestivum 19/1 15 18

Z. mays 2208/26 3126 26 2209
Total 28 181/288 79 617 758 30102

Note: X/Y in the column of 'Networks’ represents X networks only involving circRNAs and their parental genes, and Y networks involving circRNAs, miRNAs, and
mRNAs. Numbers in the columns of ‘circRNAs’, ‘miRNAs’ and ‘mRNAs’ represent the number of RNAs involved in the interaction networks.

(miRNA targets mRNA) and the relationships between circRNAs
and their parental genes (details in Supplementary data), and
constructed a total of 288 potential circRNA-miRNA-mRNA net-
works in the 12 plant species (Table 2). Most predicted networks
(over 98%) only contained circRNAs and their parental genes,
suggesting that miRNA sponges might not be the major func-
tional mechanism of plant circRNAs.

Release 3.0 of PlantcircBase

A functional database that integrates circRNA repertories and
visualization tools would significantly facilitate studies on cir-
cRNAs. To this end, diverse circRNA databases have been estab-
lished, including extensively used comprehensive databases for
animals such as circBase [2], CIRCpedia [14], circRNAdb [3] as
well as plant circRNA databases PlantcircBase [55] and AtCircDB
[56]. AtCircDB is a tissue-specific circRNA database for A. thaliana.
PlantcircBase collected all plant circRNAs from publicly available
publications by us. In order to keep up with the rapid progress of
plant circRNA research and provide a more comprehensive and
user-friendly online resource for researchers, we have further
upgraded the database.

The current version (Release 3.0) of PlantcircBase not only
is a repository of plant circRNAs that collected a total of 95143
circRNAs from 12 plant species (through June 2018), but also has
evolved as a comprehensive database with a set of bioinformat-
ics tools to serve the needs of circRNA investigations, including
browse, search, visualization and BLASTcirc. In the section of
browse, circRNAs from each species were listed in tables with
general information of each circRNA. By clicking the name of
a circRNA, a page with more detailed circRNA information will
be opened, including normal information such as name, organ-
ism, aliases, genomic position, etc. and advanced information
such as sequence at back-splicing site, coding capacity (details
in Supplementary data), potential amino acid sequence and
other characteristic information of the circRNA. In the section of
search, collected circRNAs can be searched by keywords such as
the name of circRNA or its parental gene, or by sequences. In the
section of visualization, genomic structures of circRNAs could
be drawn based on the genomic positions of those circRNAs.
BLASTcirc is a web-based tool for determining whether the
query sequences contain back-splicing sites based on basic local
alignment, provide the statistical significance of the predicted
circRNAs using a global alignment algorithm and optimize a
composite score for each alignment by taking into account all

potential genomic locations of back-splicing sites (details in Sup-
plementary data). In addition, genome browse, database statis-
tics, download and visualization of networks involving circRNAs,
miRNAs and mRNAs, and so on, are all available at PlantcircBase
3.0, which could be found at http://ibi.zju.edu.cn/plantcircbase/.

Future perspectives

False positive circRNAs identified by bioinformatics
tools

For the huge number of circRNAs identified in diverse species,
there is no doubt that some of them are not genuine circRNAs.
Previous review [21] proposed that both experimental strategies
for RNA-Seq and bioinformatics tools for identification could
cause false positive while detecting circRNAs. For instance, while
preparing RNA-Seq libraries, two RNAs containing common
sequences could be joined together by reverse transcriptase,
or two cDNAs could be ligated during adapter ligation, both
might generate non-negligible circRNA artifacts. When detecting
circRNA candidates by bioinformatics tools, false alignments
could happen at potential back-splicing sites due to homologous
sequences and/or compatibility of several unaligned bases. It is
a tremendous challenge to overcome these problems for both
experimental and bioinformatics researchers when identifying
circRNAs.

In plants, progress has been made to predict more reliable
circRNAs by developing a plant-specific circRNA prediction
tool, PcircRNA_finder, based on specific characteristics of plant
genomes [57]. Although PcircRNA_finder provided a more precise
and sensitive prediction result in plants compared to other
methods [57], it still has some shortcomings, such as using
multiple software for catching back-splicing sites (which is not
convenient for users) and only exonic circRNAs could be found
(as genome annotations of some plants are very poor). It is thus
urgently required to further develop more tools for circRNA
prediction in plants because, except PcircRNA_finder, there is
no other alternative bioinformatics tool specially designed for
analyzing plant circRNAs. We hope that the characteristics of
plant circRNAs reported in this study will provide clues for
developing such tools.

Non-canonical splicing signals of plant circRNAs

Candidate circRNAs with non-canonical splicing signals (by U12
or minor spliceosome) used to be considered as false positive,
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and were often filtered out by most prediction tools. Using
a statistically based tool, KNIFE [17], which was thought to
be more reliable than other circRNA identification tools that
predict circRNAs based on only back-splicing reads [17, 58],
researches have demonstrated the presence of circRNAs with
non-canonical splicing signals in humans. In plants, a number
of non-canonical circRNAs have also been identified and some
were validated experimentally [31, 33], providing evidences
for the existence of non-canonical circRNAs in plants. The
flanking sequences of humans and plant circRNAs have different
characteristics. Most plant circRNAs were not flanked by long
repeat sequences or reverse complementary sequences [11,
12], but flanked by short reverse complementary sequences or
repeat sequences. It is unclear whether these short sequences
are related to biogenesis of plant circRNAs [27, 38] and the
formation of non-canonical circRNAs. In view the number of
non-canonical circRNAs in plants, non-canonical spliceosome
mechanisms could be the major pathway involved in biogenesis
circRNAs in plants, but the exact mechanism is yet to be
uncovered.

Full-length/internal structures of plant circRNAs

Full-length sequences of circRNAs are essential for understand-
ing the internal structures and alternative splicing events of
circRNAs, and will be helpful for investigating the potential
functions of circRNAs. However, the vast majority of the reported
circRNAs do not have their full-length sequences because most
circRNA prediction tools used only reads that support back-
splicing sites. Despite the importance of full-length circRNAs,
studies on strategies and methodology of full-length circRNA
assembly are still rare in both animals and plants. Two tools,
CIRI-full [59] and circseq_cup [31], are now available for pre-
diction of full-length circRNAs. Both use RNA-Seq reads across
back-splicing sites and their corresponding paired reads. Based
on the assembly principle of CIRI-full and circseq_cup, theoreti-
cally if there are long-enough RNA-Seq reads and large-enough
insert length, circRNAs of any lengths could be assembled. Apart
from developing novel tools for full-length circRNA prediction,
improving genome assembly of plant species is also critical
because the quality of genome annotation determines the accu-
racy of read alignment and finally the accuracy of the assembled
full-length circRNAs [60].

Functional investigations of plant circRNAs

Functional characterization of circRNAs is still in its infancy
stage. Even for circRNAs from humans and animals, only a few
have been experimentally proved to be functional, such as affect-
ing splicing of their parental genes, regulating gene transcrip-
tion, acting as miRNA sponges, being translated into polypep-
tides or working as biomarkers (reviewed by [40]). In plants, func-
tional mechanism of only one circRNA from Arabidopsis has been
revealed [46], although a large number of plant circRNA have
been identified. The majority of plant circRNAs were generated
from protein coding genes and some of them are conserved
among different species. We expect that at least the conserved
circRNAs if not all would be functional and play a certain role in
plant development and/or response to environmental changes.
One of the great challenges ahead for experimental functional
exploration of plant circRNAs is the difficulty to distinguish
circular transcripts from their linear parental mRNAs due to
their overlapping sequences, which makes it difficult to knock
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down circRNAs by the traditional RNAi approach. Gene editing
would be the choice for functional investigation of circRNAs
because it requires only a 20 nt long specific target sequence.
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Key Points

® A total of 95 143 circRNAs were identified in 12 plant
species.

® Most plant circRNAs were generated from coding genes.

¢ Alternative splicing is pervasive in plant circRNAs.

® A large number of circRNAs possess non-canonical
splicing signals.
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