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Abstract
Circular RNAs (circRNAs) are covalently closed single-stranded RNAs, generated

through a back-splicing process that links a downstream 5′ site to an upstream 3′

end. The only distinction in the sequence between circRNA and their linear cognate

RNA is the back splice junction. Their low abundance and sequence similarity with

their linear origin RNA have made the discovery and identification of circRNA chal-

lenging. We have identified almost 6000 novel circRNAs from Lotus japonicus leaf

tissue using different enrichment, amplification, and sequencing methods as well as

alternative bioinformatics pipelines. The different methodologies identified different

pools of circRNA with little overlap. We validated circRNA identified by the differ-

ent methods using reverse transcription polymerase chain reaction and characterized

sequence variations using nanopore sequencing. We compared validated circRNA

identified in L. japonicus to other plant species and showed conservation of high-

confidence circRNA-expressing genes. This is the first identification of L. japonicus
circRNA and provides a resource for further characterization of their function in gene

regulation. CircRNAs identified in this study originated from genes involved in all

biological functions of eukaryotic cells. The comparison of methodologies and tech-

nologies to sequence, identify, analyze, and validate circRNA from plant tissues will

enable further research to characterize the function and biogenesis of circRNA in L.
japonicus.

Abbreviations: AS, alternative splice; BSJ, back splice junction; CEnLR, circRNA enriched long read; circPanel-LRS, circular RNA panel long-read

sequencing; circRNA, circular RNA; CiRNA, circular intronic RNA; FP, false positive; FPB, fragments per billion mapped bases; IRES, internal ribosome

entry sites; RIN, RNA Integrity Number; RT-PCR, reverse transcription polymerase chain reaction; RUBISCO, ribulose bisphosphate carboxylase/oxygenase;

SPRI, solid phase reversible immobilization; SR, short read.
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Plain Language Summary
All living organisms contain genes that are expressed to fulfill all the functions an

organism needs to survive. Understanding when and how genes are expressed is a

major scientific goal. Circular RNAs are a type of RNA involved in plant gene expres-

sion, but we don’t know much about what circular RNAs do in plants, how they work,

or which ones are important. We used two different methods to find circRNAs in the

plant Lotus japonicus because this plant is used by many research groups to under-

stand gene expression in legumes, which are plants that can form symbioses with

microbes. We found that both methods worked well, but neither method found all

circular RNAs. We were able to identify almost 6000 circular RNAs. Now that we

know some of the circRNAs in Lotus japonicus the research community can come

up with hypotheses and design experiments to learn more about how circRNAs are

involved in plant gene expression.

1 INTRODUCTION

Circular RNAs (circRNAs) are covalently closed single-

stranded RNA molecules that originate from transcribed

nuclear or organellar DNA (Nielsen et al., 2022). While

RNA molecules with a covalently closed circular topology

were originally observed in viroids in the 1970s (Sanger

et al., 1976), recent discoveries have shown that all eukaryotic

organisms generate circRNA with a wide range of molecular

and biological functions (Chen, 2020; Staff, 2014). Forma-

tion of a circRNA occurs through the ligation of the 3′ and 5′

ends of linear RNA, forming the back splice junction (BSJ),

the only sequence feature that distinguishes a circRNA from

the sequence of its linear cognate RNA. The lack of a 5′ or

3′ end makes circRNA resistant to exonucleases, which could

increase its stability.

Relatively little is known about the biogenesis of circRNAs

in plants. The formation of circRNA requires a spliceoso-

mal machinery. CircRNA can originate from exonic, intronic,

and intergenic regions. A single gene can produce single

or multiple circRNAs, and their occurrence, abundance, and

composition can be tissue specific, under developmental con-

trol, or respond to biotic or abiotic stress (H. Liu et al., 2020;

Philips et al., 2020; Z. Wang et al., 2017; Xia et al., 2023;

Yin et al., 2022; P. Zhang et al., 2019). In animal systems,

the base-pairing of reverse complementary sequences in the

upstream and downstream regions flanking circularized RNA

has been shown to be sufficient for the formation of circRNA

(Liang & Wilusz, 2014; X.-O. Zhang et al., 2014). However,

only a small fraction of plant circRNAs have short inverted

repeats in their flanking sequences, suggesting that this is not

a major mechanism of RNA circularization in plants (R. Liu

et al., 2022). RNA-binding proteins as well as DNA and RNA

methylation have been shown to be factors in the biogenesis of

some circRNAs in other systems but have not yet specifically

been shown to be involved in circRNA biogenesis in plants

(Y. Wang et al., 2020; Z. Zhang, Wang, et al., 2021).

Our understanding of how circRNAs contribute to bio-

logical processes in plants is evolving. CircRNAs have been

shown to have a variety of functions and mechanisms includ-

ing regulating alternative splicing through the formation of

R-loops (V. M. Conn et al., 2017), interactions with microR-

NAs (Kleaveland et al., 2018; Zhou et al., 2021), and diverse

interactions with RNA-binding proteins (Chen, 2020). Some

circRNAs have been shown to be translated into short pep-

tides in animal systems through internal ribosome entry sites

(IRES) and N6-methyladenosine (m6A) modifications. These

IRES and m6A features have been identified in plant circR-

NAs, but the translation of plant circRNAs has not yet been

shown (R. Liu et al., 2022; Y. Wang et al., 2020). There

are relatively few studies that have concretely demonstrated

functions of specific plant circRNAs in overexpression or

knockdown experiments (V. M. Conn et al., 2017; Z. Gao

et al., 2019; R. Liu et al., 2022; Xia et al., 2023; Zhou et al.,

2021). One bottleneck to functional studies of plant circRNAs

is the difficulty involved in creating circRNA overexpression

and knockout lines.

Most known circRNAs have been discovered using short-

read (SR) sequencing. SR sequencing with random primers

allows both linear and circular RNAs to be sequenced, but

circular RNAs can only be identified by the reads that con-

tain the BSJ, meaning most circular RNAs will not have their

full internal sequence covered. Recently, several publications

have also reported long-read sequencing (LRS) strategies for

sequencing full-length circular RNAs (Rahimi, Venø, et al.,

2021; Xin et al., 2021; J. Zhang, Hou, et al., 2021).

Lotus japonicus is a legume plant that is widely used

as a genetics model. As a model L. japonicus offers sev-

eral advantages for the study of circular RNAs including

a relatively small genome; extensive genetic, genomic and
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proteomic resources for different ecotypes and accessions;

and transformability (Kamal et al., 2020; Udvardi et al., 2005).
L. japonicus is also a good plant species to study circRNAs

due to the availability of mutant lines with LORE1 transposon

insertions which nearly saturate the genome with knockout

mutants (Małolepszy et al., 2016; Urbański et al., 2012). The

LORE1 mutant lines may prove useful in future functional

studies of circRNAs for examination of circRNA knockouts.

Identification of circRNAs in L. japonicus will also further

comparative genetic study of circRNAs across legumes and

other plant species.

We chose to identify L. japonicus (ecotype Gifu) circR-

NAs from leaf tissue using two different methods to capture

a broader landscape of circRNAs than may be produced

by either method on its own. The SR sequencing approach

included rRNA depletion of total RNA for Illumina deep

sequencing using random primers. For LRS, the enrich-

ment of circRNAs is necessary prior to library preparation.

The circRNA enrichment with long-read nanopore sequenc-

ing (CEnLR) involved the enrichment of circRNAs with an

extensive protocol and used the isoCirc method for library

preparation and nanopore sequencing (Xin et al., 2021). In this

study, we identify a combined total of 5926 putative L. japon-
icus circular RNAs and examine their characteristics. We

compare SR and CEnLR methods as well as different compu-

tational pipelines for circRNA identification. Select circRNAs

identified by both or either sequencing method were validated

using reverse transcription polymerase chain reaction (RT-

PCR) and an LRS method to characterize sequence variations

of specific circRNAs.

2 MATERIALS AND METHODS

A more detailed description of the methods used in this study

is provided as Supporting Information (“Materials and Meth-

ods” in Supporting Information). PCR library preparation kit

PCB-109 (Oxford Nanopore Technologies) was used for part

of these methods and is now discontinued PCB-111 (Oxford

Nanopore Technologies) is a suitable replacement.

2.1 Plant material

Lotus japonicus Gifu B-129 seeds were sterilized, germi-

nated on filter paper for 1–2 weeks, and plated on one-fourth

strength Broughton & Dilworth media plates supplemented

with 3 mM KNO3 (Broughton & Dilworth, 1971). Plants were

grown vertically at 16 h light 8 h dark, 21–23˚C with light

intensity of 50–120 μmol/m2/s for 63–65 days from germi-

nation to harvest. Roots were protected from light by placing

foil bars at the root–shoot interface and wrapping black poster

board sleeves around the root portion of the plates. Leaf tissue

was harvested and flash frozen in liquid Nitrogen.

Core Ideas
∙ Different amplification, sequencing, and analysis

methods result in the identification of different

pools of circRNA.

∙ The authors offer the first discovery of circRNAs

in L. japonicus.
∙ Validation methods can distinguish true and false

positive circRNAs.

∙ Variants of specific circRNAs can be identified

with nanopore sequencing.

2.2 SR Illumina sequencing and
identification of circRNA

2.2.1 RNA extraction

Total RNA from three biological replicates was extracted

using the Purelink RNA Mini Kit (Invitrogen) according to the

manufacturer’s protocol. Extractions were performed so that

each biological replicate contained RNA from a pool of leaf

material from 20 plants. Total RNA was treated with DNase I

(TURBO DNAse; Invitrogen) according to the manufacturer’s

protocol. RNA concentration was measured fluorometrically

(Qubit Broad Range RNA; Invitrogen). RNA quality was con-

firmed via capillary electrophoresis using the Bioanalyzer

2100 Plant RNA Nano protocol, and samples with an RNA

Integrity Number (RIN) of at least 7 were used for library

preparation and Illumina sequencing.

2.2.2 Library preparation

Total RNA was depleted of ribosomal RNA using QIAseq

FastSelect–rRNA Plant Kits (Qiagen). Library preparation

was performed using the NEBNext Ultra II Directional RNA

Library Prep Kit for Illumina (New England Biolabs) with

NEBNext Multiplex Oligos for Illumina (Dual Index Primers

Set 1 NEB). Libraries were sequenced with a single lane of

an S4 chip on an Illumina NovaSeq platform resulting in 100

million 150-bp paired reads per sample.

2.2.3 Sequence analysis and circRNA
identification

FastQC was used to confirm the quality of the raw reads with

default settings (Andrews, 2010). Poor quality reads and Illu-

mina adapters (Table S1) were removed with Trimmomatic

(minimum read length: 30; average phred score of 20 within

sliding window of 4 bp) (Bolger et al., 2014). Unpaired reads
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were removed after trimming. This set of trimmed fastq files

was used as input for circRNA analyses. The identification of

circRNA from SR sequencing was done through two indepen-

dent detection pipelines: CIRI2 (Y. Gao et al., 2015, 2018) and

CLEAR (Ma et al., 2019).

CIRI2 analysis was performed as instructed in usage docu-

mentation (J. Zhang, 2021). Trimmed read pairs were aligned

to the Lotus genome (Gifu v1.2) using BWA-MEM (version

0.7.17) (Li & Durbin, 2009) with an alignment score cutoff of

-T 19 and otherwise default parameter settings. The L. japon-
icus genome and annotation file used for CIRI2 Gifu v1.2

was downloaded from Lotus Base (Mun et al., 2016). The

CLEAR pipeline was used to identify circRNAs and calculate

circRNA:linear RNA transcript ratios. The CLEAR pipeline

was performed with recommended parameter settings. Reads

were aligned with splice-aware alignment tool, HISAT2 (Kim

et al., 2019), to the L. japonicus genome (Gifu v1.2). CLEAR

normalizes linear and circular transcripts by read depth and

transcript length and quantifies them in fragments per billion

mapped bases (FPB). CLEAR assigns a CIRCscore to each

circRNA which is the ratio of circRNA FPB to linear FPB.

Outputs of CIRI2 and CLEAR were analyzed with custom R

scripts to filter, cluster, and summarize the circRNA results.

These are available in our Github repository.

2.3 CircRNA enrichment and nanopore
long-read sequencing

2.3.1 RNA extraction

Total RNA was extracted from ∼6 g of leaf tissue (65 days old)

ground with a mortar and pestle under liquid nitrogen. RNA

was extracted from tissues using the Purelink RNA mini kit

(Invitrogen) according to the manufacturer’s protocol. Total

RNA was post-treated as described above in SR sequencing.

RNA samples with RINs of at least 8 were used for enrichment

and sequencing.

2.3.2 CircRNA enrichment

To enrich circRNA from total RNA, linear RNA was reduced

using a combination of processes established in the liter-

ature (Panda et al., 2017; Xiao & Wilusz, 2019). Briefly,

90 μg of total RNA was depleted of ribosomal RNA (rRNA)

using the RiboMinus Plant Kit (Thermo Fisher) followed by

purification via solid phase reverse immobilization (SPRI)

(CleanNGS Beads, Bulldog Bio) using a 2× volumetric

ratio of beads to sample. The remaining linear RNA was

polyadenylated with five units of E. coli Poly(A) polymerase

(New England Biolabs) in samples of 1.2-μg rRNA depleted

RNA. The now polyadenylated RNA was depleted using the

NEBNext Poly(A) mRNA Magnetic Isolation Module (New

England Biolabs) according to the manufacturer’s instruc-

tions. Supernatant containing non-polyadenylated RNA was

purified with 1.8× SPRI. Remaining RNA (∼2 μg) was treated

with 20 U RNase R (Lucigen) in a modified LiCl buffer

according to Xiao and Wilusz (2019). The now enriched cir-

cular RNA was purified with 1.8× SPRI and quantified using

the Qubit High Sensitivity RNA kit (Invitrogen). Yield was

∼700 ng of enriched RNA.

2.3.3 Nanopore library preparation

CircRNA libraries were prepared according to the isoCirc

protocol (Xin et al., 2021). Enriched RNA was denatured to

reduce secondary structure; then, cDNA was generated using

1 μg RNA, random hexamers, and 10 U ProtoScript II Reverse

Transcriptase (New England Biolabs). cDNA was SPRI puri-

fied at a 1.8× ratio and then treated with 10 U Mung Bean

Exonuclease (New England Biolabs) as directed by the man-

ufacturer to remove 5′ overhangs. The sample was again 1.8×
SPRI purified and entered into a SplintR ligase (New Eng-

land Biolabs) ligation reaction with 2 μL (50 U) enzyme to

re-circularize the circRNA-originating cDNA. The resulting

circular cDNAs were ethanol precipitated, and cDNA concen-

tration was measured with the Qubit High Sensitivity DNA kit

(Invitrogen).

Purified circular cDNA was denatured and then amplified

using ɸ29 polymerase from the TempliPhi kit (Cytiva) to

facilitate rolling circle amplification and produce a long lin-

ear cDNA molecule theoretically containing the full sequence

of the circRNA multiple times. Amplified DNA was purified,

and size was selected either with BluePippin with a size gate

set >3 kb or with a modified SPRI protocol to target size

selection to retain species above 1.5 kb (Stortchevoi et al.,

2020). Purified and size-selected DNA was quantified via the

Qubit High Sensitivity DNA kit (Invitrogen), and size dis-

tribution was evaluated with capillary electrophoresis (2200

TapeStation System, Agilent Technologies).

DNA libraries were prepared for nanopore sequencing

using the ligation sequencing method (SQK- LSK109, Oxford

Nanopore Technologies). This was done according to the

manufacturer’s protocol with the exception that the initial

input was 1 μg of material. All SPRI purification steps were

included, and the short fragment buffer was used in the final

washing steps. The final material was quantified with the

Qubit DNA High Sensitivity kit (Invitrogen).

2.3.4 Nanopore sequencing

Nanopore libraries were sequenced on the MinION Mk1B

sequencer using an R9 Spot-ON flow cell (Oxford Nanopore

Technologies). Flow cells were primed and loaded according

to the manufacturer’s instructions with between 50 and 100
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fmol of constructed libraries. Bases were called using Guppy

(v6.1.5), and a quality threshold of 8 was used to filter passing

reads.

2.3.5 CIRI-long analysis

Sequencing data were trimmed with porechop (v0.2.4) and

then analyzed with the CIRI-long pipeline (J. Zhang, Hou,

et al., 2021) (v1.1.0). The L. japonicus Gifu genome and

annotations (v1.2) were used. The output of CIRI-long

was analyzed with custom R scripts to filter, cluster, and

summarize the circRNA results.

2.4 PCR confirmation and Sanger
sequencing

Putative circRNAs detected by SR or CEnLR sequencing

were validated using RT-PCR. DNase-treated total RNA from

65-day-old leaf tissue was used as a template. Divergent

primers were designed (Table S1) to generate PCR prod-

ucts spanning the BSJ. Two primer sets were designed per

circRNA, with the goal of minimizing homo- and hetero-

dimer formation while avoiding repetitive sequences in the

circRNA template. Primer sets varied in location on the cir-

cRNA by 0–160 nt from the 5′ end of the primer in the same

direction. When possible, primers from set one were located

on different exons than those from primer set two. Reac-

tions were constructed with 500 ng RNA input following the

OneTaq One-Step RT-PCR Kit (New England Biolabs) man-

ufacturer’s protocol, including the denaturation step. Primers

for LjUbiquitin were used for a linear positive control reac-

tion. RNAse A-treated gDNA template was used for false

positive controls. For gDNA control reactions, OneTaq Hot

Start 2X Master Mix (New England Biolabs) with Standard

Buffer was used, with 100 ng of gDNA template added with

the same divergent primers used for RT-PCR of the RNA

template. Cycling conditions were the same as RT-PCR, with

the reverse transcription step excluded. PCR products were

visualized with agarose gel electrophoresis, and divergent

products of expected length were excised and purified for

confirmation of BSJ by Sanger sequencing.

2.5 Circular RNA panel long-read
sequencing

A variation of circular RNA panel long-read sequencing

(circPanel-LRS) was run to validate circRNAs discovered by

sequencing and to discover additional circRNAs with shared

regions (Rahimi, Færch Nielsen, et al., 2021). Divergent

circPanel-LRS primers were designed targeting seven genes

with at least one predicted circRNA. Primers were designed

with the 3′ end between 30 and 50 nt away from the end of

the exon or predicted BSJ. Primers had a binding temperature

between 60 and 66˚C and included adapters for the nanopore

PCR sequencing primers (Table S1).

2.5.1 cDNA synthesis

First-strand cDNAs were synthesized using 1 μg DNase

I-treated total RNA and Maxima H Minus Reverse Transcrip-

tase (Thermo Fisher Scientific). Two equimolar pools of seven

primers were made, one containing forward primers, and the

other containing the reverse primers—this was done to cap-

ture circRNAs from either sense or antisense strands. Each

pool was at a final total concentration of 10 pmol. RNA and

primers underwent denaturation prior to reverse transcrip-

tion. Completed first-strand synthesis reactions were treated

with 1 μL of RNase H (Thermo Fisher Scientific) and 1 μL

RNaseCocktailEnzyme Mix (Thermo Fisher Scientific).

2.5.2 Amplification

The two RNase-treated first-strand synthesis reactions (for-

ward and reverse) were pooled for PCR amplification with

LongAmp Hot Start Taq Mastermix (New England Biolabs).

Reactions were treated with 1 μL Exonuclease I (New Eng-

land Biolabs) then pooled and purified with SPRI beads using

a 0.8× volumetric ratio and eluted in 40 μL of nuclease free

water. The concentration of the first round amplicons was

measured via Qubit DNA HS kit (Invitrogen) at 1.39 ng/μL. A

second round of PCR was performed with the PCB Nanopore

primers from the PCB-109 kit (Oxford Nanopore Technolo-

gies, discontinued PCB-111 is a suitable replacement) and

LongAmp Hot Start Taq (New England Biolabs). Reac-

tions were again treated with exonuclease 1 and purified by

0.8× SPRI. The final concentration was 250 ng/μL measured

by nanodrop, and the size distribution of the library was

measured via capillary electrophoresis as described above.

2.5.3 Final library preparation and nanopore
sequencing

The stoichiometry of the library was 110 fmol/μL. From

this library, 0.77 μL (85 fmol) was entered into the adapter

addition step of the PCB-109 protocol (Oxford Nanopore

Technologies) with 1 μL of Rapid Adapter (RAP) and elu-

tion buffer to bring the total volume up to 12 μL. This

was incubated at room temperature for 5 min and loaded

onto an R9 Spot-On flow cell (Oxford Nanopore Tech-

nologies) and sequenced on a MinION Mk1B (Oxford
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Nanopore Technologies) according to the manufacturer’s

protocol.

2.5.4 CircPanel-LRS analysis with CIRI-long

Analysis of circPanel-LRS sequencing data was performed

similarly to the above CIRI-long analysis of isoCirc data as

both protocols generate cyclic concatemer sequences from a

circular RNA template. Custom R scripts were used to analyze

the output from CIRI-long and are available on Github.

3 RESULTS

3.1 Experimental design

The identification of circRNA requires sequencing the BSJ to

identify the 5′ and 3′ borders that were covalently linked to

form the circRNA and their location in the genome. Both SR

sequencing (150 nt) and CEnLR sequencing (>150 nt) were

used for the genome-wide identification of circRNA from L.
japonicus leaf tissue. These methods require different inputs,

enrichment methods, and analyses and have been shown to

identify different subpools of circRNA (Rahimi, Venø, et al.,

2021; Xin et al., 2021; J. Zhang, Hou, et al., 2021) (Figure 1).

To compare outcomes from SR and CEnLR, we used com-

putational tools to identify the circRNAs from sequence data

(CIRI-long, CIRI2, and CLEAR) and validated select circR-

NAs identified by the different methods. We also quantified

the abundance of circRNAs to their linear cognate RNAs and

characterized putative functional characteristics and involve-

ment in biological processes (Y. Gao et al., 2018; Ma et al.,

2019; J. Zhang, Hou, et al., 2021).

3.2 CEnLR and SR methods require
different inputs

CEnLR sequencing of L. japonicus circular RNAs used an

extensive circRNA enrichment process followed by library

preparation according to the isoCirc method (Xin et al.,

2021). We performed two nanopore sequencing runs from a

single enrichment of L. japonicus leaf RNA. The enrichment

consisted of ribosomal RNA depletion, poly-A tailing, poly-A

pulldown, and finally RNase R treatment in order to remove

as many linear RNA species as possible (Panda et al., 2017;

Xiao & Wilusz, 2019). In total, 3.54 Gb of passing reads

were produced. Reads were analyzed using the CIRI-long

pipeline (J. Zhang, Hou, et al., 2021). In total, before filtering,

4655 unique putative circRNAs were identified with CEnLR

(Table S2).

SR sequencing of L. japonicus leaf tissue was performed

without circRNA enrichment to capture both linear and cir-

cular RNAs. RNA was extracted from three bioreplicates of

65-day-old L. japonicus leaf tissue. Ribosomal RNA was

depleted, and reverse transcription and library preparation

were done with random hexamer primers. SR sequences were

analyzed with two circRNA identification pipelines, CIRI2

(Y. Gao et al., 2018) and CLEAR (Ma et al., 2019). From

79.5Gb of total reads, CIRI2 identified 719 putative circR-

NAs, and CLEAR identified 1345 putative circRNAs prior

to any filtering for reliable circRNAs. The initial unfiltered

results from individual sequencing runs and analyses are

available in Table S2.

The low abundance of circRNA as a fraction of total RNA

requires either relatively large amounts of total RNA as input

for enrichment and LRS or very deep SR sequencing of

libraries generated with random primers. The enrichment of

circRNA for LRS requires at least 15 times more total RNA

input compared to SR because circRNA enrichment depletes

∼99% of total RNA. A comparison of the tissue and RNA

input, sequencing data produced, and the number of circRNAs

discovered is shown in Table 1.

3.3 CEnLR and SR methods identify
different circRNA pools

Repetitive sequences that can appear identical to BSJs in

alignments leads to false positives identification of circRNAs

(Dodbele et al., 2021). Therefore, we performed additional

filtering steps to increase confidence in putative circRNAs.

Putative circRNAs whose BSJ coordinates were within 5 bp

of previously annotated repetitive regions of the L. japoni-
cus Gifu genome were removed (Kamal et al., 2020). CEnLR

raw data contained putative circRNAs with homopolymer and

oligomeric repeat sequences which were likely false positives.

Due to their repetitive structure, CIRI-long identified these

artifacts as circRNAs since a tandem repeat can appear as a

BSJ. To remove these, CEnLR circRNAs were filtered based

on the circRNA sequence repetitiveness and complexity using

the index of repetitiveness (Ir < 0.2) and Trifonov’s com-

plexity score (>0.1), respectively (Haubold & Wiehe, 2006;

Tremblay & Nystrom, 2023). CircRNAs from the SR datasets

were additionally filtered by size with circRNAs larger than

10 kb being filtered out as likely false positives. This filtering

removed 448 (9.6%) circRNAs from the CEnLR dataset and

142 (6.9%) of circRNAs from the SR dataset (Figure 2A).

CircRNA BSJ coordinates may not be entirely accurate as

they are dependent on the sequence at the splice junctions. If

small portions of identical sequence exist on both sides of the

BSJ, its coordinates can be assigned differently depending on

the software and exact supporting reads. To account for this,

circRNAs with very similar BSJs (Manhattan distance ≤10

across start and end coordinates) were clustered into iden-

tical circRNAs (Supplementary Table S3). After clustering,
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BUDNICK ET AL. 7 of 21The Plant Genome

F IGURE 1 Overview of the experimental design and analyses of circular RNA (circRNA) identification from L. japonicus leaf tissue. Total

RNA extracted from the tissues was either (A) processed for circRNA enrichment, isoCirc library preparation (random hexamer RT, exonuclease

digest and SplintR ligation, as well as rolling circle amplification and debranching), and subsequent long-read nanopore sequencing (CEnLR) or (B)

amplified using random primers and rRNA depletion followed by short-read Illumina sequencing (SR). (C) Select circRNAs identified through either

or both methods were validated using reverse transcription polymerase chain reaction (RT-PCR) and circular RNA panel long-read sequencing

(circPanel-LRS) and characterized for their potential functions and quantitative ratios.

TABLE 1 Comparison of inputs and circular RNA (circRNA) sequencing yields for L. japonicus leaf tissue.

CircRNA enrichment long-read sequencing Short read sequencing
FW tissue (g) 2 0.2–0.6

Total RNA input (μg) 15 0.74–1 (1 μg limit)

RNA remaining after enrichment (ng) 100 N/A

Sequenced nt (Gb) BluePippin/SPRI 0.65/2.88 ∼27 Gb per replicate

Total reads (million reads/run)

BluePippin/SPRI

0.19/1.63 ∼90 million reads/ replicate

Median circRNA length (all runs and replicates)

(bp)

208 814a

Total unique circRNAs after clustering and

filtering

Runs/replicates combined

4327 1614

Note: The same input pool was used for the two nanopore runs. The reported number is the amount of material for an individual run.

Abbreviations: FW, fresh weight; N/A, not available; SPRI, solid phase reversible immobilization.
aDistance from start and end coordinates.
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F IGURE 2 Circular RNA (circRNA) characteristics across

circRNA enrichment with long-read nanopore sequencing (CEnLR)

and short-read (SR) methods. (A) Plot showing the status of circRNAs

after different filtering steps across CIRI2 (SR), CLEAR (SR), and

CEnLR datasets. CircRNAs shown by the green bar pass through to

final clustering and analysis. (B) Boxplot of the sizes of circRNAs

identified across datasets. (C) Portion of types of circRNAs identified

across datasets.

F IGURE 3 Comparison of filtered and clustered circular RNAs

(circRNAs) identified by circRNA enrichment with long-read nanopore

sequencing (CEnLR) and short-read (SR) methods. (A) Venn diagram

of circRNAs identified across CEnLR, CIRI2, and CLEAR datasets.

(B) Venn diagram of L. japonicus gene IDs that contain circRNAs

across CEnLR, CIRI2, and CLEAR datasets.

348 circRNAs were found nearly identical leaving a total of

5926 unique putative circRNAs across datasets.

The populations of circRNAs discovered by the two

different methods showed differences in size and type

(Figure 2B,C). The median reported size of circRNAs identi-

fied with SR sequencing methods was 814 nt, and the median

size of CEnLR circRNAs was 208 nt. Importantly, the size

of circRNAs from the SR dataset is only based on the dis-

tance between BSJ coordinates and likely is not equal to the

real sequence length of the circRNA whenever the circRNA

contains more than one exon. CEnLR circRNA sizes are cal-

culated based on the full consensus sequence and therefore are

accurate. SR circRNAs were also more likely to be assigned

as exonic (91.7%) compared to CEnLR circRNAs (31.1%).

3.4 Comparison between CEnLR and SR
circRNAs

It has been observed in animal cells that CEnLR and SR

methods capture distinct pools of circular RNAs (Rahimi,

Venø, et al., 2021; J. Zhang, Hou, et al., 2021). The mature

leaf sequencing runs were from analogous, but not identical

tissues, between the two sequencing approaches. Fifteen cir-

cRNAs are identified by both CEnLR and SR (Figure 3A)

(Supplementary Table S4). This very small portion of shared

circRNAs is low compared to other publications, but the

methods used here are also more disparate due to the presence

or absence of circRNA enrichment. Even within methods, the

majority of circRNAs were seen only once. Only 8% (336)

of circRNAs were found in both CEnLR sequencing runs.

In the SR datasets, CIRI2 found 79 and CLEAR found 80

circRNAs in all three bioreps (Figure S1). Note that 26.6%

of CIRI2 and 15.8% of CLEAR circRNAs were identified in

two or more bioreps. Taken together, these results show that
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BUDNICK ET AL. 9 of 21The Plant Genome

neither CEnLR nor SR methods reached saturation for

detection of Lotus circRNAs.

The circRNAs identified by different methods also origi-

nated from distinct L. japonicus genes, with only 199 gene

IDs shared between CEnLR and SR methods (Figure 3B).

The large difference of circRNAs identified (Figure 3A) and

circRNA producing gene IDs (Figure 3B) is due to the large

number of genes that contained more than one circRNA locus

as well as the>30% of putative circRNA identified by CEnLR

that originated from intergenic loci (Figure 2C).

3.5 CircRNAs were validated with RT-PCR
and circPanel-LRS

Subsets of circRNAs identified by CEnLR or SR methods

were selected for validation by reverse transcription PCR (RT-

PCR) or nanopore sequencing of amplicons using circRNA

specific primers (circPanel-LRS) (Table S1).

3.5.1 Reverse transcription polymerase chain
reaction

RT-PCR was used to confirm the BSJ of 27 genic circR-

NAs identified in the discovery sequencing round. Of these

27 circRNAs, 13 were chosen from circRNAs only discov-

ered through CEnLR, five from only SR, and nine from the

15 overlapping circRNAs discovered by both CEnLR and

SR (CIRI2 and/or CLEAR) methods (Figure 3A). Divergent

primers were used to produce an RT-PCR product spanning

the BSJ (Figure 4A) (Table S1). Divergent primers anneal-

ing to a linear RNA face away from each other, producing

no PCR product. On a circular template, divergent primers

face toward each other, producing a product which spans and

includes the BSJ sequence. At least two primer pairs that

anneal to different locations on the circRNA are used for

validation. Twelve targets were successfully amplified via RT-

PCR, and Sanger sequencing confirmed the BSJ sequence

(Figure 4B–D) (Figure S2). CircRNAs were confirmed for

2/13 CEnLR-only set, 3/5 SR-only set, and 7/9 of the CEnLR

+ SR overlapping set. Of these, one circRNA was intronic,

and 11 circRNAs were exonic. A change in Sanger sequenc-

ing quality across the BSJ was observed for several circRNAs,

including circHislys(5,6,7,8) (Figure 4B). This quality change

could be caused by multiple unique circRNAs from the same

gene, multiple circRNA isoforms, or concatemers of the same

circRNA. To rule out false positives, a gDNA control was

included using the same divergent primers to ensure there

are no genomic repeats causing a false BSJ. In some cases,

primers produce off-target products which are assessed by

Sanger sequencing to determine if a gDNA product is iden-

tical in sequence to the putative circRNA. From our 27

circRNAs that underwent validation, six are likely false posi-

tives based on products from gDNA PCR which span the BSJ

(Figure 4E). This demonstrates the importance of having false

positive controls. Two separate primer sets were designed to

confirm each circRNA. When possible, primer set one was

located on different exons than primer set two. Primer qual-

ity is essential for detecting circRNAs and false positives. As

shown in Figure 4E, the false positive circRNA from Insp

would not have been detected using only the second primer

set. When validating a circRNA for further functional char-

acterization, it is essential to confidently confirm it is a true

circular RNA, and one primer pair may not be sufficient to do

so.

3.5.2 CircPanel-LRS

To characterize specific circRNAs and their sequence vari-

ations with high throughput, we used the circPanel-LRS

method. CircPanel-LRS is a method developed in Rahimi,

Venø, et al. (2021) which uses pools of divergent primers

to reverse transcribe and amplify target circRNAs for LRS

with nanopore. We designed primers targeting seven genes

of the L. japonicus genome with putative circRNAs. Total

RNA from L. japonicus leaf tissue was sequenced accord-

ing to the circPanel-LRS method. CircRNAs were identified

from long-read sequences using CIRI-long. A total of 53 cir-

cRNAs were identified from the circPanel-LRS run (Table

S2). Five of these circRNAs had been previously found in

the CEnLR and SR datasets and 48 of them were new.

The confirmed circRNA circCCR4(4,5) and false positive

FP:Ser/Thr(10,11) were both re-identified in circPanel-LRS.

Both loci had additional putative circRNAs that were not

seen in the previous divergent RT-PCR validation (Figure 5,

Figure S4). RT-PCR and Sanger sequencing showed that

FP:Ser/Thr(10,11) is likely a false positive due to genomic

duplication. It is expected that reverse transcription of a

circRNA will produce a cDNA that contains concatemeric

repeats of the circRNA sequence. We measured each repeat

as a loop and report the maximum number of loops and

average loops for each circRNA identified in circPanel-LRS

(Figure 5). FP:Ser/Thr(10,11) has a very low number of aver-

age loops indicating that the majority of reads that crossed

the back splice junction did not contain multiple repeats and

may not have originated from circular topology which aligns

with the gDNA PCR evidence of a potential tandem dupli-

cation false BSJ (Figure S4). New circRNAs identified from

the Ser/thr locus are not necessarily implicated as FP by this

duplication since they have different BSJs, but it is prudent

to confirm these through RT-PCR and gDNA PCR before

considering them valid. A low number of average loops may

also be caused by PCR biases toward the smallest amplicons

which would contain only one copy of the sequence between

the divergent primers. CircPanel-LRS can be a useful method
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10 of 21 BUDNICK ET AL.The Plant Genome

F IGURE 4 Validation of circular RNAs (circRNAs) using reverse transcription polymerase chain reaction (RT-PCR) and Sanger sequencing

across back splice junction (BSJ). (A) Illustration of RT-PCR strategy using divergent primers to confirm BSJ. (B) Subset of circRNAs confirmed

from the overlap group using two primer pairs (cDNA.1/gDNA.1 = first primer pair; cDNA.2/gDNA.2 = second primer pair). (C) A subset of

circRNAs identified only by circRNA enrichment with long-read nanopore sequencing were confirmed using two primer pairs. (D) circRNAs

confirmed from short-read group using either one or two primer pairs. (E) Illustration and example of circRNA determined to be a false positive.

Asterisk indicates sequenced gel products. A complete list of RT-PCR-confirmed circRNAs, corresponding primers, and original gel electrophoresis

images is shown in Table S1 and Figure S3.
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BUDNICK ET AL. 11 of 21The Plant Genome

F IGURE 5 Representative results from reverse transcription polymerase chain reaction (RT-PCR) and circular RNA panel long-read

sequencing (circPanel-LRS) for circCCR4(4,5). RT-PCR results are shown as in Figure 4 at the left, circPanel-LRS results are summarized in the

table at the right, and illustrations of the various circRNA compositions are displayed in the center. CircRNA representations are downsized when

there are multiple circular RNAs (circRNAs) that contain different subsets of the same exons.

for validating circRNAs while discovering additional loci-

specific circRNAs, but it can be vulnerable to the same false

positive discoveries as genome-wide sequencing methods and

should therefore be used in combination with other validation

strategies, namely divergent primer RT-PCR.

3.6 Conservation of validated circRNAs

To examine the sequence conservation of the validated L.
japonicus circRNAs to circRNAs identified in other plant

species, we used circRNAs from PlantcircBase for Arabidop-
sis thaliana, Glycine max, and Oryza sativa (Xu et al., 2022)

as well as Phaseolus vulgaris circRNAs discovered by Wu

et al. (2020). First, gene orthologs of L. japonicus parent

genes of the 12 genic confirmed circRNAs were analyzed to

see if orthologous genes also had known circRNAs (Table 2,

Table S5). In Arabidopsis, there were 11 orthologous genes

with expressed circRNAs, each with multiple (2-47) circR-

NAs per gene. Proteus vulgaris and O. sativa also had 11,

and G. max had eight circRNA-producing orthologous genes.

Five L. japonicus-confirmed circRNA genes had circRNA-

producing orthologs in all four other plants. In addition

to the gene level analysis, confirmed circRNA sequences

were blasted against the reported circRNA sequences

for At, Gm, and Os. This blast produced significant hits

(e< 1.06 × 10−40) between soybean and three validated Lotus
circRNAs: circHislys(5,6,7,8) (LjG1.1_chr1:65260397-

65261985) to gma_circ_000998; circLETM(5,6,7,8)
(LjG1.1_chr5:18494228-18496352) to gma_circ_002602;

and circGOGAT(2,?,7) (LjG1.1_chr1:122594069-

122598565) to gma_circ_004953 and gma_circ_009653.

Only validated circRNAs were used for conservation analysis

leaving a small sample size; nevertheless, these observations

indicate that circRNA gene level conservation appears to be

higher than circRNA sequence level conservation between L.
japonicus, A. thaliana, P. vulgaris, and G. max.

3.7 CircRNA ratios, GOterm distribution,
and potential functions

CircRNA has been shown to originate from genes in all

cellular functions. To evaluate the functional classification

of circRNA-producing genes in our dataset, we performed

gene ontology analysis using the PANTHER database (Mi

et al., 2013). To classify L. japonicus circRNA parent genes

into ontological categories, we referred to their A. thaliana
homologs provided through Lotus Base (https://lotus.au.dk/)

(Mun et al., 2016). Because the two different approaches

to identify circRNA, CEnLR and SR, resulted in different

pools of circRNA (see Figure 3), we estimated the overrep-

resentation of cognate genes for GOterms separately. Of the

unique clustered circRNAs that passed filtering, we compare

the amount of circRNAs found by CEnLR versus SR that

are nuclear and found in genic regions only. The CEnLR

method identified 1747 unique nuclear circRNAs that orig-

inated from 1513 unique L. japonicus gene IDs, homologous

to 1399 Arabidopsis genes. From the SR method, we iden-

tified 1538 unique nuclear circRNAs from 1187 unique L.
japonicus gene IDs homologous to 1112 Arabidopsis genes.

The difference of unique gene IDs with circRNA from CEnLR

and SR of 1399 and 1112, respectively, requires that we com-

pare fold-change overrepresentation to evaluate enrichment

in GOterms between the two approaches. Significantly over-

represented GOterms (FDR < 0.05; > twofold) are shown in

Figure 6 (Table S6).

3.7.1 Biological process

CircRNAs identified from both methods, CEnLR and SR,

showed enrichment in some of the same GOterm categories

but with significant differences in other GOterms (Figure 6A).

The regulation of stomatal movement (GO:0010119) and

especially the subcategory for stomatal closure (GO:0090333)
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12 of 21 BUDNICK ET AL.The Plant Genome

F IGURE 6 Gene ontology of circular RNA (circRNA) genes overrepresented in categories of biological processes, molecular function, and

cellular component. The different approaches (circRNA enrichment with long-read nanopore sequencing [CEnLR] and short-read [SR]) to identify

circRNA resulted in different pools as defined by GOterm analysis. Both approaches identified circRNA from genes significantly overrepresented in

select biological process GOterms (A). Some GOterm categories were significantly enriched only in CEnLR-sequenced circRNA (B) or only in

SR-sequenced circRNAs (C), molecular function (D), and cellular component (E). The gray bar represents twofold overrepresentation (FDR < 0.05;

fold-change > 2). GOterms exclusively represented in one of the methods are identified by ★. The full GOterm lists of genes in overrepresented

GOterms are in Table S6.
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BUDNICK ET AL. 13 of 21The Plant Genome

TABLE 2 Circular RNAs (circRNAs) expressed by gene orthologs of confirmed L. japonicus circRNA genes.

Lotus CircRNA ID Lotus gene ID Lj gene description

Number of circRNAs in ortholog genes
Ath Gma Oryza Phvul

LjG1.1_chr1:34194372-

34194761

LotjaGi1g1v0178300 MORC family CW-type zinc

finger protein 4

9 1 6 12

LjG1.1_chr1:18146756-

18147201

LotjaGi1g1v0115700 Cinnamoyl-CoA reductase 4 3 2 1

LjG1.1_chr1:122594069-

122598565

LotjaGi1g1v0664300 Glutamate synthase 47 7 40 13

LjG1.1_chr1:65260397-

65261985

LotjaGi1g1v0267000 Histone-lysine

N-methyltransferase

11 1 4 1

LjG1.1_chr5:18494228-

18496352

LotjaGi5g1v0102400 LETM1-like protein 7 5 5 5

LjG1.1_chr1:16045704-

16046857

LotjaGi1g1v0103800 KH domain-containing

protein

2 1 1 5

LjG1.1_chr1:93054412-

93054854

LotjaGi1g1v0436200 Catalase 12 2 11 0

LjG1.1_chr2:92355020-

92356270

LotjaGi2g1v0425700 and

LotjaGi2g1v0425800

Ankyrin repeat-containing

protein/acid

beta-fructofuranosidase

0 0 2 1

LjG1.1_chr3:76765996-

76766562

LotjaGi3g1v0374800 Phospholipase D 2 0 4 0

LjG1.1_chr1:134081453-

134082655

LotjaGi1g1v0768100 BTB/POZ

domain-containing protein

family

0 0 1 1

LjG1.1_chr6:38896647-

38897426

LotjaGi3g1v0509000 Basic HLH transcription

factor

0 0 1 0

LjG1.1_chr6:38896647-

38897426

LotjaGi6g1v0134600_LC Beta Amylase/BES1/BZR1

plant transcription factor

0 0 0 0

were significantly (three- to fivefold) enriched GOterms.

Key genes with circRNA in these categories included the

chloroplast localized Calcium Sensing Receptor (CaS) which

regulates stomatal movement in response to extracellular

calcium (Weinl et al., 2008) and the G-protein alpha SU1

(GPA1), shown to be a positive regulator of abscisic acid-

mediated inhibition of stomatal opening (Nilson & Assmann,

2010). Another overrepresented GOterm for both methods is

lipid modification (GO:0030258) and especially lipid oxida-

tion (GO:0034440). Many of the genes in the lipid-modifying

category were either lipid/fatty acid degradation enzymes in

the peroxisomes and mitochondria, including lipoxygenases

(LOX1,2, and 4), or enzymes involved in phosphatidylinositol

and phosphoinositide metabolism. Lipid metabolism is key in

photosynthetically active tissue because the constant turnover

of membrane lipids in the thylakoid membrane reduces dam-

age caused by reactive oxygen species produced by water

oxidation.

Some biological process GOterms were significantly

overrepresented in CEnLR compared to SR (Figure 6B).

Osmosensory signaling (GO:0007231) was represented with

four circRNA gene IDs out of the total five genes in that

GOterm in the CEnLR pool compared to only one in the

SR pool. Most of the genes in this category have multiple

alternative splice (AS) forms, including the Cytokinin recep-

tor CRE1 with six AS versions in Arabidopsis and at least

three known AS versions in lotus (Inoue et al., 2001). CRE1
circRNA was only identified in CEnLR, not SR pools. In

contrast, SR circRNA gene IDs were overall more highly

enriched than the CEnLR identified circRNA genes in a large

number of GOterm categories involved in glutamate biosyn-

thesis, light responses, and circadian rhythm as well as nuclear

transcription, and transcript stability and modifications

(Figure 6C).

Three GOterms were uniquely represented and significant

in SR but not present in CEnLR, while none were unique

to CEnLR and absent from SR. Those three SR specific

GOterms were ER membrane organization (GO:0090158),

cellular response to UV (GO:0034644), and ncRNA-

mediated post-transcriptional silencing (GO:0035194). The

ncRNA-mediated post-transcriptional silencing category

contains mostly genes involved with miRNA transcription,

processing, and miRNA-mediated mRNA degradation

machinery.
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14 of 21 BUDNICK ET AL.The Plant Genome

3.7.2 Molecular function

Most of the molecular function categories with circRNA

producing genes are involved in the regulation of DNA

replication, gene expression, and organization (Figure 6D).

The only GOterm that was significantly overrepresented in

CEnLR (13 circRNA genes) versus SR (3 circRNA genes)

pools was monocarboxylic acid binding (GO:0033293).

The genes in this GOterm (GO:0033293) are functionally

involved in beta-oxidation of fatty acids (Lipid oxygenase,

Acyl-CoA oxidase, and mitochondrial Pyruvate Dehydro-

genase), the methylgroup transfer (SHM4), the tricarboxylic

acid cycle and glycolysis as well as photosynthesis and CO2

assimilation like Photosystem II subunit P1 and Ribulose

Bisphosphate Carboxylase/Oxygenase (RUBISCO) small

subunit, the primary CO2 fixation enzyme in plants. Cir-

cRNA involved in the regulation of RUBISCO SU has been

shown to possibly function through antisense regulation of

RNA stability or translation (J. Zhang, Hou, et al., 2021).

Similar to the enrichment of GOterms for biological func-

tions, SR circRNA showed stronger overrepresentation in

select molecular function categories. Here, especially the

GOterm blue light receptor activity (GO:0009882) was

overrepresented with the presence of Cryptochromes 1 and 2

(CRY1;CRY2) as well as the phototropism receptors PHOT1
and PHOT2 (Cashmore et al., 1999; Christie, 2007). CRY2
and both phototropins have been shown to have alternative

splice variants. The enriched GOterm 1,3-beta-D-glucan

synthase activity is overrepresented in SR with circRNAs

from five of the 12 Callose synthases, a cell wall glucan

polymerase gene family involved in many functional aspects

of permeability and plasmodesmal transport as well as cell

wall modifications (Zavaliev et al., 2011).

3.7.3 Cellular component

CircRNA gene IDs were enriched in photosynthetically active

components in the leaf tissue (Figure 6E). Enrichment in

components of light-harvesting complexes of Photosystem

II (GO:0009517) are an integral part of the thylakoid mem-

brane (GO:0009543). The overrepresented GOterm category

ISWI-type complex (GO:0031010) is a nuclear complex that

contains an ATPase subunit of the imitation switch (ISWI).

These ATPases are involved in assembling chromatin and

spacing nucleosomes to regulate transcription of nuclear RNA

polymerases, DNA replication, and recombination. Half of

the 15 genes in the ISWI complex generate circRNA that was

identified by SR, while only three were identified through

CEnLR.

Overall, the consensus between GOterms between CEnLR

and SR was higher than the consensus in gene IDs

or circRNA IDs. This indicates that while the meth-

ods detect different pools of circRNAs originating from

different genes, they are both sampling from a related

landscape of biological processes and molecular function

categories.

3.7.4 Quantification of circRNA

Quantification is based on the number of BSJ reads per sample

from SR sequencing (Table S3, “CIRI2_#junction_reads” and

“CLEAR_readNumber”). Total BSJ read numbers per sam-

ple varied from 110 reads to a single read identified in the

CLEAR pipeline and 168 to 2 reads in the CIRI2 pipeline.

CIRI2 has a cutoff of BSJ reads at 2, discarding all single read

BSJs. Overall, circRNA read number distribution from both

pipelines was similar at and above 2 reads per BSJ. Unique

BSJs that were identified in 2 or 3 reads per sample comprised

the majority of 61% and 69% of all BSJ reads from CIRI2 and

CLEAR, respectively. Abundances of 4 to 10 BSJ reads per

sample accounted for 27% and 21%, respectively, and unique

BSJs counted between 10 and 100 times in samples accounted

for only 10% and 12%, respectively. Only three circRNAs

identified by the CIRI2 pipeline and 1 circRNA identified

by the CLEAR pipeline had more than 100 reads. These

high (>100) read numbers of putative circRNA identified by

CIRI2 came from intronic sequence of the BES1/BZR1 plant

transcription factor (LotjaGi6g1v0134600) (validated, Figure

S2), exonic circRNA from an overlap of Proline-rich protein

2 (LotjaGi3g1v0531300), and the Eukaryotic translation ini-

tiation factor 3 subunit A (LotjaGi3g1v0531400), as well as

an exon that is encoded in the overlap of extension 3 (Lot-

jaGi2g1v0134300) and Carbamoyl-phosphate synthase LSU

(LotjaGi2g1v0134400) genes. The putative circRNA with the

highest number of BSJ containing read counts identified by

CLEAR originated from intronic sequence of the Polyubiq-

uitin gene (LotjaGi5g1v0317900), a gene with eight known

alternative splice forms.

Interpreting quantitative information of circRNA abun-

dance from the CEnLR pipeline is more challenging because

the enrichment process and lack of internal standard prevent

correlation to the linear transcripts or any other molecular

component. It is also unknown how biases in rolling circle

amplification of circular cDNAs may alter the estimation of

quantities of circRNAs. With those caveats, we found that

circRNAs identified by CEnLR varied between 27,141 reads

to 2 reads (CIRILong_Score; Table S3). About 40% of all

CEnLR sequenced circRNAs were identified with only 2

reads, and 44% with 3–10 reads. Only 13% of all CEnLR

circRNAs were identified by 11–100 reads and 2% with

reads between 100 and 1000. The most abundant genic reads

(27,141) originated from an exon of LotjaGi4g1v0068400, a

Serine/Threonine-kinase and LotjaGi6g1v0296700, a Perox-

iredoxin (7939 reads), located in the mitochondrial matrix.
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Both high read count circRNAs were only detected by

CEnLR, not by SR.

CircRNA that was identified by both methods could serve

to compare relative abundances between methods in theory.

However, most of the 15 circRNAs identified by both methods

showed read counts of 2–5 for either method, and quantitative

analysis is not informative since all methods are close to the

threshold of detection.

In addition to relative abundance of a putative circRNA

in a sample, the relative abundance of that circRNA com-

pared to its cognate RNA can be informative for potential

functions. For example, functions that rely on multiple inter-

actions with other molecules such as miRNA sponging or

protein sequestration would necessitate a higher abundance of

circular RNA. Alternatively, R-loop formation would require

only two copies of a circRNA to bind each chromosome in a

diploid cell. These R-loops could result in many alternatively

spliced linear isoforms of the cognate transcript, leading to

a low CIRCscore. CLEAR and CIRI2 use different baselines

to estimate relative abundance of BSJ reads to reads of cog-

nate linear RNAs. CIRI2 counts only the reads mapped to the

BSJ region but which are consistent with linear RNA as a

linear transcript to calculate the CircRNA:linear RNA ratio

(“CIRI2_junction_reads_ratio” in Table S3).

The CLEAR pipeline instead compares BSJ supporting

reads to all reads from the linear transcript which contain a

splice junction other than the BSJ and normalizes both rela-

tive to the total fragments per billion mapped bases (FPB).

These gene-specific, normalized circRNA reads (FPBcirc)

and linear RNA reads (FPBlinear) can be used to estimate

the level of circular RNA abundance compared to the lin-

ear cognate which is assigned by CLEAR as a CIRCscore

(FPBcirc/FPBlinear). We examined the correlation of unam-

biguously linear RNA FPB to their CircRNA FPB and found

a weak positive correlation (Spearmans Rho = 0.16; Figure

S5). CIRCscores vary widely from ratios above 1, indicating

more circRNA than linear RNA, to less than five circRNAs

per 100,000 linear cognate RNAs. About 50% of the cir-

cRNAs have a CIRCscore that estimates their abundance to

be between 2.5% and 0.5% of its linear RNA abundance

(Figure 7).

CircRNA with high CIRCscores indicate their abundance

is equal to or higher than their linear RNA (>1). The two

highest scoring transcripts in this category were involved

with auxin transport and function. The highest CIRCscore

of 2.1 was identified for LotjaGi1g1v0099700, a Myb tran-

scription factor homologous to the Arabidopsis REVEILLE

1 (RVE1) Myb transcription factor. Revielle 1 produces two

alternative splice versions and has been shown to be the mech-

anistic link to the circadian control of auxin levels (Rawat

et al., 2009). CircRNA from the zinc-induced facilitator-1 like

(LotjaGi3g1v0102200) transcript was more abundant than its

cognate RNA (CIRCscore 1.5), indicating a potential function

F IGURE 7 Distribution of CIRCscores from CLEAR pipeline.

CIRCscores estimate the relative ratio of circular RNA (circRNA) to its

origin RNA based on gene specific splice junction reads.

in protein or RNA sequestration. The Arabidopsis homolog

AT5G13750 has been shown to produce two different splice

forms, ZIFL1.1, and a truncated splice isoform, ZIFL1.3,

which localize to the tonoplast of root cells or the plasma

membrane of leaf stomatal guard cells, respectively. The

ZIFL1.1 transporter regulates various root auxin-related pro-

cesses, while the ZIFL1.3 isoform mediates drought tolerance

by regulating stomatal closure (Remy et al., 2013).

4 DISCUSSION

Two of the challenges to high-throughput sequencing of cir-

cRNA are their low abundance and high sequence identity

with cognate linear RNAs. We have shown here that two

very different approaches to circRNA identification from L.
japonicus leaf tissue can each yield large numbers of unique

circRNAs, albeit with little overlap between the identified

pools. The first approach—enriching circRNA from total

RNA, amplification, and nanopore sequencing (CEnLR)—

has the potential to identify the actual composition of the full

length circRNA, rather than just the BSJ read. The cDNA syn-

thesis and rolling circle amplification in CEnLR appears to

also generate artifacts from highly repetitive regions which

can be filtered out (Figure 2A). The second approach using

SR sequencing does not enrich for circRNA and therefore

requires deep sequencing of rRNA-depleted total RNA using

random primers for cDNA synthesis and relies entirely on the

detection and identification of BSJs in short (150 nt) reads.
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This method does not provide the complete internal sequence

of the circRNA but offers qualitative and semi-quantitative

information about the linear origin RNA. The CEnLR method

was more labor and material intensive than the SR approach.

Combinations of both methods, for example, SR sequencing

of circRNA enriched libraries, are possible alternatives, but

also have some of the drawbacks described above.

The CEnLR method identified more than twice as many

circRNAs compared to SR, and only 15 circRNAs were

identical between both methods. Similar results have been

described by other researchers using both methods in animal

circRNA research (Ma et al., 2023). One of the major differ-

ences is the presence and large numbers of nuclear intergenic

(1210 unique), chloroplast (930), and mitochondrial (395)

circRNAs identified by CEnLR versus those intergenic (39)

circRNA and only few chloroplast (11) and mitochondrial

(13) circRNAs in SR.

One of the major differences between CEnLR and SR

approaches is the circRNA enrichment process required for

long-read library preparation. This enrichment process uti-

lizes RNase R, a 3′-to-5′ exoribonuclease to degrade linear

RNAs. In addition to the removal of linear RNAs, the RNase

R treatment step has been shown to remove false positives that

result from trans-splicing events in human cells (Chuang et al.,

2018; Yu et al., 2014) but can also lead to the degradation of

larger circRNAs during prolonged incubation (Y. Zhang et al.,

2016).

4.1 Computational pipelines to identify
CircRNA

A further difference between the CEnLR and SR methods is

the computational pipelines used to analyze the sequencing

data. There are many software options to identify circRNAs

from short reads, some have gone through multiple versions

and improvements or have been wrapped into convenient

pipelines, and empirical comparisons are available (Gaffo

et al., 2017; Y. Gao et al., 2018; Ma et al., 2019; Vromman

et al., 2023). CIRI2 and CLEAR are both established soft-

wares with similar precision (Vromman et al., 2023). In this

study, CLEAR identified roughly twice the circRNAs than

CIRI2, in part due to having no thresholds for the number of

reads supporting a BSJ or the size of circRNAs.

Relatively few circRNA identification software options

exist for LRS data, and in general, they have been created

for specific wet-lab procedures which limit their ability to

be used in conjunction or empirically compared (Rahimi,

Færch Nielsen, et al., 2021). We found CIRI-long com-

patible with our organism and sequencing strategy. Unable

to improve confidence in CEnLR circRNAs with multi-

ple detection softwares, we performed filtering based on

sequence repetitiveness and complexity, which has not been

described previously. Further development of long-read cir-

cRNA identification softwares, which are method and organ-

ism agnostic, would help expand the options available to

researchers and likely improve the confidence of putative

circRNAs.

4.2 Distinction of true and false positive
circRNAs

Repetitive genomic sequences can mimic a BSJ and thereby

be identified as circRNA by the applied bioinformatic tools,

causing false positive circRNAs. Successful validation of a

portion of circRNAs from each method (2/13 CEnLR-only,

3/5 SR-only, and 7/12 by both CEnLR+SR) shows that both

CEnLR and SR can identify true circRNAs. Considering each

method individually, there were in total 10 validated from SR

discovery and nine validated from CEnLR. The small propor-

tion of validated circRNAs identified through CEnLR-only

(2/13) suggests that the CEnLR method may be more prone

to producing false positive circRNAs than the SR method.

Another explanation could be that the CEnLR method might

have greater sensitivity for scarce circRNAs that were more

difficult to validate via RT-PCR and circPanel-LRS. This is

due to low circRNA abundance that may require an enrich-

ment step prior to validation, which was not performed here.

However, since we sampled such small subsets of circRNAs,

these proportions of validated circRNAs from CEnLR and

SR are not representative of the amount of true circRNAs

we expect within each sequence-identified pool of putative

circRNAs.

CircPanel-LRS enables higher throughput than RT-PCR

and has the advantage of being able to discover the full

sequence and variations of new circRNAs, although full-

length circRNA sequences have also been characterized and

confirmed from SR sequencing of RNAse R-treated samples

through computational methods (Ye et al., 2017). However,

CircPanel is unable to discredit false positive circRNAs as can

be seen in Figure S4 where the FP:Ser/Thr(10,11) was shown

to be a false positive due to genomic duplication by PCR

and Sanger sequencing but appeared legitimate in circPanel-

LRS. We address genomic duplications via PCR of gDNA

templates with circRNA specific divergent primers. gDNA

products that contain what appears to be a BSJ suggest the

presence of tandem genomic duplication. It is recommended

to test each circRNA with at least two pairs of divergent

primers. This not only improves the circRNA detection chance

but also gives more opportunities to detect false positives. Out

of the six false positives identified during circRNA valida-

tions, only four were clearly false positives for both primer

sets. Since circPanel-LRS is not capable of identifying false

positives, it is necessary to pair it with at least a gDNA

template PCR to check for genomic duplications.
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False positives may occur from multiple scenarios, includ-

ing genomic duplications, trans-splicing of pre-mRNA, and

enzymatic artifacts such as ligation and template switching

during cDNA synthesis and PCR (Dodbele et al., 2021; Jeck

& Sharpless, 2014; Szabo & Salzman, 2016). Though we only

focused on detecting possible genomic duplications, there are

strategies for detecting other false positives which can be

important to investigate especially when selecting circRNAs

for further functional analysis. False positives caused by trans-

splicing of pre-mRNA and RT enzyme template switching can

be removed via RNase R treatment (Chuang et al., 2018; Yu

et al., 2014). This in theory depletes the linear RNA which

contains a false BSJ from in vivo trans-splicing events as

well as in vitro cDNA synthesis artifacts where RT dissoci-

ates from the RNA template. However, true circRNAs are also

susceptible to RNase R (Y. Zhang et al., 2016). Enzyme arti-

facts from template switching can also be distinguished by

using different RT enzymes (such as from avian myeloblas-

tosis virus vs. Moloney murine leukemia virus), as they are

unlikely to jump at the same sequences (Dodbele et al., 2021;

Tang et al., 2018; Yu et al., 2014). Alternative validation

methods which do not include an RT step can be used, such

as hybridization methods with probes like Northern blotting,

nanoString, nCounter, and SplintQuant, among other strate-

gies (V. Conn & Conn, 2019; Geiss et al., 2008; Nielsen et al.,

2022).

4.3 Intronic circRNA

The removal of intronic sequences from transcripts is a well-

described mechanism in animal and plant genomes. Intron

excision involves the synthesis of a lariat RNA which is

circularized by a non-colinear 2′-5′ junction at the 5′ and

branchpoint nucleotides (R. Liu et al., 2022). These lariats are

formed during pre-mRNA splicing but are linearized by the

RNA-debranching enzyme and subsequently degraded. Some

lariats have been shown to escape degradation and become

stable circular intronic RNAs (ciRNAs), resistant to RNase R

degradation (Y. Zhang et al., 2013). While ciRNA has been

identified in several plant species in high numbers, putative

function of intronic circRNA has only been shown by one

group to possibly be involved in miRNA sponging (Zhou

et al., 2021). In human cells, it has recently been shown that

intronic circRNAs can regulate expression of their cognate

genes, including the insulin gene (Stoll et al., 2020).

4.4 Organellar circRNA—Potential
challenges

Putative circRNAs originating from transcripts of the chloro-

plast and mitochondrial genomes were mostly identified by

CEnLR rather than SR sequencing (Liao et al., 2022). The

chloroplast genome of L. japonicus (var. MG-20) has been

fully sequenced and shown to encode 84 proteins, four rRNAs,

and 37 tRNAs (Kato et al., 2000). A large section of 25,156 bp

is duplicated as an inverted repeat in the chloroplast genome

and contains seven genes, including the NADH dehydroge-

nase SU (NDHB); ribosomal rRNAs 5S, 23S, and 16S, as well

as small and large subunits of ribosomal proteins (RPS, RPL);

and tRNA genes.

As a remnant of their prokaryotic ancestors, most chloro-

plast and mitochondrial genes are organized into multi-

cistronic operons. However, in contrast to prokaryotes, many

of those organellar genes contain one or more group I and II

introns and a splicing machinery (Barbrook et al., 2010). Part

of that splicing machinery in chloroplasts and mitochondria

is a large RNA–protein supercomplex that catalyzes trans-

splicing, the ligation of exons from different transcripts while

removing introns (Kück & Schmitt, 2021). This mechanism

and the high potential for false-positive circRNA identi-

fication from the large numbers of circular chromosomal

DNA that comprises the mitochondrial and plastid genomes

make the confirmation of real organellar circRNA, should it

exist, difficult. While other researchers have reported putative

organellar circRNAs (S. Liu et al., 2019; Philips et al., 2020),

no validation or function has been shown. It has recently

been shown that plant mitochondrial circRNA is translat-

able, and peptides derived from these circRNAs have been

sequenced (Liao et al., 2022). The challenge will be proving

the function of those circRNAs originating from organellar

chromosomes as genetic engineering, and the regeneration of

stable transgenic homoplasmic plants is challenging.

Both intronic and organellar circRNAs are not fully con-

firmed or understood. Further study of both may be complex,

but it is interesting that the CEnLR method produces more

putative circRNAs for both categories, and future long-read

methods may be well suited to the study of these circRNAs.

5 CONCLUSIONS

High-throughput identification of real circRNA is still chal-

lenging with existing methods. We compared two very

different methodologies to enrich and sequence circRNA from

lotus leaf tissue and found that the two approaches resulted

in the identification of distinct pools of circRNA with less

than 0.4% overlap. Select circRNAs from each pool were vali-

dated, confirming that both pools contain “real” circRNA, but

that verification is required due to possible artifacts produced

by each method. It has been suggested that some circRNAs

are produced as splicing byproducts and are not functional

molecules in their own right. While our methods can identify

true circRNAs from false positive artifacts, they cannot make

assertions about the biological relevance of these circRNAs. It
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is tempting to assume that high total or relative abundance of a

circRNA is indicative of function; it is not necessarily the case

as different mechanisms would require different amounts of

circRNAs. We have included abundance metrics and GO anal-

ysis to help contextualize our annotated circRNAs, but these

do not give adequate functional insight. Rather, differential

expression of circRNAs across different conditions is more

likely to give functional information. In our dataset, lacking

different tissues or timepoints, we can only annotate the cir-

cRNAs and leave further functional characterization to future

studies.

Our results suggest that plant studies focusing on how cir-

cRNAs are differentially expressed, especially in relation to

linear RNA species, will benefit more from using the SR strat-

egy. Studies interested in uncovering the full population of

circRNAs in an organism of interest are more likely to bene-

fit from combining SR and LRS methods. The development

of improved enrichment methods for circRNA and bioinfor-

matic pipelines is necessary to arrive at a high-confidence set

of circRNAs from LRS. The results provide a first set of 5924

circRNAs from L. japonicus for functional analysis.
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