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Abstract

regulations implicated in leaf development.

Background: Leaf development is a complex biological process that is accompanied by wide transcriptional changes.
Many protein-coding genes have been characterized in plant leaves, but little attention has been given to noncoding
RNAs (ncRNAs). Moreover, increasing evidence indicates that an intricate interplay among RNA species, including
protein-coding RNAs and ncRNAs, exists in eukaryotic transcriptomes, however, it remains elusive in plant leaves.

Results: We detected novel ncRNAs, such as circular RNAs (circRNAs) and long noncoding RNAs (IncRNAs), and further
constructed and analyzed their associated competitive endogenous RNA (ceRNA) networks in Arabidopsis leaves.
Transcriptome profiling showed extensive changes during leaf development. In addition, comprehensive detection of
circRNAs in other plant leaves suggested that circRNAs are widespread in plant leaves. To investigate the complex
post-transcriptional interactions in Arabidopsis leaves, we constructed a global circRNA/IncRNA-associated ceRNA
network. Functional analysis revealed that ceRNAs were highly correlated with leaf development. These ceRNAs could
be divided into six clusters, which were enriched for different functional classes. Stage-specific ceRNA networks were
further constructed and comparative analysis revealed different roles of stage commmon and specific hub ceRNAs.

Conclusions: Our results demonstrate that understanding the ceRNA interactions will lead insights into gene
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Background

The leaf is an important organ that intercepts light and
exchange gasses. Plant leaves undergo developmental
and physiological changes during their lifespans. A leaf
develops into a mature photosynthetic organ during the
growth stage, and undergoes organic-level senescence
during the final stage of leaf development. Senescence
involves the reallocation of nutrients from the leaves to
seeds or fruits. This process can be naturally induced or
stimulated by external factors [1]. Premature senescence
will cause reduced vyield and quality of crops. Thus,
an improved understanding of leaf development is es-
sential for increasing plant growth and productivity.
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Leaf development is characterized by altered meta-
bolic and signaling pathways, and accompanied by ex-
tensive changes in the transcriptome [2, 3]. However,
the underlying molecular regulatory mechanisms are
largely unclear.

In plants, tissue development is a tightly regulated
process. Identifying the regulatory mechanisms that
govern this process is of great interest to biologists.
MicroRNAs (miRNAs), a class of small ncRNAs, have
been studied widely since they are implicated in post-
transcriptional RNA silencing. Some transcripts, named
“miRNA sponges”, could efficiently inhibit miRNA func-
tions by sequestering them. Particularly, the first en-
dogenous miRNA sponge was discovered in plants [4].
Therefore, construction of miRNA-target interactions is
a necessary way toward exploring the roles they play in
plants. In addition, competing endogenous RNAs have
emerged as a novel type of miRNA-mediated gene regu-
lation [5]. CeRNAs are transcripts that share miRNA
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binding sites, thereby they communicate with and
co-regulate each other by competing for miRNA bind-
ing. In recent years, numerous studies have demon-
strated that ceRNAs may represent a widespread layer of
gene regulation involved in human diseases and tissue
development [6, 7]. Although ceRNAs are widespread in
plant species [8], there is little knowledge about their
functional roles in plants.

Circular RNAs constitute a family of transcripts with
covalently closed structure. Recent studies have revealed
that several circRNAs could be translated in human, but
most circRNAs belong to ncRNAs since they are not
associated with polysomes [9-11], therefore, unlike
protein-coding RNAs, circRNAs with no protein-coding
potential may function in cells directly just like other
ncRNAs. Increasing evidence suggests that circRNAs are
potential regulators in RNA world and aberrant expres-
sion of circRNAs correlates with human diseases, espe-
cially human cancers [12, 13]. Long noncoding RNA is
another type of widespread and endogenous ncRNA.
Studies have shown that some circRNAs and IncRNAs,
harboring multiple binding sites for miRNAs, could
regulate the activity of miRNAs by sponging miRNAs
[14-16]. Thus, they are potential ceRNAs that se-
quester miRNAs to suppress their function [5, 17].
Recent studies have shed light on the roles of inter-
actions between ncRNAs and protein-coding mRNAs
in human cancers [18], but the properties and dy-
namics of ncRNA associated interactions in plants
remain elusive.

To better understand the dynamic processes and global
control of Arabidopsis leaf development, we aimed to iden-
tify the circRNAs and IncRNAs using high-throughput
sequencing data from developing leaves. The other objec-
tives of our work were to characterize diverse transcripts,
explore the conservation of circRNAs in plants, construct
ncRNA-associated ceRNA networks and conduct a net-
work analysis.

Methods

Data collection

We collected smRNA-Seq and rRNA depleted total
RNA-Seq data of Arabidopsis leaves from NCBI GEO
database  (http://www.ncbi.nlm.nih.gov/; GSE43616).
Leaves were sampled at 2d intervals from the ages of 4
to 30d, including the entire lifespan of a leaf. Total
RNA-Seq data of other plant leaves were also from GEO
database (Triticum aestivum, GSE58805; Glycine max,
GSE69469; Zea mays, GSE71046; Oryza sativa Indica,
GSE74465). Genes involved in Arabidopsis leaf develop-
ment or senescence were from LEAFDATA [19] and
LSD [20]. Arabidopsis transcription factors (TFs) were
downloaded from AtTFDB [21] and PlantTFDB [22].
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Computational identification of circRNAs and IncRNAs

To detect most back-splice junction sites of circRNAs in
Arabidopsis leaves, we used three tools, find_circ [14],
circRNA_finder [23] and CIRI2 [24] since the combin-
ation of their results could achieve more unbiased
circRNA detection [25]. If the back-splice site was sup-
ported by at least two junction reads, then, it was se-
lected as a circRNA candidate.

To predict novel IncRNAs in Arabidopsis leaves, the
sequencing reads were first aligned to Arabidopsis
genome using Tophat2 [26]. Then, the transcripts were
assembled using Cufflinks [27] and the assembled tran-
scripts from different samples were merged together
using Cuffmerge. The transcripts annotated with class
code of i, x” or ‘U’ were selected if they were gener-
ated from noncoding or intergenic regions. The pro-
tein-coding potential of these selected transcripts was
then calculated by CNCI [28]. Finally, the transcripts
with no protein-coding potential, at least 200 nucleo-
tides long and limited ORF length (no longer than
120 amino acids) were filtered as novel IncRNA can-
didates. In addition, IncRNAs annotated in TAIR10
(http://www.arabidopsis.org/) and experimentally iden-
tified IncRNAs from PLNIncRbase [29] were also in-
cluded in our study.

Transcript quantification and differential expression
analysis

The fragments per kilobase of transcript per million
mapped reads (FPKM) was first calculated and then log2
transformed after adding 1 to quantify the mRNA or
IncRNA expression levels. To filter the transcripts exhi-
biting reproducible temporal expression levels, the Pear-
son correlation coefficient for each transcript was
calculated, whose cutoff was set to > 0.5 and correspond-
ing P-value was set to < 0.05. CircRNA expression, mea-
sured as reads per million (RPM), was normalized by
dividing the junction read counts to the total number of
sequencing reads in the each sample. For miRNAs, the
read counts were first calculated by miRExpress [30] and
further RPM-normalized. Similarly, the RPM-normalized
expression value was then log2 transformed. The tran-
scripts with low expression levels throughout the leaf
lifespan were filtered out (circRNA counts > = 2; IncRNA
and mRNA FPKM > = 1; miRNA RPM > = 1; at least one
sample).

A t-test was used to identify the differentially
expressed transcripts between different development
stages. In this case, the transcripts with P-value <0.05
were considered as significantly expressed transcripts.

MiRNA target prediction
Known mature miRNA sequences for Arabidopsis were
downloaded from miRBase (release 21) [31]. Together
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with mRNAs, circRNAs and IncRNAs identified above
were used as the target prediction library. TargetFinder
[32] and psRNATarget [33] were used with the default
parameters to identify miRNA target sites, and the pre-
diction results were combined to achieve high true posi-
tive coverage [34].

Construction of ceRNA networks related to the
development of Arabidopsis leaves

After obtaining the miRNA-mRNA, miRNA-circRNA
and miRNA-IncRNA regulatory data, we employed the
following principles to identify ceRNA pairs in different
development stages. Firstly, a ceRNA pair should be sig-
nificantly regulated by common expressed miRNAs dur-
ing leaf development. Therefore, a hypergeometric test
was used to measure the significance of shared miRNAs.
We considered P-value <0.05 was statistically signifi-
cant. Secondly, the Pearson correlation coefficient (R) of
each candidate ceRNA pair was computed. All the candi-
date ceRNA pairs with R > 0.5 and P-value < 0.05 were se-
lected as ceRNA interactions. Finally, we assembled all the
identified ceRNA pairs, generating the circRNA/IncRNA-
associated ceRNA networks in developing leaves.

Functional enrichment analysis

Functional enrichment analysis at the Gene Ontology
(GO) level was performed using agriGO [35]. The bio-
logical function categories with false discovery rate
(FDR) adjusted P-value <0.05 were statistically signifi-
cant. In addition, the semantic similarity among GO
terms was calculated using GOSemSim package [36].
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Results

Expression patterns of ncRNAs in Arabidopsis leaves
Based on backspliced reads in rRNA depleted RNA-Seq
data, we characterized 11,490 circRNAs, of which 9771
(85.04%) were exonic circRNAs (ecircRNAs) generated
from exons of a single protein-coding gene. The remaining
circRNAs included 47 intronic circRNAs, 1316 intergenic
circRNAs, and 356 “other” circRNAs that were generated
from two or more different protein-coding genes. These
results indicated that circRNAs in Arabidopsis leaves were
mainly generated from coding regions. Unlike IncRNAs or
miRNAs, circRNAs tend to be time point-specific
expressed (Fig. 1). A recent study indicated that some plant
circRNAs exhibited significant co-expression with their
parent genes [37]. To investigate the expression relation-
ship between ecircRNAs and their linear counterparts in
Arabidopsis leaves, we calculated the Pearson correlation
coefficients (R) based on their expression levels. Only
7.68% of the ecircRNAs showed a significant co-expression
with their parent genes (R>0.5 and P-value <0.05), sug-
gesting that the splicing machinery involved in ecircRNA
biogenesis in Arabidopsis leaves might be different from
canonical splicing. Next, we assessed the relationship
between circularizing genes and leaf development. Surpris-
ingly, genes that generated circRNAs were found to be
biased for leaf developmental genes (P-value = 0, hypergeo-
metric test), and functional enrichment analysis revealed
that parent genes of topl00 expressed circRNAs were
enriched in crucial biological processes in plant leaves,
such as photosynthesis, stress response processes and other
metabolic pathways (Additional file 1: Table S1), indicating
these RNA circles may not only correlate with leaf
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Fig. 1 Transcriptome profiles of Arabidopsis leaves
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development and senescence, but also function in many
important biological processes in Arabidopsis leaves.

746 IncRNAs were detected from the RNA-Seq data of
Arabidopsis leaves. The IncRNAs from public databases
were also included. Finally, 795 IncRNAs were expressed
during leaf development. Meanwhile, 227 miRNAs were
found to be expressed in Arabidopsis leaves. Expression
patterns of mRNAs, IncRNAs and miRNAs exhibited
that there was a dramatic divergence between the early
and late stages of leaf development, and most transcripts
tended to be differentially expressed between different
stages (Fig. 1).

Conservation of circRNAs in plant leaves

To investigate whether circRNAs also exist in other
plant leaves, we further analyzed the public sequencing
data and identified 473, 36,910, 3854, 1322 circRNAs in
Glycine max, Oryza sativa, Triticum aestivum, Zea
mays, respectively (Additional file 2: Table S2). Among
these RNA circles, most were exonic or intergenic cir-
cRNAs. BLAST search analysis revealed that the parent
genes generating ecircRNAs exhibited some conserva-
tion (Additional file 3: Table S3). For example, in Arabi-
dopsis and Oryza sativa, 1797 parent genes were
orthologous, accounting for 47.46% and 26.28% parent
genes, respectively. Particularly, 13 orthologous parent
genes were shared by these five species and GO enrich-
ment analysis revealed that these genes were highly
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correlated with photosynthesis (G0O:0009765, FDR =
3.90 x 107'%), suggesting that the circRNAs generating
from these orthologous genes might also be involved in
photosynthesis in plant leaves. In addition, to facilitate
plant researchers to explore our findings, we further
constructed a database, LeafcircBase (http://bis.zju.e-
du.cn/LeafcircBase/), the first database focusing on
circRNAs in plant leaves. It provided the information for
genomic location and conservation of circRNAs, thus
benefiting the study of the roles of circRNAs in plant
leaves.

CircRNA/IncRNA-associated ceRNA network in Arabidopsis
leaves

To evaluate the ncRNA-associated ceRNA interaction
landscape involved in Arabidopsis leaves, we constructed
the ceRNA network using a multi-step approach, where
the similarity of the miRNA regulatory patterns and the
similarity in expression were both considered. First, the
miRNA-binding sites in transcripts were identified. In
total, we obtained 5115 miRNA-mRNA, 1045 miRNA-
circRNA and 149 miRNA-IncRNA interactions. Then,
RNA pairs sharing a significant number of miRNAs were
identified. Finally, we required that the filtered RNA
pairs should be co-expressed during the entire lifespan.
There were 4535 ceRNA pairs and 1782 miRNA-target
interactions in the global ceRNA network and it tended
to form discrete clusters (Fig. 2a). Particularly, 75
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Fig. 2 Leaf-associated TF family enriched ceRNA network. a Global ceRNA network in the leaf lifespan. The red, light blue, green, blue nodes
represent miRNAs, mRNAs, circRNAs and IncRNAs, respectively. Yellow edges represent miRNA-target interactions while purple edges represent
the competing relationships. b Ten TF families were enriched in the ceRNA network. Particularly, six TF families marked with a red star have been
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circRNAs and 28 IncRNAs were implicated in the net-
work. Understanding leaf development in the context of
ceRNA network allows us to explore the functions of
circRNAs and IncRNAs.

To illustrate that ceRNA network is a potential regula-
tory mechanism involved in leaf development, we con-
ducted a functional enrichment analysis based on the
GO annotation. We found the protein-coding genes in
the network were highly correlated with developmental
processes (Additional file 4: Table S4). Particularly, the
leaf-associated biological processes, such as leaf develop-
ment (GO:0048366, FDR = 6.8 x 107/) and leaf morpho-
genesis (GO:0009965, FDR = 3.3 x 10™%), were significantly
enriched. TFs, acting as an important type of regulators,
are involved in leaf growth and senescence [38]. We found
10 TF families were significantly enriched in the ceRNA
network (Fig. 2b). Notably, six of them were impli-
cated in Arabidopsis growth or senescence [39-44].
Together, these ceRNAs were highly correlated with
leaf development, thus, they can be used to explain
the mechanisms of the developmental process or dis-
cover novel developmental genes.

CeRNAs exhibit dynamic expression during leaf
development

Next, we profiled the expressions of ceRNAs to investi-
gate the global expression pattern. Clustering analysis
using k-means method was performed to identify ceRNA

Page 5 of 10

clusters. Finally, six clusters were obtained. Most
ceRNAs showed dynamic expression, indicating the tem-
porally related expression of them during leaf develop-
ment (Fig. 3). In addition, we found different ceRNA
clusters tend to be associated with different cellular pro-
cesses. For example, the ceRNA cluster showing high ex-
pression level during the early growth stage and
decreasing expression level during the late senescence
stage (cluster 1) was significantly enriched for genes
linked to developmental processes. Particularly, 6 cir-
cRNAs and 2 IncRNAs were included in this cluster, in-
dicating these ncRNAs might also be involved in the leaf
development (Additional file 5: Table S5). Various biotic
and abiotic stresses are implicated in the process of leaf
development, especially during leaf senescence. The
genes associated with defense response exhibited an in-
creasing expression level during the early stage but a de-
creasing expression level during the late stage (cluster
2). Moreover, the ceRNAs with increasing expression
level during the entire lifespan (cluster 6) were involved
in biological regulation processes, suggesting that the
strength of regulatory systems is changing during leaf
development. Together, there was a dramatic difference
in expression of ceRNAs between the early and late
stages during leaf development, reflecting the dynamic
nature and flexibility of leaf development.

We further clustered the samples throughout the leaf
lifespan. Surprisingly, the samples at Dayl6 and Dayl8,
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which were ambiguous at the level of phenotypic
classification [45], were clustered into the first group
(Additional file 6: Figure Sla). Similarly, expression pro-
filing of leaf-associated genes exhibited the same cluster-
ing result (Additional file 6: Figure S1b). Accordingly,
the leaf lifespan were divided into two main stages:
growth stage (Day4-18) and senescence stage (Day20-—
30) based on the expression pattern of ceRNAs and
leaf-associated genes. Notably, 13,960 (44.2%) transcripts
were differentially expressed between these two stages,
reflecting the divergence between the molecular bases of
the two stages. These differentially expressed transcripts
serve as an important resource for understanding tran-
scriptional programs. The dynamic and stage-specific
expression of transcripts indicates that they are po-
tential regulatory molecules in leaf growth and senes-
cence in Arabidopsis.

Different roles of stage common and specific hub ceRNAs
Since the lifespan of leaves could be divided into two
main stages, we further constructed the ceRNA net-
works in each stage (Fig. 4a, b). Then, we compared the
ceRNAs with Arabidopsis TFs, as well as previously identi-
fied leaf-associated genes (Fig. 4c). As expected, the genes
in ceRNA networks are enriched for TF genes and
leaf-associated genes (P-values < 0.001, randomization test).

Hub nodes with high connectivity are important to a
network. In our analysis, the hubs were defined as the
top 10% of the nodes with highest degree. There were 43
common hub ceRNAs between the ceRNA networks of
the two stages. To understand the roles of common hub
ceRNAs in leaves, we extracted the ceRNA interactions
among the common hub ceRNAs and conducted a func-
tional enrichment analysis. The result indicated that the
common hub ceRNAs were associated with basic bio-
logical functions, such as amino acid and carbohydrate
metabolic processes (Additional file 7: Table S6). In
addition, the common hub ceRNAs were regulated by
21 miRNAs, ten of which belong to miR156 family. Not-
ably, miR156 is essential to vegetative phase change in
Arabidopsis [46].

To investigate the developmental mechanisms of dif-
ferent stages, we further focused on the stage specific
hub ceRNAs. There were 41 and 39 specific hub ceR-
NAs within the ceRNA networks of growth stage and
senescence stage, respectively. Similarly, we extracted
their ceRNA interactions in each stage (Fig. 4d). Func-
tional analysis revealed that hub interactions in the early
stage were highly correlated with developmental, biosyn-
thetic and metabolic processes, as well as positive regu-
lations of these processes (Additional file 8: Figure S2a).
However, as for the hub interactions in the late stage,
they were implicated in less developmental, biosynthetic
and metabolic processes, indicating life events in late
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stage were less active (Additional file 8: Figure S2b).
Moreover, chloroplast organization, thylakoid membrane
organization and plastid membrane organization were
assigned to the senescence stage, suggesting that these
ceRNAs might be responsible for the changes of chloro-
plast and leaf phenotype, causing leaf senescence.

The difference of developmental gene competing inter-
actions between growth and senescence stages was fur-
ther explored. We focused on ceRNAs from cluster 1
identified from global ceRNA network since they tend to
be associated with developmental processes. The com-
peting interactions of these developmental genes change
dramatically (Fig. 5), implying the discordance of mo-
lecular interactions between growth and senescence
stages.

Taken together, these results indicated that exploring
the properties of ceRNA networks could help investigate
the genes contributing to leaf stage development.

Discussion

The application of recent genomics technology has en-
abled the identification of leaf-associated genes. A large
number of genes have been found to exhibit a differen-
tial expression profile. However, the strategies that these
genes utilize to regulate leaf development have not been
well characterized. Thus, we presented a ceRNA net-
work analysis to elucidate the potential regulatory mech-
anisms during leaf development.

Recently, increasing studies indicate that ncRNAs play
important roles during plant development. Using high-
throughput sequencing data, we identified novel noncod-
ing transcripts, including circRNAs and IncRNAs. 11,490
circRNAs and 746 IncRNAs were expressed in Arabidop-
sis leaves, implying that ncRNAs are abundant in develop-
ing leaves. Our study revealed the first prediction of
circRNA and IncRNA expression patterns in the context
of Arabidopsis leaf development. The transcriptome pro-
files indicated that an extensive change occurs during leaf
development, which is concordant with previous findings.
Many ncRNAs exhibited differential expression between
growth and senescence stages. Furthermore, we detected
the circRNAs in other four model plant leaves, providing
a unique leaf circRNA resource. The linear parent genes
of ecircRNAs showed some conservation and they tend to
be implicated in photosynthesis, indicating that ecircR-
NAs might be potential regulators in biological processes.

Constructing ceRNA networks is a novel strategy to
explore gene functions, which is widely used in the study
of human diseases. However, the competing relation-
ships among coding and noncoding RNAs are rarely
characterized in plants. In this study, we constructed a
global circRNA/IncRNA-associated ceRNA network in
developing leaves. Functional analysis revealed that these
ceRNAs were significantly enriched for developmental
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genes. In addition, several leaf-associated TF families
were enriched in the ceRNA network. Together, these
results indicated that the competing interaction is a
potential regulatory mechanism of leaf development and
the ncRNAs involved in the ceRNA network might be
novel regulators of leaf development.

Profiling the expressions of ceRNAs suggested a dy-
namic change during leaf development. CeRNA clusters
with similar expression patterns were identified. Different
clusters were significantly enriched for different biological
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processes, implying multiple regulatory or metabolic path-
ways were involved during leaf development. Particularly,
functional enrichment analysis revealed that the mRNAs
in cluster 1 were highly correlated with developmental
processes. Except for mRNAs, 6 circRNAs and 2 IncRNAs
were included in this cluster. Among these circRNAs,
circRNA-11,426, circRNA-11,404, circRNA-11,421 were
originated from the chloroplast genome, suggesting they
might be involved in leaf development through regulating
function of chloroplast, such as photosynthesis. We
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further constructed the ceRNA networks in growth and
senescence stages. Network comparison revealed that
common hub ceRNAs were associated with basic bio-
logical processes, while stage-specific hub ceRNAs were
highly correlated with developmental processes that con-
tributing the phenotype of a leaf.

Conclusions

In this study, we identified the circRNAs and IncRNAs
using high-throughput sequencing data from developing
leaves and further constructed their associated ceRNA
networks. Transcriptome profiles suggested a dramatic
divergence between the early and late stages of leaf
development. Comprehensive detection of circRNAs in
other plant leaves formed a unique leaf circRNA re-
source. Sequence analysis revealed that circRNA parent
genes showed some conservation. CeRNAs exhibited a
dynamic expression during leaf development and clus-
tering results suggested that the leaf lifespan could be di-
vided into two main stages. Furthermore, functional
roles of hub ceRNAs in the stage-specific ceRNA
networks were characterized. Developmental gene com-
peting interactions changed greatly between stages.
Genome-wide identification of novel ncRNAs and con-
struction of their associated ceRNA networks in Arabi-
dopsis leaves could provide insights into the mechanisms
of leaf development and identify potential regulators.

Our results broaden the study of ncRNAs in plants,
highlighting a regulatory role of ncRNA-associated ceRNA
interactions in leaf development.

Additional files

Additional file 1: Table S1. Functional enrichment analysis of ecircRNA
parent genes. (XLSX 12 kb)

Additional file 2: Table S2. Statistics of circRNAs in plant leaves.
(XLSX 9 kb)

Additional file 3: Table S3. Number of conserved circRNA parent
genes. (XLSX 9 kb)

Additional file 4: Table S4. Functional enrichment analysis of ceRNAs.
(XLSX 17 kb)

Additional file 5: Table S5. CeRNA clusters in global ceRNA network.
(XLSX 33 kb)

Additional file 6: Figure S1. Clustering results of leave samples based
on ceRNA and leaf-associated gene expressions. (PDF 2720 kb)

Additional file 7: Table S6. Functional enrichment analysis of common
hub ceRNAs. (XLSX 10 kb)

Additional file 8: Figure S2. Enriched GO term interactive graph of hub

ceRNA interactions. (PDF 472 kb)

Abbreviations

ceRNA: Competitive endogenous RNA; circRNA: Circular RNA;

ecircRNA: Exonic circular RNA; FDR: False discovery rate; FPKM: Fragment per
kilobase of transcript per million mapped reads; GO: Gene ontology;

INcRNA: Long noncoding RNA; miRNA: Microrna; ncRNA: Noncoding RNA;
RPM: Reads per million


https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2
https://doi.org/10.1186/s12864-018-4993-2

Meng et al. BMC Genomics (2018) 19:607

Acknowledgements
We would like to thank the reviewers for their helpful comments on the
original manuscript.

Funding

This work was supported by grants from the National Key Research and
Development Program of China (No. 2016YFA0501704); National Natural
Science Foundation of China (Nos. 31771477, 31571366 and 31450110068);
the Fundamental Research Funds for the Central Universities; Jiangsu
Collaborative Innovation Center for Modern Crop Production. The funding
bodies had no role in the design of the study, collection and analysis of
data, interpretation of results, or in writing the manuscript.

Availability of data and materials

All data generated or analyzed during this study are included in this
published article and its supplementary information files. In addition,
circRNAs in plant leaves are available at http://bis.zju.edu.cn/LeafcircBase/.

Authors’ contributions

XM and MC planned and designed the research. XM, PZ, and QC carried out
the data collection, processing and analyses. PZ constructed the database.
XM wrote the main part of the manuscript. JW and MC revised the
manuscript. The final manuscript has been read and approved by all authors.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Bioinformatics, the State Key Laboratory of Plant Physiology
and Biochemistry, Institute of Plant Science, College of Life Sciences,
Zhejiang University, 866 Yuhangtang Road, Hangzhou 310058, Zhejiang
Province, China. “State Key Laboratory of Crop Biology, College of Agronomy,
Shandong Agricultural University, 61 Daizong Road,, Tai'an 271018,
Shandong Province, China.

Received: 28 February 2018 Accepted: 2 August 2018
Published online: 13 August 2018

References
1. Lim PO, Kim HJ, Nam HG. Leaf senescence. Annual Rev Plant Biol. 2007;58:
115-36.

2. Breeze E, Harrison E, McHattie S, Hughes L, Hickman R, Hill C, Kiddle S, Kim
YS, Penfold CA, Jenkins D, et al. High-resolution temporal profiling of
transcripts during Arabidopsis leaf senescence reveals a distinct chronology
of processes and regulation. Plant Cell. 2011;23(3):873-94.

3. Buchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO, Nam HG, Lin
JF, Wu SH, Swidzinski J, Ishizaki K, et al. Comparative transcriptome analysis
reveals significant differences in gene expression and signalling pathways
between developmental and dark/starvation-induced senescence in
Arabidopsis. Plant J. 2005;42(4):567-85.

4. Franco-Zorrilla JM, Valli A, Todesco M, Mateos |, Puga MI, Rubio-Somoza |,
Leyva A, Weigel D, Garcia JA, Paz-Ares J. Target mimicry provides a new
mechanism for regulation of microRNA activity. Nat Genet. 2007;39(8):1033-7.

5. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of ceRNA crosstalk
and competition. Nature. 2014;505(7483):344-52.

6. XulJ, LiY,LuJ,PanT,Ding N, Wang Z, Shao T, Zhang J, Wang L, Li X. The
mMRNA related ceRNA-ceRNA landscape and significance across 20 major
cancer types. Nucleic Acids Res. 201543(17):8169-82.

7. XuJ,Feng L, Han Z, Li Y, Wu A, Shao T, Ding N, Li L, Deng W, Di X, et al.
Extensive ceRNA-ceRNA interaction networks mediated by miRNAs regulate

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Page 9 of 10

development in multiple rhesus tissues. Nucleic Acids Res. 2016;44(19):
9438-51.

Yuan C, Meng X, Li X, llling N, Ingle RA, Wang J, Chen M. PceRBase: a
database of plant competing endogenous RNA. Nucleic Acids Res. 2017;
45(D1):D1009-14.

Guo JU, Agarwal V, Guo H, Bartel DP. Expanded identification and
characterization of mammalian circular RNAs. Genome Biol. 2014;15(7):409.
Pamudurti NR, Bartok O, Jens M, Ashwal-Fluss R, Stottmeister C, Ruhe L,
Hanan M, Wyler E, Perez-Hernandez D, Ramberger E, et al. Translation of
circRNAs. Mol Cell. 2017:66(1):9-21. e27

Yang Y, Fan X, Mao M, Song X, Wu P, Zhang Y, Jin Y, Yang Y, Chen LL,
Wang Y, et al. Extensive translation of circular RNAs driven by N6-
methyladenosine. Cell Res. 2017;27(5):626-41.

Wang Y, Mo Y, Gong Z, Yang X, Yang M, Zhang S, Xiong F, Xiang B, Zhou
M, Liao Q, et al. Circular RNAs in human cancer. Mol Cancer. 2017;16(1):25.
Meng X, Li X, Zhang P, Wang J, Zhou Y, Chen M. Circular RNA: an emerging
key player in RNA world. Brief Bioinform. 2017;18(4):547-57.

Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, Maier L,
Mackowiak SD, Gregersen LH, Munschauer M, et al. Circular RNAs are a large
class of animal RNAs with regulatory potency. Nature. 2013;495(7441):333-8.
Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK,
Kjems J. Natural RNA circles function as efficient microRNA sponges. Nature.
2013,495(7441):384-8.

Wang Y, Xu Z, Jiang J, Xu C, Kang J, Xiao L, Wu M, Xiong J, Guo X, Liu H.
Endogenous miRNA sponge lincRNA-RoR regulates Oct4, Nanog, and Sox2
in human embryonic stem cell self-renewal. Dev Cell. 2013;25(1):69-80.
Taulli R, Loretelli C, Pandolfi PP. From pseudo-ceRNAs to circ-ceRNAs: a tale
of cross-talk and competition. Nat Struct Mol Biol. 2013;20(5):541-3.

de Giorgio A, Krell J, Harding V, Stebbing J, Castellano L. Emerging roles of
competing endogenous RNAs in cancer: insights from the regulation of
PTEN. Mol Cell Biol. 2013;33(20):3976-82.

Szakonyi D. LEAFDATA: a literature-curated database for Arabidopsis leaf
development. Plant Methods. 2016;12:15.

Li Z, Zhao Y, Liu X, Peng J, Guo H, Luo J. LSD 2.0: an update of the leaf
senescence database. Nucleic Acids Res. 2014:42(Database issue):D1200-5.
Yilmaz A, Mejia-Guerra MK, Kurz K, Liang X, Welch L, Grotewold E. AGRIS: the
Arabidopsis gene regulatory information server, an update. Nucleic Acids
Res. 2011;39(Database issue):D1118-22.

Jin J, Tian F, Yang DC, Meng YQ, Kong L, Luo J, Gao G. PlantTFDB 4.0:
toward a central hub for transcription factors and regulatory interactions in
plants. Nucleic Acids Res. 2017;45(D1):D1040-5.

Westholm JO, Miura P, Olson S, Shenker S, Joseph B, Sanfilippo P, Celniker
SE, Graveley BR, Lai EC. Genome-wide analysis of Drosophila circular RNAs
reveals their structural and sequence properties and age-dependent neural
accumulation. Cell Rep. 2014;9(5):1966-80.

Gao Y, Zhang J, Zhao F. Circular RNA identification based on multiple
seed matching. Brief Bioinform. 2017; bbx014; https://doi.org/10.1093/
bib/bbx014.

Hansen TB, Veno MT, Damgaard CK, Kjems J. Comparison of circular RNA
prediction tools. Nucleic Acids Res. 2016;44(6):€58.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:
accurate alignment of transcriptomes in the presence of insertions,
deletions and gene fusions. Genome Biol. 2013;14(4):R36.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ,
Salzberg SL, Wold BJ, Pachter L. Transcript assembly and quantification by
RNA-Seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nat Biotechnol. 2010,28(5):511-5.

Sun L, Luo H, Bu D, Zhao G, Yu K, Zhang C, Liu Y, Chen R, Zhao Y. Utilizing
sequence intrinsic composition to classify protein-coding and long non-
coding transcripts. Nucleic Acids Res. 2013;41(17):e166.

Xuan H, Zhang L, Liu X, Han G, Li J, Li X, Liu A, Liao M, Zhang S.
PLNIncRbase: a resource for experimentally identified INCRNAs in plants.
Gene. 2015,573(2):328-32.

Wang WC, Lin FM, Chang WG, Lin KY, Huang HD, Lin NS. miRExpress:
analyzing high-throughput sequencing data for profiling microRNA
expression. BMC Bioinformatics. 2009;10:328.

Kozomara A, Griffiths-Jones S. miRBase: annotating high confidence
microRNAs using deep sequencing data. Nucleic Acids Res. 2014;
42(Database issue):.D68-73.

Fahlgren N, Howell MD, Kasschau KD, Chapman EJ, Sullivan CM, Cumbie JS,
Givan SA, Law TF, Grant SR, Dangl JL, et al. High-throughput sequencing of


http://bis.zju.edu.cn/LeafcircBase
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/bib/bbx014

Meng et al. BMC Genomics (2018) 19:607

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Arabidopsis microRNAs: evidence for frequent birth and death of MIRNA
genes. PLoS One. 2007;2(2):e219.

Dai X, Zhao PX. psRNATarget: a plant small RNA target analysis server.
Nucleic Acids Res. 2011;39(Web Server issue):W155-9.

Srivastava PK, Moturu TR, Pandey P, Baldwin [T, Pandey SP. A comparison of
performance of plant miRNA target prediction tools and the
characterization of features for genome-wide target prediction. BMC
Genomics. 2014;15:348.

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: a GO analysis toolkit for the
agricultural community. Nucleic Acids Res. 2010;38(Web Server issue):W64-70.
Yu G, Li F,QinY, Bo X, Wu'Y, Wang S. GOSemSim: an R package for
measuring semantic similarity among GO terms and gene products.
Bioinformatics. 2010;26(7):976-8.

Ye CY, Chen L, Liu C, Zhu QH, Fan L. Widespread noncoding circular RNAs
in plants. New Phytol. 2015;208(1):88-95.

Jiang Y, Liang G, Yang S, Yu D. Arabidopsis WRKY57 functions as a node of
convergence for jasmonic acid- and auxin-mediated signaling in jasmonic
acid-induced leaf senescence. Plant Cell. 2014;26(1):230-45.

Oppenheimer DG, Herman PL, Sivakumaran S, Esch J, Marks MD. A myb
gene required for leaf trichome differentiation in Arabidopsis is expressed in
stipules. Cell. 1991,67(3):483-93.

Kim JH, Choi D, Kende H. The AtGRF family of putative transcription factors
is involved in leaf and cotyledon growth in Arabidopsis. Plant J. 2003;36(1):
94-104.

Ellis CM, Nagpal P, Young JC, Hagen G, Guilfoyle TJ, Reed JW. AUXIN
RESPONSE FACTOR1 and AUXIN RESPONSE FACTOR? regulate senescence
and floral organ abscission in Arabidopsis thaliana. Development. 2005;
132(20):4563-74.

Baima S, Possenti M, Matteucci A, Wisman E, Altamura MM, Ruberti I, Morelli
G. The Arabidopsis ATHB-8 HD-zip protein acts as a differentiation-
promoting transcription factor of the vascular meristems. Plant Physiol.
2001;126(2):643-55.

Guo Y, Gan S. AtNAP, a NAC family transcription factor, has an important
role in leaf senescence. Plant J. 2006;46(4):601-12.

Danisman S, van der Wal F, Dhondt S, Waites R, de Folter S, Bimbo A, van
Dijk AD, Muino JM, Cutri L, Dornelas MC, et al. Arabidopsis class | and class I
TCP transcription factors regulate jasmonic acid metabolism and leaf
development antagonistically. Plant Physiol. 2012;159(4):1511-23.

Woo HR, Koo HJ, Kim J, Jeong H, Yang JO, Lee IH, Jun JH, Choi SH, Park SJ,
Kang B, et al. Programming of plant leaf senescence with temporal and
inter-organellar coordination of transcriptome in Arabidopsis. Plant Physiol.
2016;171(1):452-67.

Xu M, Hu T, Zhao J, Park MY, Earley KW, Wu G, Yang L, Poethig RS.
Developmental functions of miR156-regulated SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) genes in Arabidopsis thaliana. PLoS Genet.
2016;12(8):21006263.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Data collection
	Computational identification of circRNAs and lncRNAs
	Transcript quantification and differential expression analysis
	MiRNA target prediction
	Construction of ceRNA networks related to the development of Arabidopsis leaves
	Functional enrichment analysis

	Results
	Expression patterns of ncRNAs in Arabidopsis leaves
	Conservation of circRNAs in plant leaves
	CircRNA/lncRNA-associated ceRNA network in Arabidopsis leaves
	CeRNAs exhibit dynamic expression during leaf development
	Different roles of stage common and specific hub ceRNAs

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

