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Systematic analysis reveals cis and trans
determinants affecting C-to-U RNA editing
in Arabidopsis thaliana
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Abstract

Background:C-to-U RNA editing is prevalent in the mitochondrial and chloroplast genes in plants. The biological
functions of a fraction of C-to-U editing sites are continuously discovered by case studies. However, at genome-wide level,
the cis and trans determinants affecting the occurrence or editing levels of these C-to-U events are relatively less studied.
What is known is that the PPR (pentatricopeptide repeat) proteins are the main trans-regulatory elements responsible for
the C-to-U conversion, but other determinants especially thecis-regulatory elements remain largely uninvestigated.

Results:By analyzing the transcriptome and translatome data inArabidopsis thalianaroots and shoots, combined with
RNA-seq data from hybrids ofArabidopsis thalianaandArabidopsis lyrata, we perform genome-wide investigation on the
cis elements and trans-regulatory elements that potentially affect C-to-U editing events. An upstream guanosine or
double-stranded RNA (dsRNA) regions are unfavorable forediting events. Meanwhile, many genes including the
transcription factors may indirectly play regulatory roles in trans.

Conclusions:The 5-prime thymidine facilitates editing and dsRNA structures prevent editing in cis. Many transcription
factors affect editing in trans. Although the detailed molecular mechanisms underlying the cis and trans regulation remain
to be experimentally verified, our findings provide novel aspects in studying the botanical C-to-U RNA editing events.
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Key message
In Arabidopsis thaliana, the 5-prime nucleotide and the
RNA secondary structures affect C-to-U RNA editing in
cis while many transcription factors play regulatory roles
in trans.

Background
In the plant kingdom, C-to-U RNA editing is one of the
most prevalent RNA modifications and is enriched in the
chloroplast and mitochondrial genes [1–6]. The biological
functions of particular C-to-U editing events are discovered
[7–10]. For example, phenotypic studies have associated

mitochondrial C-to-U editing with seed development in
maize (Zea mays) and rice (Oryza sativa) [11–13]. Mechan-
istic study found that a particular C-to-U editing site in
Oenotheragenenad1 is required for proper splicing of pre-
mRNA [14]. Early studies in sugar beet (Beta vulgaris) and
tobacco (Nicotiana tabacum) found that mitochondrial C-
to-U editing events were able to create translation start co-
dons and produce functionally important proteins [15–17].

Apart from these case studies on editing function, the
large-scale identification of C-to-U editing sites appeared
in recent years with the development of next generation
sequencing (NGS) technique. Bioinformatic tools are pub-
lished to systematically identify bona fide C-to-U editing
sites [18–21] and databases are built to collect the editing
sites reported by different researchers [20, 22].
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Despite these fruitful findings in functional RNA edit-
ing and the convenience for accessing the editing sites, it
remains uninvestigated that, at genome-wide level, what
are the cis and trans determinants affecting the occur-
rence or editing levels of these C-to-U events? The
established knowledge is that multiple factors are re-
sponsible for C-to-U RNA editing in plants, the best-
studied of which is the PPR (pentatricopeptide repeat)
protein [23]. However, other determinants especially the
cis-regulatory elements remain largely undiscovered.

This issue could be partially resolved with the aid of next
generation sequencing technique. RNA-seq (or mRNA-seq)
typically sequences the fragmented reads from cellular
mRNAs and could provide information on the abundance
of each transcript. Ribosome profiling followed by deep se-
quencing [24] captures the ribosome protected mRNA
fragments (about 30 nt), allowing a more accurate estima-
tion of gene expression at the translatome level [25]. Thus,
the cis features affecting editing sites might be parsed from
the mRNA-seq data while the trans acting genes could be
inferred from the genome-wide expression profile calcu-
lated from ribosome profiling data.

In this study, by analyzing the transcriptome (RNA-seq)
and translatome (ribosome profiling) data inArabidopsis
thaliana roots and shoots [26, 27], combined with RNA-seq
data from hybrids ofArabidopsis thalianaand Arabidopsis
lyrata [28], we perform genome-wide investigation on the cis
elements and trans-regulatory elements that potentially affect
C-to-U editing events. We find that the 5-prime nucleotide
and the RNA secondary structures affect C-to-U RNA edit-
ing in cis, and transcription factors might affect editing in
trans. Our findings provide novel aspects in studying the bo-
tanical C-to-U RNA editing events and should be appealing
to the broad phytologists as well as RNA biologists.

Results
Identification of bona fide C-to-U RNA editing sites
Following the results of our recent study [29], using the
mRNA-seq from roots and shoots ofArabidopsis thaliana,
we identify 130 C-to-U RNA editing sites genome-wide,
with 12 sites in chloroplast genome, 111 sites in mitochon-
drial genome, and 7 sites in nucleus genome (3 sites in
chromosome 2, 1 site in chromosome 3, and 3 sites in
chromosome 4). To demonstrate the reliability of the edit-
ing sites we find, we show that the C-to-U alterations com-
pose more than 80% of the total variations detected in
mRNA-seq (Fig.1a) and most of which take place in mito-
chondrial or chloroplast genes. One hundred thirteen of
the 123 bona fide editing sites are detectable in all six
mRNA-seq samples (three root samples and three shoot
samples). The C-to-U editing sites have remarkably differ-
ent context compared to the unedited cytidines in the gen-
ome (Fig.1b). Most of the 5-prime nucleotides of edited
cytidines are thymidine or cytidine and only a small fraction

of upstream nucleotide is guanosine or adenosine, while
the context of unedited cytidines is similar to the back-
ground nucleotide component (Fig.1b).

The 5-prime nucleotide of edited cytidines has great
impact on editing levels
The appearance of C-to-U editing sites is context dependent
as we have shown (Fig.1b). However, it is unclear whether
the nucleotide context could influence the editing level. We
investigate the relationshipbetween editing level and the
nucleotide near the editing site (Fig.1c). Among the eight
positions from position− 4 to position + 4 (except position
0 itself), only the nucleotide at position− 1 (the 5-prime nu-
cleotide) has impact on the editing levels of focal cytidines
(Fig.1c). Editing sites with an upstream thymidine have the
highest levels and the sites with an upstream guanosine have
the lowest levels (Fig.1c). This pattern might not be surpris-
ing because if a 5-prime guanosine is unfavorable for the
focal cytidine to be edited, then the editing level (Fig.1c)
should be lower for the cytidines with a 5-prime guanosine.

Transcriptome-wide analysis combined with hybrids ofA.
thaliana × A. lyrata reveal the effect of RNA structure on
editing events
Apart from the nucleotide context, other cis elements
like RNA secondary structures might potentially affect
C-to-U editing events. To test this, we employ RNALfold
software to determine all the structured RNA regions
within each CDS (Materials and methods). Expectedly,
edited positions have significantly lower fractions in
structured regions compared to the unedited positions
(Fig. 2a). Together with the knowledge that the editing
factors PPR (pentatricopeptide repeat) proteins are likely
to bind single-stranded RNAs [23], it is reasonable that
the structured RNA regions are less likely to be edited.

We seek for data to verify our hypothesis. Hybrid indi-
viduals are perfect systems to study the effect of cis ele-
ments on C-to-U editing events because the two different
parental alleles are subjected to identical trans environ-
ment. We find mRNA-seq data conducted in the hybrids
of A. thaliana and A. lyrata [30]. With this set of data, we
would only focus on the C-to-U editing sites detected in
chloroplast and mitochondrial genes. We combine the
chloroplast and mitochondrial genomes of these two spe-
cies and map the hybrid mRNA-seq data to the combined
genome (Materials and methods). We extract uniquely
mapped reads so that only the regions that are non-
identical betweenA. thaliana and A. lyrata could be cov-
ered (otherwise the read would be mapped at least twice).

Among the 123 C-to-U editing sites we previously iden-
tified, we verify two species-specific editing sites with
adequate sequencing depth (Materials and methods). Two
cytidines, position 362 and position 376 on gene
ATMG00580 (NADH dehydrogenase subunit 4), are fully
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