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Abstract In plants, RNA editing is a post-transcriptional
modification of transcripts and commonly occurs in plastids
and mitochondria. In the case of flowering plants, not only
PPR but also non-PPR proteins, such as MORF/RIP, ORRM
and OZ partake in the diverse RNA editing complex. In
Arabidopsis thaliana, 12 types of RNA editing patterns have
been predicted in nuclear, chloroplast, and mitochondrial
transcripts. In this study, tissue-specific RNA editing events
were detected in gene families involved in RNA editing.
Different Arabidopsis tissues at variable developmental
stages, including 4-, 8-, and 12-d-old seedlings and 16-, 21-,
27-, and 32-d-old leaves, stems, stipes and roots, were
collected and used for this study. Nine types of RNA editing
events, including C-to-U, U-to-C, A-to-I, A-to-C, A-to-U, G-
to-A, G-to-C, U-to-A and U-to-G, were identified in target
genes. Most of the editing events occurred in seedlings and
leaves and a few in stem tissues. Extensive U-to-C editing
(60%) and A-to-G editing (54%) was detected in 12-d-old
seedlings and 21-d-old leaves, respectively. This is the first
experimental report of tissue-specific nuclear RNA editing
events found in plants. This study will provide important
information for revealing the mechanism of RNA editing in
plants.
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Introduction

RNA editing is defined as the process by which nucleotides
in RNA molecules undergo modifications, such as additions
or deletions. Therefore, RNA editing alters the flow of genetic
information from the genome to mature RNA (Takenaka et
al. 2013). Diverse types of RNA editing events have been
reported in viruses, primitive eukaryotes, vertebrates, fungi, and
plants. Interestingly, C-to-U and A-to-I RNA editing is a
common deamination phenomenon in animals and plants,
whereas U-to-C RNA editing due to amination is specific to
plants (Meng et al. 2010). In plants, a C-to-U deaminase
enzyme, DY W domain protein, has been described (Shikanai
2015); however, an A-to-I homologous deaminase has not
yet been reported. In Arabidopsis thaliana, the RNA editing
machinery, collectively referred to as the editosome,
consists of at least four protein families. These include
PPRs (pentatricopeptide repeat) protein, MORFs (multiple
organellar RNA editing factors) /RIPs (RNA editing factor
interacting proteins), ORRMI1 (organelle RNA recognition
motif) and OZ1 (organelle zinc-finger). The PPR gene family is
one of the largest gene families in Arabidopsis, comprising
approximately 450 genes (Lurin et al. 2004). These genes are
either directly or indirectly responsible for RNA editing (Doniwa
et al. 2010; Chateigner-Boutin et al. 2013; Schallenberg-
Riidinger et al. 2013; Leu et al. 2016). The MORF/RIP,
ORRM and OZ proteins are also directly or indirectly
involved in C-to-U RNA editing and play an important role
in the editosome (Sun et al. 2016). The plant quintuple editing
factor 1 (QED1), PPR protein required for accD RNA editing
1 (RARE1) and NUWA proteins are functional homologs of
the mammalian APOBEC-1 protein and are responsible for
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C-to-U RNA editing in plants (Wagoner et al. 2015; Guillaumot
et al. 2017). These data indicate that RNA editing is a normal
physiological phenomenon in plants.

Different theories have been proposed to describe the
purpose of RNA editing. According to one theory, RNA
editing is an evolutionary process, which did not occur in
primitive organisms. According to another theory, RNA editing
is responsible for the adaptation of organisms and repair of
DNA damage caused by ultraviolet radiation or other
environmental stresses (Takenaka et al. 2013; Barkan and
Small 2014). Plastid and mitochondrial genome editing
events have mostly been investigated using bioinformatics
and experimental approaches (He et al. 2016; Chen et al.
2017; Ichinose and Sugita 2017; Rodrigues et al. 2017; Wu
et al. 2017). However, RNA editing of nuclear transcripts has
been studied only using bioinformatics approaches, for

example, to investigate the frequency and distribution of
RNA editing events in Arabidopsis (Meng et al. 2010).

The DYW domain, which shows C-to-U conversion activity,
has a similar function as the cytidine deaminase protein
(Shikanai 2015). The PPR proteins are a specialized type of
protein that bind to their cognate RNA (Cheng et al. 2016).
Like the PUF protein, the binding specificity of PPR proteins
is almost reprogrammable, except for some differences
(Delannoy et al. 2007; Yagi et al. 2014; Cheng et al. 2016).
The majority of the PPR family proteins are responsible for
RNA editing in plants and play an important role in alternative
splicing (Shikanai 2015). RNA editing efficiency varies with
the tissue type and developmental stage; for example, RNA
editing is more common in green tissues than in non-green
tissues (Tseng et al. 2013).

In this study, we investigated RNA editing in various

Table 1. Details of RNA editing events and the corresponding amino acid changes detected in Arabidopsis tissues at different

developmental stages

cdiing st n gonome and. RNA eiing i tsses ediing % (codon)muceoide AT
transcript edited sequence change)
PPRIIa-2969 . (3}2A6(7}A 16-d-z)_1§1 leaf Zl-d-(”i“lg}lges}f,z\(14%) 27-d-z)_131 leaf 3 UTR, A>G NA
PPRIIb-2720 Aé9é8(3:A 21-d-?l(; stem 27-d-(jid(} séeénA(W%) 32-d-0(l_d) stem 3 UTR, A>G NA
prris g0 BT doldsem 21dold e BT JUTRASG  NA
= AGGTT
PPRIIIb-2833 C;’r(:g”f 16-d-2)_l()1 leaf 21 -d-oCl(F} lgegt:r(54%) 32-d-z)_l§l leaf 3 UTR, A>G NA
PPRIVD-1008 c ézi A 8'd'°ld(f§edhng 16'd'°édcsgtm(23 %) NA 3'UTR, A>G NA
PPRVa-2267 Aéigic 4-d-0]ci _s;:edling 8-d-01d( igedling ]2-d-01c,lg sgeé(&ir(ljg (38%) GACSAACGSA  D702N
PPRVa-2293 Gé‘)ng 4-d-old(ie):edling 8-d-olc1 _s;eedling 12-d—01dG sgeldcliigg (28%) GCA>GCUASU  A710A
PPRVIa-134 TTI ;4% . 4-d-old(i()eedling 8-d-old( ie):edling 12-d-old ;Teeg(%{iélg (40%) UUC>CUC, U>C FIL
PPRVIla-1035 C/lzé A 16'd'(°_1)d leal 21 'd'gigélf“%) 27'd'z’_1§1 leaf AAG>AGG A>G  K336R
PPRVIla-1260 A"}"Zgigc 4-d-old(ie):edling 8-d-olci _s;aedling 12-d-old l:;&ciigg (30%) AUCSAUU, C>U 14201
PPRIXa-2749 G,2A,6Q4§C 4-d-ol(i _s)eedling 8-d-ol(2 _s;:edling 12-d-oldG sAeféiéigg (26%) AGC>ACC, G>C  S883T
PPRXa-355 AﬁéiG 16""(0_1)“' leaf 21*"?_1;1 leaf 27'd'°ﬂ/1§2fG(10%) AUG>AUA, G>A  MII1I
PPRXa-512 TTS&T lé'd'(‘f)d leaf 21"1'(‘11)‘1 leaf 27"”‘}“}1{’:{ O%) " causUAU,C>U  HI64Y
PPRXIb-2852 Gé2A_2é N 4-d-old( ie):edling 8-d-old ngglgf (23%) lZ-d-olEi_;eedling GAG>GCG, A>C  ES31A
DAGla6ls (oo Rl A e rodielycusacu,usa - s130T
DAG1a-794 AéXéG ‘6"1'?_1;‘ leaf 21“‘?_“; leaf 2”‘1‘2}1;2{(}(]6%) AGA>AGU, A>U  R189S

Arabic numbers represent editing site in transcript and genome. Underline base indicates the edited base,

RNA editing. NA, not applicable; 3' UTR, 3' untranslated region.
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Arabidopsis tissues at different developmental stages of
growth, with a special focus on PPR proteins. Our data revealed
tissue-specific RNA editing events in selected genes. The
information gained in this study will advance our understanding
of RNA editing in plants.

Results

In this study, we mainly focused on RNA editing sites in
alternatively spliced isoforms. A total of thirty (30) differentially
expressed genes were identified based on their functional
importance and variable expression patterns in different
Arabidopsis tissues. Thirty candidate genes belonging to
different families were investigated, including PPR (16),
ZnF (9) MORF/RIP (1), RRM (2), PP01 (1), and GSDA (1)
genes (Table S1). PCR products of all genes were sequenced
three times, and transcript positions were determined from
the http://atgenie.org database. Overall, we identified RNA
editing events in PPR (11) genes and ZnF (1) gene; no editing
events were detected in any of the remaining genes.

Tissue-specific RNA Editing Events

In this study, we identified usual/transition and unusual/
transversion tissue-specific RNA editing events in gene
transcripts (Table 1; Fig. S1; Fig. S2). Usual types consist of
amination and deamination type RNA editing. In the course
of study, we identified 21 RNA editing sites in total 12 genes

which are expressed in different tissues. Among these we
observed usual type (13) and unusual type (8). In case of
PPR gene family we found 19 editing sites among these
usual type (13) and unusual type (6). But in case of ZnF gene
we only detected unusual type (2) editing site.

Another thing we observed is RNA editing sites expressed
in different tissues. In our analysis, we identified 10 editing
sites which were expressed in seedling tissues including
usual type (4) and unusual (6), 8 editing sites were expressed
in leaf tissues including usual type (6) and unusual (2) and
only usual type (3) was expressed in stem tissues.

In PPRVIIIa gene, 30% C-to-U RNA editing was detected
at 1,260 nt in 12-d-old seedlings but not in 4- or 8-d-old
seedlings (Fig. 1A). In PPRIla gene, 39% A-to-G another
deaminase-type editing was detected at 2,799 nt in 21-d-old
leaves but not in 16- or 27-d-old leaves (Fig. 1B). In PPRIlla
gene, 60% U-to-C an amination-type editing was detected at
2972 nt in 12-d-old seedlings but not in 4- or 8-d-old
seedlings (Fig. 1C).

In PPRIXa gene, 31% A-to-C an unusual type of RNA
editing was observed at 2,720 nt in 12-d-old seedlings but
not in 4- or 8-d-old seedlings (Fig. 1D). In PPRIb gene, 25%
A-to-U RNA editing was identified at 250 nt in 21-d-old
leaves, although it was not detected in 16- and 27-d-old
leaves (Fig. 1E). In PPRXIb gene, 41% U-to-G RNA editing
was identified at 2,809 in 12-d-old seedlings but not in 4- or
8-d-old seedlings (Fig. 1F). RNA editing sites were more
frequent in seedling and leaf tissues and less common in
stem tissues but not in root and stipe tissues (Table 1).

A pppyino-1260 (gona aTcac to cona aTTAC) B ppig-2799 (5DNA TTACT to cONATTGCT) C ppRilia-2972 (ONA AATGG to cONA AACGG)

cDMNA

DNA AATGG AATGG AATGS

v )
| I F— -r.'W
(! L] L1l Lﬂ L ,J I\ EAM
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! 1 A
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27-dold 4-d-qld 8-d-old 12-d-old
seedling  seedling seedling (60%)

B rerixa 2720 (gDNA TTACC to cDNATTCCC) B ppRib-250 (gDMA AGAGT to cONAAGTGT) F ppRxjb-2809 (2DNA TTTAT to cDNA TTGAT)
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Fig. 1. Validation of usual (deaminase/aminase) and unusual types of RNA editing events in Arabidopsis tissues at different developmental
stages via cDNA sequencing. Sequencing of C-to-U editing events in 12-d-old seedlings using reverse primers (A), A-to-G editing in 21-
d-old leaves using forward primers (B), and U-to-C editing in 12-d-old seedlings using reverse primers (C). Sequencing of A-to-C editing
events in 12-d-old seedlings using reverse primers, amino acid change (L to F) (D), A-to-U editing in 21-d-old leaves using forward
primers, amino acid change (E to V) (E), and U-to-G editing in 12-d-old seedlings using forward primer2 (F). Arrow indicates the edited

base. gDNA, genomic DNA.
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Additionally, RNA editing was more predominant in the
protein-coding regions of genes than in untranslated regions
(Table 1).

Analysis of Amino Acid Substitutions Induced by RNA
Editing

RNA editing resulted in several amino acid substitutions in
target genes (Table 1). In PPRIb-250, PPRVa-2267, PPRVIa-
134, PPRVIIa-1035, PPRIXa-2720, PPRIXa-2749, PPRXa-
355, PPRXa-512, PPRXIb-2852, DAGla-615, and DAGla-
794, RNA editing changed glutamic acid to valine (E-to-V),
aspartic acid to asparagine (D-to-N), phenylalanine to
leucine (F-to-L), lysine to arginine (K-to-R), leucine to
phenylalanine (L-to-F), serine to threonine (S-to-T), methionine
to isoleucine (M-to-I), histidine to tyrosine (H-to-Y), glutamic
acid to alanine (E-to-A), serine to threonine (S-to-T) and
arginine to serine (R-to-S), respectively, as determined using
the EXPASy translation tool. Additionally, two silent mutations
were detected in PPRVa-2293 and PPRVIIa-1260 (Table 1).

Characterization of RNA Editing Events

In this study, we identified nine types of RNA editing events.
These events incorporated all possible intra-base substitutions:
C-to-U, U-to-C, A-to-G, A-to-C, A-to-U, G-to-A, G-to-C, U-
to-A, and U-to-G. The A-to-G substitution was the most
frequent type in the UTR regions (75%), whereas A-to-U
substitution was the most frequent type in CDSs (23%) (Fig.
2A). A group of substitutions, including C-to-U, A-to-C, and
G-to-A, were the second most frequent editing type; each of
these nucleotide changes occurred at a 15% in the CDS of
genes (Fig. 2A). Depending on the editing percentage, U-to-
C conversion was the most common (60%) and U-to-G was
the second most common type (41%), among all of the
UTR-specific RNA editing events (Fig. 2B). In the case of
A-to-G editing, the editing frequency was lower than the
editing percentage in CDSs of genes, whereas the reverse
was true in the UTR regions (Fig. 2A, B). Additionally, the
frequency of usual types of RNA editing showed the highest
percentage in the CDS regions and lowest in UTR regions
(Fig. 2C).

Distribution and Effects of RNA Editing

The distribution of RNA editing events showed that the
frequency and type of RNA editing events were notably
variable among the different Arabidopsis gene families. We
identified 21 RNA editing sites in a total of 12 genes (Table 2).
Of these 21 editing sites, 13 were located in the CDS of
genes and 8 in the UTR regions (Table 2). RNA editing
altered the secondary structure of three gene transcripts, each
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Fig. 2. Schematic representation of RNA editing events in Arabidopsis
tissues. (A) Percentage of RNA editing events in the coding sequence
(CDS) and untranslated region (UTR) of genes. (B) Percentage of
RNA editing in the CDS and UTR. (C) Percentage of usual and
unusual types of RNA editing events in the CDS and UTR. Black
bar represents CDS, and gray bar indicates the UTR.

of which was edited in the UTR region (Table 2). The
tertiary structure of only one encoded protein was affected
by RNA editing (Table 2).

Structural Effects of RNA Editing

To determine the potential functional effects of RNA editing,
we predicted the secondary structure of mRNA using
RNAfold version 2.1.6 and the tertiary structure of protein
using RaptorX and Swiss model. The mRNA secondary
structure was affected by A-to-G, U-to-C, and U-to-G RNA
editing events, whereas the protein structure was affected
only by G-to-A RNA editing. Alterations observed in the
mRNA secondary structure and protein tertiary structure
were significant. In PPRIIb-2720 mRNA, ‘A’ was located in
the bulge loop before editing, whereas the edited nucleotide
‘G’ was located in the stem after editing (Fig. 3A). In the
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Table 2. Distribution of RNA editing sites in genic regions and their effect on mRNA and protein structure.

Number of RNA editing sites

Effect on

Gene family Given gene name CDS UTR Secondary structure Tertiary structure
of mRNA of protein

PPRIb 1 0 - -
PPRIIa/PPRIIb 0 4 + NA
PPRIIIa/PPRIIIb 0 2 + NA
PPRIVD 0 1 - NA
PPRVa 2 0 - +

PPR PPRVIa 1 0 - -
PPRVIla 1 0 - -
PPRVIIIa 1 0 - -
PPRIXa 2 0 - -
PPRXa 2 0 - -
PPRXIb 1 1 + NA

ZnF DAGIla 2 0 - -

Arabic number indicates numbers of RNA editing site in CDS/UTR; “-” indicates no structural effect, and “+” indicates that RNA editing altered
the mRNA or protein structure. NA, not applicable; CDS, coding sequence; UTR, untranslated region.

A PPRIIb-2720 C PPRXIb-2809

B PPRIlla-2972

U-to-G

Editing
A-to-G

Edil\ngl

Fig. 3. Effect of RNA editing on the secondary structure of mRNA,
(A) mRNA structures change due to A-to-G editing. (B) mRNA
structures change due to U-to-C editing. (C) mRNA structures
change due to U-to-G editing.

case of PPRIlla-2972 transcript, ‘U’ was located in the bulge
loop before editing, whereas the altered nucleotide ‘C’ was
located in the hairpin stem after editing (Fig. 3B). Similarly, in
PPRXIb-2809, ‘U’ was located in the hairpin loop before
editing, whereas the edited nucleotide ‘G’ was located in the
hairpin stem after editing; additionally, a single large loop was
divided into two small loops after editing (Fig. 3C). The tertiary
structure of the protein encoded by the PPRVa gene was
dramatically affected by RNA editing; Before RNA editing the
protein consist of 4 domains (domain 1 to 4) but after RNA
editing the protein consist of 5 domains (domain 1 to 5) (Fig.
4A, B; Fig. S5; Fig. S6). But the tertiary structure of protein of
other genes are not affected by RNA editing (Fig. S4).

Nucleotide Preferences in the Editing Sites in Gene CDSs

In this study, we identified 13 RNA editing sites located in
the CDS of PPR (11) and ZnF (2) gene families. The frequency
of RNA editing at the first, second, and third nucleotide
positions of the codon was 38%, 31%, and 31%, respectively
(Fig. S3A). Among the RNA editing sites in which the first
nucleotide position was altered, 50% of the sites contained
‘A’ (purine) at the second nucleotide position of the codon
(Table 1). Sites in which the second nucleotide position of
the codon was edited were of the configuration G G (2),
A G or A C (Table 1; Fig 1E). The codon sequence of sites
in which the third nucleotide position was edited was of the
configuration GC _, AU_ (2), UU_, or AG_ (Table 1; Fig
1D). Most of the RNA editing sites were located in the gene
CDS and resulted in amino acid changes. Of the 13 RNA
editing sites observed in this study, 2 were silent; both of
these occurred in (PPRVa-2293 and PPRVIIla-1260) and
resulted in codon change but no amino acid change (Table 1).
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A ppRVa-2267 before editing

B PPRVa-2267 after editing

Fig. 4. Effect of RNA editing on the tertiary structure of the PPRVa protein. (A) Protein structure before editing. (B) Protein structure

after G-to-A editing in PPRVa-2267.

Among a total of 21 RNA editing events, 11 resulted in amino
acid alterations. RNA editing also affected the hydrophobicity/
hydrophilicity of the encoded proteins; the proportion of
hydrophobic amino acids increased from 38.46% before editing
to 53.85% after editing (Fig. S3B).

Discussion

In this study, it is interesting that the RNA editing components
could be edited. We identified nine types of RNA editing
events, including all possible nucleotide substitutions, except
C-to-A, C-to-G, and G-to-U, in Arabidopsis. Previously, 12
types of RNA editing events have been reported in Salvia
miltiorrhiza and Arabidopsis thaliana; in Arabidopsis, these
RNA editing events have been reported in nuclear transcripts
using bioinformatics approaches (Meng et al. 2010; Wu et al.
2017). To our knowledge, this is the first experimental report
of tissue- and development-specific RNA editing in Arabidopsis.
Although the nine types of RNA editing events identified in
this study were based on a small-scale screening of target
genes (approximately 21%), these events were specific to
seedling, leaf, and stem tissues of different developmental ages
(Table 1). The tissue-specific characteristic of these RNA
editing events implies that these were post-transcriptional
modifications, not genomic mutations. We observed A-to-U
editing events surrounding positions with a higher number of
‘A’ nucleotide. Previous research indicates that a cis-
regulatory element neighboring the editing site is required
for its recognition by the PPR-associated editing enzyme in
plants (Shikanai 2006). Further studies are needed to better
understand the processes involved in RNA editing, including
the identification of cis-regulatory elements, isolation of
editing enzymes, and validation of editing sites. We also
identified RNA editing events in the UTR regions of genes.
RNA editing in introns and UTR regions affects mRNA

@ Springer

stability or splicing due to the modification of its secondary
structure (Drescher et al. 2002; Jean-Claude Farré et al.
2012; Zeng et al. 2007; Wu et al. 2017). RNA-Seq analysis
in Arabidopsis has shown that more than 61% of multi-exon
genes generate alternative mRNA isoforms, which are
expressed in a tissue-specific manner (Marquez et al. 2012).
However, RNA editing at some sites has an adverse effect on
plant growth, development, and fertility (Hammani and Giegé
2014). In the Arabidopsis nuclear transcripts A7/G29930.1 and
AT1G52400.1, C-to-U and U-to-C RNA editing has been
reported at the translation borders (Meng et al. 2010). These
deamination and amination reactions occur in adjacent sites;
therefore, the deamination reaction is considered as the
donor of amino group for the amination reaction, although
the frequency of the amination reaction is higher than that of
the deamination reaction (Meng et al. 2010). It is possible
that another factor acts as the amino group donor for the
amination reaction. Through bioinformatic approach it is
found that U-to-C editing frequency is higher than C-to-U in
nuclear transcript (Meng et al. 2010). In our experimental
study, we found U-to-C editing frequency is higher as well
(Fig. 2A). However, in chloroplast and mitochondrial RNA
editing C-to-U editing is very dominant in most of the plants
(Ichinose and Sugita, 2016). Additionally, A-to-I editing events
were prevalent in the present study. Such editing events have
also been reported in previous studies using bioinformatics
approaches (Meng et al. 2010). However, plant homologs of
cytidine deaminase or adenosine deaminase of mammals
responsible for this editing event have not yet been discovered.
It is stated that the adenosine deaminase family of enzymes
is derived from the cytidine deaminase family, as the only
difference between the two enzymes is the deaminase
groove, which facilitates the deamination reaction (Goodman
et al. 2012). Therefore A-to-I editing activity may be performed
by the unique members of the PPR protein family which can
be discovered by individual screening of the most probable
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PPR protein candidates.

In this study, it is found the transversion editing is lower
than the transitional editing. Out of 21 editing sites 13 (7 in
coding region, 6 in noncoding region) are transition whereas
transversion is 8 (7 in coding region, 1 in noncoding region)
(Fig. 2C). However, in animal transition editing is also reported
higher (Luo et al. 2016). Transversion editing is more
complicated process than transition editing which might have
adverse effect (Luo et al. 2016).

Codon bias is an important consideration for RNA editing,
although targeting a nucleotide mainly depends on its
neighboring nucleotides (Kuttan and Bass 2012). In this study,
we found that the nucleotide in the third position in the codon
showed higher editing frequency than those in the first and
second positions. We observed that, for codons in which the
third nucleotide was edited, the neighboring nucleotides were
GC , AU _(2),UU , and AG . In contrast to our data, He and
colleagues reported a 3-fold higher frequency of RNA editing at
the second nucleotide position of the codon than at the first and
third nucleotide positions (He et al. 2016). This discrepancy
may be due to differences in the preferences of editing enzymes
for the adjacent nucleotides; in the case of adenosine deaminase,
editing is greatly affected by neighboring nucleotides.

Our data showed that different kinds of RNA editing
events occur not only in chloroplast and mitochondrial
transcripts but also in nuclear transcripts. These events were
very frequent in the PPR than ZnF' gene families but not in
the MORF/RIP, RRM, PP0I, and GSDA genes, indicating
that RNA editing is gene-specific. The PPR genes were
highly affected by RNA editing. Additionally, RNA editing
events are more frequent in seedlings than in any other plant
tissues. Seedlings play a very important role in plant physiology.
Early chloroplast development 1 (ECD1), which belongs to
the PLS subfamily of the PPR protein family, is responsible
for early chloroplast development in seedlings (Jiang et al.
2018). In this study, we observed that single nucleotide
conversion adversely affected mRNA secondary structure
and protein domain structure in some case. Therefore, it can
be stated that the RNA editing in the nuclear transcript of
such important family genes might have big impact on the
plant physiology. Further investigation is needed to determine
the algorithm via which PPR proteins recognize and bind to
their cognate mRNAs and to understand the precise effect of
RNA editing events on the highly programmable PPR
protein family and other protein families.

Materials and Methods

Growth Conditions and Sample Collection

Arabidopsis ecotype Columbia (Col-0) were sown in paper pots filled
with a mixture of horticultural perlite, peat moss, and vermiculite in a

1:2:1 ratio. Pots were covered with plastic, stored in the dark for 3—4
days, and then transferred to a growth room in green farm U.ING
(Made in Japan) maintained at 22°C and 45% relative humidity, and
with a 16 h/8 h light/dark cycle. Plants were watered twice daily, in
the morning and evening and fertilizer was applied twice a week.
Pools of Arabidopsis plant was used for collection of samples.
Different tissues were harvested at different developmental stages,
including from 4-, 8-, and 12-d-old seedlings and 16-, 21-, 27-, and
32-d-old leaves, stipes, stems and roots.

Extraction of RNA and cDNA Synthesis

Total RNA was extracted from the Arabidopsis tissues using
QIAGEN Plant Mini Kit (Hilden city, Germany; catalog no. 74904),
according to the manufacturer’s instructions, and treated with RQ1
RNase-free DNase (Promega, Madison, WI, USA) to remove genomic
DNA contamination. The RNA samples were then purified using
phenol-chloroform extraction and ethanol precipitation and quantified
using a NanoDrop Spectrophotometer (Thermo Scientific). Purified
RNA was subjected to cDNA synthesis using reverse transcriptase
(Superscript 111, Invitrogen) and oligo dT primers. The Arabidopsis
GAPDH gene was used as a housekeeping gene and was amplified
using the forward primer GTTGTCATCTCTGCCCCAAG and
reverse primer TGCAACTAGCGTTGGAAACA.

Selection of Genes Involved in RNA Editing

To identify the best candidate genes involved in RNA editing,
accession numbers of PPR, ZnF, MORF/RIP, RRM and other genes
were obtained from the National Center for Biotechnology Information
(NCBI; https://www.ncbi.nlm.nih.gov/). These accession numbers
were entered in the www.plantgdb.org/AtGDB/ database to determine
the genomic map of each gene. The genomic map location of each
gene was then used to identify alternatively spliced genes from the
Arabidopsis TAIR10 whole genome reference assembly (https://
www.arabidopsis.org/). The full-length genomic DNA, mRNA, and
cDNA sequences of each gene obtained from TAIR10 were validated
against the sequence information (gene, coding sequence [CDS],
intron-exon boundaries, transcript, and amino acid) available at http://
atgenie.org.

Primer Design

Primers were designed using Primer3 (bioinfo.ut.ee/primer3-0.4.0/
primer3/) and verified using the NCBI Primer-BLAST tool. In the
case of failure or inappropriate outcome with the first set of primers,
new primer sets were designed. Primers were purchased from
Eurofins (Japan) in TE buffer at a concentration of 50 pmol/ul in a
salt-free condition. Each primer was diluted to a working concentration
of 10 pmol/ul using TE buffer.

Sequencing of PCR Products

To identify RNA editing sites, PCR products were subjected to three
times of direct sequencing on a 3130xl Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Austin, TX, USA;
catalog no. 4336935). Sequences of the reverse strand were reverse
complemented using online software (http://www.bioinformatics.org/
sms2/reference.html). All sequences were aligned with the Arabidopsis
genome sequence using BLAST (Kent 2002).

Quantification of Different RNA Editing Events
RNA editing events were quantified from the sequencing results using

the peak height ratio method. The peak height of the corresponding dual
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peaks was calculated using ImageJ software. RNA editing (%) was
quantified based on the maximum peak height, according to the
following equation (Eggington et al. 2011): RNA editing (%) = [C
height / (T height + C height)] x 100.

Prediction of mRNA and Protein Structures

The secondary structures of mRNAs were predicted using RNA fold
version 2.1.6, with default parameters (Lorenz et al. 2011). Protein
structures were predicted using RaptorX (http://raptorx.uchicago.edu/)
and Swiss model (https:/swissmodel.expasy.org/), using default
parameters (Guex et al. 2009; Morten et al. 2012).
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Supporting Information

Fig. S1. Validation of tissue-specific usual (deaminase/aminase) types
of RNA editing events in Arabidopsis via cDNA sequencing.

Fig. S2. Validation of tissue-specific unusual RNA editing events in
Arabidopsis via cDNA sequencing.

Fig. S3. Schematic representation of RNA editing events in Arabidopsis.
Fig. S4. Effect of RNA editing on tertiary structure of protein PPRVIa-
134, PPRVIIa-1035, PPRIXa-2749, PPRXa-355, PPRXIb-2852,
PPRIXa-2720, DAGla-615, DAGla-794, PPRI-250 (a-i).

Fig. S5. PPRVa-2267 before editing, yellow color indicate usual
amino acid.

Fig. S6. PPRVa-2267 after editing, yellow color indicate edited amino
acid.

Table S1. The accession number of our studied genes of RNA editing
related family proteins.
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