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ABSTRACT
In land plants, plastid and mitochondrial RNAs are subject to post-transcriptional C-to-U RNA editing. T-
DNA insertions in the ORGANELLE RNA RECOGNITION MOTIF PROTEIN6 gene resulted in reduced
photosystem II (PSII) activity and smaller plant and leaf sizes. Exon coverage analysis of the ORRM6 gene
showed that orrm6–1 and orrm6–2 are loss-of-function mutants. Compared to other ORRM proteins,
ORRM6 affects a relative small number of RNA editing sites. Sanger sequencing of reverse transcription-
PCR products of plastid transcripts revealed 2 plastid RNA editing sites that are substantially affected in
the orrm6 mutants: psbF-C77 and accD-C794. The psbF gene encodes the b subunit of cytochrome b559, an
essential component of PSII. The accD gene encodes the b subunit of acetyl-CoA carboxylase, a protein
required in plastid fatty acid biosynthesis. Whole-transcriptome RNA-seq demonstrated that editing at
psbF-C77 is nearly absent and the editing extent at accD-C794 was significantly reduced. Gene set
enrichment pathway analysis showed that expression of multiple gene sets involved in photosynthesis,
especially photosynthetic electron transport, is significantly upregulated in both orrm6 mutants. The
upregulation could be a mechanism to compensate for the reduced PSII electron transport rate in the
orrm6 mutants. These results further demonstrated that Organelle RNA Recognition Motif protein ORRM6
is required in editing of specific RNAs in the Arabidopsis (Arabidopsis thaliana) plastid.
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Introduction

RNA editing is modification of specific nucleotides/nucleosides
within RNA molecules. Types of RNA editing include nucleo-
tide insertion/deletion, cytidine-to-uridine (C-to-U) and aden-
osine-to-inosine (A-to-I) deamination, and uridine-to-cytidine
(U-to-C) reverse editing.1,2 RNA editing has been found in
viruses, primitive eukaryotes, vertebrates, fungi, and plants,
and it occurs in the nucleus, the cytosol, mitochondria, and
plastids. RNA editing in plants has been observed in different
types of RNAs, but is most abundant in the coding regions of
mRNAs.3 RNA editing in the coding regions of mRNAs
restores the function of the encoded protein; therefore, it is
considered as a mechanism of correction to compensate for
defects in the genomes. Organellar (plastid and mitochondrial)
RNA editing occurs in almost all land plants.3-6 Two types of
RNA editing have been found in plastids and/or mitochondria
of flowering plants: C-to-U editing in mRNAs and C-to-U and
A-to-I editing in tRNAs.7-10 C-to-U editing in plastid and mito-
chondrial mRNAs appear to be ubiquitous in land plants.

Prior to the widespread use of next-generation sequencing
technologies, detection and quantitation of RNA editing events
was laborious and limited by the resolution and strand length
of Sanger sequencing as well as a priori knowledge of primer
sets. High-throughput methods using PCR technology11

brought the number of discovered plastid editing events up to
34. Of the 34 known events, 2 are within non-coding regions.

All editing events within the coding regions result in single
amino acid changes, except for one which results in a new
translation start site. With next-generation sequencing technol-
ogies, we are able to simultaneously detect and quantify editing
without a priori knowledge of the sites. The use of RNA-seq
technology led to the discovery of a total of 40 plastid editing
sites in Columbia (Col-0) wild-type Arabidopsis.12,13 Of the 6
newly discovered sites, only 2 are in the coding region of a
gene. The 2 coding region editing events occur within the ndhB
gene, change the third base in the corresponding codons, and
result in 2 silent mutations. The other 4 sites are within
intronic, intergenic, or 3’ UTR regions and are of low-editing-
extent (�12%). The 6 new sites raise questions about the origin
of new editing events and the fidelity of editosomes (i.e., editing
complexes). Editing events with such low extent and non-obvi-
ous biologic implications suggest that some infidelity can exist
without detrimental effects and negative selection pressure. It is
also possible that the existence of these editing events could be
the mechanism that allows for the selection of novel editing
events.

C-to-U RNA editing is performed by editosomes of 200 –
400 kDa in size.14,15 Four types of proteins have been identified
as C-to-U RNA editing factors in the plastid: PLS-E-DYW sub-
family pentatricopeptide repeat proteins (PPR-DYWs), RNA
editing interacting proteins / multiple organellar RNA editing
factors (RIPs/MORFs), RNA recognition motif-containing
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proteins (ORRMs), and organelle zinc-finger proteins (OZs).15-20

As described below, each of the 4 types of proteins is considered
as a component of the C-to-U RNA editosomes.

PPR-DYW proteins contain multiple PLS-type PRR
repeats, an extension (E) domain, and a C-terminal DYW
domain.18 In silico search of the Arabidopsis genome identi-
fied 87 PPR-DYW proteins, 28% of which are targeted to
the plastid, 36% of which are targeted to the mitochon-
drion.21 PLS-type PRR repeats allow PPR-DYW proteins to
bind single-stranded RNAs in a sequence-dependent man-
ner.18 The E domain is essential for recruiting a protein
with cytidine deaminase activity.22 The DYW domain con-
tains 3 conserved amino acids¡DYW, as well as signature
amino acids of classic cytidine deaminases, including the
HXE motif for pyrimidine protonation and CXXC for zinc
coordination.22-24 Although 7 classic cytidine deaminases
are encoded by the Arabidopsis genome, none of them are
active in organellar RNA editing.3,25 Therefore, PPR-DYW
proteins are currently the prime candidate for deaminase
activity in plant organelle RNA editing.3,18 For example,
LOW PHOTOSYSTEM II ACCUMULATION 66 (LPA66),
a plastid-targeted PPR-DYW protein, is specifically required
for RNA editing at the psbF-C77 site.26 C77 is the nucleo-
tide number of the cytidine [C] target relative to the nucle-
otide A of the translation initiation codon ATG in the psbF
transcript, which encodes the b subunit of cytochrome b559.
A second example is REQUIRED FOR ACCD RNA EDIT-
ING 1 (RARE1), another plastid-targeted PPR-DYW pro-
tein. RARE1 is essential for RNA editing at cytidine 794
(C794) of the accD transcript,27 which encodes the b sub-
unit of acetyl-coenzyme A carboxylase carboxyl transferase.
Proteins with PPR and DYW domains do not necessarily
specify sequence and perform deamination simultaneously.
The DYW domain of PPR-DYW proteins may be recruited
by PPR proteins without a DYW domain to carry out
deamination activity.24

RIP/MORF proteins contain conserved RIP/MORF boxes. 16

The Arabidopsis genome encodes 9 functional RIP/MORF pro-
teins: RIP1/MORF8 is dual-targeted to plastids and mitochon-
dria, RIP2/MORF2 and RIP9/MORF9 are targeted to the
plastid, and the rest are targeted to the mitochondrion.14,16

Unlike PPR-DYW proteins, which are RNA-sequence specific,
RIP/MORF proteins are broadly involved in plastid and/or
mitochondrial RNA editing. Fourteen plastid sites and 266
mitochondrial sites are affected in the rip1/morf8 mutant and
nearly all plastid sites affected in rip2/morf2 and rip9/morf9
mutants.14,16 RIP/MORF proteins have been found to interact
with PPR-DYW proteins via the RIP/MORF box. For example,
RIP1/MORF8 interacted with plastid-targeted RARE1 and
mitochondrion-targeted MITOCHONDRIAL RNA EDITING
FACTOR 10 (MEF10)14,28 RIP/MORF proteins were also found
to interact with themselves and other RIP/MORF proteins, sug-
gesting that these proteins may form homo- and hetero-
oligomers.16

ORRM proteins contain a RRM; 5 ORRM proteins have
been found to be involved in plastid or mitochondrial RNA
editing.15,17,19,29 The plastid-targeted ORRM1 is the founding
member of this protein family.17 Unlike other ORRMs,
ORRM1 contains 2 RIP/MORF boxes, which are required for

its interaction with PPR-DYW protein RARE1. The orrm1
mutant showed near complete loss of editing at 12 plastid sites.
ORRM2, ORRM3, and ORRM4 are targeted to the mitochon-
drion and none of them have RIP/MORF boxes. 15,19 The
orrm2, orrm3, and orrm4 mutants displayed decreased editing
extents at 35, 32, and 262 mitochondrial RNA editing sites,
respectively. ORMM6 is targeted to the plastid and it does not
have RIP/MORF boxes. 29 The orrm6 mutants demonstrated
reduced editing extents at the psbF-C77 and accD-C794 RNA
editing sites. ORRM3 was found to interact with RIP1/MORF8,
ORRM2, and itself; ORRM4 was found to interact with
ORRM3 and itself; and ORRM6 was found to interact with
RIP1/MORF8, RIP2/MORF2, RIP9/MORF9, and itself.29 The
interactions among ORRMs suggest that ORRMs may form
homo- and/or hetero-oligomers.

OZ proteins contain multiple Ran-binding-protein-2
(RanBP2, CXXCX10CXXC) type zinc-finger domains.20 The
Arabidopsis genome encodes 4 OZ proteins: OZ1 is targeted
to the plastid; OZ2, OZ3, and OZ4 are targeted to the mito-
chondrion. A loss-of-function mutation in the OZ1 gene
resulted in major loss of editing at 14 plastid sites and sig-
nificant changes in the editing extent at 16 other plastid
sites.20 Despite of the large number of editing sites altered
in the oz1 mutant, C targets on the same transcripts are dif-
ferentially affected, suggesting that OZ1 action is site-spe-
cific. Consistent with this hypothesis, some RanBP2-type
zinc fingers have been shown to bind single-stranded RNAs
on a sequence-specific manner.30 OZ1 interacted with itself,
ORRM1, RIP1/MORF8, as well as plastid-targeted PPR-
DYW proteins CHLORORESPIRATORY REDUCTION 28
(CRR28) and ORGANELLE TRANSCRIPT PROCESSING
82 (OTP82).20 Like RIP/MORF and ORRM proteins, OZ1
interacted with itself in yeast 2-hybrid assays, suggesting
that OZ1 may form homooligomers.

In this work, we used a combination of Sanger sequencing
and whole-transcriptome RNA-seq to explore the editing site
specificity of ORRM6, a unique plastid-targeted RNA editing
factor. In addition, we conducted gene set enrichment pathway
analysis and identified several Gene Ontology gene sets that
were significantly and consistently upregulated in the loss-of-
function orrm6mutants.

Exon coverage analysis confirmed that orrm6–1 and
orrm6–2 are loss-of-function mutants with truncated
transcripts

Quantitative RT-PCR showed that the functional ORRM6 tran-
script (i.e., the full length ORRM6 transcript without the T-
DNA insertion) cannot be detected in either orrm6 mutant
(Fig. 1 in ref.29). This suggests that orrm6–1 and orrm6–2 are
loss-of-function mutants. To confirm this, BEDtools and Inte-
grative Genomics Viewer were used to examine the exon cover-
age of the ORRM6 transcript (Fig. 1) with RNA-seq data from
the wild type and the orrm6 mutants. The relative abundance
of the first exon in the orrm6 mutants is approximately 60%
lower than that in the wild type (Fig. 1B). In the orrm6mutants,
exons 2-4 are almost completely absent (Fig. 1). These data
confirmed that T-DNA insertions in the first intron of the
ORRM6 gene result in a truncated ORRM6 transcript lacking
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exons 2–4. The first exon encodes the first 82 amino acids,
which correspond to the chloroplast transit peptide and the
region between the chloroplast transit peptide and the RRM.
Therefore, it is likely that the correspondingly truncated
ORRM6 protein does not contain the RRM. T-DNA insertions
could also result in early termination codons and the Integra-
tive Genome Viewer detects improper splicing of the orrm6–1
transcript. Both of these could lead to nonsense-mediated decay
of the ORRM6 transcript.31

Sanger sequencing and whole-transcriptome RNA-seq
revealed that ORRM6 is required at 2 plastid RNA editing
sites: psbF-C77 and accD-C794

Sanger sequencing of reverse transcription-PCR products from
the wild-type and orrm6 mutant plants suggested that ORRM6
is required in editing at 2 plastid RNA editing sites: psbF-C77
and accD-C794. To investigate whether ORRM6 plays addi-
tional roles, we performed Sanger sequencing of reverse tran-
scription-PCR products of other plastid transcripts (Fig. 2).
The results from Sanger sequencing revealed that other plastid

RNA editing sites are not substantially affected by the loss-of-
function mutations in the ORRM6 gene (Fig. 2).

To quantitatively determine the editing extents at accD-
C794, psbF-C77, and other plastid RNA editing sites, we per-
formed whole-transcriptome RNA-seq of Illumina TruSeq
libraries made from total mRNAs, as described previously.17,32

In brief, total leaf RNAs were extracted from the wild type and
the orrm6 mutants (4 biologic replicates per genotype), rRNAs
in the total RNA samples were depleted before mRNA library
construction, and the resulting mRNA libraries were sequenced
on an Illumina HiSeq 2500. After removal of adaptor sequences
and initial checks on sequence quality, sequences (reads) were
mapped to a reference genome and assembled into a table with
the TopHat software and were visualized with the Integrative
Genomics Viewer.32,33 The proportion of edited and unedited
mRNAs was calculated for each of the known plastid RNA edit-
ing sites. Whole-transcriptome RNA-Seq data identified 2 plas-
tid RNA editing sites that are substantially and consistently
reduced in both orrm6–1 and orrm6–2 mutants: psbF-C77 and
accD-C794. The editing extent at accD-C794 was 85.8% in the
wild type and it was reduced to 30.7% in orrm6–1 and 29.0% in

Figure 1. Analysis of ORRM6 transcript levels in the wild-type and orrm6 mutant plants. (A-C) Visual representation of exon reads in RNA samples prepared from orrm6–1,
orrm6–2, and wild-type (WT) plants. Integrated Genomic Viewer was used to visually display exon coverage of ORRM6. Each rectangle represents a single 50 bp read and
thin lines show reads spanning introns. (D) Numbers of ORRM6 exon reads in RNA samples prepared from the wild-type and orrm6 mutant plants. Total RNA was extracted
from mature leaves and analyzed with whole-transcriptome RNA-seq. The values (mean C SE, nD 4) have been normalized by the library size.
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orrm6–2; the editing extent at psbF-C77 was 97.1% in the wild
type and it was reduced to 6.8% in orrm6–1 and 6.3% in
orrm6–2 (Table 1). In addition to psbF-C77 and accD-C794,
whole-transcriptome RNA-seq showed that editing at the inter-
genic site between ndhK and ndhJ is absent in both orrm6

mutants (Table 1). The biologic significance of this intergenic
RNA editing site is not clear. In the wild-type Arabidopsis, only
approximately 4.2% of the C target at this RNA editing site was
changed to T (Table 1). It is possible that some infidelity exists
without detrimental effects on the plant. Taken together, these

Figure 2. Sanger sequencing of plastid RNA editing sites in the wild-type and orrm6 mutant plants. (A) Analysis of RNA editing at accD-C1568, atpF-C92, clpP-C559, matK-
C640, ndhB-C149, ndhB-C467, ndhB-C586, and ndhB-C708. (B) Analysis of RNA editing at ndhB-C726, ndhB-C746, ndhB-C830, ndhB-C836, ndhB-C872, ndhB-C1255, ndhB-
C1481, and ndhD-C383. (C) Analysis of RNA editing at ndhD-C674, ndhD-C878, ndhD-C887, ndhF-C290, ndhG-C50, petL-C5, psbE-C214, and psbZ-C50. (D) Analysis of RNA
editing at rpl23-C89, rpoA-C200, rpoB-C338, rpoB-C551, rpoB-C2432, rpoC1-C488, rps12-intron, rps14-C80, and rps14-C149. RT-PCR products surrounding the editing sites
were directly sequenced. The 7-nucleotide sequences encompassing the cytidine target (underlined) were shown. The corresponding genomic sequences of these 2 sites
were displayed as controls.
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whole-transcriptome RNA-Seq data are consistent with the
results from Sanger sequencing, strand-and-transcript-specific
PCR sequencing, and poisoned primer extension.29

Gene set enrichment pathway analysis revealed that
expression of genes involved photosynthesis is
significantly upregulated in the orrm6 mutants

It was previously found with quantitative reverse transcription
(RT)-PCR that the transcript levels of photosystem II (PSII)
genes psbA, psbB, and psbI (where psb refers to PSII) are signifi-
cantly increased in the orrm6–2 mutant (see Supplemental
Fig. S3 in ref.29). To further investigate gene expression changes
in orrm6 mutants versus wild type, gene set enrichment analy-
sis was performed using the Generally Acceptable Gene-set
Enrichment (GAGE) software and the Gene Ontology biologic
process gene sets.34,35 Pathways were discovered by comparing

gene sets in the Gene Ontology biologic process pathways for
Arabidopsis using normalized counts for the wild type vs. a sin-
gle mutant line and looking for significance. Significantly upre-
gulated pathways are shared among the 2 orrm6 mutants
(Table 2). Of the shared upregulated pathways, 5 of them are
gene sets for photosynthetic processes. These data are consis-
tent with the previous quantitative RT-PCR analysis which
showed increased transcript levels of PSII related genes despite
decreased PSII efficiency.29 The increased expression of photo-
synthetic genes might be a compensatory response to the
reduced PSII electron transport rate in the orrm6 mutants.

ORRM6 is a unique C-to-U RNA editing factor in the plastid

ORRM6 differs from ORRM1, the other plastid-targeted
ORRM protein, in that it does not contain any RIP/MORF
boxes. The 2 RIP/MORF boxes in ORRM1 are required for its

Table 1. Editing extents at plastid RNA editing sites in wild-type and orrm6 mutant plants.

Gene Genome positiona Edited nucleotideb D amino acid WT orrm6–1 orrm6–2 orrm6 - WTc

accD 57868 C794 S265!L 85.8§ 3.2 30.7§ 3.0��� 29.0§ 2.0��� ¡56.0
accD 58642 C1568 3’-UTR 83.5§ 1.6 78.8§ 2.2 78.3§ 1.3 ¡4.9
atpF 12707 C92 P31!L 94.9§ 0.2 95.1§ 0.3 93.8§ 0.4 ¡0.4
atpH 13210 C298 3’-UTR 4.4 § 0.6 4.5 § 0.3 4.9§ 0.3 0.3
clpP 69942 C559 H187!Y 81.3§ 0.5 82.8§ 0.7 78.0§ 0.7�� ¡1.4
matK 2931 C640 H214!Y 71.9§ 8.6 74.4§ 4.8 79.9§ 0.3 5.2
ndhB 97016 C149 S50!L 56.9§ 19.9 66.6§ 11.4 67.3§ 5.6 10.1
ndhB 96698 C467 P156!L 76.6§ 4.9 84.0§ 0.8 86.1§ 0.5 8.5
ndhB 96579 C586 H196!Y 74.6§ 3.2 78.8§ 1.3 81.9§ 1.0 5.8
ndhB 96457 C708 I236!I 3.6 § 0.5 3.2 § 0.2 3.2§ 0.4 ¡0.4
ndhB 96439 C726 F242!F 3.5 § 0.4 3.1 § 0.3 2.7§ 0.2 ¡0.6
ndhB 96419 C746 S249!F 84.8§ 5.8 72.5§ 3.3 76.6§ 2.2 ¡10.3
ndhB 95650 C830 S277!L 74.7§ 1.1 75.9§ 2.0 77.5§ 1.7 2.0
ndhB 95644 C836 S279!L 66.2§ 2.5 61.2§ 2.3 61.0§ 2.5 ¡5.0
ndhB 95608 C872 S291!L 61.9§ 4.5 64.9§ 1.0 59.3§ 4.5 0.2
ndhB 95225 C1255 H419!Y 87.8§ 1.1 87.5§ 1.4 88.0§ 1.4 0.0
ndhB 94999 C1481 P494!L 88.2§ 1.0 84.3§ 0.7� 85.2§ 0.7 ¡3.5
ndhD 117166 C2 T1!M 46.4§ 4.1 36.8§ 5.7 51.2§ 2.0 ¡2.5
ndhD 116785 C383 S128!L 95.4§ 1.2 96.9§ 0.3 96.7§ 0.8 1.4
ndhD 116494 C674 S225!L 73.8§ 2.0 74.3§ 4.9 78.3§ 2.0 2.5
ndhD 116290 C878 S293!L 79.1§ 2.0 83.7§ 1.3 86.2§ 0.5� 5.8
ndhD 116281 C887 P296!L 76.7§ 5.7 87.9§ 0.6 87.9§ 0.9 11.2
ndhF 112349 C290 S97!L 23.4§ 4.8 21.4§ 3.6 26.8§ 2.7 0.7
ndhG 118858 C50 S17!F 68.4§ 6.3 81.3§ 4.0 75.9§ 1.4 10.2
ndhK-ndhJ 49209 C726d Intergene 4.2 § 0.5 0.0 § 0.0�� 0.0§ 0.0�� ¡4.2
petL 65716 C5 P2!L 35.1§ 12.3 50.4§ 10.4 55.8§ 11.4 18.0
psbE 64109 C214 P72!S 99.3§ 0.1 99.1§ 0.2 99.2§ 0.0 ¡0.2
psbF 63985 C77 S26!F 97.1§ 0.3 6.8 § 0.2��� 6.3§ 0.3��� ¡90.5
psbZ 35800 C50 S17!L 61.3§ 8.6 49.6§ 8.8 58.9§ 5.0 ¡7.1
rpl23 86055 C89 S30!L 82.3§ 1.9 78.1§ 0.9 78.5§ 0.3 ¡4.0
rpoA 78691 C200 S67!F 58.9§ 5.4 64.2§ 4.4 61.7§ 4.6 4.0
rpoB 25992 C338 S113!L 65.9§ 16.6 70.4§ 17.7 65.4§ 8.3 1.9
rpoB 25779 C551 S184!L 38.1§ 9.1 30.8§ 7.7 27.2§ 2.5 ¡9.2
rpoB 23898 C2432 S811!L 69.9§ 7.0 70.0§ 3.3 60.3§ 4.9 ¡4.8
rpoC1 21806 C488 S163!L 20.8§ 2.9 26.7§ 1.2 27.4§ 2.9 6.2
rps4 45095 C734 3’-UTR 3.2 § 0.2 1.9 § 0.5 2.5§ 0.2 ¡1.0
rps12-intron 69553 C(i1 58)e intron 19.5§ 1.1 13.5§ 3.2 18.6§ 4.0 ¡3.5
rps14 37161 C80 S27!L 96.4§ 0.4 95.1§ 0.2 94.8§ 0.3� ¡1.4
rps14 37092 C149 P50!L 87.6§ 2.3 91.0§ 0.2 90.7§ 0.4 3.2
ycf3-intron 43350 C(i2 174)f intron 7.5 § 0.9 4.5 § 0.3� 7.8§ 0.5 ¡1.4

The editing extents were determined with the whole-transcriptome RNA-seq method. The values (mean § SE, n D 4) are given as the ratio of the edited transcript to
edited plus unedited transcripts. The asterisk indicates significant difference between the mutant and the wild type (WT) (Student’s t-test; �, p < 0.05; ��, p < 0.01; ���,
p < 0.001).

a The Arabidopsis plastid genome reference sequence (NCBI accession number NC_000932.1) was used to indicate the genome positions of the editing sites.
b TheC targets are numbered relative to the nucleotide A of the predicted translation initiation codon ATG, where A D 1.
c This column shows the average difference in editing extents between the wild type (WT) and orrm6 mutants.
d The C target is numbered relative to the nucleotide A of ATG of the ndhK transcript, where A D 1.
e The target C is the 58th nucleotide of intron 1 (i1 58).
f The target C is the 174th nucleotide of intron 2 (i2 174).
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interaction with PPR-DYW proteins.17 Consistent with the
absence of RIP/MORF boxes in ORRM6, this protein did not
interact with PPR-DYW proteins LPA66 and RARE1 in recip-
rocal bimolecular fluorescence complementation (BiFC)
assays.29 LPA66 and RARE1 are required for editing at
psbF-C77 and accD-C794, respectively.26,27 Interestingly,
ORRM6 was found to interact with RIP1/MORF8, RIP2/
MORF2, and RIP9/MORF9, when transiently co-expressed in
Nicotiana benthamiana leaves.29 Therefore we hypothesize that
the interaction between ORRM6 and RIP/MORF proteins may
compensate for the absence of RIP/MORF boxes in ORRM6.
ORRM6 was also found to interact with OZ1 and itself in BiFC
assays.29 Therefore, we propose that the editosome at psbF-C77
may require LPA66, ORRM6, RIP/MORF proteins (RIP1/
MORF8, RIP2/MORF2, and/or RIP9/MORF9), and OZ1, and
the editosome at accD-C794 may require RARE1, ORRM6,
RIP/MORF proteins (RIP1/MORF8, RIP2/MORF2, and/or
RIP9/MORF9), and OZ1 (Fig. 3).

ORRM6 is also unique due to the relatively small number of
RNA editing sites (psbF-C77 and accD-C794) that are affected
in the orrm6 mutants. On the contrary, loss-of-function muta-
tions in the ORRM1 gene resulted in near complete loss of

editing at 12 plastid sites,17 and loss-of-function mutations in
the ORRM2, ORRM3, and ORRM4 genes resulted in decreased
editing at 35, 32, and 262 mitochondrial sites, respectively.15,20

Therefore, it is possible that different ORRM proteins have dif-
ferent editing site specificities.

Materials and methods

Plant materials and growth conditions

The 2 Arabidopsis (Arabidopsis thaliana) T-DNA insertion
lines (orrm6–1 [SAIL_763_A05] and orrm6–2 [WiscD-
sLox485–488P23], both in Columbia ecotype) were obtained
from the Arabidopsis Biological Resource Center. Plants were
grown in a growth chamber on a 12-h-light/12-h-dark photo-
period, as described previously.36 The light intensity was
150 mmol photons m¡2 s¡1, the temperature was 20�C, and the
relative humidity was 50%.

Analysis of RNA editing by Sanger sequencing

The transcript regions surrounding Arabidopsis plastid RNA
editing sites were amplified using Phusion High-Fidelity DNA
Polymerase (New England Biolabs) and primers listed in
Table 3. The PCR products were sequenced at the Michigan
State University Genomics Facility, using the Sanger method
and the primers listed in Table 3.

Analysis of RNA editing extents by whole-transcriptome
RNA-Seq

Total leaf RNAs were extracted from the wild type and the
orrm6 mutants (4 biologic replicates per genotype) using the
RNeasy Plant Mini Kit (QIAGEN), digested with the RNase-
Free DNase I (QIAGEN), re-purified with the RNeasy Plant
Mini Kit, and submitted to the Michigan State University
Genomics Facility for downstream processes. rRNAs were
depleted with the Ribo-Zero rRNA Removal kit for plant leaf
(Illumina). Sequencing libraries were prepared using the Tru-
Seq Stranded Total RNA Low Throughput Library Prep Kit
(Illumina). The libraries were first run on a LabChip GX system
(Perkin Elmer) to assess the size distribution of the library frag-
ments and estimate a mean fragment size. The libraries were
then quantified using both a Qubit fluorimetric assay and a
Kapa Biosystems library quantification qPCR method to deter-
mine the molar concentration of each library and adjust each
library to a standard concentration. After quality control and
quantitation, the 12 libraries (3 genotypes¡wild type, orrm6–1,
and orrm6–2; 4 biologic replicates per genotype) were pooled
on an equal equimolar amount basis and loaded on 2 lanes of
an Illumina HiSeq 2500 Rapid Run flow cell (v1). Base calling
was done by the Illumina Real Time Analysis (RTA) v1.17.21.3
software and output of RTA was demultiplexed and converted
to the FastQ format by the Illumina Bcl2fastq v1.8.4 software.

Prior to analysis of RNA-Seq data, the adaptor sequences
were removed using trimmomatic v 0.32 software (http://www.
usadellab.org/cms/?page D trimmomatic).37 The resulting data
files were filtered by FASTQ Quality Filter in the FASTX-tool-
kit v0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/) so that

Table 2. Gene sets that were significantly upregulated in the orrm6–1 and orrm6–
2 mutants.

WT vs. orrm6–1 p value WT vs. orrm6–2 p value

DNA-templated
transcription, elongation

0.020 DNA-templated
transcription, elongation

0.012

Photosynthetic electron
transport in PSII

0.030 Photosynthesis 0.021

Photosynthetic electron
transport chain

0.031 Photosynthetic electron
transport chain

0.025

Electron transport chain 0.032 Electron transport chain 0.025
PSII assembly 0.033 PSII assembly 0.025
Photosynthesis 0.045 Photosynthesis, light

reaction
0.026

Photosynthesis, light
reaction

0.049 Photosynthetic electron
transport in PSII

0.028

Gene sets significantly upregulated in the orrm6 mutants were discovered through
the Generally Acceptable Gene-set Enrichment pathway analysis of the RNA-seq
data, using the Gene Ontology biologic process gene sets.

Figure 3. Tentative models for editosomes at the psbF-C77 and accD-C794 RNA edit-
ing sites based on protein-protein interaction data. (A) Model for the editosome at
psbF-C77. (B) Model for the editosome at accD-C794. For simplicity, only one name
is shown for proteins with multiple names (e.g.,"RIP1" for RIP1/MORF8). Black lines
represent transcripts; the letter C in blue boxes represents the cytidine target.
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only reads with at least 85% of base calls with a quality score of
20 were kept. The kept reads were aligned with the Tophat
mapping software,32 using the TAIR10 Arabidopsis genome
released by Ensembl38 as the reference genome. The Integrative
Genomics Viewer (http://software.broadinstitute.org/software/
igv/)33 was used to navigate to RNA editing sites and editing
extents were calculated by dividing T base calls by C C T base
calls.17 The 4 replicates per line were averaged and a student’s
2-tailed t-test was performed between the wild type and the
orrm6 mutants.

Gene expression and pathway analyses of the RNA-seq
data

Following alignment of reads as described above, differential
gene expression analysis was performed using a combination of
SAMtools (http://samtools.sourceforge.net/),39 htseq-count
(http://www-huber.embl.de/HTSeq/doc/overview.html),40 and
edgeR ( https://bioconductor.org/packages/release/bioc/html/
edgeR.html)41 programs and a previously developed protocol.32

Pathway analysis was performed with the Generally Applicable
Gene-set Enrichment (GAGE, http://bioconductor.org/pack
ages/release/bioc/html/gage.html) program,35 using the Gene
Ontology for biologic process gene sets. During the GAGE

pathway analysis, the “pseudo.counts” expression counts from
the RNA-seq data were used because they accounted for the
transformations performed to normalize read counts by library
size. A paired t-test was performed between the wild type and
the orrm6 mutants; the resulting gene sets with statistically sig-
nificant changes were outputted to text files using the geneData
function.

Exon coverage analysis of the ORRM6 gene

The start and end regions of the 4 exons in the ORRM6 gene
were defined using the TAIR Ensembl 10 genome annotation
file.38 Exon regions were compiled into a BED file for analysis
with the program BEDtools.42 The BEDtools coverage tool was
used to examine read depth at the defined exons in the wild
type, orrm6–1 and orrm6–2 (n D 4 for each genotype). The
resulting read counts were combined into an Excel file and the
ratios of exon counts to total read counts were compared.
Visual inspection of exon coverage was done by navigating
Integrative Genomics Viewer to the ORRM6 gene.33
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