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Abstract

Cytoplasmic male sterility (CMS) is a widespread phenomenon in flowering plants caused by mitochondrial (mt)
genes. CMS genes typically encode novel proteins that interfere with mt functions and can be silenced by nuclear
fertility-restorer genes. Although the molecular basis of CMS is well established in a number of crop systems, our
understanding of it in natural populations is far more limited. To identify CMS genes in a gynodioecious plant, Silene
vulgaris, we constructed mt transcriptomes and compared transcript levels and RNA editing patterns in floral bud
tissue from female and hermaphrodite full siblings. The transcriptomes from female and hermaphrodite individuals
were very similar overall with respect to variation in levels of transcript abundance across the genome, the extent of
RNA editing, and the order in which RNA editing and intron splicing events occurred. We found only a single genomic
region that was highly overexpressed and differentially edited in females relative to hermaphrodites. This region is
not located near any other transcribed elements and lacks an open-reading frame (ORF) of even moderate size. To
our knowledge, this transcript would represent the first non-coding mt RNA associated with CMS in plants and is,
therefore, an important target for future functional validation studies.
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Introduction

Unlike the small and gene-dense mitochondrial (mt) genomes of
animals, the mt genomes of flowering plants are large and highly
variable in size (66 kb to 11.3 Mb; Alverson et al., 2010, 2011;
Sloan et al., 2012a; Skippington et al., 2015). These genomes
contain numerous regions of unknown origin, as well as DNA
transferred intracellularly from the nucleus or plastids or trans-
ferred horizontally from different species (Rice et al., 2013).
These large angiosperm mt genomes undergo frequent
recombination, resulting in extensive genomic rearrangements
(Arrieta-Montiel and Mackenzie, 2011). Recombination

across short repeats can create chimeric open-reading frames
(ORFs) that are occasionally transcribed and translated.
Cytoplasmic male sterility (CMS) can result when such chi-
meric mt genes interfere with mt function and lead to the
production of aborted anthers or inviable pollen (Horn et al.,
2014; Touzet and Meyer, 2014). In some cases, nuclear fer-
tility-restorer (Rf) genes may inhibit CMS gene expression
and restore pollen production (Hu et al., 2014). CMS thus
represents a mitochondrial-nuclear interaction and has been
intensively studied to understand plant mt genome evolution
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(Ingvarsson and Taylor, 2002; Stadler and Delph, 2002;
Darracq et al., 2011; Fujii et al., 2011a; Luo et al., 2013).
CMS has also been widely exploited in crops to produce
hybrids with high yields, owing to heterosis (Chen and Liu,
2014; Huang et al., 2014).

Diverse mitochondrial and nuclear genes are involved in
CMS (Horn et al., 2014; Touzet and Meyer, 2014). Chimeric
mitochondrial CMS genes often comprise pieces of essential
genes, including those encoding ATP synthase or cytochrome
¢ oxidase subunits (Sabar ez al., 2003; Hanson and Bentolila,
2004; Gillman et al., 2007; Kazama et al., 2008). Completely
unknown or unrecognizable ORFs also frequently contribute
to these chimeric genes (Kim ez al., 2007; Duroc et al., 2009).
The nuclear Rf genes suppress the effects of CMS genes either
by mRNA cleavage/degradation (Sabar et al., 2003; Kazama
et al., 2008; Wang et al., 2013) or by inhibition at the post-
translational level (Luo et al., 2013). Additionally, post-tran-
scriptional modification through RNA editing (Hammani
and Giegé, 2014) of CMS mitochondrial transcripts can
be involved in fertility restoration. The unedited orfB gene,
for example, was found to underlie male sterility in the wild
abortive (WA) cytoplasm of rice (Chakraborty et al., 2015).
Furthermore, complex mitochondrial-nuclear interactions
related to changes in amino acid sequence might be associ-
ated with CMS. For example, the CMS-G mt genome in sugar
beet harbors mutations in the cox/, cox2, and cox3 genes but
does not contain any candidate CMS gene or ORF (Darracq
etal.,2011). The COX proteins were shown to be altered and
the activity of cytochrome ¢ oxidase reduced in male sterile
plants. Compensatory mutations in the nuclear genes encod-
ing subunits of complex IV were proposed to restore male
fertility in sugar beet CMS-G (Darracq et al., 2011).

The colorful mosaic of molecular mechanisms underlying
CMS in agricultural plants probably represents only a tiny
fraction of the overall variety of male sterilizing factors in
angiosperms. Gynodioecy, a widespread plant breeding system
characterized by the co-occurrence of female (F) and hermaph-
roditic (H) individuals within populations, is often associated
with CMS (McCauley and Olson, 2008). Because of its impor-
tance in crop breeding, the genetic background of CMS has
thus far been investigated primarily in agricultural plants, and
very few CMS systems have been characterized at the molecu-
lar level in natural populations (Case and Willis, 2008; Darracq
etal,2011; Mower et al., 2012; Case et al., 2016).

One of the most thoroughly explored examples of CMS in
natural populations is in bladder campion (Silene vulgaris), a
model system for the investigation of gynodioecy (Bernasconi
et al, 2009), used in numerous population genetic studies
(e.g. Olson and McCauley, 2002; Storchova and Olson, 2004;
Sanderson et al., 2016). An unprecedented level of intraspe-
cific diversity has been revealed in the complete mt genome
sequences of four haplotypes of this species (Sloan et al.,
2012b). They differed not only in the sequence and structure
of intergenic regions but also in their gene content. The mt
genome of S. vulgaris undergoes frequent recombination and
is fragmented into several circular-mapping chromosomes,
with the number of chromosomes varying among haplotypes
(Sloan et al., 2012b).

It has been proposed that elevated levels of mtDNA poly-
morphism in some Silene species (including S. vulgaris) are
maintained by balancing selection acting on CMS genes
(Stadler and Delph, 2002; Houliston and Olson, 2006; Touzet
and Delph, 2009). Several candidate CMS genes were iden-
tified in the complete mt genomic sequences of S. vulgaris
(Sloan et al., 2012b), including the Bobt gene which was dif-
ferentially expressed between F and H plants (Storchové
etal,2012).

Recent improvements in high-throughput sequencing
methods greatly facilitate the discovery of CMS genes, which
can be predicted in whole-genome sequences based on their
chimeric nature or as unknown ORFs (Grewe et al., 2014).
Differentially expressed genes and differentially edited RNAs
associated with CMS may be identified by comparing mt
transcriptomes of male-sterile and male-fertile plants (Stone
and Storchova, 2015).

In this study, we used RNA-seq to comprehensively investi-
gate mt gene expression in S. vulgaris. We chose the KOV hap-
lotype because no chimeric CMS candidates (chimeric ORF
>50 aa) were found in its mt genome (Sloan et al., 2012b). We
compared transcript abundances and editing extent between
F and H siblings with the aim of identifying features associ-
ated with CMS. We also performed an analysis to determine
the order in which RNA editing and intron splicing events
occur. Although F and H transcriptomes were very similar
overall, our analyses revealed a single genomic region that was
highly overexpressed and differentially edited in Fs relative to
Hs. This region lacks an ORF of even moderate length. If a
causal role in male sterility were confirmed for this transcript,
it would represent the first case, to our knowledge, of a non-
coding mt RNA associated with CMS in plants.

Methods

Plant material

Silene vulgaris KOV haplotype was collected in the Czech Republic
in Kovary Meadows (Elansary et al., 2010). A single F plant was
pollinated by an H plant of the same haplotype originating from a
different mother in 2012. The progeny were cultivated in the Institute
of Experimental Botany greenhouse under supplemental lighting
(16/8 h light/ dark) in pots filled with perlite, vermiculite, and coco-
nut coir (1:1:1), and fertilized 2-3 times per week depending on the
season. The plants were cut back multiple times to prevent self-seed-
ing. Three F and three H full-sib individuals were selected and tested
for homoplasmy by amplifying, cloning, and sequencing the highly
polymorphic atpl gene, using the pGEM T-easy vector (Promega,
WI, USA). The sequences of all 20 clones from each individual were
identical.

RNA and DNA extraction

Flower buds (<3 mm) from each individual were collected and flash-
frozen in liquid nitrogen. Total RNA (>100 nt) was extracted with
an RNeasy Plant Mini Kit (Qiagen, Germany). Additional flower
buds were collected at the same time and used to isolate total DNA
with a DNeasy Plant Mini Kit (Qiagen) for the estimation of gene
copy number. RNA was treated with DNase I, using a DNA-free kit
(Ambion, Foster City, TX, USA). If necessary, the DNase treatment
was repeated twice to eliminate any traces of genomic DNA. A 10-ug
sample of RNA from each individual was dried in GenTegra tubes
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(GenTegra, Pleasanton, CA, USA) according to the manufacturer’s
instructions, and sent to the USC Epigenome Center (CA, USA).
Total RNA and DNA were also extracted from leaves, lateral roots,
and pollen by the same method for transcript and gene copy number
quantification. Pollen DNA was obtained in very small concentra-
tions that prevented reliable qPCR measurements, so only transcript
levels were determined for pollen.

Transcript level and gene copy number estimation

Complementary DNA (cDNA) was synthesized using Transcriptor
HF Reverse Transcriptase (Roche Applied Science, Mannheim,
Germany) following the manufacturer’s instructions. Briefly, 300 ng
of RNA and 1.2 nmol of random hexamers (total volume 11.4 pul)
were heated for 10 min at 65 °C, chilled on ice, and mixed with
Transcriptor buffer, 0.5 pl of Protector RNase Inhibitor, 2 pl of
10 mM dNTPs, 1 pl of 100 mM DTT, and 10 units of reverse tran-
scriptase (RT) in a final volume of 20 pl. First-strand cDNA was
synthesized at 29 °C for 10 min, then 48 °C for 60 min with final
heating to deactivate reverse transcriptase at 85 °C for 5 min. Two
independent RT reactions were carried out for each RNA sample.

Quantitative PCR was performed using Light Cycler 480 SYBR
Green I Master on a LightCycler 480 instrument (Roche Applied
Science). The reaction mixture contained 5 pl 2X MasterMix, prim-
ers in specific concentrations (see Supplementary Data Set S1F at
JXB online), and 2.5 pl of 20x diluted first-strand cDNA in a total
volume of 10 pl. Initial denaturation for 5 min at 95 °C was followed
by 50 cycles of 10 s at 95 °C, 10 s at 60 °C (mt rrnl8 at 58 °C, nuclear
18S rRNA at 64 °C), and 15 s at 72 °C. Amplification efficiencies
were estimated from calibration curves generated from a serial dilu-
tion of cDNA. The relative ratio of a target gene was calculated
as ¢,"/e, ™, where e, and e, correspond to the PCR efficiencies of
the reference and target genes, respectively, and CPr and CPt corre-
spond to crossing points (calculated as the maximum of the second
derivate of the fluorescence curve). A negative control was per-
formed using RNA instead of cDNA as a template in the reaction
mixture. Transcript levels were normalized with S. vulgaris mt rrnl8.
Each ¢cDNA sample was measured twice, and means and standard
deviations (SD) were calculated from four values (2 cDNAs x 2
measurements).

Gene copy number was estimated by qPCR in the same way as
transcript abundance. The intragenomic ratio of mt gene copy num-
bers was assessed relative to the mt rrnl8 gene. The ratio between
mt DNA and nuclear DNA was estimated relative to nuclear 18S
rDNA. Each measurement was repeated four times.

lllumina sequencing, read trimming, and quality filtering

Strand-specific cDNA libraries were prepared from total RNA after
rRNA elimination using Ribo-Zero Plant Leaf rRNA Removal Kit
(Illumina, San Diego, CA).). Mapped reads indicated a mean frag-
ment length of 227 nt with a SD of 118 nt. Illumina HiSeq 2000
sequencing generated paired-end reads (2 X 75 cycles). The reads
were trimmed using Trimmomatic 0.32 (Bolger et al, 2014) in
paired-end mode, which removed low-quality ends and any sequence
after the average quality of a four-base window dropped below 20.
Reads with a post-trim length of less than 48 were removed. A total
of 82.3% of read pairs passed filtering, and an additional 13.8% of
pairs had a single read pass. The mean post-trimming read length
was 74.1 bp.

Bioinformatic analyses

Initial alignment was performed using GSNAP v. 2014-12-23 (Wu
and Nacu, 2010) in paired-end mode and default settings otherwise.
GSNAP splice site prediction agreed with the annotated exons and
introns in the KOV mt genome (Sloan et al., 2012b), and no chi-
meric transcript was detected in any RNA sample. A new alignment
was performed using known splice junctions as a priori information
for GSNAP.

To reveal additional differentially expressed transcripts not dis-
covered by read mapping constrained to the genomic reference, we
performed de novo assembly using only reads that mapped to the mt
genome. Trinity 2.2.0 (Grabherr et al., 2011) was used to assemble
these paired-end, strand-specific reads. These mt-mapped reads were
then aligned to the de novo transcriptome, using bowtie2 (Langmead
and Salzberg, 2012), as implemented in Trinity. RSEM and edgeR
(Robinson et al., 2010) were used to allocate reads, estimate tran-
script abundances, and identify differentially expressed transcripts,
according to Trinity’s recommended workflow. Detailed bioinfor-
matic procedures are described in Supplementary Method S1.

Accession humber

Transcriptomic data from this article can be found in the GenBank
Short Read Archive under the accession number PRINA321915.

Results
Deep sequencing and read mapping

We produced RNA-seq data from total RNA extracted from
the flower buds of three F and three H S. vulgaris individu-
als. After rRNA elimination and RNA fragmentation, all
samples were sequenced in a single Illumina run, generating
approximately 33.3M read pairs per sample. On average, 82%
of read pairs passed quality filtering (27.4M per sample). An
additional 4.6M pairs had only a single read pass, with 75%
of these being the first read. These reads were then mapped
against the mt genome of S. vulgaris KOV, which consists of
six chromosomes (GenBank accession numbers JQ771300—
JQ771305). An average of 2.92M pairs per sample (10.7% of
read pairs after quality filtering) mapped to the mt genome.
The mapping yield was reduced to 2.40M pairs per sample
(8.8%) when mt regions with high plastid similarity were
excluded. The strand-specific library preparation was gener-
ally effective, with coding regions showing the expected pat-
tern of sense-strand coverage dominating antisense-strand
coverage. This was not absolute, however, as several reads
mapped to the antisense strand but showed editing that is
only possible on the sense strand. Assuming G-to-A edits do
not occur, a small fraction of reads, varying from less than
0.5% to 10%, appears to have been attributed to the incorrect
strand.

Depth of coverage (DOC) of mt genes and genomic
regions

We estimated read coverage of protein-coding genes, ORFs
longer than 300 bp, and intergenic transcribed regions (‘tran-
scription islands’). We also recorded DOC for rRNA and
tRINA features, but their values are not representative: rRNA
was depleted before the construction of ¢cDNA libraries to
enrich organellar mRNA, while small RNAs (< ~100 nt),
including tRNAs, were lost in the course of column-based
RNA extraction.

DOC varied roughly 10-fold among protein-coding genes,
with most between 5000 and 50 000 transcripts per million
(TPM) (Wagner et al., 2012). The most highly expressed fea-
ture was atpl, whereas matR, ccmB, ccmFe, and cemFn exhib-
ited the lowest DOC (see Supplementary Data Set S1A).
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Coverage values were consistent across all six individuals,
with standard deviations generally less than 30%. The most
prominent exception was rpl5 (Fig. 1A), which exhibited low
levels of coverage that varied approximately 10-fold among
individuals.

Six mt genes of S. vulgaris contain type II introns, and
three of them (nadl, nad2, nad5) generate trans-spliced tran-
scripts. DOC of individual exons of the same gene varied
substantially (Supplementary Data Set SIA). For example,

the nad7 exon 4 was covered only ~30% as deeply as adjacent
exons. Introns were, in general, covered less than the neigh-
boring exons, but their DOC still reached values typical for
protein-coding genes. A few introns, such as nadl trans-intron
1.2a (‘a’ denotes the 5" portion of the trans-spliced intron)
(Fig. 1B) or nad2 intron 3.4, exhibited a similar or higher
level of coverage than adjacent exons. High coverage of some
introns may reflect their independent existence after splicing
out of primary transcripts.
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Fig. 1. RNA-seq read coverages for genes and intergenic regions. Coverage was calculated based on a sliding window with a size of 75 bp and a step
size of 25 bp for (A-C), and on a single base resolution for (D) and (E). Mean depth of coverage (DOC) values across individuals are given by the lines of
the plots, while standard deviations in DOC are given by the blue bands. Values in (A-D) are for all six individuals examined, and in (E) they are split into
female (n=3) and hermaphrodite (n=3). (A) The ccmB and rpl5 genes. (B) Exons and introns of the nad5 and nad7 genes. Antisense coverage is shown
with negative y-values. (C) The matR gene with a ‘hole’ in the middle of the coding region. (D) The cob gene with transcripts lacking a stop codon. (E)
FSNR, which is highly expressed in females and not expressed above background levels in hermaphrodites. The size of this region is defined according

to the DOC threshold for ‘transcription islands’.
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Most trans-spliced introns are located far from transcribed
regions and therefore must utilize their own promoters.
However, nad? exons 3-5 may be co-transcribed with the
adjacent trnY gene. In addition, nadl exons 2-3 seem to be
co-transcribed with the rps/3-b pseudogene, which represents
only the 3" end of rpsi3. The 5" end of this gene, including
the promoter (rpsi3-a), was translocated to chromosome 3 in
the S. vulgaris KOV haplotype. Therefore, the rpsi3-b pseu-
dogene appears to have acquired a novel promoter that is now
associated with the transcription of nadl exons 2-3, which
may explain the relatively high DOC (>5000 TPM) for the
rps13-b pseudogene compared to the DOC for the rpsi3-a
pseudogene (~200 TPM) (Supplementary Data Set S1A).

Individual exons and mono-cistronic genes generally
showed only moderate variation in DOC, but matR repre-
sented a dramatic exception. The internal part of this gene
had much lower coverage than the first and last thirds of
the coding sequence, which correspond to the reverse tran-
scriptase (RT) and and maturase (X) domains, respectively
(Fig. 1C). In addition, a sudden drop in coverage before
the first in-frame stop codon was observed in atpl (see
Supplementary Fig. S1A), nad6 (Fig. S1B), ccmC (Fig. S1C),
and cob (Fig. 1D), suggesting many of these transcripts lack
stop codons.

We analyzed the coverage of 27 ORFs longer than 300 bp
(100 aa) that were previously identified in the S. vulgaris KOV
mt genome (Sloan et al., 2012b). Only ORFs within introns
or in close proximity to coding sequences were covered at a
level comparable to protein-coding genes (see Supplementary
Data Set S1B). We identified ‘transcription islands’ in inter-
genic regions, as defined using the distributions of coverages
in annotated and non-annotated areas (see Methods). Several
such islands were located in the vicinity of genes, and their
transcription might not be independent (Supplementary Data
Set SI1C). There were, however, 15 transcription islands with
DOC reaching the levels of protein-coding genes and located
hundreds or thousands of bp from the nearest transcribed
features (Supplementary Data Set S1C).

Differential expression between F and H individuals

In general, DOC was similar between F and H individuals
and consistent across biological replicates. There was only
one feature strongly differentially expressed between F and
H, located on chromosome 1 between the positions 151 800
and 152 200 (Fig. 1E). This region had ~15-fold higher DOC
in F than in H individuals, with a standard deviation less than
15% in each gender. The longest ORF in this region was a mere
18 bp. We refer to this feature as Female-Specific Noncoding
RNA (FSNR). We found no similar sequence in GenBank by
BLASTN or BLASTP search, except for a nearly identical
sequence in the mt genome of S. vulgaris MTV (JQ771306).
FSNR must be transcribed from its own promoter because
no transcribed feature occurs in its vicinity. The CGTATAA
motif found at positions 151 759-151 765 is a good candidate
for the FSNR promoter (Kithn et al., 2005).

Protein-coding genes were expressed similarly in both gen-
ders. A modest exception, ccmFn, had ~2.3-fold higher DOC

in H than in F individuals (Supplementary Data Set S1A).
In contrast, ccmFe had slightly lower DOC in H than in F
individuals. This resulted in a roughly 3-fold excess of ccmFc
over ccmFn in F individuals, whereas the two transcripts were
roughly equimolar in H individuals.

Experimental estimation of mt gene expression and
copy number

We developed reverse-transcriptase quantitative PCR (RT
qPCR) assays to examine the transcript levels and copy num-
bers of selected mt genes or genomic regions. We analyzed
RNA and DNA extracted from flower buds, leaves, roots,
and pollen of the same six individuals used for RNA-seq and
six additional full-sibs. FSNR showed significantly higher
expression in F than in H in flower buds and leaves (Fig. 2A),
although the difference was only 2-fold, much lower than the
14-fold difference estimated from RNA-seq data. We also
used qPCR to measure FSNR expression in flower buds of
three additional F and three additional H individuals from
the same cross, as well as from five F and five H plants from
two independent crosses. We found 2- to 3-fold differences,
which were similar to the qPCR values detected in the plants
used for RNA-seq analyses. The simplest explanation for the
discrepancy between qPCR and RNA-seq DOC would be
trace contamination with genomic DNA. We excluded this
possibility noting the absence of PCR amplification when
RNA was used as a template. The preparation of cDNA
libraries for RT qPCR and Illumina sequencing follows dif-
ferent protocols, which might account for the observed quan-
titative inconsistency of the two methods. FISNR transcript
levels in roots were comparable between the sexes (Fig. 2A).

The FSNR copy number in genomic DNA measured
against mt rrnl8 was close to 1 across all of the samples, con-
firming equimolar ratios among the mt genes. In contrast,
the estimated copy number of FSNR relative to nuclear 18S
rDNA was lower in leaves compared to other tissue types, a
pattern that was also observed for other mt genes and regions.
This mt copy number reduction suggests a lower mt DNA
content in the leaves, relative to nuclear DNA (Fig. 2C).

We selected the coding sequence (CDS) and 5" untranslated
region (UTR) from nad9 as an example of a highly expressed
mt gene and from matR as an example of a low-expression
gene. The RT qPCR results were in agreement with DOC
for each of the respective genes. The nad9 transcript levels
were the highest, and matR transcript levels were the lowest
with no significant differences between H and F individu-
als. Interestingly, all four tested genic regions showed non-
significant variation in the ratio of mt DNA to nuclear DNA
between F and H plants. The ratio was slightly higher in H
flower buds and in H roots.

Finally, we chose an intergenic region with variable DOC
for RT qPCR validation. The region between positions 1-400
of the smallest chromosome 6 (called Start of the smallest
6 or Ss6) displayed moderate DOC in some individuals and
nearly zero coverage in others with no clear association with
gender. Chromosome 6 is highly conserved among the four
sequenced S. vulgaris mt genomes (Sloan et al., 2012a), which
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suggests its functional importance, despite the absence of any
gene. Transcription of this chromosome further indicates its
functionality.

RT gPCR measurements showed variable transcription of
the Ss6 region, higher in flower buds and leaves than in roots
or pollen. Unlike other mt regions with nearly equimolar
ratios, the Ss6 copy number was 2- to 5-fold higher than mt
rrnl8. Leaves and roots contained more copies of this region
(and probably of the entire chromosome 6) than flower buds.
When the variation in Ss6 copy number is taken into account,
we may conclude that Ss6 is transcribed highly in flower buds,
less so in leaves, and very little in roots, with large differences
among individuals (Fig. 2B).

RNA editing differences between females and
hermaphrodites

We examined C-to-U RNA editing throughout the S. vulgaris
KOV mt transcriptome. We identified 377 RNA editing sites
(see Supplementary Data Set S1D, Fig. S2) that met mini-
mum coverage and quality thresholds. We verified 31 addi-
tional sites that were either undetected or did not meet quality
thresholds by revisiting sites edited in other taxa. Thus, we
confirmed a total of 408 well-supported, single-copy editing
sites in the S. vulgaris KOV mt transcriptome.

Editing was generally conserved among individuals and
consistent between sexes (Fig. 3, Supplementary Data Set
S1D). One notable exception was the partially edited site
within the FSNR (position 152 031; Supplementary Data Set

S1D), which was nearly unedited in H individuals and more
than 50% edited in F individuals. This suggests that not only
is the FSNR transcript differentially expressed between the
sexes, but that a corresponding editing factor is also differen-
tially expressed.

Distribution of editing sites

There were 298 unique editing sites in protein-coding regions
(including rpol and excluding introns), 264 of which result
in an amino acid change (Table 1). The ccm genes tended to
show high editing-site density, whereas cox/ (no editing sites),
atp8 (one editing site), and azpl (three editing sites) had the
lowest densities.

We found 15 editing sites in type II introns, nine of them
located in cis-spliced introns and six in trans-spliced introns.
Six editing sites are located in the stems of domains 1V, V, or
VI and may contribute to the stability of the RNA’s predicted
secondary structure. We compared intron edits in S. vulgaris
with editing sites reported in four other species — two with
comprehensive transcriptomes (S. noctiflora and tobacco)
and two with partial evidence from selected genes (Oenothera
and wheat; Supplementary Table S1). The number of intron
editing sites in S. vulgaris is comparable to the 12 detected in
tobacco (Grimes et al., 2014) and in S. noctiflora (Wu et al.,
2015a). The editing site in domain I of nad? trans-spliced
intron 2.3 was the only intron editing site observed in all five
species examined. Seven editing sites occurring in at least
one species were absent in both S. vulgaris and S. noctiflora.
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Five of these were edited in tobacco. Finally, we detected 93
editing sites located in intergenic regions (including ORFs).

Frequency of partial editing

The use of RNA-seq data allowed us to quantify the pro-
portion of transcripts that were edited at a given site. Non-
synonymous sites within CDS were edited to the highest
extent, followed by sites stabilizing the secondary structure of
group II introns. Synonymous sites were generally only par-
tially edited, though still more so than ORF and intergenic
sites (Fig. 3). Very few nearly-complete editing events were
observed in intergenic space, with the majority showing less
than 50% editing. Four intron sites were edited at a frequency
of less than 50%, all of which were in cis-spliced introns. All
identified trans-spliced intron edits occurred at a frequency
of greater than 50%. None of the four intron sites edited
at a frequency of less than 50% in S. vulgaris were found
in S. noctiflora, Oenothera, tobacco, or wheat. In contrast,
highly edited intron sites (with one exception) were observed
in the homologous position in at least one additional species.
The extent of editing at each site in intergenic regions and
transcription islands was much lower than in protein-coding
genes (Fig. 3). Only five of these sites were more than 50%
edited and only one (chromosome 3, position 20 896) showed
nearly-complete editing in all samples.

The order of RNA editing and splicing

Isolating reads derived from unspliced and spliced transcripts
made it possible to compare the extent of editing in tran-
scripts pre- and post-splicing for all sites neighboring splice

junctions. At nearly every position, the majority of reads
had been edited prior to splicing (Fig. 4). We also found
that the extent of editing in mature (spliced) transcripts was
greater than in pre-spliced transcripts for almost all sites (see
Supplementary Data Set SIE).

At a few sites, editing and splicing happen only in a par-
ticular order (Fig. 4), primarily those immediately down-
stream from splice junctions (Table 2). In nad7 exon 5 (3 bp
downstream from a splice site), editing happened only after
splicing. In a site in nadl exon 4 (14 bp downstream from a
splice site), very limited editing is observed prior to splicing.
In contrast, a site in nad5 exon 2 (12 bp downstream from a
splice junction) shows nearly complete editing prior to splic-
ing, indicating the pre-splice cis motif is targeted by its edit-
ing factor. Comparisons of pre- and post-splice cis motifs
preceding these two editing sites (Table 2) show differences of
5 or 4 nt, respectively. Although the post-splice editing site in
nadl exon 4 is more distant from the splice junction than the
pre-splice edit in nad5 exon 2, the pre- and post-splice motifs
differ more in nadl exon 4. An editing site located a single
nucleotide upstream from a splice site in nad7 exon 3 shows
no editing prior to splicing, as was noted by Li-Pook-Than
et al. (2007) in wheat. Interestingly, an editing site occurring
six nucleotides downstream from a splice junction in nad4
exon 3 was highly edited before splicing, in contrast with
observations from wheat (Li-Pook-Than et al., 2007).

In summary, most editing reactions precede splicing reac-
tions. The extent of editing prior to splicing varied from site
to site within and between transcripts (Fig. 5). In contrast,
variation among individuals was minor. There were no signif-
icant differences between F and H in the extent of pre-splice
editing (see Supplementary Data Set S1E).
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Table 1. Editing sites in the mt protein genes of three Silene
species

Length (bp) S. vulgaris S. latifolia S. noctiflora
Complex |
nad1 978 19(2) 19(2) 11(1)
nad2 1467 23(4) 21(3) 18(3)
nad3 357 8(1) 8(1) 5(1)
nad4 1488 16(0) 16(0) 11(0)
nad4L 303 10(1) 9(0) 6(1)
nad5 2019 18(0) 18(0) 15(0)
nad6 570 11(2) 10(2) 6(0)
nad7 1173 19(1) 19(1) 9(1)
nad9 579 6(1) 5(0) 1(0)
Complex Il
cob 1164 9(1) 9(1) 6(0)
Complex IV
cox1 1572 0(0) 0(0) 0(0)
cox2 77 4(0) 3(0) 2(0)
cox3 798 1(0) 1(0) 1(0)
Complex V
atp1 1509 3(0) 3(0) 0(0)
atp4 555 13(1) 11(1) 6(0)
atp6 720 11(1) 11(1) 7(0)
atp8 492 1(0) 2(1) 2(1)
atp9 225 2(0) 4(1) 1(0)
Cytochrome C biogenesis
ccmB 621 30(6) 27(4) 19(2)
ccmC 666 24(4) 23(3) 15(1)
ccmFe 1341 14(3) 12(1) 8(1)
ccmFfn 1743 23(2) 22(0) 16(2)
Ribosomal
pl2 1050 NP NP NP
rol5 558 6(0) 6(0) 4(0)
ol16 405 NP NP NP
ps3 1050 NP 4(0) 3(0)
rps4 1089 NP NP NP
ps7 447 NP NP NP
ps12 378 NP NP NP
rps13 351 0(0) 1(0) 0(0)
Other
matR 1986 8(1) 8(1) 6(1)
mttB 753 18(3) 15(0) 11(1)
Total 297(34) 287(23) 189(16)

The number of synonymous editing sites is in parentheses. NP
indicates the absence of a functional copy in the mt genome. The
numbers of editing sites that are different between S. vulgaris and
S. latifolia are in bold.

Discussion

Potential association between a non-coding RNA and
CMS in S. vulgaris KOV

We have performed a comprehensive comparison of mt
transcriptomes of female (F) and hermaphrodite (H) flower
buds of S. vulgaris and found only one significantly differ-
entially expressed feature: a transcription island located far
from the nearest transcribed sequence. FSNR had ~15-fold
higher coverage in F than H plants. The experimental estima-
tion of the FSNR transcript levels by RT qPCR confirmed

the differences between F and H in flower buds and leaves,
albeit to a lesser extent than shown by DOC, and similar lev-
els between the sexes in roots. The quantitative discrepancy
between RT qPCR and RNA-seq data may be for either tech-
nical or biological reasons. We excluded contamination by
genomic DNA experimentally. The protocol for cDNA prep-
aration in RNA-seq, unlike RT qPCR, involves RNA frag-
mentation, which may account for the observed discrepancy.

There were numerous stop codons scattered in all three
reading frames across 400 bp of the transcribed feature. The
longest ORF was only 18 bp long, which seems to exclude
the possibility that FSNR encodes a protein or peptide. While
very short ORFs coding for functional small peptides have
recently been identified in mammals and plants (Hellens
et al., 2016), they often occur in UTRs or are derived from
known coding sequences. FSNR is not similar to any record
in GenBank, except for a sequence in another mt genome of
S. vulgaris MTV) (JQ771306). FSNR is not only differen-
tially expressed, but it is also differentially edited, showing
a much higher extent in F than in H. It is also the strongest
case of differential editing between F and H individuals in
our data set. High transcription and editing suggest a func-
tional importance of FSNR, and possibly a role in CMS in
S. vulgaris. The difference in expression levels between F and
H individuals for FSNR contrasts with the overall similarity
of mt transcription between F and H individuals for the rest
of the genome. Minor differential expression was found in the
cemFe and cemFn genes. Their transcripts were roughly equi-
molar in H plants, but a 3-fold excess of ccmFc over ccmFn
was found in F plants. This subtle change may represent a
consequence of CMS, but a causal link with male sterility
cannot be excluded. The ORFs previously detected in the
KOV genome (Sloan et al., 2012b) were transcribed above
background levels only in cases where they overlapped UTRs
or introns (see Supplementary Data Set 1B). Low transcrip-
tion makes it unlikely that any of these ORFs yield protein
products that participate in CMS. In conclusion, our com-
parative study of mt transcriptomes rules out a more typical
chimeric CMS gene and reveals FSNR as the strongest CMS
candidate in S. vulgaris KOV. However, further functional
characterization would be required to determine whether dif-
ferential expression in this region is directly responsible for
CMS, is part of a more complex mitochondrial-nuclear inter-
action leading to CMS, or is only a consequence of CMS.

It is difficult to imagine how this region may influence or
impair mitochondrial functionality and pollen production.
There is no report of mt non-coding RNA associated with
CMS in plants and only a few studies recording non-coding
RNA candidates in plant mitochondria (Dietrich ez al., 2015).
Five non-messenger RNAs were described in Arabidopsis
thaliana mitochondria based on a cDNA library survey
(Marker et al., 2002). Recent plant mt transcriptomic studies
have confirmed that a high proportion of intergenic regions
are transcribed, albeit mostly at low levels (Fujii et al., 20115;
Grewe et al., 2014; Grimes et al., 2014). Wu et al. (2015a) con-
ducted a comprehensive survey of small mt RNAs in Silene
noctiflora. They mostly resulted from the degradation of long
transcripts, but some candidates for functional small RNAs



Non-coding RNA and cytoplasmic male sterility | Page 9 of 14

Fraction of Editing
Completed Prior to Splicing

-550 -450 -350 -250 -150

-50 50 150 250 350

Distance from Splice Junction to Editing Site

Fig. 4. Editing achieved prior to splicing, as a fraction of post-splice editing extent for all sites with sufficient pre- and post-splice reads available (n=106
sites). The x-axis shows the distance from the nearest splice junction. Downstream positions are positive, upstream positions are negative. Data are

mean values (+SD) across all six individuals.

were also identified. The FSNR in S. vulgaris differs from
most previously described plant mt non-coding mt RNAs by
its large distance from transcribed genes or ORFs. It repre-
sents a true ‘transcription island’ within a genomic ocean.

As there is no sequence similarity between FSNR and the
rest of mt genome, we cannot speculate about the possibil-
ity of sequence-specific interference, such as in the case of
small interfering RNA. However, when we expand our search
to ORFs in FSNR with non-canonical start codons UUG,
AUA, or GUG, we find a 72-bp ORF beginning with UUG
and a 69-bp ORF starting with AUA. Non-canonical start
codons are only rarely found in plants, generally upstream
from coding sequences (Laing et al., 2015). If they are recog-
nized by the translation initiation factors, the short nascent
peptide or the process of a non-canonical translation initia-
tion may influence mt protein synthesis. Future research, par-
ticularly comparative proteomic studies of F and H plants, is
needed to test this possibility.

Our experimental design used siblings from the same
maternal parent, so under the assumption of maternal inher-
itance, F and H individuals should all share the same mito-
chondrial haplotype. However, this assumption might be
violated by processes known to affect plant mitochondrial
genomes, including paternal leakage (Pearl et al., 2009) and
substoichiometric shifting (Janska et al., 1998). We tested for
potential effects of these processes in the following ways: (1)
we cloned and sequenced the highly polymorphic gene atpl
to rule out heteroplasmy and paternal leakage; and (2) we
completed a de novo mt transcriptome assembly using mt-
mapped RNA-seq reads and found no evidence of additional
differentially expressed transcripts or novel, 50+ aa ORF-
encoding chimeric proteins.

Variation in DOC among individuals and within genes

Gene coverage values were consistent across all six individuals
and had low standard deviations. The rpl5 gene was the only
exception, with 10-fold variation in DOC among individuals.
This gene is absent in the mt genomes of S. vulgaris MTV
and SD2, whereas a complete copy exists in KOV and S9L
(Sloan et al., 2012b). Highly variable expression descending
to negligible values in some individuals may reflect the early
(or even advanced) stages of a loss of function of this mt

gene in S. vulgaris KOV. Despite a conserved coding sequence
in the mt genome and conserved editing sites, 7p/5 may have
been functionally replaced by a nuclear copy.

RNA-seq coverage across entire coding sequences was gen-
erally high. Sudden drops in coverage before the stop codon
in four genes indicated the existence of transcripts without
in-frame stop codons. Such transcripts of cemC and nad6
were documented previously in A. thaliana and S. noctiflora
(Raczynska et al., 2006, Forner et al., 2007, Wu et al., 2015a),
while the absence of a stop codon in atp! transcripts was con-
firmed in S. vulgaris (Miiller and Storchova, 2013). In the case
of cob, however, this is the first report of transcripts lacking a
stop codon. In cases where the ends of a plant mitochondrial
transcript precede the first in-frame stop codon, regions of
prominent secondary structure may act as cleavage signals,
such as the tRNA-like structures (t-eclements) in ccmC and
nad6 (Forner et al., 2007) and the hairpin-like structure in
atpl (Miiller and Storchova, 2013). However, no such region
was identified near the 5" end of cob.

The matR gene exhibited a prominent drop in coverage (i.e.
a ‘hole’ of about 600 bp) in the middle of the gene (Fig. 1C).
The marginal parts of the matR coding sequence correspond
to the RT and X domains. The internal drop in coverage may
reflect the existence of two distinct mRNAs and the produc-
tion of the two MatR domains as separate protein molecules.
This scenario would be consistent with the recent finding in
Pelargonium that matR has been transferred to the nucleus
and split into two distinct genes (Grewe et al., 2016). In addi-
tion, the transcription of the matR domain X from an inter-
nal promoter, which also directed the co-transcription with
the trans-spliced nadl exon 5 and nad5 exon 3, was described
in wheat mitochondria (Farré and Araya, 1999). It is possible
that an internal promoter also exists in matR of S. vulgaris.
Alternatively, cleavage and degradation of the central portion
of matR mRNA may be responsible for the drop in coverage.
If the first domain of matR is translated from a short sepa-
rate transcript not containing an entire ORF, this truncated
mRNA represents the fifth transcript lacking a stop codon in
the S. vulgaris KOV mitochondria.

Variation in DOC across the length of genes may also be
affected by the abundance and accessibility of transcript frag-
ments for RNA-seq. For example, there is evidence of higher
abundance of small RNAs in some regions that are ‘protected’
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Table 2. The extent of RNA editing in spliced (upper-case) and unspliced (lower-case) mitochondrial transcripts of six exons of

S. vulgaris depending on the distance from the splice junction

Splice
Junction
Feature . . Num
CHR Position g:’:::::g: 5’ Sequence 3’ Sequence l:Er:iﬁE:;e: Esdrﬂ:::mzdt diff. '(I;?Sr?:(t;;
in bp) SD SD

1 16116 ”ad7(_‘?;°” 3 TCAATGTCTTCATGTCGCAL gacctcrraacattacaccd  0.01:0.04 0.99£0.006 NA NA?
1 13074 nadig;on 5 ggatcRtcogtetactctag CTOAATTCACCATTTCGAAC 000+0  0.99 +0.006 (;(13) spliced®
4 3508 ”ad‘(’fg;m 3 fectgaactattoactctac | ryGITGGGATGGGTGTTCAC  0.930.03  1.00 0.004 (1g) unsplicede
1 205720 ”ad(5+ ?;;’” 2 At tcaRC IaRE CROR GTTCGATAGCCOGACCGTAG  0.96 +0.01 100£0  4(6) unsplicede
1 102783 ”ad(ﬁz;’” 4 gaggctataatglagaatal | rCTTCAATGGGGTETGCTCT 043005 1000002 5(8)  spliced®
4 3586 ”ad(‘i?g‘)’” 3 fectgaactattoactctac | rygrreGGATGGGTGTTGAC — 079£0.07 0.99:0016 2(6)  unclear

@ The 5 cis-motif is unaltered by splicing. ® Editing is not observed in unspliced transcripts. ¢ Nearly-complete editing is observed prior to
splicing, therefore the unspliced cis-motif must be sufficient for editing factor binding. ¢ In contrast with S. vulgaris, this site appears only to be
edited after splicing in wheat [nad4 cd(+6); Li-Pook-Than et al., 2007]. ¢ Very limited editing observed prior to splicing, probably due to 15/20
similar bases in the spliced and unspliced cis motifs. f Editing site is far enough from the splice junction that either cis motif may be sufficient for
editing factor binding. Num. diff. — Number of differences between spliced and unspliced transcripts in 20 (25) nt upstream of the editing site.
The exon sequence is shown in upper-case letters. Positions homologous between spliced and unspliced cis-motifs are shaded. [C is the editing
site under investigation, C is another editing site in the depicted sequence.

by binding with pentatricopeptide repeat proteins (Ruwe and
Schmitz-Linneweber, 2012; Zhelyazkova et al., 2012).

Variation in mt gene copy number and mtDNA content

Unlike the stable number of nuclear genes existing in a sin-
gle cell, growing evidence indicates that not only the num-
ber of mitochondria per cell, but also genome copy number
per mitochondrion may vary (Woloszynska et al., 2006;
Preuten et al., 2010; Oldenburg and Bendich, 2015). In addi-
tion, the copy number of specific sequences and structural
variants within mitochondrial genomes can change dramati-
cally through a process known as substoichiometric shifting
(Arrieta-Montiel and Mackenzie, 2011). Accordingly, we con-
sidered both DOC and gene copy number measured by gPCR
to obtain realistic estimates of mt gene expression in S. vul-
garis. The gene copy numbers relative to mt rrnl8 were close
to 1 for FSNR, nad9, nad9 5 UTR, and matR. Therefore, the
observed variation in transcript levels must correspond to dif-
ferences in rates of transcription and/or RNA degradation
rather than shifts in DNA copy number. Minor deviations
from 1 in estimates of relative gene copy number (e.g. nad9)
may be due to a combination of statistical noise and partial
degradation or replication of specific regions (Oldenburg and
Bendich, 2015). These results are consistent with findings of
variable DOC across the genome from mt sequencing efforts
(Mower et al., 2012).

In contrast, the copy number of the Ss6 region was much
higher and more variable than the rest of the genome. It was
2-6 times higher than mt r7n/8 and varied across tissues and
individuals without any clear effect of gender. The Ss6 region
is located on chromosome 6 in the KOV genome and its copy
number most likely reflects the chromosome copy number.
Chromosome 6 is physically autonomous and exists in multim-
eric forms (Sloan et al., 2012b). The multimers of various size

and structure may be responsible for the detected variation in
the chromosome copy number. There are no annotated features
on chromosome 6; Ss6 is the only transcribed region. It contains
an imperfect inverted repeat that may underlie RNA secondary
structure. Ss6 is conserved across all four sequenced S. vulgaris
mt genomes, and is always found on the smallest chromosome.
Multiple autonomous chromosomes without annotated genes
were discovered in the massive mt genome of S. noctiflora (Sloan
et al., 2012a). Some of these contained transcribed regions (Wu
et al., 2015a) and were conserved across populations (Wu et al.,
2015b). It is possible that the Ss6 region on chromosome 6 of
S. vulgaris may perform a function despite the absence of ORFs.

High-frequency and partial RNA editing

In parallel with DOC, the extent of editing was very simi-
lar in F and H flower bud transcriptomes of S. vulgaris. The
only highly differentially edited site was located in the FSNR
region, which underlines its association with CMS in S. vul-
garis. There was a strong correlation between the extent of
editing and the impact of an editing event. Non-synonymous
sites in protein-coding sequences and sites stabilizing the
structure of group Il introns were edited to the highest extent.
In contrast, the vast majority of silent sites and edits in inter-
genic regions were only partially edited, which is consistent
with findings in other plant mt genomes (Wu et al., 2015q;
Guo et al., 2017). Trans-spliced intron sites, and adjacent
exons, generally showed higher editing extents than those
in or adjacent to cis-spliced introns (Fig. 5, Supplementary
Data Set 1D). This may be attributable to cis-splicing reac-
tions being generally faster than those in trans, affording the
intron of the immature transcript less time in an accessible
conformation. The set of 264 editing sites resulting in amino
acid changes in S. vulgaris (Table 1) is very similar but not
identical to the set of 264 non-synonymous edits found in mt
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Fig. 5. Editing extent before and after splicing for selected transcripts. Mean pre-splice edit extents are depicted on the y-axis with open circles and mean
post-splice values are depicted with closed circles. Genomic coordinates are given on the x-axis. Exon boundaries are indicated above the x-axis with gray
arrows and introns are depicted with open arrows. Cis-spliced introns are outlined in red and trans-spliced introns are outlined with a blue-to-gray fade, as
distal trans-intron boundaries are not precisely known. In some cases, particularly within introns, only pre-splice editing extents could be calculated.

genome of S. latifolia (Sloan et al., 2010). Ten highly edited
sites in S. vulgaris introns were found in at least one addi-
tional plant species, despite very limited information about
mt intron editing in angiosperms. Evolutionary conservation
indicates functional importance of the highly edited sites.

The order of editing and splicing

RNA-seq data enables us to identify reads derived from
unspliced transcripts and to assess their respective editing

extents. The comparison of editing in spliced and unspliced
RNAs makes it possible to estimate the order of editing and
splicing, two critical steps in mt gene expression. RNA-seq also
provides a higher resolution and much broader survey than
targeted cDNA sequencing, used in previous studies of the
editing/splicing order (Li-Pook-Than et al., 2007; Farré et al.,
2012). At nearly every position where the estimation was pos-
sible, the majority of transcripts had been edited prior to splic-
ing, which is in agreement with previous reports (Castandet
et al., 2010; Farré et al., 2012). However, pre-splice editing
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extents varied from site to site within transcripts, presumably
reflecting the relative rates of the individual editing reactions.
Furthermore, pre-splice editing extents also varied between
transcripts (Fig. 5), which may indicate differences in the rela-
tive rates of the splicing reactions. In contrast, the very limited
variation in the extent of pre-splice editing among individuals
emphasized the non-random character and precise control of
the factors underlying editing and splicing. The rates of the
editing and splicing reactions are complex, presumably influ-
enced by the concentrations and efficiencies of their factors as
well as the concentrations and accessibilities of the transcripts.
Nevertheless, by comparing the extent of editing in pre- and
post-splice transcripts, we gain perspective on the rates and
sequence of these post-transcriptional modifications.

We found only three positions where pre-splice editing was
zero or very low. The complete absence of editing in unspliced
nad7 exon 3 is intriguing. As the splicing event is downstream
from an editing event, it is not expected to affect the edit-
ing factor’s target sequence, although the base at this position
may influence editing factor binding. Previously, it has been
suggested that sterics or relative reaction rates may explain
this pattern (Li-Pook-Than et al., 2007). Given the enormous
predicted size of editing and binding factors (Fujii et al,
2011b), steric interference might be expected to act at a larger
distance. However, a block preventing the editing machinery
from interacting with the regular cis recognition motif does
not inhibit the splicing reaction. This suggests that the intron
may block editing prior to splicing due to the secondary
structure assumed by group II introns. Splicing occurs prior
to editing in this site both in wheat (Li-Pook-Than et al.,
2007) and S. vulgaris, indicating that the order of post-tran-
scriptional modifications is evolutionarily conserved.

The nad7 exon 5 and nadl exon 4 edit sites are located 3 and
14 nt downstream of the splice junction, respectively. These
sites apparently require splicing to create the cis motifs recog-
nized by the editing complex. In contrast, the nad4 exon 3 site,
placed 6 nt downstream from a splice junction, is almost com-
pletely edited before splicing, which indicates that the cis motif
in the unspliced transcript is sufficient for editing. Interestingly,
the same site was reported to be edited only after splicing in
wheat (Li-Pook-Than et al, 2007). The discrepancy in the
editing/splicing order between wheat and S. vulgaris suggests
the utilization of different cis recognition motifs for editing in
the two species: unspliced sequence in S. vulgaris and spliced
sequence in wheat. Distinct motifs may require different rec-
ognition proteins, or the S. vulgaris recognition factors may be
capable of recognizing both pre- and post-spliced sequences.

A detailed analysis of the editing and editing/splicing order
in mt transcriptomes from S. vulgaris showed a general uni-
formity and found only one marked difference between F and
H plants — the editing site within the FSNR region, which was
also differentially expressed between the genders. Although
the possibility that FSNR codes for an extremely short pep-
tide cannot be completely excluded, the most parsimonious
conclusion is that FSNR RNA is non-coding. Therefore,
FSNR represents an attractive candidate for future functional
validation studies to assess whether non-coding RNAs could
play a causal role in CMS.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. RNA-seq read coverages for genes producing tran-
scripts without stop codons.

Fig. S2. Least-squares estimates of mean RNA editing
rates for females and hermaphrodites by genomic location.

Table S1. RNA editing sites in the mitochondrial introns of
S. vulgaris and four additional angiosperm species.

Method S1. Bioinformatic analyses.

Data Set S1. Depth of coverage for genes, ORFs, and inter-
genic regions, editing sites, editing in spliced and unspliced
transcripts, and primers used in qPCR.

Acknowledgements

We thank Charles Nicolet for helpful advice on Illumina sequencing and
Zhigiang Wu for assistance with RNA editing data from Silene noctiflora. We
also thank two anonymous reviewers for comments on an earlier version of
this manuscript. Access to computing and storage facilities owned by parties
and projects contributing to the National Grid Infrastructure MetaCentrum,
provided under the program ‘Projects of Large Infrastructure for Research,
Development, and Innovations’ (LM2010005), is greatly appreciated. JDS
was supported by the project ‘Integration of the experimental and popu-
lation biology using new methods of interdisciplinary issues — the way to
excellence with young scientists’, Reg.No.: CZ.1.07/2.3.00/30.0048, funded
by the European Social Fund (ESF) and the state budget of Czech Republic
through the Operational Program Education for Competitiveness (OPEC).
Financial support through the grants of the Grant Agency of the Czech
Republic 16-09220S to HS and National Science Foundation MCB-1412260
to DBS is acknowledged.

References

Alverson AJ, Rice DW, Dickinson S, Barry K, Palmer JD. 2011.
Origins and recombination of the bacterial-sized multichromosomal
mitochondrial genome of cucumber. The Plant Cell 23, 2499-2513.

Alverson AJ, Wei X, Rice DW, Stern DB, Barry K, Palmer JD. 2010.
Insights into the evolution of mitochondrial genome size from complete
sequences of Citrullus lanatus and Cucurbita pepo (Cucurbitaceae).
Molecular Biology and Evolution 27, 1436-1448.

Arrieta-Montiel MP, Mackenzie SA. 2011. Plant mitochondrial
genomes and recombination. In: Kempken F, ed. Plant mitochondria. New
York:Springer, 65-82.

Bernasconi G, Antonovics J, Biere A, et al. 2009. Silene as a model
system in ecology and evolution. Heredity 103, 5-14.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer
for lllumina sequence data. Bioinformatics 30, 2114-2120.

Case AL, Finseth FR, Barr CM, Fishman L. 2016. Selfish evolution of
cytonuclear hybrid incompatibility in Mimulus. Proceedings of the Royal
Society B, Biological Sciences 283, 20161493.

Case AL, Willis JH. 2008. Hybrid male sterility in Mimulus (Phrymaceae)
is associated with a geographically restricted mitochondrial rearrangement.
Evolution 62, 1026-1039.

Castandet B, Choury D, Bégu D, Jordana X, Araya A. 2010. Intron
RNA editing is essential for splicing in plant mitochondria. Nucleic Acids
Research 38, 7112-7121.

Chakraborty A, Mitra J, Bhattacharyya J, et al. 2015. Transgenic
expression of an unedited mitochondrial orfB gene product from wild
abortive (WA) cytoplasm of rice (Oryza sativa L.) generates male sterility in
fertile rice lines. Planta 241, 1463-1479.

Chen L, Liu YG. 2014. Male sterility and fertility restoration in crops.
Annual Review of Plant Biology 65, 579-606.

Darracq A, Varré JS, Maréchal-Drouard L, et al. 2011. Structural and
content diversity of mitochondrial genome in beet: a comparative genomic
analysis. Genome Biology and Evolution 3, 723-736.



Non-coding RNA and cytoplasmic male sterility | Page 13 of 14

Dietrich A, Wallet C, Igbal RK, Gualberto JM, Lotfi F. 2015. Organellar
non-coding RNAs: emerging regulation mechanisms. Biochimie 117, 48-62.

Duroc Y, Hiard S, Vrielynck N, Ragu S, Budar F. 2009. The Ogura
sterility-inducing protein forms a large complex without interfering with the
oxidative phosphorylation components in rapeseed mitochondria. Plant
Molecular Biology 70, 123-137.

Elansary HO, Miiller K, Olson MS, Storchova H. 2010. Transcription
profiles of mitochondrial genes correlate with mitochondrial DNA haplotypes
in a natural population of Silene vulgaris. BMC Plant Biology 10, 11.

Farré JC, Aknin C, Araya A, Castandet B. 2012. RNA editing in
mitochondrial trans-introns is required for splicing. PloS One 7, €52644.
Farré JC, Araya A. 1999. The mat-r open reading frame is transcribed
from a non-canonical promoter and contains an internal promoter to
co-transcribe exons nad1e and nadblll in wheat mitochondria. Plant
Molecular Biology 40, 959-967.

Forner J, Weber B, Thuss S, Wildum S, Binder S. 2007. Mapping of
mitochondrial mMRNA termini in Arabidopsis thaliana: t-elements contribute
to 5"and 3" end formation. Nucleic Acids Research 35, 3676-3692.

Fujii S, Bond CS, Small ID. 201 1a. Selection patterns on restorer-like
genes reveal a conflict between nuclear and mitochondrial genomes
throughout angiosperm evolution. Proceedings of the National Academy of
Sciences, USA 108, 1723-1728.

Fujii S, Toda T, Kikuchi S, Suzuki R, Yokoyama K, Tsuchida H, Yano
K, Toriyama K. 2011b. Transcriptome map of plant mitochondria reveals
islands of unexpected transcribed regions. BMC Genomics 12, 279.
Gillman JD, Bentolila S, Hanson MR. 2007. The petunia restorer of
fertility protein is part of a large mitochondrial complex that interacts with
transcripts of the CMS-associated locus. The Plant Journal 49, 217-227.
Grabherr MG, Haas BJ, Yassour M, et al. 2011. Full-length
transcriptome assembly from RNA-Seq data without a reference genome.
Nature Biotechnology 29, 644-652.

Grewe F, Edger PP, Keren |, Sultan L, Pires JC, Ostersetzer-Biran O,
Mower JP. 2014. Comparative analysis of 11 Brassicales mitochondrial
genomes and the mitochondrial transcriptome of Brassica oleracea.
Mitochondrion 19 (B), 135-143.

Grewe F, Zhu A, Mower JP. 2016. Loss of a trans-splicing nad7 intron
from geraniaceae and transfer of the maturase gene matR to the nucleus
in Pelargonium. Genome Biology and Evolution 8, 3193-3201.

Grimes BT, Sisay AK, Carroll HD, Cahoon AB. 2014. Deep sequencing
of the tobacco mitochondrial transcriptome reveals expressed ORFs and
numerous editing sites outside coding regions. BMC Genomics 15, 31.
Guo W, Zhu A, Fan W, Mower JP. 2017. Complete mitochondrial
genomes from the ferns Ophioglossum californicum and Psilotum nudum
are highly repetitive with the largest organellar introns. The New Phytologist
213, 391-403.

Hammani K, Giegé P. 2014. RNA metabolism in plant mitochondria.
Trends in Plant Science 19, 380-389.

Hanson MR, Bentolila S. 2004. Interactions of mitochondrial and nuclear
genes that affect male gametophyte development. The Plant Cell 16,
S154-S169.

Hellens RP, Brown CM, Chisnall MA, Waterhouse PM, Macknight
RC. 2016. The emerging world of small ORFs. Trends in Plant Science 21,
317-328.

Houliston GJ, Olson MS. 2006. Nonneutral evolution of organelle genes
in Silene vulgaris. Genetics 174, 1983-1994.

Horn R, Gupta KJ, Colombo N. 2014. Mitochondrion role in molecular
basis of cytoplasmic male sterility. Mitochondrion 19 Pt B, 198-205.

Hu J, Huang W, Huang Q, Qin X, Yu C, Wang L, Li S, Zhu R, Zhu Y.
2014. Mitochondria and cytoplasmic male sterility in plants. Mitochondrion
19 (B), 282-288.

Huang JZ, E ZG, Zhang HL, Shu QY. 2014. Workable male sterility
systems for hybrid rice: genetics, biochemistry, molecular biology, and
utilization. Rice 7, 13.

Ingvarsson PK, Taylor DR. 2002. Genealogical evidence for epidemics
of selfish genes. Proceedings of the National Academy of Sciences, USA
99, 11265-11269.

Janska H, Sarria R, Woloszynska M, Arrieta-Montiel M, Mackenzie
SA. 1998. Stoichiometric shifts in the common bean mitochondrial
genome leading to male sterility and spontaneous reversion to fertility. The
Plant Cell 10, 1163-1180.

Kazama T, Nakamura T, Watanabe M, Sugita M, Toriyama K. 2008.
Suppression mechanism of mitochondrial ORF79 accumulation by Rf1 protein
in BT-type cytoplasmic male sterile rice. The Plant Journal 55, 619-628.

Kim DH, Kang JG, Kim BD. 2007. Isolation and characterization of

the cytoplasmic male sterility-associated orf456 gene of chili pepper
(Capsicum annuum L.). Plant Molecular Biology 63, 519-532.

Kiihn K, Weihe A, Bérner T. 2005. Multiple promoters are a common
feature of mitochondrial genes in Arabidopsis. Nucleic Acids Research 33,
337-346.

Laing WA, Martinez-Sanchez M, Wright MA, et al. 2015. An upstream
open reading frame is essential for feedback regulation of ascorbate
biosynthesis in Arabidopsis. The Plant Cell 27, 772-786.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nature Methods 9, 357-359.

Li-Pook-Than J, Carrillo C, Niknejad N, Calixte S, Crosthwait J,
Bonen L. 2007. Relationship between RNA splicing and exon editing near
intron junctions in wheat mitochondria. Physiologia Plantarum 129, 23-33.

Luo D, Xu H, Liu Z, et al. 2013. A detrimental mitochondrial-nuclear
interaction causes cytoplasmic male sterility in rice. Nature Genetics 45,
573-577.

Marker C, Zemann A, Terhorst T, Kiefmann M, Kastenmayer JP,
Green P, Bachellerie JP, Brosius J, Hiittenhofer A. 2002. Experimental
RNomics: identification of 140 candidates for small non-messenger RNAs
in the plant Arabidopsis thaliana. Current Biology 12, 2002-2013.

McCauley DE, Olson MS. 2008. Do recent findings in plant mitochondrial
molecular and population genetics have implications for the study of
gynodioecy and cytonuclear conflict? Evolution 62, 1013-1025.

Mower JP, Case AL, Floro ER, Willis JH. 2012. Evidence against
equimolarity of large repeat arrangements and a predominant master circle
structure of the mitochondrial genome from a monkeyflower (Mimulus
guttatus) lineage with cryptic CMS. Genome Biology and Evolution 4,
670-686.

Miiller K, Storchova H. 2013. Transcription of atp1 is influenced by both
genomic configuration and nuclear background in the highly rearranged
mitochondrial genomes of Silene vulgaris. Plant Molecular Biology 81,
495-505.

Oldenburg DJ, Bendich AJ. 2015. DNA maintenance in plastids and
mitochondria of plants. Frontiers in Plant Science 6, 883.

Olson MS, McCauley DE. 2002. Mitochondrial DNA diversity, population
structure, and gender association in the gynodioecious plant Silene
vulgaris. Evolution 56, 253-262.

Pearl SA, Welch ME, McCauley DE. 2009. Mitochondrial heteroplasmy
and paternal leakage in natural populations of Silene vulgaris, a
gynodioecious plant. Molecular Biology and Evolution 26, 537-545.

Preuten T, Cincu E, Fuchs J, Zoschke R, Liere K, Borner T. 2010.
Fewer genes than organelles: extremely low and variable gene copy numbers
in mitochondria of somatic plant cells. The Plant Journal 64, 948-959.

Raczynska KD, Le Ret M, Rurek M, Bonnard G, Augustyniak H,
Gualberto JM. 2006. Plant mitochondrial genes can be expressed from
mRNAs lacking stop codons. FEBS Letters 580, 5641-5646.

Rice DW, Alverson AJ, Richardson AO, et al. 2013. Horizontal transfer
of entire genomes via mitochondrial fusion in the angiosperm Amborella.
Science 342, 1468-1473.

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140.

Ruwe H, Schmitz-Linneweber C. 2012. Short non-coding RNA
fragments accumulating in chloroplasts: footprints of RNA binding
proteins? Nucleic Acids Research 40, 3106-3116.

Sabar M, Gagliardi D, Balk J, Leaver CJ. 2003. ORFB is a subunit of
F1F(O)-ATP synthase: insight into the basis of cytoplasmic male sterility in
sunflower. EMBO Reports 4, 381-386.

Sanderson BJ, Augat ME, Taylor DR, Brodie ED. 2016. Scale
dependence of sex ratio in wild plant populations: implications for social
selection. Ecology and Evolution 6, 1411-1419.

Skippington E, Barkman TJ, Rice DW, Palmer JD. 2015. Miniaturized
mitogenome of the parasitic plant Viscum scurruloideum is extremely
divergent and dynamic and has lost all nad genes. Proceedings of the
National Academy of Sciences, USA 112, E3515-E3524.

Sloan DB, Alverson AJ, Chuckalovcak JP, Wu M, McCauley
DE, Palmer JD, Taylor DR. 2012a. Rapid evolution of enormous,
multichromosomal genomes in flowering plant mitochondria with
exceptionally high mutation rates. PLoS Biology 10, e1001241.



Page 14 of 14 | Stone et al.

Sloan DB, MacQueen AH, Alverson AJ, Palmer JD, Taylor DR. 2010.
Extensive loss of RNA editing sites in rapidly evolving Silene mitochondrial
genomes: selection vs. retroprocessing as the driving force. Genetics 185,
1369-1380.

Sloan DB, Miiller K, McCauley DE, Taylor DR, Storchova H. 2012b.
Intraspecific variation in mitochondrial genome sequence, structure, and
gene content in Silene vulgaris, an angiosperm with pervasive cytoplasmic
male sterility. The New Phytologist 196, 1228-1239.

Stadler T, Delph LF. 2002. Ancient mitochondrial haplotypes
and evidence for intragenic recombination in a gynodioecious
plant. Proceedings of the National Academy of Sciences, USA 99,
11730-11735.

Stone JD, Storchova H. 2015. The application of RNA-seq to the
comprehensive analysis of plant mitochondrial transcriptomes. Molecular
Genetics and Genomics 290, 1-9.

Storchova H, Miiller K, Lau S, Olson MS. 2012. Mosaic origins of a
complex chimeric mitochondrial gene in Silene vulgaris. PLoS ONE 7,
e30401.

Storchova H, Olson MS. 2004. Comparison between mitochondrial and
chloroplast DNA variation in the native range of Silene vulgaris. Molecular
Ecology 13, 2909-2919.

Touzet P, Delph LF. 2009. The effect of breeding system on
polymorphism in mitochondrial genes of Silene. Genetics 181, 631-644.

Touzet P, Meyer EH. 2014. Cytoplasmic male sterility and mitochondrial
metabolism in plants. Mitochondrion 19 Pt B, 166-171.

Wagner GP, Kin K, Lynch VJ. 2012. Measurement of mRNA abundance
using RNA-seq data: RPKM measure is inconsistent among samples.
Theory in Biosciences 131, 281-285.

Wang K, Gao F, Ji Y, Liu Y, Dan Z, Yang P, Zhu Y, Li S. 2013. ORFH79
impairs mitochondrial function via interaction with a subunit of electron
transport chain complex Il in Honglian cytoplasmic male sterile rice. The
New Phytologist 198, 408-418.

Woloszynska M, Kmiec B, Mackiewicz P, Janska H. 2006. Copy
number of bean mitochondrial genes estimated by real-time PCR does
not correlate with the number of gene loci and transcript levels. Plant
Molecular Biology 61, 1-12.

Wu TD, Nacu S. 2010. Fast and SNP-tolerant detection of complex
variants and splicing in short reads. Bioinformatics 26, 873-881.

Wu Z, Stone JD, Storchova H, Sloan DB. 2015a. High transcript
abundance, RNA editing, and small RNAs in intergenic regions within the
massive mitochondrial genome of the angiosperm Silene noctiflora. BMC
Genomics 16, 938.

Wu ZQ, Cuthbert JM, Taylor DR, Sloan DB. 2015b. The massive
mitochondrial genome of the angiosperm Silene noctiflora is evolving by
gain or loss of entire chromosomes. Proceedings of the National Academy
of Sciences, USA 112, 10185-10191.

Zhelyazkova P, Hammani K, Rojas M, Voelker R, Vargas-Suarez
M, Borner T, Barkan A. 2012. Protein-mediated protection as the
predominant mechanism for defining processed mRNA termini in land
plant chloroplasts. Nucleic Acids Research 40, 3092-3105.



