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Running title

Ogura fertility restorer is a ribosome translocation blocker

Abstract

The control of mRNA translation has been increasingly recognized as a key regulatory step
for gene control but clear examples in eukaryotes are still scarce. Nucleo-cytoplasmic male
sterilities (CMS) represent ideal genetic models to dissect genetic interactions between the
mitochondria and the nucleus in plants. This trait is determined by specific mitochondrial
genes and is associated with a pollen sterility phenotype that can be suppressed by nuclear
genes known as restorer-of-fertility (Rf) genes. In the study, we focused on the Ogura CMS
system in rapeseed and showed that the suppression to male sterility by the PPR-B fertility
restorer (also called Rfo) occurs through a specific inhibition of the translation of the
mitochondria-encoded CMS-causing mRNA orf138. We also demonstrate that PPR-B binds
within the coding sequence of orf138 and acts as a ribosome blocker to specifically impede
translation elongation along the orf138 mRNA. Rfo is the first recognized fertility restorer
shown to act this way. These observations will certainly facilitate the development of

synthetic fertility restorers for CMS systems in which efficient natural Rfs are lacking.
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Introduction

Fine-tuning of gene expression provides cells with necessary proteins to function properly.
Each step in the flow of information going from DNA to proteins offers cells with potential
checkpoints to adjust the type and the activity of proteins they synthesize. Changes in
transcriptional patterns play major roles in gene regulation in both prokaryotes and eukaryotes
and is orchestrated by different molecular means. Posttranscriptional regulatory mechanisms
allow faster reshaping of cellular proteomes compared to purely transcriptional events. In
particular, the control of mRNA translation has been increasingly recognized as a key
regulatory step of gene control, in most genetic systems. All phases of translation, including
initiation, elongation, termination and ribosome recycling constitute potential checkpoints to
modulate gene expression. Translational control can be mediated by mRNA structural
features or through the action of proteinaceous or RNA trans-factors (1-4).

In eukaryotic cells, the spread-out of genetic information between the nuclear and
cytoplasmic genomes adds an additional layer of complexity to gene regulation processes.
Cytoplasmic genomes are extremely low in gene contents and virtually all regulatory
functions of organellar genes expression are nuclear encoded (5-7). Nucleo-cytoplasmic male
sterilities (CMS) represent ideal genetic models to understand nucleo-mitochondrial co-
adaptation processes. CMS is a widely expanded trait of plants characterized by an inability
of plant to produce functional pollen. CMS traits are specified by poorly-conserved
mitochondrial genes and can be suppressed by nuclear-encoded restorer of fertility (Rf) genes
that specifically act to in most cases down-regulate the expression of corresponding CMS-
specifying mitochondrial genes (8). In the last years, several Rf genes were identified in
various crop species and most of them were found to encode proteins belonging to the large
family of pentatrico-peptide repeat (PPR) proteins (9). PPR proteins are highly specific RNA-
binding proteins that widely diversified in eukaryotes, mainly in terrestrial plants (10). PPR
proteins have been shown to play multifarious roles in mitochondrial and plastid RNA
expression processes, going from gene transcription to mRNA translation (11). Rf-PPR
mediated suppressing activity often alters mitochondrial CMS-causing mRNA levels (12-15).
The Ogura CMS Rf-PPR from radish stands as an exception among fertility restores as it was
shown to not affect its cognate CMS-conferring mRNA, either in size or in abundance (16).
The Ogura CMS, originally identified in radish (Raphanus sativus) and later transferred to
rapeseed (Brassica napus), is controlled by the mitochondrial orfl38 locus (17, 18). We
showed that the Ogura restorer of fertility protein named PPR-B (19-21) associates in vivo

with the orf138 mRNA and that this association leads to a strong decrease in the Orf138
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protein level, notably in tapetal cells and developing pollen grains (22). The Ogura Rf-PPR
was thus suspected to impact the translation of orf138 mRNA, but this hypothesis needed to
be validated and the way by which PPR-B may interfere with the translation of the orf138
transcript determined. In this present study, we demonstrate that PPR-B CMS-suppressing
activity implies a specific down-regulation of orf138 translation and, very interestingly, that
this control operates through a blockade of ribosome progression along the orf138 coding
sequence. The Ogura fertility restorer is the first Rf protein demonstrated to act this way.

Results

The Orf138 protein is not produced in mitochondria in the presence of PPR-B.

The biochemical characterization of fertility restorers in planta has often been rendered
difficult by the tissue-specificity of associated molecular mechanisms (23). This is true for the
Ogura CMS system, as we showed that fertility restoration correlates with a profound
decrease in Orf138 in tapetal cells and microspores but not in other plant tissues (22). We
could, however, produce a restored rapeseed transgenic line (named B1) containing four
copies of PPR-B and in which Orf138 reduction was nearly ubiquitous. This provided us with
an ideal biological material to characterize the effect of PPR-B on Orf138 production since
the observed decrease was homogeneous across all plant tissues in this line. Immunoblot
analyses were first conducted to confirm the near-complete disappearance of Orfl38 in

mitochondrial extracts prepared from B1 plant inflorescences (Figure 1A). In-organello
protein syntheses in the presence of [358] methionine were then carried out with mitochondria

prepared from male-sterile (CMS) and restored B1 plants. Virtually identical translation
profiles were revealed with both lines, except for one protein, close to 20 kDa, which was
clearly visible in the CMS but not in B1 line (Figure 1B). A CMS-specific protein of the exact
same size was identified in previous in organello profiles and was demonstrated to
correspond to the Orf138 protein as it could be immunoprecipitated with an Orf138-specific
antibody (24). The lack of Orf138 in B1 in organello translation products strongly favoured
an incapacity of mitochondria to produce the Orf138 protein under the action of PPR-B,

rather than an increased instability of Orf138 in the restoration context.

The translation of orf138 mRNA is impaired in the presence of PPR-B.
The in-organello translation results strongly suggested a likely negative impact of PPR-B on

the translational capacity of the orf138 mRNA. Therefore, the translation status of the orf138
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transcript was first evaluated by polysome sedimentation analysis in both CMS and restored
plants. The co-transcription of orf138 with the atp8 gene necessitated first to replace the
cytoplasm of the B1 line with that of the male-sterile cybrid 18S line in which the orf138 gene
is not associated with atp8 and transcribed as a monocistronic mMRNA (24). The B1 line was
then used to pollinate male-sterile 18S flowers and several F1 descendants were tested by
immunoblot analysis to evaluate their content in Orf138 protein accumulation. In control, a
non-transgenic Pactol Fertile (PF) X 18S F1 hybrid line was also generated. Unlike male-
sterile PF/18S plants, all B1/18S hybrid plants were found to accumulate barely-detectable
levels of Orfl138, as in the original B1 line (SI Appendix, Fig. S1). Polysomes were then
isolated from rapeseed B1/18S and PF/18S inflorescences and fractionated on continuous
sucrose density gradients. Ten fractions were collected along the gradients after centrifugation
and analysed by subsequent RNA gel blot. Polysome integrity was verified by the distribution
of ribosomal RNAs along the gradients in the presence of MgCl. (SI Appendix, Fig. S2). The
disruption of polysomes with EDTA indicated that polysomal RNAs migrated toward the
centre and the bottom of the gradients, whereas ribosome-free mMRNAs accumulated in the
upper fractions (SI Appendix, Fig. S2). Total RNAs were extracted from each fraction and
subjected to RNA gel-blot analysis using probes specifically recognizing the orf138 transcript,
as well as atp9 and atpl as controls (Fig. 2A). Obtained hybridization signals were then
quantified and their relative distribution along the gradients was determined for each
transcript (Fig. 2B). In the absence of PPR-B, we observed that the majority of the orf138
signal accumulated in the central fractions, suggesting active translation of orfl38 in this
genetic context. However in the presence of PPR-B, the pick of orf138 hybridization signal
was clearly shifted toward the upper fractions revealing a negative impact of PPR-B on
orf138 and polysome association. The distributions of atpl and atp9 were unaffected by the
PPR-B status, indicating that the PPR-B mediated translational impairment was specific to
orf138. In next effort to better understand the origin of PPR-B translational repression, Ribo-
Seq analyses were developed to compare the translational status of all mitochondria-encoded
MRNA in CMS and fertility-restored lines. Total ribosome footprints were prepared from
both lines and then mapped to the rapeseed mitochondrial genome and the orfl138 locus.
RNA-Seq experiments were also developed to quantify the steady-state levels of all
mitochondrial transcripts in the two genetic backgrounds. RNA-Seq data revealed no major
impact of PPR-B on most mitochondrial mMRNA abundance, except for several ribosomal
protein transcripts whose steady-state levels were reduced by a factor of around 2 (SI
Appendix, Fig. S3). Calculated translational efficiencies (see material and method for details)
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indicated a slight decrease of ribosome coverage for most mitochondrial transcript by less
than a factor 2 in the restored B1 line compared to the CMS line, except for the orfl38
MRNAs which was found to around 16-fold less translated under PPR-B action (Fig. 3A).
Interestingly, a few ribosomal protein transcripts (e.g. rpl16 or rpsl4) appeared to be slightly
up-translated in the presence of PPR-B. The impact of measured translational differences on
mitochondrial protein accumulation was next evaluated by immunoblot assays (Fig. 3B).
Among the few tested proteins, no major differences in protein steady-sate levels could be
detected between CMS and B1 lines. The only reproducible differences concerned the Nad7
protein which appeared to slightly over-accumulate in B1 plants compared to the CMS line
and, of course, the orfl38 protein which was here again hardly detectable in the B1 line.
Altogether, these results strongly supported that the lack of Orf138 production in the restored

B1 line resulted from a potent impairment of orf138 mRNA translation.

The PPR-B fertility restorer binds within the coding sequence of the orf138 mRNA.

We previously demonstrated that PPR-B specifically associates with the orf138 mRNA in
vivo (22). To understand how this association could negatively impact orf138 translation, we
sought to identify the binding site of PPR-B within the orf138 transcript. PPR proteins are
known to associate with their RNA target via a one PPR motif — one nucleotide recognition
rule and that amino acid combinations at positions 5 and 35 of each repeat are major
determinants for RNA base selection (25-27). We thus used the established PPR recognition
code to predict the most likely binding regions of PPR-B within the rapeseed mitochondrial
genome and the orfl38 locus (Fig. 4). Interestingly, a highly-probable binding region
corresponding to a short segment located 55 nucleotides downstream of orf138 AUG codon
could be identified (Fig. 4B). Other identified potential binding sites located in intergenic
regions of the B. napus mitochondrial genome and had virtually no chance to be associated
with PPR-B-mediated restoration activity. To see if PPR-B showed significant affinity for the
potential target identified in orf138, gel shift assays were developed using a series of in-vitro
transcribed probes mapping to the 5’ region of the orf138 mRNA and a recombinant form of
PPR-B fused to the maltose binding protein (Fig. 5A). Among the different RNA probes
tested, PPR-B showed a clear and strong binding affinity for all the probes containing the
predicted binding site (Figs. 5B and 5C). In contrast, PPR-B did not associate with nearby
probes that did not contain the GTAAAGTTAGTGTAATA sequence, strongly supporting the
binding predictions and that this sequence represented the PPR-B binding site within the
orf138 transcript.
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PPR-B interferes with the progression of translating ribosomes along the orf138 mRNA.
The location of PPR-B binding site within orf138 coding sequence led us to analyse in details
the distribution of ribosome footprints along the orf138 coding sequence in the presence and
in the absence of PPR-B. Firstly, RNA-Seq read profiles along the di-cistronic orf138
transcript did not reveal any major different between the CMS and B1 lines (Fig. 6A), except
a slight decrease of read coverage for both orf138 and atp8 in the restored line as shown in
Fig. S3. In contrast, Ribo-Seq read distributions confirmed the strong decrease of ribosome
coverage on the orfl138 open reading frame and a lack of major impact of PPR-B on atp8
translation. The position of the PPR-B binding site within orf138 suggested that it may block
translation elongation along the transcript. To see whether this might be possible, we
calculated the average number of ribosomes along the orf138 transcript before and after the
PPR-B binding site in both B1 and CMS lines. These data were normalized by both gene-
fragment length and abundance, as estimated from RNA-Seq read coverage. A moderate
reduction of about 25% in ribosome coverage could be detected in the B1 line before PPR-B
binding site (Fig. 6B), which is thus much less pronounced than the global translational
decrease measured for orf138 in B1 (Fig. 3A). In contrast, the shortage in ribosome density
along the orf138 segment located downstream of PPR-B binding site was found to be much
more dramatic (Fig. 6B) and in the same magnitude as the observed translation reduction of
the orfl38 gene in Bl line (Fig. 3A). This observation strongly suggested a normal
translational initiation on orf138 mMRNAs in the presence of PPR-B, but rather an incapacity

of elongating to cross the PPR-B binding site when the fertility restorer protein is present.

Discussion

The Ogura fertility restorer protein is an mRNA-specific translation elongation
inhibitor.

Besides being essential for protein production, mRNA translation is an important control step
in gene expression and all phases of translation constitute potential control checkpoints. It has
been shown that the initiation step, which consists in the loading of the small ribosomal
subunit (SSU) and the charged initiator tRNA on the start codon prior to full ribosome
assembly represents the major checkpoint of translational control (28-31). In eubacteria, such
regulation mostly operates by outcompeting the binding of the initiation complex to the
mRNA 5’ translation initiation region, most particularly to the Shine-Dalgarno sequence. This

can be achieved by multiple ways like the association of regulatory proteins, small antisense
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RNAs (sRNAs) or metabolites, or via the action of signals like temperature or pH (1, 2). In
eukaryotes, the regulation of translation initiation occurs mostly via the binding of partially-
complementary antisense microRNAs (miRNAs) to mRNA 5’ or 3> UTRs (4). Our analysis
reveals that the translation control used to silence the CMS-causing orf138 transcript of the
Ogura system operates at a different level than the initiation step. Translational inhibition has
long suspected to be the molecular mechanism associated with fertility restoration in this
CMS system since the decrease in Orf138 protein accumulation is not accompanied by any
impact on the orf138 mRNA accumulation, whilst PPR-B was found to associate with orf138
transcript in vivo (22). The in organello synthesis, polysome sedimentation and Ribo-Seq
analyses presented in this study are perfectly concordant and unambiguously support that
PPR-B-mediated orf138 silencing effectively involves a specific inhibition of orf138
translation (Figs. 1, 2 and 3). Moreover, the location of PPR-B binding sites within the orf138
coding sequence (Figs. 4 and 5) and the unchanged ribosome density upstream of this site
when PPR-B is present (Fig. 6) strongly support that PPR-B translational control occurs by
impeding translation elongation along the orf138 mRNA and not by affecting the initiation
step. PPR-B appears thus to act by blocking ribosome translocation during translation
elongation along orf138 transcript, most likely by steric hindrance. Such translational control
was not previously described to take place in plant organelles to control the expression of
either essential organellar genes or CMS-associated orfs (11, 32). The mode action of PPR-B
is however reminiscent of the way organellar helical repeat proteins, including PPR proteins,
act to stabilize mitochondrial and plastid RNAs by impeding the progression of
exoribonucleases along mRNAs from their 5” or 3° extremities (33-37). PPR protein thus have
an inherent capacity to act as roadblocks to impede the progression of RNA processing
enzymes along transcripts, which in the case of ribosomes implies to counteract the strong
helicase activity of elongating ribosomes (38). The binding strength of PPR-B to its target site
seems important to efficiently block translation elongation along the orf138 mRNAs in vivo
as we previously showed that all PPR-B repeats are indispensible for complete fertility
restoration in rapeseed (39). Similarly, a non-restoring allele of PPR-B comprising only 4
amino acid substitutions was also found to be incompetent for fertility restoration in radish
(21). Other known examples involving impairment of translation elongation are scarce.
Codon usage, Shine and Dalgarno-like sequences or mRNA secondary structures have been
shown to influence translation elongation speed or rate along bacterial orfs but do not lead to
a complete block of translation elongation (1). In plants, miRNAs have also been found to
partially work as ribosome blocker, although the biological impact of such translational
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repression remains unclear (4, 40, 41). The analysis of PPR-B activity reveals thus a novel
way of translational control which leads to an arrest of the translation elongation for a
mitochondrial transcript. The recent deciphering of the PPR recognition code (25, 42) allows
the recoding of PPR proteins to bind any sequence of interest (43-45). It will therefore be
interesting to see if PPR-B translation inhibitory activity can be recreated using synthetic or
recoded PPRs, and then use such PPRs to investigate whether the blockade of translational
elongation requires a binding in the proximal region of orf138 mRNA or not.

The Ogura fertility restorer protein is the first fertility restorer shown to act as a
translation elongation blocker.

Restorer of fertility genes have been cloned from various crop species and most of them were
found to encode PPR proteins (8, 46). Large-scale phylogenetic analyses have shown that
identified Rf-PPR genes are evolutionary related and have evolved from distinct subgroup of
PPR genes within the PPR family in angiosperms called Rf-like or RFL (47). However,
molecular analyses have revealed that Rf-PPRs reduce the accumulation of their cognate
CMS-inducing mitochondrial RNAs or proteins through different mechanisms. Anyhow, the
vast majority of fertility restorer proteins like RF1A, RF1B or RF6 in rice (12, 48), RFN and
RFP in rapeseed (49-51) or RF1 and RF3 in wheat (52) induce specific cleavage within the
coding sequence of their cognate CMS-inducing mitochondrial transcripts. Such Rf-PPRs,
and several other RFL proteins involved in the processing of conserved mitochondrial
transcripts (53-57), generally bind 20-100 bases upstream of the cleavage sites and induce
subsequent endonucleolytic processing through a still unclear mechanism (58). The
recruitment of an unidentified endonuclease and a potential influence of RNA secondary
structures or sequence close to the processing sites have been proposed to explain why
cleavage does not occur always at the same distance from PPR binding sites (45). In most
cases, the RNA cleavage induced by Rf-PPRs result in a significant decrease in the
accumulation of CMS transcripts, leading to a reduction in the production of corresponding
CMS proteins and hence to fertility restoration. Therefore, the translational suppression
activity that we reveal here for the Ogura fertility restorer is the very first example described
for a PPR protein and thus for a PPR-Rf. It has been suggested the rice RF1A may negatively
impact the translation of its cognate CMS mRNA, orf79. However, the observed translational
inhibitory effect is not directly imputable to RF1A but is secondary to an RF1A-induced RNA
cleavage liberating a non-translatable monocistronic form of the orf79 transcript (59).
Similarly, the petunia Rf-PPR592 protein has been suggested to impact the translation of the
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CMS-associated mRNA pcf, although changes in pcf 5° processing were also detected in
restored plants (60). RNA co-immunoprecipitation assays with Rf-PPR592 showed greatest
enrichment in a region of the pcf 5° leader overlapping with the processing site that is altered
in restored plants (61). These results do not allow to firmly conclude on the role of Rf-
PPR592 in fertility restoration but its preferential association with a region of pcf 5° UTR
favours a role in pcf transcript 5'-end processing (62). It also remains possible that this
processing prevents proper translation of pcf mRNA, implying an indirect role of Rf-PPR592
in pcf translation. The reason why PPR-B binding does not induce any cleavage within the
orf138 transcript is currently unclear. PPR-B sequence is highly similar to that of RFL
proteins known to induce endonucleolytic cleavage in Arabidopsis (47, 53). Minor sequence
differences between PPR-B and these RFLs or the involvement of specific cis-elements or
RNA secondary structures downstream of the binding sites may be responsible for their
difference in activity. The molecular mode of action of PPR-B demonstrates that CMS genes
could be silenced by simply targeting a PPR protein in their coding sequence to inhibit their
translation, regardless of the presence of sequences or structural elements favourable for RNA
cleavage. Our observations should thus facilitate the production of synthetic fertility restorers

for CMS systems in which no efficient restorers have been identified up to now.

S| Materials and Methods

Plant material

Rapeseed (Brassica napus) plants were grown in the greenhouse at 20-25<C, under a 16 h
light/8 h dark cycle. The B1, CMS (Pactol Sterile) lines used in this study were previously
described in (22). For polysome sedimentation experiments, a B1 plant and its non-transgenic
parental line (Pactol Fertile) were used to pollinate the male-sterile 18S cybrid (24) and the

analysis was developed on generated F1 hybrids.

Preparation of mitochondria

Mitochondria were isolated from rapeseed floral buds as previously described in (22). Briefly,
flower buds were blended in grinding buffer containing 300 mM sucrose, 25 mM tetrasodium
pyrophosphate, 10 mM KH2POs4, 2 mM EDTA, 0.8% (w/v) polyvinylpyrrolidone-40, 0.3%
[w/iv] BSA, and 20 mM ascorbate, pH 7.5. The homogenate was filtered through three layers
of Miracloth membrane (Calbiochem), followed by three successive low-speed
centrifugations at 2000, 2600, and 3000 g for 10 min at 4<C. The supernatant was recovered
and centrifuged at 23,400 g for 20 min to pellet a fraction enriched in mitochondria. The
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pellet was then resuspended in washing buffer (0.3 M sucrose and 10 mM HEPES-KOH, pH
7.5), loaded on a 14-25-50% (v/v) Percoll step gradient diluted in washing buffer
supplemented with 0.2% BSA and centrifuged for 20 min at 24,000 g. Mitochondria were
collected from the 50/25% interface, diluted at least 10 times in washing buffer, and pelleted

at 23,400 g for 20 min for subsequent use.

Polysome association analysis

Polysome analyses were performed on flower bud extracts as described previously (63). After
ultra-centrifugation, ten 900 pL fractions were manually collected from the top of the
gradients. Total RNA was prepared from each of them and analysed by RNA-gel blot analysis
using probes recognizing orf138, atp9 and atpl transcripts. The primers used to prepare these
different DNA probes are indicated in Supplementary Table S1.

Immunodetection of proteins

Mitochondrial proteins were extracted in 30 mM HEPES-KOH (pH 7.7), 10 mM Mg(OACc)z,
150 mM KOAc, 10% glycerol and 0.5% (w/v) CHAPS. Protein concentrations were
measured using the Bradford reagent (Bio-Rad) and separated by SDS-PAGE
(polyacrylamide gel electrophoresis). After electrophoresis, gels were transferred onto PVDF
membranes (Bio-Rad) under semidry conditions. Membranes were hybridized with antibodies

using dilutions indicated in Table S2.

Ribo-Seq and RNA-Seq library preparation and sequencing

Mitoribosome footprints were prepared from rapeseed flower buds as previously described
(64). Ribosome footprints were depleted from ribosomal RNA with the Ribo-Zero Plant kit
(Ilumina) following manufacturer’s recommendations. Ribo-Seq libraries were prepared
using the TruSeq Small RNA library preparation kit (Illumina). For RNA-Seq, total RNAs
were extracted from 1/10th of the lysates used for Ribo-Seq analysis and treated with the
Ribo-Zero rRNA Removal Kit (Illumina). One hundred ng of the rRNA-depleted RNAs were
used for library construction using the NEXTflex Rapid Directional gRNA-Seq Kit (Bioo
Scientific) according the manufacturer’s instructions. Next generation Sequencing was
performed on a HiSeq 2500 instrument (Illumina) for Ribo-Seq libraries (single end, 50 nt) or

NextSeq 500 sequencer (Illumina) for RNA-Seq libraries (single end, 75 nt).

Bioinformatic analyses
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Ribo-Seq and RNA-Seq sequencing data were processed and mapped as previously described
in (64). Ribo-Seq and RNA-Seq RPKMs were calculated based on reads mapping to
mitochondrial and nuclear coding sequences following a procedure detailed in (65) and
translation efficiencies were calculated as ratios of ribosome footprint RPKMs to RNA-seq
RPKMs. B. napus mitochondrial (GenBank AP006444.1) and nuclear (GenBank
GCF_000686985.2) genome sequences were used for read mapping. To permit read mapping
along the orf138 locus as well, its sequence (18), comprising both orfl38 and atp8 open
reading frames, was manually added to that of the B. napus mitochondrial genome. The
coding sequence of orf138 was however truncated by 138 nucleotides on its 3’ end to remove
the three perfect repeats found at the end of the gene (SI Appendix, Fig. S4). Consequently,
the B. napus endogenous atp8 sequence was removed from the generated mitochondrial
genome to avoid duplicated atp8 gene copies. Similarly, the pseudogenized and non-
conserved copy of cox2 (cox2-2 (66, 67)) was removed from the AP006444.1 mitochondrial
genome to avoid a lack of read mapping along the cox2 gene. An adapted .gff annotation file
taking into account these different modifications was created for mapped read counting.

Gel mobility shift assays

A truncated version of PPR-B protein deprived of its mitochondrial transit peptide but
comprising all PPR repeats was expressed in fusion with a N-terminal maltose binding protein
(MBP) protein in E. coli Rosetta DE3 cells (Novagen). The corresponding PPR-B DNA
fragment was PCR amplified using the GWPPRB-5 and GWPPRB-3 primers (Table S1). The
obtained amplification was subcloned into pPDONR207 by Gateway™ BP reaction (Invitrogen)
and subsequently transferred into pMAL-TEV (37) by Gateway™ LR reaction (Invitrogen).
Following expression at 37 <C for 3 h, obtained bacterial pellets were lysed in 50 mM HEPES-
KOH (pH 7.8), 150 mM NaCl, 1% glycerol, 0.01% CHAPS and 5 mM B-mercaptoethanol
using the One-Shot cell disruption system (Constant Systems). After centrifugation at 20,000
g for 15 min, the MBP-PPR-B fusion protein was purified from the supernatant on amylose
beads (Biolabs) following manufacturer’s recommendations. Protein purity was verified on
SDS-PAGE before proceeding to Gel mobility shift (GMS) assays. Gel mobility shift assays
were performed as previously described (37) using in vitro-transcribed radiolabeled RNA
probes. Binding reactions were performed in 25 mM HEPES-KOH (pH 7.5), 150 mM NacCl,
0.1 mg/ml BSA, 10% glycerol, 0.5 mg/ml heparin, 2 mM DTT, containing 200 pM of
radiolabeled RNA probes and purified MBP-PPR-B at 200 nM, 400 nM, or 800 nM. Binding

reactions were incubated for 45 min at 25<C and resolved on a non-denaturing 5%
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polyacrylamide gel at 150 volts in 1 < THE (66 mM HEPES, 34 mM Tris (pH 7.7), 0.1 mM
EDTA). The data were visualized with a phosphorimager (FLA-9500 Fujifilm).

In organello protein synthesis

In organello protein synthesis experiments were done as previously described in (24).
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Figure legends

Figure 1. The Orf138 protein is not produced in the presence of PPR-B.

(A) Immunoblot assay showing the steady-state levels of Orf138 and PPR-B proteins in floral
tissues of male sterile (CMS) and transgenic B1 lines. m: monomeric Orf138, d: dimeric
Orf138.

(B) Autoradiograph of in organello [358]methionine-labelled translation products from

mitochondria isolated from male sterile (CMS) and transgenic Bl lines. Mitochondria
translation products were separated on a 15% SDS-PAGE gel. The position of the Orf138

protein is indicated.

Figure 2. The association of the orfl138 transcript with mitochondrial polysomes is
perturbed by PPR-B.

(A) Total polysomes extracted from PF/18S and B1/18S hybrid plants were fractionated in 15%
to 55% sucrose density gradients by ultracentrifugation and under conditions maintaining (+
MgCly) or disrupting (+ EDTA) polysome integrity and analysed by RNA-gel blot assays

using the indicated gene probes. rrn26S corresponds to the mitochondrial 26S ribosomal RNA
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and its hybridization profile attests for the integrity of polysomes along the gradients in the
presence of MgClo.

(B) Quantification of hybridization signals along the polysomal gradients. The hybridization
signals corresponding to orfl38, atp9 and atpl transcripts were quantified using the
ImageQuant software (GE Healthcare Life Sciences) in each fraction and genotype. The
indicated values correspond to the percentage of contribution of each fraction to the sum of all
hybridization signals obtained over the entire gradients.

Figure 3. Translation of the orf138 mRNA is strongly reduced under the effect of PPR-B.
(A) Compared Ribo-Seq analysis of mitochondrial mRNAs in B1 and CMS lines. The bars
depict log> ratios of translational efficiencies of mitochondria-encoded mRNAs in B1 plants
to the CMS line (see Material and Methods for details). The reported values are means of two
independent biological replicates (error bars indicate SD).

(B) SDS/PAGE immunoblots performed on total mitochondrial protein extracts prepared from
flower buds of B1 and CMS plants and probed with antibodies to Orf138 and PPR-B as well
as subunits of respiratory complex | (Nad6, Nad7 and Nad9), complex Il (RISP), complex IV
(Cox2) and the ribosomal protein Rpl16. Porin was used as protein loading control. Results
obtained on three independent protein preparations are shown for each line. m: monomeric
Orf138, d: dimeric Orf138.

Figure 4. The PPR-B protein is predicted to associate within the coding sequence of
orf138.

(A) Combinations of amino acids at position 5 and 35 of each PPR-B PPR repeat are listed
from N to C-terminus. The generated combinations were used to calculate probabilities of
RNA base recognition by each PPR-B PPR repeat according to the PPR code (25-27). The
sequence logo depicting these probabilities was obtained with http://weblogo.berkeley.edu/.
(B) The nucleotide preference scores were then used to scan both strands of the B. napus
mitochondrial genome (GenBank AP006444.1) and the sequence of the orfl38 locus (18)
with the FIMO program. The sequence of the six most-probable PPR-B binding sequences are

shown with their respective location. The P-values were determined with the FIMO program.

Figure 5. PPR-B binding binds 55 nucleotides downstream of the orf138 translational

start codon.
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(A) SDS-PAGE gel stained with Coomassie blue demonstrating the purity of the MBP-PPR-B
fusion expressed and purified from E. coli. Five micrograms of purified MBP-PPR-B were
loaded on the shown gel. Protein molecular weight markers are shown (M).

(B) Schematic repression of the relative positions of the different in-vitro transcribed RNA
probes used in gel shift assays shown in panel C. The location and sequence of the predicted
PPR-B binding site (BS) are also displayed.

(C) Gel mobility shift assays done with the MBP-PPR-B fusion and the RNA probes shown in
panel B. 200 pM of radiolabeled RNA probes along with 0 to 800 nM of the fusion protein
and 0.5 mg/ml heparin as negative binding competitor were added in each reaction. U

corresponds to the unbound probes and B to the probes bound to MBP-PPR-B.

Figure 6. PPR-B-mediated decrease in ribosome footprint along orf138 is much more
pronounced downstream than upstream of PPR-B binding site.

(A) Screen captures from the Integrated Genome Viewer software showing the distribution of
RNA-Seq reads and ribosome footprints (Ribo-Seq) along the orf138 locus in B1 and CMS
lines. The distributions were normalized to the number of reads mapping to the mitochondrial
genome. Zoomed-in views of the ribosome footprint distributions upstream of the PPR-B
binding site are shown for both genotypes in upper left corners.

(B) Normalized ribosome footprint densities calculated upstream and downstream of PPR-B

binding site in the orf138 transcript. Shown data are means of two biological repeats.

Figure 7. Model of PPR-B mode of action to restore fertility in the Ogura CMS system.

Drawing illustrating the molecular mode of action of the Ogura fertility restorer (PPR-B)
which, after transfer into mitochondria, specifically inhibits translation elongation along the
orf138 mRNA, thereby inhibiting the production of the mitochondrial protein Orf138 and

restoring male fertility.

Supplemental Figure 1. Immunoblot analysis of mitochondrial proteins exacted from
B1/18S and Pactol Fertile/18S hybrid plants to evaluate the accumulation level of Orf138 in

these plants. m: monomeric Orf138, d: dimeric Orf138.

Supplemental Figure 2. RNA gel blot stained with methylene blue revealing the RNA
content of fractions recovered from a representative polysome sedimentation experiment.

Flower bud RNA extracts were fractionated in 15-55% continuous sucrose density gradients
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by ultracentrifugation under conditions either maintaining (MgCl2) or disrupting (EDTA)
polysome integrity. The obtained profiles indicate that polysomal RNAs migrate towards the
centre and the bottom of the gradients, whereas free mMRNAs accumulate in the upper

fractions.

Supplemental Figure 3. Genome-wide view of mitochondrial mRNA abundance in Bl
versus CMS plants, as estimated by RNA-Seq analysis. The data represent reads per kilobase
per million reads mapping to nuclear genome coding sequences (RPKM). Shown values are
B1 to CMS ratios for each mitochondrial gene and are means = SD from three biological

replicates.

Supplemental Figure 4. Sequence of the orf138 gene showing the three repeated sequences
present at the end of the gene. The repeated sequence is marked in blue and is underlined. The

box plot below shows that no other repeated sequence is found in the orf138 gene.

Supplemental Table S1. Oligonucleotides used in this study.
Supplemental Table S2. List of antibodies used in this study.
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Figure 1. The Orf138 protein is not produced in the presence of PPR-B.

(A) Immunoblot assay showing the steady-state levels of Orf138 and PPR-B proteins
in floral tissues of male sterile (CMS) and transgenic B1 lines. m: monomeric Orf138,
d: dimeric Orf138.

(B) Autoradiograph of in organello [**S]methionine-labelled translation products from
mitochondria isolated from male sterile (CMS) and transgenic B1 lines. Mitochondria
translation products were separated on a 15% SDS-PAGE gel. The position of the
Orfl138 protein is indicated.
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Figure 2. The association of the orfl38 transcript with mitochondrial
polysomes is perturbed by PPR-B.

(A) Total polysomes extracted from PF/18S and B1/18S hybrid plants were
fractionated in 15% to 55% sucrose density gradients by ultracentrifugation and
under conditions maintaining (+ MgCl,) or disrupting (+ EDTA) polysome integrity
and analysed by RNA-gel blot assays using the indicated gene probes. rrn26S
corresponds to the mitochondrial 26S ribosomal RNA and its hybridization profile
attests for the integrity of polysomes along the gradients in the presence of MgCl..
(B) Quantification of hybridization signals along the polysomal gradients. The
hybridization signals corresponding to orfl38, atp9 and atpl transcripts were
guantified using the ImageQuant software (GE Healthcare Life Sciences) in each
fraction and genotype. The indicated values correspond to the percentage of
contribution of each fraction to the sum of all hybridization signals obtained over the
entire gradients.
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Figure 3. Translation of the orf138 mRNA is strongly reduced under the effect
of PPR-B.

(A) Compared Ribo-Seq analysis of mitochondrial mMRNAs in B1 and CMS lines. The
bars depict log, ratios of translational efficiencies of mitochondria-encoded mRNAs
in B1 plants to the CMS line (see Material and Methods for details). The reported
values are means of two independent biological replicates (error bars indicate SD).
(B) SDS/PAGE immunoblots performed on total mitochondrial protein extracts
prepared from flower buds of B1 and CMS plants and probed with antibodies to
Orfl138 and PPR-B as well as subunits of respiratory complex | (Nad6, Nad7 and
Nad9), complex Il (RISP), complex IV (Cox2) and the ribosomal protein Rpl16. Porin
was used as protein loading control. Results obtained on three independent protein
preparations are shown for each line. m: monomeric Orf138, d: dimeric Orf138.
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Rank P-value Strand Location Sequence
1 1.15E-06 - intergenic GTAAATCCACTTCAGGT

2.32E-06 + intergenic GTAGAATTATTCCAAGT

6.52E-06 + 0rfl38 CDS GTAAAGTTAGTGTAATA

1.11E-05 - intergenic ACAAAGCCACTTTCAGC

1.21E-05 + intergenic GCATAGTCATTCCAGGT
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1.38E-05 - intergenic  GTAAAGCTAGTTTACGG

Figure 4. The PPR-B protein is predicted to associate within the coding
sequence of orf138.

(A) Combinations of amino acids at position 5 and 35 of each PPR-B PPR repeat are
listed from N to C-terminus. The generated combinations were used to calculate
probabilities of RNA base recognition by each PPR-B PPR repeat according to the
PPR code (25-27). The sequence logo depicting these probabilities was obtained
with http://weblogo.berkeley.edu/.

(B) The nucleotide preference scores were then used to scan both strands of the B.
napus mitochondrial genome (GenBank AP006444.1) and the sequence of the
orf138 locus (18) with the FIMO program. The sequence of the six most-probable
PPR-B binding sequences are shown with their respective location. The P-values
were determined with the FIMO program.
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Figure 5. PPR-B binding binds 55 nucleotides downstream of the orfl138
translational start codon.

(A) SDS-PAGE gel stained with Coomassie blue demonstrating the purity of the
MBP-PPR-B fusion expressed and purified from E. coli. Five micrograms of purified
MBP-PPR-B were loaded on the shown gel. Protein molecular weight markers are
shown (M).

(B) Schematic repression of the relative positions of the different in-vitro transcribed
RNA probes used in gel shift assays shown in panel C. The location and sequence of
the predicted PPR-B binding site (BS) are also displayed.

(C) Gel mobility shift assays done with the MBP-PPR-B fusion and the RNA probes
shown in panel B. 200 pM of radiolabeled RNA probes along with 0 to 800 nM of the
fusion protein and 0.5 mg/ml heparin as negative binding competitor were added in
each reaction. U corresponds to the unbound probes and B to the probes bound to
MBP-PPR-B.
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Figure 6. PPR-B-mediated decrease in ribosome footprint along orf138 is much
more pronounced downstream than upstream of PPR-B binding site.

(A) Screen captures from the Integrated Genome Viewer software showing the
distribution of RNA-Seq reads and ribosome footprints (Ribo-Seq) along the orf138
locus in B1 and CMS lines. The distributions were normalized to the number of reads
mapping to the mitochondrial genome. Zoomed-in views of the ribosome footprint
distributions upstream of the PPR-B binding site are shown for both genotypes in
upper left corners.

(B) Normalized ribosome footprint densities calculated upstream and downstream of
PPR-B binding site in the orf138 transcript. Shown data are means of two biological
repeats.
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Figure 7. Model of PPR-B mode of action to restore fertility in the Ogura CMS
system.

Drawing illustrating the molecular mode of action of the Ogura fertility restorer (PPR-
B) which, after transfer into mitochondria, specifically inhibits translation elongation
along the orf138 mRNA, thereby inhibiting the production of the mitochondrial protein
Orf138 and restoring male fertility.
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Supplemental Figure 1. Immunoblot analysis of mitochondrial proteins exacted from
B1/18S and Pactol Fertile/18S hybrid plants to evaluate the accumulation level of
Orf138 in these plants. m: monomeric Orf138, d: dimeric Orf138.
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Supplemental Figure 2. RNA gel blot stained with methylene blue revealing the RNA
content of fractions recovered from a representative polysome sedimentation
experiment. Flower bud RNA extracts were fractionated in 15-55% continuous
sucrose density gradients by ultracentrifugation under conditions either maintaining
(MgClI2) or disrupting (EDTA) polysome integrity. The obtained profiles indicate that
polysomal RNAs migrate towards the centre and the bottom of the gradients,
whereas free mMRNAs accumulate in the upper fractions.
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Supplemental Figure 3. Genome-wide view of mitochondrial mMRNA abundance in B1
versus CMS plants, as estimated by RNA-Seq analysis. The data represent reads
per kilobase per million reads mapping to nuclear genome coding sequences

(RPKM). Shown values are B1 to CMS ratios for each mitochondrial gene and are
means = SD from three biological replicates.
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ATGATTACCTTTTTCGAAAAATTGTCCACTTTTTGTCATAATCTCACTCCTACTGAA
TGTAAAGTTAGTGTAATAAGTTTCTTTCTTTTAGCTTTTTTACTAATGGCCCATATTT
GGCTAAGCTGGTTTTCTAACAACCAACATTGTTTACGAACCATGAGACATCTAGA
GAAGTTAAAAATTCCATATGAATTTCAGTATGGGTGGCTAGGTGTCAAAATTACAA
TAAAATCAAATGTACCTAACGATGAAGTGACGAAAAAAGTCTCACCTATCATTAAA
GGGGAAATAGAGGGGAAAGAGGAAAAAAAAGAGGGGAAAGGGGAAATAGA
GGGGAAAGAGGAAAAAAAAGAGGGGAAAGGGGAAATAGAGGGGAAAGAGG
AAAAAAAAGAGGTGGAAAATGGACCGAGAAAATAA

orf138
0 102 204 306 410

102

204

orf138

306

1
VI AVIAN
yuedvias
;7
/o
V7
/s

410 i S

Supplemental Figure 4. Sequence of the orf138 gene showing the three repeated
seqguences present at the end of the gene. The repeated sequence is marked in blue
and is underlined. The box plot below shows that no other repeated sequence is
found in the orf138 gene.
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Supplemental Table S1. Oligonucleotides used in this study.

GWPPRB-5 CAAAAAAGCAGGCTCTAGCGGAGAGAGTTGCGAAGCA Ju——
GWPPRB-3 CAAGAAAGCTGGGTTCATCCCCCAAATGATAGAT

Bn-atp9-f ATCAACCCGAGATGTTAGAAGGTGC

Bn-atp9-r AAGAGGTGCTTGCTTTATGAGACTG

Bn-rrn26-f AGACGAAGCTTCGTTCCAAAGTGTT

Bn-rn26-r TCAACCTGCTCATGGCTAGATCGAT RNA gel blot
Bn-atpl-3 CCATGGCACACCCGGAATATG hybridization
Bn-atp1-5 ATGGAATTATCTCCCAGAGCT

Bn-orf138-r TTATTTTCTCGGTCCATTTTCC

Bn-orf138-f ATGATTACCTTTTTCGAAAAATTG

138 1-T7 TGTAATACGACTCACTATAGGGCTTCATTCTGCATCACTCTC

138-2 TTTATATGCTGAAGAAAAG

138 2-T7 TGTAATACGACTCACTATAGGGCGAAACGGCCGAAACGGGA

138-4 AAGAAACTTATTACACT

T7-138-5 TGTAATACGACTCACTATAGGGCATGATTACCTTTTTCGAA

138-3 TCATGGTTCGTAAACAATG Gel shift probes
T7-138-6 ACGTTAATACGACTCACTATAGGGAATGTAAAGTTAGTGTAA

138-4B CCCATACTGAAATTCATA

S ACGTTAATACGACTCACTATAGGGTAAGTTTCTTTCTTTTAGCTT

138-4B

TTTTAC
CCCATACTGAAATTCATA
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Supplemental Table S2. List of antibodies used in this study.

Full Name of detected proteins
Orf138 Open reading frame 138 Rabbit : 2,000 1)

PPRB pentatricopeptide repeat protein B Rabbit 1 : 1,000 (2)

Nad6 NADH-ubiquinone oxidoreductase chain 6 Rabbit 1:1,000 Agrisera (AS15 2926)
Nad7 NADH-ubiquinone oxidoreductase chain 7 Rabbit  1:2,000 3)

Nad9 NADH-ubiquinone oxidoreductase chain 9 Rabbit 1:5,000 4)

RISP Rieske iron-sulfur protein Rabbit 1:5,000 (5)

Cox2 Cytochrome oxidase subunit Il Rabbit 1:1,000 Agrisera (AS04 053A)
Rpl16 E/Illté)chondrlal ribosomal large subunit protein Rabbit  1:1,000 Agrisera (AS15 3069)
Porin The channel-forming protein Mouse 1:500 (6)
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