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SUMMARY
Ribosomal RNA processing is essential for plastid ribosome biogenesis, but is still poorly understood in
higher plants. Here, we show that SUPPRESSOR OF THYLAKOID FORMATION1 (SOT1), a plastid-localized
pentatricopeptide repeat (PPR) protein with a small MutS-related domain, is required for maturation of the
23S–4.5S rRNA dicistron. Loss of SOT1 function leads to slower chloroplast development, suppression of
leaf variegation, and abnormal 23S and 4.5S processing. Predictions based on the PPR motif sequences
identified the 50 end of the 23S–4.5S rRNA dicistronic precursor as a putative SOT1 binding site. This was
confirmed by electrophoretic mobility shift assay, and by loss of the abundant small RNA ‘footprint’ associated with this site in sot1 mutants. We found that more than half of the 23S–4.5S rRNA dicistrons in sot1
mutants contain eroded and/or unprocessed 50 and 30 ends, and that the endonucleolytic cleavage product
normally released from the 50 end of the precursor is absent in a sot1 null mutant. We postulate that SOT1
binding protects the 50 extremity of the 23S–4.5S rRNA dicistron from exonucleolytic attack, and favours formation of the RNA structure that allows endonucleolytic processing of its 50 and 30 ends.
Keywords: pentatricopeptide repeat protein, small MutS-related domain, chloroplast, plastid ribosome, ribosomal RNA, Arabidopsis thaliana.

INTRODUCTION
The endosymbiotically derived organelles, the mitochondria and chloroplasts, have retained their own genomes
but have been reduced in size through gene transfer and
loss over the course of their evolution (Timmis et al.,
2004). Retention of these vestigial genomes requires that
the genetic machinery necessary for their expression is
also present. This genetic machinery in organelles is comparable to that found in eubacteria, but has evolved unique
features that distinguish it from its ancestral origins (Barkan, 2011; Hammani and Giege, 2014). For example,
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involvement of additional nucleus-encoded factors, such
as classes of RNA-binding proteins that are not found in
bacteria, is one of the defining features of organelle gene
expression (Barkan, 2011; Hammani and Giege, 2014).
A prominent example of these RNA-binding proteins is the
pentatricopeptide repeat (PPR) protein family, which was
found to be ubiquitous in eukaryotes (Schmitz-Linneweber
and Small, 2008) after its discovery in the model plant Arabidopsis thaliana (Aubourg et al., 2000; Small and Peeters,
2000).
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PPR proteins (PPRs) are characterized by tandem arrays
of degenerate amino acid motifs ranging in length from 31
to 36 amino acids (Lurin et al., 2004). Since their discovery,
a growing body of evidence has shown that PPRs are localized almost exclusively to organelles, and that they play a
role in a variety of gene expression events including transcription, RNA cleavage, intron splicing, RNA stabilization,
RNA editing and translation (Barkan and Small, 2014).
Many of these functions may be explained by PPRs simply
passively binding to organellar transcripts and either blocking exoribonucleases, and thereby defining RNA precursor
ends, or remodelling bound RNA, and exposing or masking ribosome binding sites or cis-elements required for
other RNA processing events such as cleavage, splicing or
editing (Barkan and Small, 2014). Specific examples of
these two modes of action have been described (Prikryl
et al., 2011; Zhelyazkova et al., 2012). In addition, it has
been reported that stable interactions between PPRs and
RNA may be tracked as PPR ‘footprints’ in small RNA
sequencing data sets (Ruwe and Schmitz-Linneweber,
2012; Zhelyazkova et al., 2012). Furthermore, structural
studies have now confirmed previous models suggesting
that PPR motifs form helical sheets that bind RNA in a
modular, sequence-specific manner (Yin et al., 2013). In
addition, recent breakthroughs in understanding the ‘code’
that underlies the specificity of how these proteins bind
RNA (Barkan et al., 2012; Takenaka et al., 2013; Yagi et al.,
2013) have facilitated subsequent studies in which predicted RNA targets have been proven experimentally (Takenaka et al., 2013; Yap et al., 2015) and predictable
alteration of sequence recognition has been achieved (Barkan et al., 2012; Kindgren et al., 2015).
In land plants, the PPR protein family has expanded considerably, with 450 members found in Arabidopsis
(O’Toole et al., 2008), comprising the P class and PLS class
sub-families, defined by the presence of the canonical 35
amino acid motif and variable-length motifs, respectively
(Lurin et al., 2004). These sub-families are also separated
by function: in most cases, PLS class PPRs are involved in
RNA editing, while P class PPRs have more diverse roles in
cleavage, splicing, stabilization and/or translation of their
target transcripts (Barkan and Small, 2014). In addition,
PLS class PPRs are often further distinguished by the presence of additional C–terminal domains: the E, E+ and DYW
domains (Lurin et al., 2004). In comparison, most P class
PPRs do not contain additional domains. An exception to
this is a small sub-group of P class PPRs that contain a C–
terminal small MutS-related (SMR) domain (Liu et al.,
2013a). The SMR domain was initially described in the
cyanobacterium Synechocystis, as a C–terminal domain
present in the MutS2 protein (Moreira and Philippe, 1999),
and was shown to specifically confer DNA nuclease activity
(Fukui et al., 2007). Since then, proteins containing SMR
domains have been found in both prokaryotic and eukary-

otic species (Fukui and Kuramitsu, 2011). However, the
coupling of PPR motifs with a C–terminal SMR domain into
a single protein is restricted to the Viridiplantae, but as
PPR-SMR proteins are found in green alga, they clearly
emerged early in the evolution of the PPR protein family
and prior to its massive expansion in land plants (Liu et al.,
2013a).
In Arabidopsis, just eight of the 450 PPR proteins belong
to the PPR-SMR sub-group, and five are localized to the
chloroplast (Liu et al., 2013a). Despite its small size, this
sub-group of PPRs has been the focus of numerous studies, due to the fact that the enigmatic protein GUN1, a central regulator of chloroplast retrograde signalling (de Dios
Barajas-Lopez et al., 2013), was found to encode a PPRSMR protein (Koussevitzky et al., 2007), and its precise
function remains elusive. In addition, estimations of protein abundance using published proteomic datasets indicated that three PPR-SMR proteins dominate the protein
mass attributed to all PPRs in plastids of both Arabidopsis
and maize (Zea mays), specifically the proteins pTAC2/
ZmpTAC2, SVR7/ATP4 and AT5G46580/PPR53 (Liu et al.,
2013a).
Of these abundant PPR-SMR proteins, PTAC2 and SVR7
in Arabidopsis and ATP4 in maize have been characterized.
PTAC2 was identified as a novel component of the plastid
transcriptionally active chromosome (pTAC), and ptac2
mutants are only able to grow with an exogenous sugar
supply and show a large reduction in transcripts generated
by the plastid-encoded RNA polymerase (Pfalz et al., 2006).
The svr7 and atp4 mutants have less severe phenotypes
but do exhibit plastid gene expression effects. SVR7 is
required for plastid rRNA maturation and plastid ATP synthase expression (Liu et al., 2010b; Zoschke et al., 2013a).
The SVR7 ortholog in maize, ATP4, is required for atpB
translation and has additional roles in stabilization of psaJ
and rpl16–rpl14 mRNAs (Zoschke et al., 2012, 2013b). The
characterization (and naming) of SVR7 came about through
a screen for suppressors of var2, a mutant lacking the
FtsH2 subunit of the FtsH protease, which leads to a variegated leaf phenotype, whereby plants have green- and
white-sectored leaves containing normal chloroplasts and
non-pigmented plastids, respectively (Chen et al., 2000).
Genetic screening for suppressors of var2 and subsequent
characterization of the isolated mutants have shown that
mutations suppressing the leaf variegation phenotype
directly or indirectly lead to reduced numbers of chloroplast ribosomes (e.g. Yu et al., 2008; Liu et al., 2010a).
However, although plastid rRNA biogenesis is mildly disrupted in svr7 mutants, the direct target of the SVR7 protein has not been determined.
To further characterize the PPR-SMR protein sub-group,
we investigated the function of the Arabidopsis protein
encoded by the gene AT5G46580, denoted here as SOT1
(SUPPRESSOR OF THYLAKOID FORMATION1). This
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protein is orthologous to maize PPR53 (GRMZM2G438524),
as described by Zoschke et al. (2016). We show that SOT1
binds to the 5’ region of the 23S–4.5S rRNA precursor and
blocks exonucleolytic attack, thus facilitating plastid ribosomal RNA maturation and ribosome assembly.
RESULTS
Identification and characterization of the sot1 mutant
The sot1 (suppressor of thf1 1) mutant was initially identified in a suppressor screen for the leaf variegation phenotype of thylakoid formation 1 (thf1) (Wang et al., 2004), as
previously described (Wu et al., 2013; Hu et al., 2015; Ma
et al., 2015). The original suppressor line, denoted 40–1,
and the sot1–1 mutant line, isolated from F2 progeny of the
cross between 40–1 and wild-type (WT), had similar phenotypes: they did not display variegated leaves, but were
reduced in size and had paler green cotyledons and leaves
compared to WT (Figure 1a and Figure S1). Map-based
cloning was performed as previously described (Wu et al.,
2013; Hu et al., 2015; Ma et al., 2015), and showed that the
suppressor gene was located within a 78 kb interval
between the K11l1 and MZA15 markers on the top arm of
chromosome 5, which contains 19 annotated genes (Figure 1b). A single nucleotide substitution (C?T) was found
to occur 1859 nucleotides downstream of the start codon
of AT5G46580, resulting in an amino acid change from serine to leucine (Figure 1b). The map-based cloning result
was confirmed, as 40–1 plants expressing SOT1 under the
control of the CaMV 35S promoter displayed a variegated
leaf phenotype (Figure 1a). The AT5G46580/SOT1 locus
encodes a pentatricopeptide repeat (PPR) protein that contains 11 PPR motifs and a C–terminal SMR domain (Figure 1b). Thus, SOT1 belongs to the small subset of P class
PPR proteins known as PPR-SMR proteins.
A T–DNA insertion line GK_840D06, denoted sot1–2, was
also identified, and plants were confirmed to be homozygous by PCR-based genotyping (Figure 1c). The position of
the T–DNA insertion was confirmed by sequencing to be
located 5’ of the first PPR motif (Figure 1b). In contrast to
sot1–1, the SOT1 transcript was not detected in sot1–2 (Figure 1d), and the growth phenotype was more severe (Figure 1e). Like sot1–1, sot1–2 was able to suppress thf1 leaf
variegation (Figure 1e), and both sot1–1 and sot1–2 were
found to also suppress leaf variegation in var2 (Figure 1f).
The SOT1 protein contains an N–terminal signal peptide
that is predicted to target chloroplasts using TargetP 1.1
(Emanuelsson et al., 2000). This is consistent with proteomic datasets indicating that SOT1 is present in the
chloroplast (summarized in Liu et al., 2013a). Northern
blotting detected SOT1 transcripts in all green tissues, with
high levels in rosette leaves, flowers and siliques, but not
in roots (Figure S2a), and GUS reporter assays showed
that the SOT1 promoter was active in various green tis-

sues, such as cotyledons, leaves, flowers and siliques (Figure S2b). These results are in agreement with the
chloroplast localization of SOT1 and a putative function in
chloroplast development.
Given that SOT1 is one of five chloroplast-targeted PPRSMR proteins in Arabidopsis (Liu et al., 2013a), which
include GUN1, a protein required for chloroplast-tonucleus retrograde signalling (Koussevitzky et al., 2007),
the sot1 mutant was tested for the genomes uncoupled
(gun) phenotype. Under treatment with norflurazon, gun
mutants show an inability to repress photosynthesis-associated nuclear genes in response to chloroplast dysfunction. As previously observed for svr7–3 (Zoschke et al.,
2013a), the sot1–1 mutant was able to repress expression
of photosynthesis-associated nuclear genes in the presence of norflurazon (Figure S3), indicating that it is not
involved in this retrograde signalling pathway.
Loss of SOT1 affects levels of ndhA and chloroplast rRNA
species
As SOT1 was found to encode a PPR protein localized to the
chloroplast, we deduced that chloroplast gene expression
would be affected in the sot1 mutants and its analysis may
reveal putative SOT1 RNA targets. Quantitative RT–PCR
was performed to assess transcript levels of all protein-coding genes encoded in the plastid genome (Figure S4). This
analysis revealed that transcripts were, in general, mildly
up-regulated, with an obvious exception being considerable
down-regulation of ndhA levels in the sot1 mutant plants
compared to WT. However, as it is known that reduced
expression of subunits of the chloroplast NADH dehydrogenase-like complex usually does not result in a clear phenotype when plants are grown under normal conditions
(Shikanai, 2007), the reduction in ndhA levels cannot
explain the sot1 mutant growth phenotype (Figure 1).
While preparing RNA for analysis, it was noted that samples from the sot1 mutants displayed differences in chloroplast rRNA accumulation (Figure 2b). Differences in the
levels of 23S rRNA species were observed, and these were
different to those observed in svr7–3, which had been previously reported to show chloroplast rRNA processing
defects (Liu et al., 2010b; Zoschke et al., 2013a). To investigate this further, northern blotting was performed using
probes corresponding to all rRNA components of the
chloroplast ribosome to assess the presence of precursor,
intermediate and mature transcripts (Figure 2a,c). This
revealed that sot1–1 mutants had specific differences in
the accumulation of 23S and 4.5S rRNAs (generally
increased levels of precursors and decreased levels of
mature transcripts), with less severe effects on the 16S and
5S rRNAs. Notably, the chloroplast rRNA defects observed
were distinct from those seen for svr7–3, and in addition
to quantitative differences, qualitative differences
were also observed. Specifically, the 3.2 knt transcript

© 2016 The Authors
The Plant Journal © 2016 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 607–621

610 Wenjuan Wu et al.

thf1

40-1

sot1-1

(b)

p35:SOT1/40-1

2

WT

(c)

Lb1

+1

t1
so

t1

C to T TGA
(S620L)

ATG
F1

so

W

T

-1

(d)

-2

W

T
so
t1
-

(a)

R1

*

+553

+1859 +2136

sot1-2

(e)

sot1-1

(f)

Figure 1. Identification and characterization of the thf1 suppressor mutant sot1.
(a) Phenotypes of 3-week-old plants grown under short-day conditions. Scale bars = 0.5 cm except for p35:SOT1/40–1, for which the scale bar = 1 cm.
(b) Map-based cloning of SOT1. The SOT1 locus was mapped between markers K11I1 and MZA15 on chromosome 5. The markers used for fine mapping are
shown above the line. The numbers under the line indicate the chromosomal position in kb. The SOT1 (AT5G46580) gene structure from the initiation (ATG)
codon to the termination (TGA) codon within a BAC clone (F10E10) is shown enlarged. A single exon encodes a protein containing a chloroplast transit peptide
(cTP), 11 pentatricopeptide repeat (PPR) motifs and a C–terminal small MutS-related (SMR) domain. A point mutation (C?T) was identified in sot1–1 at position
+1859, and results in an amino acid substitution from serine to leucine (S620L) in the SMR domain. Also shown is the position of the T–DNA insertion in sot1–2
(GK_840D06), which was confirmed via sequencing to be just upstream of the PPR motifs (+553), and of gene-specific primers F1 and R1, used for genotyping
and detection of SOT1 transcripts as shown in (c) and (d). Lb1, T–DNA left border primer.
(c) Confirmation of homozygosity by PCR analysis of the T–DNA insertion in sot1–2 using the primers shown in (b).
(d) Detection of SOT1 transcripts in the sot1–1 and sot1–2 mutant lines.
(e,f) Forty-day-old plants grown under short-day conditions, showing that thf1 leaf variegation is also suppressed by sot1–2, and var2 leaf variegation is suppressed by both sot1–1 and sot1–2. Scale bars = 1 cm.

representing the 23S–4.5S dicistronic precursor appeared
to be smaller in sot1–1 (top band in 23S 50 and 30 northern panels, Figure 2c) and an additional transcript was
detected using the 23S 30 probe (below the 2.4 kb band,
Figure 2c), which we speculate to be a degradation product. The differences in chloroplast rRNAs observed in the
sot1–1 mutant were also seen in sot1–2 (Figure S5).

In addition to the rRNA component of chloroplast ribosomes, the protein component was also examined by performing western blotting on total leaf protein using
antibodies against two nucleus-encoded ribosomal proteins of the small and large subunit respectively, RPS1 and
RPL4 (Figure 2d). RPS1 showed a mild reduction in the
sot1 mutants, while RPL4 showed a dramatic reduction.
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Figure 2. Analysis of plastid ribosome components.
(a) Schematic representation of the Arabidopsis rrn operon, which encodes all rRNA components of the plastid ribosome (16S, 23S, 4.5S and 5S rRNA). The
mature forms of each rRNA are generated by the action of endo- and exo-ribonucleases on the primary transcript. The sizes of all precursors, intermediates and
mature forms are given in kilo-nucleotides (knt).
(b) Differences in plastid rRNA accumulation are seen when total RNA from green tissue is separated on a formaldehyde-containing denaturing agarose gel.
The accumulation of various 23S rRNA species is reduced in sot1 mutant plants, and this is distinct from differences seen in the svr7–3 mutant.
(c) Northern blot analysis confirms that plastid rRNA processing is affected in the sot1–1 mutant, and that the differences in 23S rRNA species observed are distinct from those seen in the svr7–3 mutant. The positions of probes used for northern blotting in (c) are indicated by red lines in (a). Ethidium bromide staining
of the 25S rRNA is shown below each blot to indicate differences in gel loading.
(d) Levels of two nucleus-encoded plastid ribosomal proteins, RPS1 and RPL4, and of two plastid-encoded proteins, AtpE and PsbA, were assessed by western
blotting of total proteins separated by SDS–PAGE, and were found to be reduced in the sot1 mutants compared to WT. Visualization of the gel to check loading
also shows a reduced amount of RbcL protein in the sot1 mutant plants.
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This indicates that biogenesis of the large chloroplast ribosome subunit is specifically perturbed in the sot1 mutants,
which is consistent with the rRNA deficiencies observed.
The reduced amount of RbcL protein observed suggests
that plastid translation in general is also perturbed. This is
further supported by reduced levels of two plastid-encoded
proteins: AtpE and PsbA.
Identifying a putative target site of SOT1
As the size of the 23S–4.5S rRNA precursor appeared smaller in the sot1 mutants by northern blot analysis, this was
investigated further by mapping transcript ends. 50 RACE
was performed using a primer adjacent to the start of the
mature transcript (Figure 3a). The resulting PCR products
were sequenced to determine the positions of the 50 ends.
This analysis showed that the processed 50 end of the 23S
rRNA precursor, found only in Col–0, maps to a position 73
nt upstream of the mature 23S rRNA end as previously
described (Bollenbach et al., 2005; Hotto et al., 2015). This
product is absent in the sot1–2 mutant (Figure 3a),

(a)
TAP
RT

Col-0

suggesting that SOT1 may be involved in stabilizing this
precursor. The larger RACE products, derived from both
Col–0 and sot1–2 RNA, mapped to a region in the trnA
intron. To our knowledge, there is no previous report of this
putative transcript end or of an associated promoter. The
effect of tobacco acid pyrophosphatase (TAP) strongly suggests that this band is generated from reverse transcription
of a primary transcript, but we have no further evidence
that this represents a true transcript end. Moreover, a -10
promoter consensus sequence (TGGTAGAAT) was predicted just upstream of the transcript (de Jong et al., 2012),
but additional experimentation is required to prove its
activity and is outside the scope of the current study.
We also inspected the 50 and 30 ends of the dicistronic
23S–4.5S rRNA using circular RT–PCR (cRT–PCR) combined
with DNA sequencing. This analysis showed that unprocessed and/or mis-processed 50 and 30 ends were detected
in sot1–2, but not in WT or svr7–3 (Figure 3b). Among the 34
23S–4.5S dicistronic molecules analysed for the sot1–2 sample, only 14 mapped to the mature ends of the 23S–4.5S
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Figure 3. Transcript end mapping of the 23S rRNA precursor.
(a) 5’ RACE was performed for the rrn23 precursor transcript. WT and sot1–2 RNA were treated with or without tobacco acid pyrophosphatase (TAP) prior to
adapter ligation and reverse transcription (RT). The PCR products generated were separated on an agarose gel, and the bands marked with arrowheads were
gel-purified, cloned and sequenced. The positions of the sequenced 5’ ends are indicated by arrowheads, and numbers below the arrowheads indicate the numbers of clones obtained at that position.
(b) cRT–PCR analysis of 23S–4.5S precursors was performed on RNA derived from WT, svr7–3 and sot1–2 plants. Small black arrows indicate the position and
direction of the cRT–PCR primer pair. Each coloured bar represents a single sequenced clone, and shows the position of the 5’ and 3’ ends relative to the mature
23S–4.5S dicistron, as seen for all clones sequenced for the WT and svr7–3 samples.
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23S–4.5S precursor, but is this the direct target of SOT1?
Given SOT1 is a PPR protein and prediction of putative
binding sites is now possible (Barkan et al., 2012; Takenaka
et al., 2013; Yagi et al., 2013), potential targets of SOT1
were determined. Initially, a predicted binding site was
generated using the amino acid residues at positions 5 and
35 of the first nine PPR motifs present in the SOT1 protein
(Figure 4a). The last two PPR motifs were excluded from
the predictions as they are unusual and it is not currently

dicistron, whereas all WT/svr7–3 sequences mapped to the
mature ends. Eleven sequenced clones from sot1–2 had the
same 50 end as WT but a longer 30 end, while the remaining
nine had shorter 50 and 30 ends or shorter 50 ends but longer
30 ends compared to the mature precursor. These results
indicate that loss of SOT1 leads to accumulation of both
unprocessed and mis-processed 23S–4.5S dicistrons.
The results described so far suggest that SOT1 is
involved in stabilization and/or correct processing of the

(a)

(b)

Repeat:

SOT1

aa 5:
aa 35:

Predicted binding site:

123456789
NSSSNTNTT
DDDNNDDND
UGGAYGUAG

(c)
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:::X::XXX
ndhA 5’: UGGCUGAUAUUAUGACGAUAC

rrn23

ndhA

Figure 4. Identification of potential RNA targets of SOT1. (a) Putative binding sites of SOT1 were predicted based on the amino acid residues at positions 5 and
35 of the first nine PPR motifs in the protein. One of the putative binding sites lies within a putative PPR ‘footprint’ previously described by Ruwe and SchmitzLinneweber (2012) in the region between trnA and rrn23 (see Table S1).
(b) Putative PPR ‘footprints’ were analysed by sequencing small RNA libraries derived from WT and sot1–2 mutant plants. Reads derived from small RNA
sequencing (triplicate samples for both WT, shown in blue, and sot1–2, shown in orange) were mapped to the chloroplast genome, and putative PPR ‘footprints’
reported in Ruwe and Schmitz-Linneweber (2012) were analysed. Coverage of these ‘footprints’ was compared between the genotypes using BEDTools and by
plotting log2(count) minus log2(median count) for all six samples. The coverage data were then ordered by maximum count for each ‘footprint’. Red boxes highlight that the ndhA 5’ and trnA–23S ‘footprints’ are reduced in the sot1–2 mutant compared to WT.
(c,d) Read coverage over the rrn23 and ndhA regions for all six samples (blue, WT; orange, sot1–2). Coverage across the whole region was normalized using the
median coverage across the mature rrn23 and ndhA transcripts, and shows that loss of the ndhA 5’ and trnA–23S ‘footprints’ in the sot1–2 mutant is far greater
than may be explained by reduction in levels of the corresponding transcript. The sequences of the ndhA 5’ and trnA–23S ‘footprints’ are shown, and possible
SOT1 binding sites are indicated (colons indicate a compatible match, X indicates an incompatible match).
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Figure 5. RNA gel blot analysis of the trnA–23S
small RNA.
RNA (2.5 lg) from each genotype was separated on
denaturing polyacrylamide gels and transferred to
nylon membranes. Small RNAs were detected
using a digoxigenin-labelled oligonucleotide antisense to the trnA–23S ‘footprint’. An ethidium bromide-stained gel is shown to indicate equal
loading. The arrowheads indicate three hybridization signals obtained with the rrn23 5’ probe. These
probably represent: (I) the small RNA corresponding to the trnA–23S ‘footprint’ (25 nt), (II) a larger
isoform of the small RNA with a 3’ extension, which
has been found in small RNA sequencing datasets
(approximately 35 nt), and (III) the 5’ leader
sequence of the 23S ribosomal RNA (73 nt), as indicated in the lower panel.
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possible to predict which nucleotides these repeats would
recognize. Using this predicted binding site and allowing
at most one base mismatch, matches across the chloroplast genome sequence were determined. From these,
potential binding sites were identified based on the existing knowledge of PPR binding sites, specifically that they
are likely to be found in intergenic regions close to transcript termini or within introns, and on the same strand as
the coding sequence (Barkan and Small, 2014). Using these
criteria, six putative targets of SOT1 were identified
(Table S1), and included a putative binding site (Figure 4a)
that not only matched the 50 region of the 23S–4.5S rRNA
but also a putative PPR ‘footprint’ that has previously been
identified (Ruwe and Schmitz-Linneweber, 2012) in a small
RNA sequencing dataset (Rajagopalan et al., 2006).
To determine whether the SOT1 protein is linked to
accumulation of this specific PPR ‘footprint’, we analysed
PPR ‘footprints’ by sequencing small RNA libraries prepared from RNA that was extracted from WT and sot1–2
mutant plants and size-selected. Reads generated from Illumina sequencing of triplicate samples were filtered,
trimmed and mapped to the chloroplast genome.
BEDTools (Quinlan and Hall, 2010) was used to calculate
coverage of the PPR ‘footprints’ reported by Ruwe and

Schmitz-Linneweber (2012) for the various genotypes, and
revealed that the trnA–23S and ndhA 50 ‘footprints’ were
significantly reduced in the sot1–2 mutant compared to WT
(Figure 4b). Local analysis of coverage for the rrn23 and
ndhA regions (Figure 4c,d), where coverage across the
region was normalized using the median coverage across
the mature transcripts, confirmed massive loss of the
trnA–23S and ndhA 50 ‘footprints’ in the sot1–2 mutant,
and showed that it is far greater than can be explained by
reduction in the level of these transcripts.
The reduction in the trnA–23S ‘footprint’ was also confirmed by RNA gel blot analysis. An oligonucleotide antisense to the trnA–23S ‘footprint’ was used to detect small
RNAs in WT, svr7–3, sot1–1 and sot1–2 RNA samples (Figure 5). The hybridization signals obtained for WT and
svr7–3 were similar and showed three differently sized
bands (I, II and III, Figure 5). These probably represent the
small RNA corresponding to the trnA–23S ‘footprint’ (25 nt,
band I), a larger isoform of the small RNA with a 30 extension that is present in small RNA sequencing datasets (approximately 35 nt, band II) and the 50 leader sequence of
the 23S rRNA (73 nt, band III). All three hybridization signals were lost in sot1–2, but low levels of band III were
detected in sot1–1.
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SOT1 binds to the 50 region of the 23S–4.5S rRNA
precursor
As one of the predicted binding sites of SOT1 overlaps
with a PPR ‘footprint’ in the 50 region of the 23S–4.5S rRNA
precusor, and small RNAs corresponding to this ‘footprint’
are lost in the sot1 mutant, we set out to test whether
SOT1 directly binds this sequence.
The mature form of the SOT1 protein (i.e. without the
putative plastid transit peptide) was expressed in E. coli as
a glutathione-S–transferase (GST) fusion protein. The
SOT1 protein was purified by fast protein liquid chromatography (FPLC) and detected using SDS–PAGE as a
band at approximately 100 kDa (Figure S6). The E10 and
E11 fractions were concentrated and then used for RNA
electrophoretic mobility shift assays (REMSA) using
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labelled synthetic RNAs that correspond to various
sequences based on the trnA–23S ‘footprint’ (Figure 6a).
The purified recombinant SOT1 was first incubated with a
biotin-labelled RNA probe P1 (2 nM) that corresponds to
the trnA–23S ‘footprint’. The SOT1–RNA complex was
detected as a band that migrated more slowly than the free
RNA, and the signal strength of the retarded band was in
proportion to the level of recombinant SOT1 protein added
to the reaction solution (Figure 6b), indicating that SOT1
binds the trnA–23S ‘footprint’.
To confirm the sequence specificity of SOT1 binding to
P1, unlabelled RNA with the same sequence (C1, 1 lM)
was used as an RNA competitor. When the competitor was
added to the reaction solution containing P1 and SOT1, the
protein–RNA complex was not detectable (Figure 6b).
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Figure 6. SOT1 binds to the 5’ region of the 23S–4.5S precursor.
(a) Schematic representation of RNA sequences used for in vitro binding assays with respect to the trnA–23S ‘footprint’ and the predicted SOT1 binding site.
(b) REMSA of SOT1 binding to 2 nM of biotin-labeled P1. The concentration of the recombinant SOT1 protein is indicated above each lane. The positions of protein–RNA complexes and free RNA are indicated by C and F, respectively. In the last lane, unlabelled RNA C1 (1 lM) was added to compete for binding between
SOT1 and P1.
(c) A 5 nt deletion at the 5’ end of the trnA–23S ‘footprint’ affects SOT1 binding to RNA. P2 has a 5 nt deletion at the 3’ end and P3 has a 5 nt deletion at the 5’
end. In the competitive assay, the concentration of the labelled probe (P2 and P3) is 2 nM and the concentration of unlabelled probe is 1 lM. The positions of protein–RNA complexes and free RNA are indicated by C and F, respectively.
(d) Analysis of the binding specificity of SOT1. Unlabelled RNA corresponding to the trnA–23S ‘footprint’ (C1) competes with P1 for binding to SOT1, but a competitor with a sequence unrelated to the ‘footprint’ sequence (C4) does not.
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These results indicate that SOT1 specifically binds to its
target. We also tested SOT1–RNA binding affinity using
RNAs with a 5 nt deletion at either the 30 end (P2) or the 50
end (P3) of the ‘footprint’. Our results show that the interaction between SOT1 and the ‘footprint’ was still detected
if the 5 nt at the 30 end were deleted, but was completely
abolished if the 5 nt at the 50 end were removed, indicating
that the predicted core sequence is critical for the interaction (Figure 6c). Furthermore, we showed that, when a
competitor with a sequence unrelated to the ‘footprint’
sequence (C4) was added, the protein–RNA complex was
unaffected (Figure 6d), providing additional support for
sequence specificity of SOT1 binding to its target. Taken
together, these results suggest that SOT1 binds to the 50
region of the 23S–4.5S precursor in a sequence-specific
manner.
DISCUSSION
SOT1 is involved in chloroplast ribosome biogenesis
The chloroplast ribosome resembles prokaryotic 70S ribosomes with regard to function, composition and structure,
and comprises a small 30S subunit and a large 50S subunit
(Tiller and Bock, 2014). The biogenesis of ribosomes is a
complicated and finely regulated process, which begins
with transcription of the ribosomal gene operon, followed
by the coordinated action of many proteins involved in
rRNA processing, and assembly of the rRNA with ribosomal proteins (Kaczanowska and Ryden-Aulin, 2007). In bacteria, the three rRNAs are transcribed as a single large
precursor, which undergoes co-transcriptional folding, processing and modification to form the mature rRNAs (Kaczanowska and Ryden-Aulin, 2007; Gutgsell and Jain, 2010).
Although the chloroplast 50S subunit contains three rRNAs
(23S, 4.5S and 5S) compared to two rRNAs (23S and 5S) in
bacteria, the plastid 23S and 4.5S rRNAs are functionally
equivalent to the 50 - and 30 -terminal regions of the bacterial
23S rRNA, respectively (Edwards and Kossel, 1981;
Machatt et al., 1981).
In higher plants, RNA-binding proteins that are essential
for maturation of plastid rRNAs have been identified and
probably play an important role in defining the cleavage
site for RNases and protecting rRNA from exoribonucleolytic digestion, as RNases usually lack sequence specificity. In the model plant Arabidopsis, the chloroplast
stem-loop binding proteins (CSP41a/b) have been suggested to be involved in the 50 end maturation of 23S
rRNA, and a DEAD box protein, RH39, has been suggested
to be involved in introduction of the hidden break in the
23S rRNA (Beligni and Mayfield, 2008; Nishimura et al.,
2010). RHON1, which interacts with RNase E, was reported
to bind the inter-cistronic region of the 23S–4.5S dicistronic
rRNA precursor via its C–terminal Rho–N domain, and is
presumed to confer sequence specificity to RNase E (Stop-

pel et al., 2012). Recently, an octotricopeptide repeat protein, RAP, was found to be required for chloroplast 16S
rRNA maturation, most likely by defining the trimming site
of RNase J (Kleinknecht et al., 2014). However, until now,
there have been no reports of PPR proteins being directly
involved in plastid rRNA maturation, despite their clear
role in defining mRNA termini (Prikryl et al., 2011).
The 23S–4.5S dicistronic rRNA precursor is released by
cleavage of the primary polycistronic transcript of the plastidic rrn operon by an uncharacterized endoribonuclease,
and its 50 and 30 ends are then processed to generate the
mature 23S–4.5S rRNA (Edwards and Kossel, 1981; Walter
et al., 2002; Bollenbach et al., 2005). This mature dicistron
is further endonucleotytically cleaved into the 23S and
4.5S precursors (Bollenbach et al., 2005). Recent studies
reported that chloroplast mini-ribonuclease III participates
in rRNA maturation, including that of the 23S–4.5S precursor, and intron recycling (Hotto et al., 2015), and that loss
of the endoribonuclease YbeY also affects plastid rRNA
maturation (Liu et al., 2015), but the precise steps involved
in maturation of the unique plastid 23S–4.5S dicistronic
precursor remain unclear.
Chloroplast RNA processing has been reported to be perturbed in many mutants that are defective in ribonucleases
and RNA helicases (dal, dcl, rhon1, rnr1, rh3 and rh22)
(Bisanz et al., 2003; Bellaoui and Gruissem, 2004; Bollenbach et al., 2005; Asakura et al., 2012; Chi et al., 2012; Stoppel et al., 2012; Liu et al., 2015), ribosomal proteins (Liu
et al., 2013b; Wu et al., 2013; Ma et al., 2015), and factors
involved in rRNA maturation and modification (Yu et al.,
2008; Liu et al., 2010b, 2013b; Wu et al., 2013; Kleinknecht
et al., 2014; Han et al., 2015). However, in many cases,
these irregularities in rRNA processing are probably due to
secondary effects of the mutation. This study provides evidence for a direct role of the PPR-SMR protein, SOT1, in
binding the 50 region of the 23S–4.5S rRNA intermediate
and protecting it from exonucleolytic attack. We have
shown that rRNA processing is defective in the sot1 mutant
lines, and that the predicted SOT1 binding site corresponds
to the 50 end mapped by 50 RACE and cRT–PCR as well as a
PPR ‘footprint’ which is missing in the mutants. These
results, combined with the observation that purified SOT1
binds to the ‘footprint’ in vitro, strongly support a direct
role for SOT1 in chloroplast rRNA maturation and thus in
chloroplast ribosome biogenesis. Our approach also highlights the power of combining binding site predictions,
using the PPR ‘code’ (Barkan et al., 2012), with a highthroughput method of screening PPR ‘footprints’ using
small RNA analysis (Ruwe and Schmitz-Linneweber, 2012;
Zhelyazkova et al., 2012; Loizeau et al., 2014), to discover
novel PPR protein–RNA interactions.
Based on the knowledge gained from this study, as well
as the recent report on the role of mini-ribonuclease III in
rRNA maturation (Hotto et al., 2015), a model for SOT1
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Figure 7. Model of SOT1 action on the chloroplast
23S–4.5S rRNA precursor.
The endonuclease activity of RNase Z, J or E creates entrance sites for RNase J 5’?3’ exonucleolytic activity upstream of the SOT1 binding site.
When SOT1 is present, RNase J is blocked 73 nt
upstream of the 5’ end of the mature 23S rRNA,
allowing proper 5’ maturation of 23S and 3’ maturation of 4.5S by mini-ribonuclease III. If SOT1 is
missing, RNase J progresses into the 23S rRNA,
causing rRNA processing defects as observed in
this study.

Endonuclease
(RNase Z,J or E)
trnA ex 1

Endonuclease
(Mini-III)
SOT1

trnA ex 2

23S

5’ to 3’
exonuclease
(RNase J)

trnA-23S ‘footprint’

4.5S

5’ end of mature
23S rRNA

C
UUCAUGGACGUUGAUAAGAUCUUUCCA--//--AGUUAAGGGCGAGGUUCAA A
| || |||||||||||||
Predicted SOT1
AC-AUCCUUGUUCCAAGUU C A
binding site
3’
3’ end of mature
4.5S rRNA

action on the chloroplast 23S–4.5S rRNA precursor is proposed (Figure 7). By binding to the 23S–4.5S rRNA precursor, SOT1 protects the RNA from exonucleolytic
processing for a sufficient amount of time for the RNA to
fold back on itself to form the double-stranded structure
required for processing by mini-ribonuclease III. The disruption to mini-ribonuclease III processing is evident from
our results. The cRT–PCR results (Figure 3b) demonstrate
that both 50 and 30 processing of the 23S–4.5S dicistron are
disrupted in the sot1 mutant (but not in the similar mutant
svr7), indicating disruption of simultaneous processing of
both ends, catalysed by mini-ribonuclease III. Further
direct evidence is shown in Figure 5, in which the approximately 75 nt RNA fragment that hybridizes to the trnA–23S
‘footprint’ probe presumably represents the 23S 50 extension that is endonucleolytically removed by miniribonuclease III, and, whilst relatively abundant in wildtype and svr7 RNA, is much reduced in sot1–1 and absent
in sot1–2. Thus, we propose that SOT1 not only protects
the 23S–4.5S precursor, but also facilitates endonucleolytic
processing of both its 50 and 30 ends.
SOT1 may have additional roles in plastid gene expression
The sot1 mutants show additional perturbations to chloroplast RNA processing (Figure 4 and Figure S4). Here we
have described the role of SOT1 in rRNA processing, but
cannot rule out the possibility that it has additional functions. In particular, our systematic analyses of plastid
transcripts and small RNA ‘footprints’ consistently demonstrated an effect on ndhA transcripts, that we have not fully
evaluated as the sequence of the small RNA lacks similarity
to the predicted binding site of SOT1 (Figure 4d) and loss
of ndhA expression does not explain the growth and
molecular phenotype of the sot1 mutant (Figures 1 and 2).

Moreover, Zoschke et al. (2016) have shown that the SOT1
ortholog in maize, PPR53, does not bind synthetic RNA corresponding to the ndhA 50 putative PPR ‘footprint’, and
propose that the effect on ndhA expression must involve
an additional protein. Therefore, whilst acknowledging that
SOT1 may have additional roles in plastids, we have
focused on its action in processing 23S–4.5S precursor
RNAs, as we believe this is its major and direct function.
This is supported by the fact that SOT1 is one of most
abundant PPRs in plastids, as judged by spectral counts
from mass spectrometry (Liu et al., 2013a), and the trnA–
23S ‘footprint’ that it binds is also one of the most abundant small RNAs in the organelle, present at levels that are
approximately 250-fold higher than the level of most proposed PPR ‘footprints’ (Figure 4b).
Does SOT1 act as an endoribonuclease?
Although it seems most plausible that the endonucleolytic
processing of the 23S–4.5S dicistron is catalysed by the
mini-ribonuclease III, it is worth considering whether SOT1
may play a direct role in catalysing this event. SOT1 contains an SMR domain (Liu et al., 2013a), which has been
shown to exhibit nicking endonuclease activity in other
proteins (Fukui and Kuramitsu, 2011). The mRNA cycling
sequence binding protein from Leishmania donovani is
one of the few SMR-containing RNA-binding proteins to
have been studied. Its SMR domain was reported to possess endoribonuclease activity (Bhandari et al., 2011).
However, to date, there are no reports of plant SMR
domain proteins with endoribonuclease activity. The mutation in sot1–1 is within the SMR domain, but we have not
been able to ascertain whether the effect of the mutation is
limited to the action of the SMR domain or whether it
affects the activity or stability of the whole protein. In the
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future, it will be important to investigate whether the plant
SMR domain has any endonuclease activity, or whether it
acts as a protein–protein or protein–nucleic acid interaction
domain.
Parallels with other plastid PPR-SMR proteins
SOT1 is the fourth of the Arabidopsis chloroplast-localized
PPR-SMR proteins to be studied in detail. Despite their
similar structure and clear evolutionary relatedness (Figure S7) (Liu et al., 2013a), these four proteins appear to
play very different roles in plastid gene expression. PTAC2
is required for plastid RNA polymerase function (Pfalz
et al., 2006), GUN1 is involved in retrograde signalling and
suppression of nuclear gene expression in response to
plastid dysfunction (Koussevitzky et al., 2007), and SVR7 is
required for correct expression of the plastid ATP synthase
(Zoschke et al., 2013a), as is its maize orthologue, ATP4
(Zoschke et al., 2012). These apparent differences hide
some intriguing parallels, particularly between SOT1 and
SVR7. Both were initially found as suppressor of variegation mutants (Liu et al., 2010b; this study), both are apparently highly abundant (relative to other PPR proteins) (Liu
et al., 2013a), both affect rRNA processing (Liu et al.,
2010b; this study), and both are predicted to bind very similar, even overlapping, sequences: the predicted binding site
of SOT1 is UGGAYGUAG, that of SVR7 is UGGAYRURG.
We previously reported that thf1 variegation may be
attributed to a reduced level of FtsH protease activity
(Zhang et al., 2009). In this study, we provide genetic evidence suggesting that var2 and thf1 share the same mechanism controlling leaf variegation. The sot1 mutant is able
to suppress var2 leaf variegation (Figure 1f), and the previously identified var2 suppressor svr7 (Liu et al., 2010b)
also suppresses thf1 leaf variegation (Figure S8). To date,
a number of suppressors have been identified from genetic
screens for the thf1 and var2 leaf variegation phenotype
(Park and Rodermel, 2004; Miura et al., 2007; Yu et al.,
2008, 2011; Liu et al., 2010a,b, 2013b; Wu et al., 2013; Hu
et al., 2015; Ma et al., 2015). Interestingly, many of these
variegation suppressors have defects in chloroplast rRNA
processing, suggesting a link between plastid ribosome
biogenesis and leaf variegation. On this basis, an undiscovered direct role for SVR7 in some aspect of ribosome
biogenesis appears possible.
Stretching the parallels further, leaf variegation must
involve some aspect of plastid retrograde signalling, with
nuclear expression of plastid genes involved in photosynthesis being shut down in the white sectors (Kato et al.,
2007). Viewed in this way, the action of the sot1 and svr7
mutations to suppress leaf variegation in response to certain forms of chloroplast dysfunction resembles the action
of the gun1 mutation in suppressing the nuclear gene
expression response to other forms of plastid dysfunction.
Although neither svr7 nor sot1 show a gun phenotype

under the classical conditions used to discover gun1 (Figure S3), it is tempting to speculate that further research
will discover some unifying mode of action that links these
PPR-SMR proteins.
EXPERIMENTAL PROCEDURES
Plant materials and growth conditions
Arabidopsis thaliana Col–0 plants were used as the wild-type control for this work, except for map-based cloning, for which Landsberg erecta (Ler) was used. Arabidopsis T–DNA insertion lines
were obtained from the Nottingham Arabidopsis Stock Centre
(http://arabidopsis.info). sot1–2 corresponds to the GABI-Kat T–
DNA insertion line GK_840D06 (Kleinboelting et al., 2012; stock ID
N480586) and svr7–3 corresponds to the SAIL line SAIL_423_G09
(Sessions et al., 2002; stock ID N819547) that has been described
previously (Zoschke et al., 2013a). Homozygous plants were identified by PCR-based genotyping using the primers listed in Table S2,
and locations of the insertion were confirmed by sequencing. The
sot1–1 mutant was isolated from thf1 suppressors that had been
generated by EMS mutagenesis and screening of 8000 independent M2 progeny (see below). Double mutants were generated by
standard crossing procedures. Seeds generated from crossings
were germinated and the plants were allowed to self-fertilize. Double homozygotes were selected from the resulting progeny.
Seeds were surface-sterilized and stratified at 4°C for 2–3 days,
and then germinated on either half-strength Murashige and Skoog
(MS) medium containing 1% sucrose, or directly on soil, and then
grown under long-day conditions (16 h light/8 h dark) at 22°C with
a light intensity of 100 lmol photons m2 sec1, unless otherwise
specified.

Map-based cloning, plasmid constructs and generation of
transgenic plants
F2 populations from the cross between 40–1 and Ler were used for
mapping the sot1–1 locus. F2 seeds were germinated on MS
plates, and seedlings without leaf variegation were transferred to
soil for further growth. Genomic DNA was isolated from 40–1 lines
in which the thf1 background was identified by PCR. Linkage analysis was performed using SSLP markers (http://www.arabidopsis.org), and fine mapping was undertaken using the primers
listed in Table S2. Plasmid construction and plant transformation
for complementation testing were performed as previously
described (Zhou et al., 2008).

Northern blotting
Northern blotting was performed as previously described (Chateigner-Boutin et al., 2011). The primers used to amplify the 16S,
25S 50 , 25S 30 , 4.5S and 5S rRNA sequences for cloning and subsequent probe generation are given in Table S2.

Protein analyses
Total protein was extracted from the aerial tissue of 2-week-old
seedlings, separated by SDS–PAGE using a 4-15% TGX Stain-Free
gel (Bio–Rad, http://www.bio-rad.com/) and transferred onto a
poly(vinylidene difluoride) membrane (GE Healthcare Life
Sciences, http://www.gelifesciences.com/). Protein loading was
checked by visualizing the gels on a Gel DocTM EZ imager (Bio–
Rad). Western blotting was performed using anti-RPS1 (1:1500;
Uniplastomic, http://www.uniplastomic.com/), anti-RPL4 (1:1500;
Uniplastomic), anti-AtpE (1:5000; provided by Alice Barkan,
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Department of Biology, University of Oregon) and anti-PsbA antibodies (1:50 000, Agrisera, http://www.agrisera.com/). Anti-rabbit
antibodies conjugated to horseradish peroxidase (Sigma-Aldrich,
http://www.sigmaaldrich.com/) was used as a secondary antibody,
and a chemiluminescent signal was generated using ECL reagents
(Bio–Rad).

Rapid amplification of cDNA ends (RACE)
Total RNA was isolated using a Qiagen miRNeasy kit (https://
www.qiagen.com/). Duplicate samples were treated with and without tobacco acid pyrophosphatase (Epicentre, http://www.epibio.
com/) to allow ligation of the adapter RNA by converting 50
triphosphorylated primary transcript ends into monophosphate
ends. After phenol/chloroform extraction and ethanol precipitation, RNA was ligated with T4 RNA ligase 1 (NEB, https://
www.neb.com/) to the 50 SRA adapter (NEB). cDNA was synthesized using random primers and SuperScript III reverse transcriptase (Thermo Fisher Scientific, http://www.thermofisher.com/). 50
RACE was performed using the primers listed in Table S2. PCR
products were gel-eluted, cloned into pGEMâ-T Easy (Promega,
http://www.promega.com/) and sequenced.

cRT–PCR
Total RNA was isolated using the RNAgents system (Promega),
and 5 lg of total RNA were circularized using T4 RNA ligase
(Thermo Fisher Scientific) as described by Perrin et al. (2004).
After phenol/chloroform extraction and ethanol precipitation,
cDNA was synthesized using a reverse transcription system (Promega) and specific primers (Table S2). The region containing the
junction of the 50 and 30 ends was then amplified, cloned into
PCR4 TOPO vectors (Thermo Fisher Scientific), and sequenced.

Prediction of RNA binding sites
Possible RNA binding sequences of SOT1 were generated according to the ‘code’ governing PPR–nucleotide interactions described
by Barkan et al. (2012). The nucleotide patterns representing the
putative target sequences were searched against the Arabidopsis
chloroplast genome (NC_000932, http://www.ncbi.nlm.nih.gov/
nuccore/7525012) using FUZZNUC from the European Molecular
Biology Open Software Suite (EMBOSS) (Rice et al., 2000).

Small RNA sequencing and gel blot analysis
To retain small RNAs, RNA was extracted from frozen, ground
seedling tissue using a Qiagen miRNeasy kit including the
optional homogenization step using QIAshdredder spin columns
(Qiagen). RNA was denatured prior to being separated by size on
a 12% urea polyacrylamide gel, before either being transferred to
a Hybond N+ membrane (GE Healthcare Life Sciences) or being
used to obtain small RNAs for library preparation (see below).
After UV cross-linking of the RNA to the membrane (240 mJ/cm2),
the membrane was hybridized at 60°C to a digoxigenin-labelled
LNA oligonucleotide probe antisense to the trnA–23S ‘footprint’
(2.5 nM in PerfectHybTM Plus hybridization buffer, Sigma-Aldrich)
for 48 h. The membrane was washed and the digoxigenin-labelled
probe detected as previously described (Kim et al., 2010). LNA
oligonucleotides were purchased from Exiqon (http://www.exi
qon.com/), and labelled using a DIG oligonucleotide tailing kit
(Roche, http://www.roche.com/index.htm).
To prepare small RNA libraries, the size-selected RNA (15-50 nt)
was extracted from gel pieces by passive elution, ethano-precipitated overnight and then used in the NEBNextâ Multiplex Small
RNA Library Prep Set for Illumina (NEB) according to the manufac-

turer’s instructions. Libraries were pooled, quantified and then
sequenced (1 x 61 bp) on a HiSeq 1500 system (Illumina, https://
www.illumina.com/) using the rapid-run output mode with onboard cluster generation. Sequencing reads were filtered (> 15 bp)
and trimmed of any adapter sequenced using cutadapt (Martin,
2011). Reads were mapped to the Col–0 plastid genome (with one
copy of the inverted repeat removed) using Bowtie 2 version 2.2.5
(Langmead and Salzberg, 2012) with parameter -L 30 to ensure
stringency. Strand-specific read coverage of the chosen segments
of the genome was calculated using BEDTools version 2.25.0
(Quinlan and Hall, 2010).

Protein expression, purification and RNA electrophoretic
mobility shift assay (REMSA)
The sequence encoding mature SOT1 was cloned into the expression vector PDEST15 (Thermo Fisher Scientific), and expression of
the protein was induced using 0.5 mM isopropyl-b–D–thiogalactopyranoside at 28°C for 6 h in E. coli strain Rosetta. The protein
was purified as described by Cai et al. (2011). REMSA experiments
were performed using a LightShiftTM chemiluminescent RNA
EMSA kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. All the biotin-labelled probes (P1, P2 and P3)
were used at 2 nM, and the unlabelled competitors and control
RNA (C1, C2, C3 and C4) were used at 1 lM. SOT1 protein and
RNAs were incubated at room temperature for 30 min in the reaction solution (10 mM HEPES pH 7.3, 20 mM KCl, 1 mM MgCl2,
1 mM dithiothreitol, 5% glycerol and 2 lg tRNA). The reactants
were analysed using a native polyacrylamide gel, and signals
were detected according to the manufacturer’s instructions.

Chlorophyll extraction, generation of transgenic plants for
GFP localization and GUS expression, gun phenotype test,
and quantitative RT–PCR
Chlorophyll extraction, generation of transgenic plants for GFP
localization and GUS expression, gun phenotype test, and quantitative RT–PCR were performed as described in Appendix S1.
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