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The Arabidopsis genome encodes >450 proteins containing
the pentatricopeptide repeat (PPR) motif. The PPR proteins
are classified into two groups, termed as P and P Long-Short
(PLS) classes. Typically, the PLS subclass proteins are mainly
involved in the RNA editing of mitochondrial and chloroplast
transcripts, whereas most of the analyzed P subclass proteins
have beenmainly implicated in RNAmetabolism, such as 50 or
30 transcript stabilization and processing, splicing and trans-
lation. Mutations of PPR genes often result in embryogenesis
and altered seedling developmental defect phenotypes, but
only a limited number of ppr mutants have been character-
ized in detail. In this report, we show that null mutations in
the EMB2794 gene result in embryo arrest, due to altered
splicing of nad2 transcripts in the Arabidopsis mitochondria.
In angiosperms, nad2 has five exons that are transcribed in-
dividually from two mitochondrial DNA regions. Biochemical
and in vivo analyses further indicate that recombinant or
transgenic EMB2794 proteins bind to the nad2 pre-mRNAs
in vitro as well as in vivo, suggesting a role for this protein in
trans-splicing of nad2 intron 2 and possibly in the stability of
the second pre-mRNA of nad2. Homozygous emb2794 lines,
showing embryo-defective phenotypes, can be partially res-
cued by the addition of sucrose to the growth medium.
Mitochondria of rescued homozygous mutant plants contain
only traces of respiratory complex I, which lack the NADH-
dehydrogenase activity.

Keywords: Complex I • nad2 transcript • Pentatricopeptide
repeat protein • Plant mitochondria.

Introduction

The pentatricopeptide repeat (PPR) protein family is defined by
the presence of a degenerative 35-amino-acid motif repeated in

tandem up to 30 times (Small and Peeters 2000, Cheng et al.
2016). In plants, the gene family coding for this kind of proteins
has greatly expanded (Schmitz-Linneweber and Small 2008,
Cheng et al. 2016). In Arabidopsis, this family is composed of
458 members divided into two subfamilies based on the struc-
ture of the repeated motif, named P and PLS subfamilies. While
members of the P-type contain the canonical P motif, which is
common to all eukaryotes, members of the PLS subfamily con-
tain two additional derived PPRmotifs, including a short (S) and
a long (L) motifs, further divided into the PLS, E, Eþ and DYW
subtypes (Lurin et al. 2004). PPR proteins are predominantly
located within organelles; about 54% of the proteins reside in
mitochondria and 19% in plastids (Lurin et al. 2004). So far, only
a single nuclear PPR protein has been shown to function in the
nucleus in Arabidopsis plants (i.e. GRP23 encoded by the
At1g10270 gene) where it seems to act as a regulator of gene
expression (Ding et al. 2006). Another member of the family is
dually targeted to both the mitochondrion and the nucleus (i.e.
PNM1 encoded by the At5g60960 gene). Yet, genetic comple-
mentation assays indicated a function for PNM1 only in the
mitochondria, where the protein seems to play a critical role in
organellar translation (Hammani et al. 2011). Given the mech-
anism of recognition and slight variation in sequence repeats, all
PPR proteins are proposed to function as gene-specific regula-
tors of RNA metabolism (Lurin et al. 2004). In plant organelles,
PPR proteins were shown to play important roles in RNA sta-
bility, cleavage, splicing, editing and translational regulation
(Schmitz-Linneweber and Small 2008, Hammani et al. 2011).
The PLS-type PPR proteins are almost exclusively implicated
in C-to-U RNA editing in plant organelles (Takenaka et al.
2013, Sun et al. 2016), while the P-class proteins are involved
in a wide range of posttranscriptional processes within the
organelles, ranging from RNA maturation to translation
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(Barkan and Small 2014). Several PPR proteins have been
reported to be essential for plant growth and development,
as indicated by embryo lethality or severe growth and develop-
mental defects associated with loss-of-function mutants in dif-
ferent PPRs (Falcon de Longevialle et al. 2007, Liu et al. 2010,
Sung et al. 2010, Lee et al. 2017). In addition, only few P-class PPR
proteins contain a C-terminal small MutS-related (SMR) do-
main. This subclass plays essential roles in embryo development,
chloroplast biogenesis and gene expression and plastid-to-
nucleus retrograde signaling (summarized in Zhang and Lu
2019). The SMR domain also confers RNA endonucleolytic ac-
tivity in plants (Zhou et al. 2017), which was shown essential for
chloroplastic 23S and 4.5S rRNA maturation.

Mitochondrial complex I (CI, NADH:ubiquinone oxidore-
ductase, EC 1.6.5.3) is a major entry site for electrons into the
respiratory chain, by mediating the transfer of electrons from
NADH to ubiquinone. In Arabidopsis thaliana, CI is comprised
49 subunits (Meyer 2012, Braun et al. 2014, Senkler et al. 2017).
The majority of the subunits are nuclear-encoded, and only
nine genes have been retained in the mitochondrial DNA in
Arabidopsis, namely, nad1, nad2, nad3, nad4, nad4L, nad5, nad6,
nad7 and nad9 (Unseld et al. 1997). Many Arabidopsis mutants
affecting the expression of different CI subunits have been pre-
viously characterized (e.g. Lee et al. 2002, Perales et al. 2005,
Nakagawa and Sakurai 2006, Meyer et al. 2011, Wydro et al.
2013, Colas Des Francs-Small and Small 2014), but only three
mutants in mitochondrial CI loci have been reported so far.
These include two Nicotiana sylvestris mutants with large dele-
tions in the nad7 locus (Pla et al. 1995) and a deletion in the 30

end of nad4 in Zea mays (Karpova and Newton 1999). A nuclear
mutant of N. sylvestris exhibits extremely low CI levels due to a
splicing defect in nad4 intron 1 (Brangeon et al. 2000), while
several nuclear mutants affected in CI have been identified in
Arabidopsis (Lee et al. 2002, Perales et al. 2005, Nakagawa and
Sakurai 2006, Meyer et al. 2011, Wydro et al. 2013). Some
mutants lacking CI activity (K€uhn et al. 2015, Lee et al. 2017)
or completely lacking CI (C�ordoba et al. 2016, Fromm et al.
2016, C�ordoba et al. 2019) have also been recently reported.
The phenotypes of CI mutants vary from weak growth pheno-
types (ndufs8, P�etriacq et al. 2017) to reduced male fertility (Pla
et al. 1995, Karpova and Newton 1999), strong developmental
defects or even embryo lethality, i.e. ndufv1 (K€uhn et al. 2015),
and doublemutants of gamma CAs, ca1ca2, ca1ca3 and cal1cal2
(C�ordoba et al. 2016, Fromm et al. 2016, C�ordoba et al. 2019).

In the mitochondria of different angiosperms, the coding
sequences of nad1, nad2, nad4, nad5, nad7, ccmFc, cox2, rpl2
and rps3 genes are interrupted by group II intron sequences
(see e.g. Bonen 2008, Brown et al. 2014). Most of these introns
are found in a cis configuration, where the intron and the flanking
exons are transcribed in a single RNA molecule. Yet, in different
angiosperms, the splicing of nad1, nad2 and nad5 genes occurs
between separate RNA molecules, to generate a single mature
transcript (reviewed by Brown et al. 2014, Schmitz-Linneweber
et al. 2015, Zmudjak and Ostersetzer-Biran 2017). While the
splicing of bacterial group II introns requires a single, or a few,
splicing cofactor, the maturation of the plant organellar
introns requires many protein cofactors (Li-Pook-Than and

Bonen 2006, Bonen 2008, Brown et al. 2014, Schmitz-
Linneweber et al. 2015, Sultan et al. 2016, Zmudjak and
Ostersetzer-Biran 2017). Although multiple splicing cofactors
were identified in Arabidopsis mitochondria, the molecular basis
of group II-type introns splicing in plant mitochondria is still
under investigation. PPR proteins most likely determine cleavage
sites required for the maturation of group II introns by specific
RNA recognition (Schmitz-Linneweber and Small 2008). Then,
maturases and RNA helicases may stabilize catalytically active
structures required in the splicing reactions (Matsuura et al.
2001, Mohr et al. 2006, K€ohler et al. 2010, Schmitz-Linneweber
et al. 2015, Zmudjak and Ostersetzer-Biran 2017).

Although a large number of PPR-related proteins are
encoded in plants, the physiological roles and molecular func-
tions of many of them are less clear. One of these proteins,
EMB2794, encodes an essential factor that harbors 17 PPR.
Mutations in the EMB2794 (At2g02150) gene lead to strong
embryogenesis defects, which are tightly associated with altered
trans-splicing of nad2 intron 2 and the stability of the second
pre-RNA. Analyses of emb2794 mitochondria indicate strong
defects in CI biogenesis and reduced NADH dehydrogenase
activity (i.e. below detectable levels). Furthermore, we analyzed
the RNA-binding characteristics of a recombinant EMB2794
protein in vitro as well as in vivo and discuss its putative mo-
lecular functions in mitochondria biogenesis and organellar
RNA metabolism.

Results

emb2794 insertional mutant plants show delayed
embryo development

Pentatricopeptide-repeat (PPR) proteins play important roles
in the gene expression of eukaryotic cells, by affecting cellular
and organellar RNA processing and translation (Small and
Peeters 2000). Several PPRs were found in an initial survey of
embryo-defective (EMB) mutants (Tzafrir et al. 2004) and re-
cently summarized by Meinke (2020). These include 34 PPRs
out of 510 EMB genes (6.7%) compared with total PPR contain-
ing genes at the genome-wide scale (1.6%). The EMB2794 gene
contains no introns and encodes a PPR protein (761aa) with a
predicted mRNA of 2,286 nucleotides in length (Fig. 1A). The
terminal phenotype was studied in the context of the Seed
Genes Project (http://www.seedgenes.org/, Meinke et al.
2008). Using two independent alleles (emb2794-1 and
emb2794-2, Fig. 1A), we observed that about 25% of the seeds
in both lines show an abnormal shrunken phenotype, easily
recognizable by their pale appearance in the middle stages of
embryogenesis and by the dark brown coloration of mature
seeds (Fig. 1B and Supplementary Fig. S2). We confirmed
that the most common terminal phenotype associated with
this gene is Early Curled Cotyledon (Fig. 1C). The abnormal
seeds were isolated and genotyped and were found to be homo-
zygous mutants for the emb2794 locus (Fig. 1D). In addition,
although homozygous knockout emb2794 seeds are unable to
germinate on Murashige & Skoog (MS) media, in rare cases, a
few of the seeds were found to germinate in the presence of
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high sucrose concentration in the media and once established
were transferred to soil. The rescued homozygous plants show a
strong degenerate growth phenotype curled leaves (Fig. 1E and
Supplementary Fig. S3). Seeds collected from homozygous
plants are all shrunken and could not be rescued, even when
grown on MS media supplemented with sucrose. A gene-
complementation strategy was conducted introducing a con-
struct containing the full-length coding sequence (2,286 bp) of
At2g02150 gene driven by UBQ10 or its own promoter in the
mutant emb2794 background. Analyses of the T1 plants showed
several heterozygous plants for emb2794 containing the trans-
gene. These plants show siliques containing reduced amounts of
shrunken seeds (�12%, Supplementary Fig. S4A and B). These
data further provide support that the transgene complements
the embryo lethal phenotype associated with emb2794 mu-
tant plants.

EMB2794 is a mitochondrial protein in
Arabidopsis plants
Based on several in silico protein-localization prediction servers
(i.e. Predotar, TargetP, iPSORT, MultiLoc, LocTree and AtsubP),
EMB2794 was predicted to be located in chloroplast
(Colcombet et al. 2013), however, with strong differences
among predictors. Predotar, LocTree and AtSubP showed a
higher probability of mitochondrial localization, while TargetP
and iPSORT provided ambiguous predictions (i.e. possible dual-
localization to both organelles). To experimentally determine
the subcellular localization of this protein in vivo, we carried out
translational fusions of the coding region of EMB2794 with
green fluorescent protein (GFP) under the control of the strong
promoter 35S and delivered into Nicotiana benthamiana
epidermal cells via leaf infiltration for transient expression.
Forty-eight hours after infiltration, leaves were analyzed under
confocal microscope. EMB2794-GFP clearly co-localizes with
MitoTracker, staining specifically mitochondria (Fig. 2A).
Chloroplasts present in guard cells also show green fluores-
cence, but this signal is most likely due to auto-fluorescence
of chloroplasts, since a similar signal was also present in the
negative control (Supplementary Fig. S5). In addition, the con-
struct containing EMB2794-GFP was stably introduced in
Arabidopsis plants. After the verification of GFP expression in
embryos, experiments with MitoTracker were performed, con-
firming the co-localization with mitochondria and not with
chloroplasts (Fig. 2B). From these experiments, we concluded
that EMB2794 is located exclusively in mitochondria.

Mitochondrial transcriptome analyses reveal that
EMB2794 activities are required for the maturation
of nad2 in Arabidopsis mitochondria
It is commonly accepted that PPR proteins are RNA-binding
proteins, which are important for posttranscriptional regula-
tion of gene expression in plant organelles, such as cis- and
trans-splicing, C-to-U RNA-editing, trimming and/or RNA sta-
bility (Barkan and Small 2014). Therefore, we examined the
putative effects of EMB2794 protein on mitochondrial RNA

Fig. 1 The embryo lethal mutant emb2794 is rescued with sucrose.
(A) Schematic representation of the EMB2794 gene showing 17 penta-
tricopeptide repeats. In addition, the site of insertion of T-DNA of two
mutants is indicated. (B) emb2794 siliques show abnormal seeds. In
immature siliques (10 days after pollination; DAP),�25% of develop-
ing seeds of heterozygous emb2794/EMB2794 selfed plants are still pale
(arrowheads) in both emb2794-1 and emb2794-2whileWT (Col-0) are
green. In mature siliques (30 DAP), the �25% are shrunken (arrow-
heads). Bars: 1 mm. (C) Embryos within pale seeds are delayed in their
development. Terminal phenotype of delayed embryos, n, normal, p,
pale seeds. Left panel: 10 d after pollination and right panel: 25 d after
pollination. (D) Genotype of pale and green embryos. Genomic PCR
detecting the WT EMB2794 gene or the T-DNA insertion reveals that
the pale ones (p) are the homozygous emb2794 mutants while the
normal seeds (n) are heterozygous orWT segregants. (E) Homozygous
emb2794 shrunken seeds were sown on medium supplemented with
sucrose as indicated in theMaterials andMethods. Rescued plants are
smaller than wild-type plants showing curled leaves. Flowering is
delayed producing no viable seeds.
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processing and metabolism. As knockout emb2794 mutants
show embryogenesis-defective phenotypes, we first used artifi-
cial microRNAs (amiRs) to reduce the EMB2794 expression. We
designed two independent allelic amiRs (amiR-A and amiR-B)
targeting the EMB2794 transcript. These constructs were intro-
duced into a binary plasmid to direct their expression by the
constitutive 35S promoter. To minimize the risk of silencing the
35S promoter driving the amiR transgenes, the constructs were
introduced into the Arabidopsis rdr6 mutant background
(Carbonell et al. 2014). Total RNA was then extracted from
several transgenic lines for each silencing construct, and tran-
script level of EMB2794 was assessed by reverse transcriptase
(RT)-quantitative PCRs (qPCRs). Two lines showing the lowest
expression, named emb2794-2A4 and 2B17 [29% and 10% of the
wild-type (WT) EMB2794 expression, respectively,
Supplementary Fig. S6] were selected for further analyses.

Using these amiR lines, we undertook a global transcriptome
analysis, considering changes in the steady-state levels of different
mitochondrial genes, excluding tRNAs, rRNAs andmtORFs, as well

as alterations in the splicing efficiencies of the 23 group II intron
sequences in Arabidopsis mitochondria (Unseld et al. 1997). In
both amiR lines, we could not detect any consistent variation in
transcript abundance, considering a minimum log2 ratio cutoff of
±2 (Supplementary Fig. S7). For this reason, we performed the
same global analysis using RNA extracted from rescued homozy-
gous emb2794 plants, as a partial reduction in EMB2794 levels in
the amiR linesmay not produce strong phenotypes. The transcrip-
tome data clearly revealed that, in both emb2794mutant lines, the
accumulation of nad2 mRNA transcripts and, particularly, those
corresponding to nad2 exons 2–3 (ex-bc) exons 3–4 (ex-cd) and
exons 4–5 (ex-de) is strongly affected (Fig. 3A). As these transcripts
are all interrupted by group II intron sequences, a large reduction
in nad2 exons 2–3, 3–4 and 4–5 may indicate that their splicing
was affected in the mutant lines.

To further establish the roles of EMB2794 in the maturation
of nad2, we examined the splicing efficiencies of the 23 group II
introns in embryo-rescued plants. The maturation of nad2 tran-
scripts involves the removal of four different group II-type

Fig. 2 EMB2794 is localized inmitochondria. Confocalmicroscope images showing the subcellular localization of EMB2794-GFP translational fusion
in epidermal cells of Nicotiana benthamiana-infiltrated leaves (A) and embryos of stable transformed Arabidopsis plants (B). Samples were treated
withMitoTracker Red to labelmitochondria. The left panel shows the brightfield, the second showsmitochondria labeledwith theMitoTracker Red
dye, the third shows theGFP signal and the right panels present themerged images. (A) Individual epidermal cells are shown. Large vacuoles without
fluorescent signals occupy the center of each epidermal cell. (B) Images show one cotyledon of Col-0 or EMB2794-GFP embryos. A close up is shown
(box). Chloroplasts are shown (grey arrows). Yellow spots indicate EMB2794-GFP protein co-localized inmitochondria (white arrows). Scatter plot is
shown (inset); Pearson’s and Spearman’s correlation are indicated.
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introns, including three cis-spliced intron (i.e. introns 1, 3 and 4)
and the trans-spliced nad2 intron 2. Analysis of the splicing
efficiencies in emb2794 mutants was estimated by comparing
the ratios of pre-RNA to mRNA in the rescued lines vs. Col-0
plants. These analyses further indicated that the efficiency of
the trans-splicing nad2 intron 2 is strongly affected in emb2794
mutants (Fig. 3B) and the corresponding unspliced transcript is
accumulated (Fig. 3C). As similar effects were seen in two in-
dependent mutant alleles, we concluded that the functions of
EMB2794 proteins are required for the splicing of the second
(trans-spliced) intron in nad2. While the first intron is slightly
affected, all transcripts corresponding to the second pre-RNA
are downregulated in the mutants, including the unspliced
versions. We thus suggest that EMB2794 may also be required
for the stability of the second nad2 pre-RNA.

EMB2794 is associated with nad2 pre-RNAs in vivo
PPR proteins are canonical RNA-binding proteins (Yin et al.
2013, Coquille et al. 2014), where two to three amino acids in

each PPR domain form hydrogen bonds with a specific ribonu-
cleotide base (Shen et al. 2016). Since our experimental data
suggested the reduction in mature nad2 transcript, we pre-
dicted the binding consensus sequence of EMB2794 (Fig. 4A)
and searched for possible binding sites within the coding region
of nad2. We found several possible binding sites in intron 3 as
well as in intron 2 near exon 2 (Supplementary Fig. S8).

To confirm whether EMB2794 protein is directly associated
with their identified RNA targets, i.e. nad2 pre-mRNA tran-
scripts, we performed in vitro RNA-binding assays with a re-
combinant EMB2794 protein. For this purpose, we expressed a
recombinant version of EMB2794 in Escherichia coli as a fusion
protein to Maltose Binding Protein (MBP) with a TEV cleavage
site inserted between the two chimeric proteins (MBP–
EMB2794) as described in the Materials and Methods. MBP
alone attached to the column was used as a negative control.
We analyzed the presence of transcripts whose accumulation
was either affected or unaffected in the mutant lines, consider-
ing the results of the mitochondrial transcriptome obtained

Fig. 3 nad2 transcripts are strongly affected in homozygous mutant-rescued plants. RNA extracted from leaves of Col-0 plants (control) and
emb2794-1- and emb2794-2-rescued plants was analyzed by quantitative RT-PCR using specific primers. (A) The histogram shows the log2-trans-
formed ratios of mature RNA expression for each mitochondrial transcript between the two mutant alleles and Col-0 plants with three biological
repeats. Error bars indicate standard deviation. (B) Splicing efficiency in emb2794 rescued plants was analyzed using primers that specifically
amplified pre-RNAs and mRNAs. The histogram shows the log2-transformed ratios of spliced/unspliced in emb2794 lines vs. those of Col-0 plants.
Values aremean ± SD of three biological replicates. (C) Table showing the ratio of unspliced/spliced nad2 transcripts in emb2794-2mutant line. AU,
arbitrary units.
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Fig. 4 EMB2794 is able to bind both nad2 pre-mRNAs. (A) Consensus of EMB2794 putative binding site shown as WebLogo created in https://
weblogo.berkeley.edu/logo.cgi using all RNA target predicted sequences for EMB2794 PPR motif. (B) Scheme of nad2 pre-transcripts (first and
second transcripts). Primers used over exons and intron are shown (arrows). (C, D) RecombinantMBP–EMB2794 orMBP (negative control) bound
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from rescued homozygous emb2794 plants (Fig. 3). In Fig. 4A,
the consensus sequence of EMB2794 putative binding sites is
shown. The recombinant EMB2794 protein was found to be
stably associated with the two primary transcripts of nad2
(Fig. 4C). These must undergo a trans-splicing activity to allow
the joining of the two nad2 fragments into a single mature nad2
RNA. However, a transcript containing a predictive binding site
within the coding sequence such as atp8 was not found asso-
ciated to the recombinant EMB2794 protein (Fig. 4D).
Surprisingly, other non-coding regions of several mitochondrial
transcripts, including the first transcript of nad1, nad4 ex2-
intron 2 and nad7 ex3-intron 3-ex4, were also predicted as pu-
tative RNA targets of EMB2794 protein. For these particular nad
transcripts (nad1, nad4 and nad7), EMB2794 was also found
associated in vitro (Fig. 4D), although this is not consistent
with the transcript analyses of rescued plants. These results
suggest that EMB2794 has the capacity to bind a portion of
several nad transcripts, although these interactions may be
precluded in vivo.

To determine these capabilities in vivo, we took advantage
of the 35S::EMB2794-GFP plants. Using these plants, we per-
formed an in vivo binding assay using a commercial GFP agarose
matrix as outlined in the Materials and Methods. After incuba-
tion and washing steps, agarose beads containing the PPR-GFP
fusion protein complexed with their cognate RNAs were used
to isolate RNA. cDNA was synthesized and PCR was conducted
for relevant positive and negative controls. As shown in Fig. 4E,
the fusion protein was found to be stably bonded to the first
and second pre-RNA of nad2 as we detected in the in vitro
assay. Again, our results show that atp8 transcript was not
associated with EMB2794 in vivo. However, other nad tran-
scripts, such as nad1 and nad4, were also detected but with
less reproducibility (Fig. 4F). Taken together, we propose that
EMB2794 is associated with both pre-RNAs of nad2 in vivo.

The emb2794 mutant embryos show normal
mitochondrial membrane potential
Several mutants displaying embryo lethal phenotypes show a
significant reduction in their mitochondrial membrane poten-
tials, in general at heart stage, just before the growth delay is
noticeable (K€uhn et al. 2015, C�ordoba et al. 2016, Fromm et al.
2016). To test whether such phenotypes are also associated
with emb2794 mutants, siliques of hemizygous plants (for
both alleles) were manually pollinated. The membrane poten-
tial of mutant embryos was analyzed at different times after
fertilization using the tetramethylrhodamine, methyl ester
(TMRM) fluorescent probe, which fluoresces red when the
mitochondrial membrane potential is high. Embryos at the

heart stage or at later embryogenesis stages were examined,
as we could easily distinguish Arabidopsis embryos with normal
embryogenesis development from those that showed develop-
mental delay. These analyses indicate that the mutants show a
typical mitochondrial membrane potential, equivalent to the
hemizygous or WT segregants of the same silique or even com-
pared to WT embryos at the same developmental stage (Fig. 5).
These data suggest that despite the altered expression of tran-
scripts coding for the NAD2 subunit, the mitochondria of
emb2794 mutants are still able to maintain some oxidative
phosphorylation activity.

Homozygous emb2794 plants contain only traces of
holo-CI
Based on the strong reduction in nad2mRNA, we assumed that
NAD2 protein is strongly reduced in emb2794 mutants, which
might be affecting the biogenesis of the mitochondrial respira-
tory CI. To test this assumption, we prepared mitochondria
enriched membranous fractions from leaves of WT and mutant
Arabidopsis plants. The enriched mitochondria preparations
were subjected to 1-D Blue-Native PAGE, in-gel NADH DH ac-
tivity and immunoblotting assays. An antibody raised against
the CI carbonic anhydrase-like subunit 2 (CA2), which is found
among the earliest known intermediates of CI (i.e. an 85-kDa
sub-particle of CI, Ligas et al. 2019), was used to examine the
assembly status of CI in the native mitochondrial preparations.
These experiments revealed that fully assembled CI exists only
in trace amounts in emb2794 mutants, although completely
inactive. Lower-molecular mass intermediates were found accu-
mulated to higher levels in the emb2794mutants (Fig. 6). These
include a CI intermediate that contains CA2, with a calculated
mass between 85 and 200 kDa (Supplementary Fig. S9), which
likely corresponds to the second intermediate proposed by
Ligas et al. (2019) that does not include the NAD2 subunit.
As CI is inactive, the level of alternative oxidase (AOX) proteins
is increased (Supplementary Fig. S10). These data further sup-
port the critical roles of NAD2 in CI biogenesis.

Discussion

In this work, we present evidence showing that EMB2794 is
required for the maturation of nad2 pre-RNAs. In vitro binding
assays suggest that EMB2794 directly associates with nad2 tran-
scripts. In the absence of a functional EMB2794 protein, strong
reductions in the steady-state levels of fully mature nad2 tran-
scripts are evident. Under these circumstances, it is expected
that the levels of NAD2 protein, an essential component of CI,
would be strongly reduced (Liu et al. 2010, K€uhn et al. 2011,

Fig. 4 Continued
to amaltose resin was incubatedwithmRNA extracted fromCol-0 plants. The EMB2794–mRNA complexes were eluted by cutting theMBPmoiety
using TEV protease. The RNAs were purified from the complexes using TRIzol and used for cDNA synthesis and PCR using specific primers over
different portions of nad2 transcript (C) and other mitochondrial transcripts (D). Transgenic plants expressing 35S::EMB2794-GFP fusion proteins
were used to perform anRNA-binding assay usingGFP-trap agarose beads. After incubation andwashing steps, total RNAwas extracted fromeluted
EMB2794–RNAcomplexes andRT-PCRwasperformedusing the indicatedprimers overnad2 (E) andothermitochondrial transcripts (F). In all cases,
positive control refers to amplification using mRNA from Col-0 plants as a template.
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Braun et al. 2014, Hsu et al. 2014, Subrahmanian et al. 2016, Xiu
et al. 2016, Cai et al. 2017, Weißenberger et al. 2017, Sun et al.
2019). Accordingly, respiratory CI occurs only in trace amounts
in emb2794 plants. We suggest that the absence, or a large
reduction, of CI activity is directly linked to the embryo-
development arrest phenotypes of emb2794 mutants. These
assumptions are supported by previous analyses of
Arabidopsis and maize affected in CI biogenesis or activity,
which also show notable defects in embryo development

(K€uhn et al. 2015, C�ordoba et al. 2016, Fromm et al. 2016,
Ostersetzer-Biran 2016, Best et al. 2019, Ren et al. 2019, Sun
et al. 2019), regardless of the fact that some plants, e.g. mistle-
toe, are able to grow in the absence of CI in their mitochondria,
although in a semiparasitic way (Maclean et al. 2018, Senkler
et al. 2018).

EMB2794 is a factor involved in the trans-splicing of
nad2 transcripts
Using the amiR emb2794 lines to perform global RNA analyses,
we could not detect any consistent variation in transcript abun-
dance, presumably because silencing was not complete and
residual EMB2794 transcripts may be efficiently translated at a
level high enough to assure its function. On the contrary, anal-
yses of themitochondrial RNA profiles of emb2794 homozygous
mutants indicate defects in the trans-splicing of nad2 intron 2,
which was evident by the notable accumulation of unspliced
nad2 pre-RNA species and the strong reduction in the corre-
sponding mature forms of nad2 (Fig. 3). Furthermore, the
observed decay in the steady state of the ex4 to ex5 seems to
be a consequence of a failure in the trans-splicing between two
pre-transcripts because accumulation of unspliced ex2–3 is
only detected by this method. However, we could not rule
out a possible function in RNA stability.

Based on the predicted protein sequences, predicted binding
sites (Supplementary Fig. S8) and the in vitro and in vivo ac-
tivity assays (Fig. 4), it is strongly anticipated that EMB2794 is
directly associated with nad2 pre-RNA transcripts and thereby
facilitates the maturation of nad2 intron 2. Because we found
putative binding sites in both pre-transcripts, we speculate that
the entire PPR protein is binding to each transcript; thus, one
PPR protein is required per transcript using all 17 repeats. This
function of EMB2794 may involve a direct role in the splicing
reaction, or might be accomplished by affecting the structure as
well as the stability of nad2 pre-RNAs. By in silico predictions,
we found putative binding sites in other nad genes (nad1, nad4,
nad5 and nad7) and also in other mitochondrial genes like atp8
and rps3, 7 and 12; however, this is not consistent with the
results obtained in the transcriptome. Low complexity of the
predicted binding sites may explain the large number of pre-
dicted RNA targets. Some of the transcripts of these genes,
particularly nad1 and nad4, were found in in vitro and in vivo
binding assays suggesting that the protein is able to bind these
transcripts but, depending on transcription rates, levels of
EMB2794 protein, RNA secondary structures and possible other
factors, these interactions are precluded in the WT.

Active assembled CI is absent in emb2794
mutant plants
In plants, like in other organisms studied to date, the assembly
of the membrane arm of CI involves the joining together of an
intermediate containing NAD1 with an intermediate contain-
ing NAD2, followed by the addition of a module containing
NAD4 and NAD5 subunits (Ligas et al. 2019). Amajor difference
in CI biogenesis between the plant and mammalian pathways
involves the CA domain, which is present in plants and pro-
posed in other eukaryotes to be essential for the initial step of

Fig. 5 emb2794 mutant embryos show nearly normal mitochondrial
membrane potential. (A) Col-0 and emb2794-1 and emb2794-2 embryos
were incubated with TMRM at the end of embryo development in the
mutants and at an equivalent stage in theWT (torpedo). Embryos were
then analyzed under confocal microscopy. Within mutant EM2794/
emb2794 siliques, there are around 25% of delayed embryos after heart
stage, which, however, show near-normal mitochondrial membrane
potential. Pictures in the left show bright-field images, in the right,
the red fluorescence and the inset. Bars: 50 μm. (B) Plots showing red
fluorescence of Col-0 and both emb2794 alleles analyzed by t-test
(P < 0.05).
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the membrane arm assembly (Perales et al. 2005, Meyer et al.
2011), while it does not exist in Opisthokonta (animals
and fungi).

The embryo-lethal phenotype of emb2794 is thought to be
caused by the lack of an active CI. In fact, this mutant was
named emb (Meinke et al. 2008), for embryo lethality, because
the abnormal emb2794 homozygous seeds are unable to ger-
minate on the soil. In this study, we show that the embryogen-
esis process is not fully accomplished and that mutant plants
show developmentally delayed embryos from heart stage on-
wards. These delayed embryos never undergo the cotyledon
greening process, so they are pale in color and become dark
brown reaching the Early Curved Torpedo final stage. Since
nad2 transcripts are compromised in the emb2794 mutants, it
is anticipated that NAD2 protein would be strongly reduced in
the mutants. In this scenario, the biogenesis of the membrane
arm of CI is expected to be arrested during the early assembly
steps (Liu et al. 2010, K€uhn et al. 2011, Braun et al. 2014, Hsu
et al. 2014, Subrahmanian et al. 2016, Xiu et al. 2016, Cai et al.
2017, Weißenberger et al. 2017, Sun et al. 2019). Indeed, knock-
out rescued plants did not show any NADH dehydrogenase
activity, while a small intermediate (i.e. partial assembled) CI

particle of about 150 kDa was detected in leaf extracts in some
experiments (Supplementary Fig. S9). Recently, Ligas et al.
(2019) postulated that early CI membrane arm assembly
involves the assembly of an 85-kDa intermediate composed
of gamma-type carbonic anhydrases, i.e. the CA domain, most
likely trimers of one CAL and two CAs (CA1, CA2 or CA3)
(C�ordoba et al. 2016, Fromm et al. 2016, C�ordoba et al. 2019).
The following step includes the formation of a 200-kDa inter-
mediate composed of P2 (a plant-specific protein), NDUFC2,
20.9 kDa and NAD2 proteins. We speculate that the �150-kDa
intermediate we detected, which contains at least CA2
(Supplementary Fig. S9), is accumulated due to the impaired
membrane arm assembly in the absence, or large reduction, of
NAD2 caused by the strong splicing defects in nad2 intron 2.
Nevertheless, traces of nearly normal size of CI are also detected,
but these complexes seem to be inactive. These may represent
holo-CI particles that contain tiny amounts of NAD2 subunits,
which were also evident in the RT-PCR analyses (Figs 3, 6).
Unexpectedly, the arrested emb2794 embryos show a nearly
normal mitochondrial membrane potential. This might relate
to alternative electron flow derived from alternative NADH
dehydrogenases, which might eventually go through complexes

Fig. 6 Inactive and smaller complex I species are detected in homozygous emb2794 plants. (A) Enrichedmitochondrial fractions were isolated from
leaves of Col-0 and rescued emb2794 plants. After solubilization with digitonin, membrane protein complexes were separated on Blue-Native PAGE
and stainedwith colloidal Coomassie blueG250. (B) In gel, NADHDH activity was determined in duplicate gels. Molecular weight (kDa)markers are
indicated at the left. (C) Western blot analyses using antiCA2 antibodies to mark complex I species.
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III and IV. Moreover, AOXs 1/2 are strongly induced in the
emb2794 mutants (Supplementary Fig. S10). Both alternative
proteins are known to accumulate to high levels in Arabidopsis
plants affected in CI biogenesis or activity.

A very similar phenotype was recently reported in
maize (Sun et al. 2019), in which the emp12 mutant affect-
ing a PPR with 10 repeats and showing embryogenesis
arrest displayed severely affected trans-splicing of intron
2, and cis-splicing of intron 1 and 4. As a result, CI assem-
bly is perturbed. However, ZmEMP12 and AtEMB2794 are
different PPR proteins with non-homologous binding sites.
Since a similar binding site was found in maize nad2 intron
2 (for a putative ortholog PRJNA10769), both factors are
essential and might work together for the nad2 trans-splic-
ing event.

Lack of CI leads to embryo lethality in the
emb2794 mutants
Many mutants with defects in the splicing or stability of nad
transcripts exhibit severely impaired CI assembly and activity
and show visual phenotypes such as reduced germination,
retarded growth or curled leaves and in some cases embryo
arrest phenotypes.

Mutants affecting nad1 splicing (Falcon de Longevialle et al.
2007, Keren et al. 2009, K€ohler et al. 2010, Keren et al. 2012,
Zmudjak et al. 2013, 2017, Cohen et al. 2014, Haïli et al. 2016, Lee
et al. 2017, Ren et al. 2017, Wang et al. 2017, 2018) have been
extensively studied showing the complexity of this particular
trans-splicing process. Interestingly, PMH2, mCSF1 and nMAT2
are involved in the maturation of numerous mitochondrial
intron-containing pre-RNAs and thus may serve as key compo-
nents of an early proto-spliceosomal system (Schmitz-
Linneweber et al. 2015, Zmudjak et al. 2017). In addition to
these factors, the mitochondria-encoded MatR protein
(Sultan et al. 2016) and nMAT4 (Cohen et al. 2014) were shown
to be essential for the trans-splicing of both nad1 introns 3 and
4, where intron 3 is found in a trans configuration, while intron
4 is cis-spliced. The RADIATION SENSITIVE RAD52-like protein
ORGANELLAR DNA-BINDING PROTEIN 1 (ODB1), originally
identified as a mitochondrial DNA repair component, has
been shown to be also required for the excision of two cis-
spliced group II introns, nad1 intron 2 and nad2 intron 1
(Gualberto et al. 2015).

Other P-class PPR proteins together with other splicing fac-
tors have been shown to play key roles in CI biogenesis. ABA
OVERLY SENSITIVE 5 (ABO5) (Liu et al. 2010) and
MITOCHONDRIAL INTRON SPLICING FACTOR 26 (MISF26,
Wang et al. 2018) are required for the cis-splicing of nad2 intron
3 (together with the mitochondrial TRANSCRPTION
TERMINATION FACTOR 15 mTERF15),(Hsu et al. 2014). In
maize, DEFECTIVE KERNEL 37 (DEK37) and PPR20 were pro-
posed to be required for the cis-splicing of nad2 intron 1 and 3,
respectively, affecting seed development (Dai et al. 2018, Yang
et al. 2019). RCC1/UVR8/GEF-Like 3 (RUG3), a protein related
to the human guanine nucleotide exchange factor, was also
shown to be an important but nonessential factor for the splic-
ing of nad2 intron 3 (K€uhn et al. 2011). The MITOCHONDRIAL

STABILITY FACTOR 1 (MTSF1) is involved in stabilizing the
nad4 mRNA (Haïli et al. 2013). ABO8 functions in the splicing
of nad4 pre-mRNA (Yang et al. 2014), ORGANELLE
TRANSCRIPT PROCESSING (OTP439) and TANG2 in the
trans-splicing of nad5 introns 2 and 3 (Colas Des Francs-Small
et al. 2014). In maize,DEK35 and DEK43 (dual targeted to nu-
cleus and mitochondria) have shown to be involved in the
splicing of nad4 intron 1 and introns 1 and 3, respectively
(Chen et al. 2017, R. Ren et al. 2020, Z. Ren et al. 2019).
BUTHIONINE SULFOMIXINE-INSENSITIVE ROOTS 6 (BIR6)
(Koprivova et al. 2010) and SLOW GROWTH3 (Hsieh et al.
2015) were shown to be involved in the splicing of nad7 introns
1 and 2, respectively. Haïli et al. (2016) showed that the PPR
Mitochondrial Translation Factor 1 (MTL1) is involved in the
translation of NAD7. In addition, the misf68 mutant affects the
processing of nad2 intron 2 and nad4 intron 1 and nad5 intron 4
(Wang et al. 2018). Consequently, in many mutant plants
affected in the processing of transcripts coding for
NAD subunits, CI assembly is compromised and, consequently,
seed germination and/or plant growth and development are
strongly affected. The emb2794 mutants show affected nad2
intron 2 trans-splicing, no NADH DH activity and impaired CI
assembly. However, these mutants show a more severe pheno-
type than other mutants affecting nad 2 transcripts and it is
probably due to the complete absence of NADH DH activity
shown by emb2794mutants. Many mutants affecting CI assem-
bly were shown to contain traces of NADH DH activity (Keren
et al. 2009, Keren et al. 2012, Cohen et al. 2014). Moreover,
mutants like ndufs4 and ndufv1 (Meyer et al. 2009, K€uhn et al.
2015) contain an accumulation of assembly intermediates of CI
without any detectable NADH dehydrogenase activity. Only in
the case of ndufs4, traces of fully assembled CI are present while,
in ndufv1, CI is not detected. Consequently, germination in the
absence of sugar was not much affected in ndufs4 mutants,
while it is strongly affected and most seedlings died only in
ndufv1mutants. In the case of emb2794mutants, trace amounts
of CI were sometimes detected but completely inactive and
germination without sugar is dramatically affected. With a com-
bination of 1% and 3% sucrose, a small proportion of mutant
plants is able to be rescued; however, adult mutant plants show
a strong defective phenotype.

EMB2794 is the important factor for maturation of
nad2 transcripts
According to our in vitro and in vivo experiments, recombinant
or transgenic EMB2794 proteins are able to bind the two im-
mature nad2 transcripts ( Fig. 7). A secondary structure was
generated by the prediction algorithms showing that both pu-
tative binding sites are located at similar positions within both
introns, near the D4 subdomain (Fig. 7). Putative binding sites
are conserved in some dicotyledonous as well as monocotyle-
donous plants (Supplementary Fig. S11). However, the binding
site located in intron 2a corresponding to the first transcript
appears to be more conserved than the one located in intron 3
of the second transcript. Indeed, a similar binding site is in a
different location within nad2 intron 3 of many dicotyledonous
species. In a recent study, Chen et al. (2019) have shown that
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ZmPPR-SMR1 is required for the splicing of 75% mitochondrial
group II introns and Zm-mCSF1 (a CRM domain containing
protein) for at least six introns in maize. Both proteins interact
and are implicated in nad2 intron 2 trans-splicing, the same
splicing event we suggest EMB2794 is involved in, in
Arabidopsis. However, EMB2794 is suggested to act only on
nad2 transcripts and ZmPPR-SMR1 is a more general factor.
A possible ortholog of EMB2794 in maize is the AQK38883.1
sequence, which has 19 repeats predicted and no SMR domain.
Conversely, ZmPPR-SMR1 is the ortholog of the Arabidopsis
At1g79490 gene, which contains an SMR domain and the mu-
tant is annotated as EMB2217 protein (Meinke 2020).

In the homozygous rescued mutant plants, the lack of
EMB2794 protein leads to an accumulation of unspliced nad2
transcripts and a strong decrease in spliced nad2 ex2–3 tran-
scripts, suggesting that the trans-splicing involving pre-
transcripts containing ex1–2 and, on the other side, ex3–5 is
not able to be spliced together. Furthermore, the second pre-
transcript is strongly diminished in the mutants suggesting a
role in stability when EMB2794 is bonded presumably in the
intron 3 binding site. Consequently, NAD2 protein is strongly
diminished, assembly of CI is altered and traces are formed that
are completely inactive leading to a strong failure in embryo
development. Thus, we propose that EMB2794 is a splicing

Fig. 7 Model of nad2 transcript-EMB2794 protein interaction. Upper panel: schematic representation of two nad2 pre-transcripts. Solid lines
indicate RNA, in blue 50 and 30 UTRs, in green introns. Red boxes indicate exons. Green boxes indicate the position of putative EMB2794-binding sites
located in both pre-transcripts, one in intron 2a and the other in intron 3. All 17 PPRs are proposed to be involved in the binding of the putative
binding sites. Lower panel: secondary structure model of Arabidopsis nad2 introns 2 and 3. The conserved domains in the second (A) and third (B)
introns ofArabidopsis thaliana nad2 gene are illustrated in a secondary structuremodel. Each subdomain of D1–D6 is outlinedwithin the structure.
The conserved bulged-A residue in D6, the exon–intron-binding sites (i.e. EBS1/IBS1 and EBS2/IBS2) and tertiary interactions between different
intron regions (indicated by roman letters) are shown in themodel structure. The predicted binding sites of EMB2794 are illustrated by yellowboxes.
The putative secondary structures of nad2 i2 and i3 were generated by the prediction algorithms ‘Alifold-Vienna RNAWebserver’ (Hofacker et al.
2002) and ‘theMfoldWeb Server’ (Zuker 2003), based on different nad2 sequences from different angiosperms available on the National center for
Biotechnology Information ‘Organelle Genome Resources’ server.
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factor required for the trans-splicing and stability of nad2
transcripts.

Materials and Methods

Plant material
Arabidopsis thaliana Ecotype Columbia (Col-0) WT, rdr6 lines and the mutants
described were grown under long-day conditions (16/8 h L/D), 100 μmol quanta
(μE) m�2 s�1 light intensity and at 22�C constant temperature. After sowing,
seeds were maintained in darkness, at 4�C for 2 d. Single-mutant hemizygous
lines for the EMB2794 gene used in this work were emb2794-1 (SALK_037336)
and emb2794-2 (SAIL_359_F11). Growth on plate was conducted on Murashige
and Skoog medium (Sigma, sigmaaldrich.com), supplemented with 30μg/ml
kanamycin or 20 μg/ml hygromycin or ammonium glufosinate 6 μg/ml depend-
ing on the vector used. Seeds were previously sterilized on SDS-sodium hypo-
chlorite solution and washed five times with sterile water. Homozygous
emb2794 plants could be rescued only if shrunken seeds were sown on MS
media supplemented with 1% sucrose during 10 d and then changed to 3%
for another 10 d. Some small seedlings germinate after 10 d, and we could
maintain them after flowering, but no viable seeds develop.

Complementation
Genomic DNA containing the entire coding sequence (2,286 bp) of the
At2g02150 (EMB2794) gene was synthesized (Gene Universal Inc., China) to-
gether with attL sequences (50 and 30) for recombination in a pUC57 plasmid. It
was used for a clonase reaction (Gateway Clonase LR II) together with a destin-
ation plasmid containing the UBQ10 regulatory region and a terminator se-
quence derived from plasmid pUB-DEST (Grefen et al. 2010). The resulting
vector was transformed into Agrobacterium tumefaciens GV3101 (pMP90)
and used for floral dip transformation (Clough and Bent 1998). Resulting seeds
were sown onMS plates containing 30 μg/ml kanamycin and 6 μg/ml BASTA to
select both, the T-DNA insertion on EMB2794 gene and the transgene UBQ10::
EMB2794 construct used to complement. A second vector containing the own
promoter, 1,431 bp, EMB2794::EM2794, was used for complementation experi-
ments. Selected plants were genotyped, and siliques of the complemented
homozygous emb2794 lines were subjected to phenotypic analysis.

Genotyping of insertional mutant lines
Detection of insertional T-DNAonmutant lines was performed by genomic PCR
methods (5min at 94�C, 35 cycles of 30 s at 94�C, 30 s at 50�C, 1.15min at 72�C
and 5min at 72�C), using specific primers listed in Supplementary Fig. S1.

Phenotype analysis
WT and mutant (emb2794-1 and emb2794-2) siliques (corresponding to differ-
ent stages of embryogenesis, Bowman 1994) were mounted on glass slides and
cleared for 16 h on Hoyer’s solution. After clearing, embryos were visualized
under a Zeiss Axioplan Imager-A2 microscope under differential interference
contrast optics. Images were captured with an Axiocam HRC charge-coupled
device camera (Zeiss) using the AxioVision program (version 3.1).

Subcellular localization
To determine the subcellular localization of EMB2794, the entire coding se-
quence was subcloned into the destination vector pH7FWG2 (Karimi et al.
2002) using a clonase reaction. The resulting construct containing 35S::
EMB2794-GFP was used to transform A. tumefaciens and then infiltrate N.
benthamiana leaves. In addition, the same construct was stably introduced in
Arabidopsis using the floral dip methods (Clough and Bent 1998). Red
MitoTracker was used as a mitochondria marker (Thermo Fischer Scientific).
Samples were examined under confocal microscopy (Nikon Eclipse C1 Plus) and
quantified using ImageJ software.

Quantitative RT-PCR analysis
Total RNA was extracted with TRIzol reagent (Invitrogen, thermofisher.com).
RNA was digested with RQ1 DNase (RQ1 RNase-Free DNase; Promega (world-
wide.promega.com)) and used for cDNA synthesis with ImpromII RT (ImProm-

IITM Reverse Transcription System; Promega). cDNA synthesis (Fig. 3A, B) was
carried out with the Superscript III reverse transcriptase (Invitrogen), using 1–
2lg of total RNA and 250 ng of a mixture of random hexanucleotides
(Promega) and incubated for 50min at 50�C. Reactions were stopped by
15min incubation at 70�C, and the RT samples served directly for real-time
PCR. qPCRs were run on a LightCycler 480 (Roche), using 2.5 μl of LightCycler
480 SYBR Green I Master mix and 2.5 μM forward and reverse primers in a final
volume of 5ll. Reactions were performed in triplicate in the following condi-
tions: preheating at 95�C for 10min, followed by 40 cycles of 10 s at 95�C, 10 s at
58�C and 10 s at 72�C. The nucleus-encoded 18S rRNA (At3g41768) and mito-
chondrial 26S rRNA (rrn26) genes were used as reference genes in the qPCR
analyses. Primers used are listed in Supplementary Fig. S1.

Silencing strategy and mitochondrial transcriptome
An amiR strategy was used. Two independent sequences targeting EMB2794
gene were designed by Web MicroRNA designer (http://wmd3.weigelworld.
org/cgi-bin/webapp.cgi). These sequences were assembled into the natural
miR390, and the entire sequence was synthesized (Genscript, www.genscript.
com). Then, they were cloned together into pCHF3 binary vector containing the
35S CaMV promoter and transformed into rdr6 mutant plants by floral dip
method (Clough and Bent 1998). Several independent lines were obtained with
different degrees of silencing for EMB2794 gene. Two lines, one for each amiR
with the strongest silencing, were chosen for further analyses. Total RNA was
extracted from leaves as explained and subjected to a mitochondrial transcrip-
tome essentially as described in Zmudjak et al. (2013, 2018).

Mitochondria isolation, endomembrane separation
and gel electrophoresis procedures
Mitochondrial membrane protein complexes from plants (leaves) were isolated
as outlined in Pineau et al. (2008). After that, proteins were separated as
described above for 1D gels. Membrane protein complexes were solubilized in
digitonin. Tenmilligrams ofmitochondria (�1mgmitochondrial proteins) were
mixed and incubated with 2.5mg of digitonin in 100 μl (Eubel et al. 2003)
previous to electrophoresis separation. One-dimension blue native electrophor-
esis was performed as described in Wittig et al. (2006), in large, polyacrylamide
gradient (4–16% p/v) gels. After 18 h running at 500 V, 15mA, lanes were
stained overnight (ON) in colloidal Coomassie blue G-250. Duplicate gels
were transferred to PDF membranes and incubated with anti-CA2 antiserum
as indicated (Perales et al. 2005).

Immune detection of AOX isoforms was performed on proteins obtained
from Col-0, emb2794-1 and emb2794-2 rescued plants. After membrane protein
complexes solubilization in digitonin, proteins were treated under denaturing
conditions (5 min at 98�C heating and β-mercaptoethanol) and then separated
in 12% polyacrylamide SDS–PAGE. Protein transfer and immunodetection were
performed as described previously (C�ordoba et al. 2019). Briefly, polyacrylamide
gels were transferred to nitrocellulose membranes (GE Healthcare) and incu-
bated with these primary antibodies and then with an anti-rabbit secondary
antibody (Sigma) conjugated with alkaline phosphatase, following standard
protocols. The final development was carried out with NBT/BCiP (Promega).
We used anti-AOX primary polyclonal antibodies from Agrisera (agrisera.com;
Sweden, Catalog AS04 054).

NADH dehydrogenase activity staining
Separation of protein complexes under native conditions allows in-gel activity
staining. NADH dehydrogenase activity was assayed incubating the gels with
0.14mMNADH (Sigma) and 1mg/ml NBT in 0.1M Tris-HCl (pH 7.4) until violet
band is clearly viewed. After that, gels were fixed in 40% v/v methanol and 10%
v/v acetic acid.

Mitochondrial membrane potential
To analyze the mitochondrial membrane state, tetramethylrhodamine, methyl
ester (TMRM) (Molecular Probes) was used. Stock solutions were prepared as
1000� solutions in di methyl sulfoxide and stored at �20�C. Immature pistils
were emasculated and pollinated manually. Embryos at torpedo stage were
isolated from seed coats and incubated with 200 nM TMRM on 0.5� MS me-
dium, 3% sucrose. After 30min incubation, seeds were mounted with buffer and
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images were taken under a confocal microscope (Nikon Eclipse C1 Plus). Red
(for TMRM, excitation/emission wavelength ¼ 485/590 nm) fluorescence was
analyzed for embryos from WT and mutant plants.

Target site prediction of EMB2794
Target site prediction of EMB2794 was performed as described by Takenaka
et al. (2013). Briefly, the combination of the amino acids at positions 5 and 35 of
the individual 17 PPR elements was compared to the nucleotide most often
associated with this set in the PPR elements from previously identified RNA-
editing factors. In addition to the major amino acid combinations at 5th and
35th, three minor combinations, GN, TT and CN, of which the nucleotide
preferences were experimentally examined (Yan et al. 2019) were also employed
for the target prediction. Using the profiles for the 17 PPR elements in the
EMB2794, the probability to match the respective nucleotide bias is calculated
for Arabidopsis Col-0 mitochondrial genome (GI: BK010421.1) by the FIMO
program (Grant et al. 2011). Among the putative binding sequences of
EMB2794 (P-value <l.0 � e�4), only mapped on the transcribed regions were
listed up (Supplementary Fig. S8).

Protein–RNA-binding assay
EMB2794 was expressed in E. coli as a fusion with RecombinantMBP using 1mM
IPTG and 18�C ON. The MBP–EMB2794 protein was loaded into an amylose
resin that bindsMBP. Total RNA extracted from leaves ofWT plants was applied
to the column and incubated for 30min with EMB2794 attached to the resin.
Several washing steps were required to clean RNA in excess which was not
bound. TEV protease was used to cleave a TEV site between MBP and
EMB2794. The PPR–RNA complex was thus released from the resin. Aliquots
obtained from input loaded in the resin (MBP-PPR), TEV cleavage (PPR–RNA
complex) and elution ofMBP from the resin were analyzed byWestern blot with
antibody againstMBP to check the correct cleavage of TEV site. Once PPR–RNA
complexes were obtained, RNA was isolated using TRIzol method and cDNA
was synthesized. MBP was used as a negative control of the experiment. The
cDNA thus synthesized was used as a template for RT-PCRs. To detect RNA
targets, primers for specificmitochondrial transcripts over exons or introns were
used. The cDNA synthesized from RNA of WT plants and the cDNA from RNA
derived from MBP columns were used as positive and negative controls,
respectively.

For in vivo analysis, we used GFP-trap agarose beads (Chromotek, Germany)
with the capacity to bind GFP or proteins fused to GFP.We use transgenic plants
containing 35S::EMB2794-GFP, which are able to express the fusion protein in
leaves. One hundred milligrams of leaves were extracted with a buffer contain-
ing sodiumdeoxycholate to stabilize RNA possible bonded to the fusion protein.
After incubation according to the manufacturer, RNA was isolated using TRIzol,
cDNA synthesized and PCR performed using cognate primers for the indicated
transcripts. At least three lines were used.

Supplementary Data

Supplementary data are available at PCP online.
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