Doctoral Dissertation (Censored)

tmmsC (FEH)

Studies on the relationship of mitochondrial RNA processing to cell division control underlying
early development of lateral roots in Arabidopsis
(14 XFRF DRARRTEEATIIC BT 2 #lgsr2dlf# e < F =2~ F Y 7 RNA
7uky v 7 ORI OV TOZE)

A Dissertation Submitted for the Degree of Doctor of Philosophy
July 2020
A2 4F 7 AL (BYe) HES

Department of Biological Sciences, Graduate School of Science,

The University of Tokyo
B R AR R T ZE R
LR AR

Akihito Mamiya
[l B B



Table of contents

BN 1] 1 T R 2
ACKNOWIEAZEMENLS .....cuveereereiiriiiiiiiiiiiiiiiiiiiiiiiiiiiirrarretere et ee e essssssssssssssssssssssssaes 3
List of abbreviations .........ccovueeeiiiiiiiiiieiiiiiiiiiiciiinccce e 4
Chapter 1. INtroduction ..........ccooiiviiueeeeiiniiiinieiiriiniiiieccieneaereec s ssssseesessssssssseses 6
Chapter 2. RESUILS ....cccovvviuuiiiiiiiiiiiiiiiiiiiitiee e saaecee s ssseraee s s s s ssaseeee s ssssssssaneeees 12
Chapter 3. DiSCUSSION .cccuuvveiiiiiiiiiiieiiiiiiiitiee it rree e ssaareee s sssssanaeeees 19
Chapter 4. Materials and Methods .............ceeeeiiiiiiiiiiiiiiiiiiiiiiininninnnnneeeeeeeeeeeeeeeeenes 25
Chapter 5. RefErenCes . .....cccuvveeiriiiiiureiiiiiiiiiiteeiiiiiaeeeeesessereeeessssssareeessssssssnseeses 31
Figures and tables............ccocoiiviiiiiiiiiiiiiiiiiiiiietierieeeccic e 39



Abstract

Although mechanisms that activate organogenesis in plants are well established, much less
is known about the subsequent fine-tuning of cell proliferation, which is crucial for creating
properly structured and sized organs. In this thesis, I studied the formation of lateral roots
(LRs) in Arabidopsis as a model of plant organogenesis with a focus on the control of cell
division during its early stages. In particular, I analyzed three temperature-dependent
fasciation (TDF) mutants of Arabidopsis, root redifferentiation defective 1 (rrdl), rrd2, and
root initiation defective 4 (rid4), which are characterized by the formation of abnormally
broadened (i.e., fasciated) LRs under high-temperature conditions due to excessive cell
division. Previous studies have revealed that all TDF genes encode putative RNA processing
factors that show mitochondrial localization and that phenocopy of the TDF phenotype is
achieved by chemical inhibition of mitochondrial respiration. These results raised the
possibility that the TDF mutations cause an impairment of the mitochondrial respiration,
which in turn leads to excessive cell proliferation during early LR development via an
unknown mechanism. However, the exact functions of the TDF proteins had not been
elucidated. Moreover, the molecular mechanisms that connect mitochondrial respiration to
the control of cell division in LR organogenesis remained totally unknown. In this thesis, I
first demonstrate that RRD1, which encodes a poly(A)-specific ribonuclease (PARN)-like
protein, participates in the removal of poly(A) tails from transcripts of most mitochondrial
genes. | also demonstrate that RRD2 and RID4, both of which encode a PLS-class
pentatricopeptide repeat (PPR) protein, target specific mitochondrial mRNA for site-directed
C-to-U RNA editing. I further reveal that all TDF mutants carry defects in the biosynthesis
of the electron transport chain. rrdl and rrd2 show decreased cytochrome c (cyt c) levels at
high temperature, whereas rid4 shows a dramatic reduction in complex V (ATP synthase)
levels regardless of temperature conditions. The observed influence of 77d/ on cyt c levels
also leads to the discovery of a relationship between the poly(A) status and RNA editing
levels in cytochrome c biogenesis factor 3 (cch3) mRNA. By performing pharmacological
analysis, I also show that the generation of reactive oxygen species (ROS) might be a trigger
of excessive cell division in the TDF mutants. Finally, I discuss possible mechanisms of
ROS-induced LR fasciation. Together, my study provides novel insights into the molecular
machinery involved in mitochondrial RNA processing and their relationship to cell division

control in plants.
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Chapter 1. Introduction

Plants elaborate their architecture by continuously developing new organs, such as leaves,
floral organs, axillary stems, and lateral roots (LRs). Organogenesis begins with the local
activation of cell proliferation in the plant body. In the following stages, proliferation is
restricted to certain areas, which is essential for the formation of properly sized and structured

organs. However, the molecular underpinnings of such regulation remain mostly unknown.

Arabidopsis LR development as a model for plant organogenesis
LRs serve as building blocks of the root system architecture, and are crucial for the uptake
and transport of water and minerals. The first visible step of LR formation occurs within the
parental root, where a few cells start to divide, comprising the LR primordium. The LR
primordium grows and eventually emerges out of the parental root to form a new LR (Torres-
Martinez et al., 2019). This process has been described in detail in the model plant
Arabidopsis thaliana (Arabidopsis), rendering it one of the most ideal systems to study the
molecular mechanisms of organ development (Goh et al., 2016; von Wangenheim et al.,
2016). In Arabidopsis, a small number of cells in a few adjacent files of the xylem pole
pericycle layer, termed LR founder cells, undergo radial expansion and subsequently re-enter
the cell cycle (Ramakrishna et al., 2019; Vermeer et al., 2014; von Wangenheim et al., 2016).
They first divide in the anticlinal (perpendicular to the parental root axis) orientation,
producing an array of short cells flanked by longer cells, which serve as the origin of the LR
primordium (stage I; Fig. 1) (Goh et al., 2016; Malamy and Benfey, 1997; von Wangenheim
et al., 2016). This is followed by periclinal (parallel to the surface of the root) divisions
throughout the primordium, with the exception of the flanking cells in some occasions,
creating two cell layers (stage II; Fig. 1). Subsequent periclinal cell divisions take place in
the central zone of the primordium, producing the third cell layer (stage III), followed by the
fourth cell layer (stage IV; Fig.1). Additional anticlinal cell division, together with cell
expansion at the innermost cell layer, gives rise to a dome-shaped primordium (stage V; Fig.
1).

The local accumulation of the phytohormone auxin is critical for LR initiation, driving
LR founder cell identity acquisition and division via the degradation of the SOLITARY

ROOT (SLR/TAA14) repressor, thus activating the expression of down-stream genes
mediated by the AUXIN RESPONSE FACTORS ARF7 and ARF19 (Lavenus et al., 2013).



Several members of LATERAL ORGAN BOUNDARIES-DOMAIN/ASYMMETRIC
LEAVES2-LIKE (LBD/ ASL) family of transcription factors, including LBD16/ASL18
(Goh et al., 2012), LBDI18/ASL20 (Berckmans et al., 2011; Lee et al., 2009), and
LBD33/ASL24 (Berckmans et al., 2011) are among the direct targets of ARF7 and ARF19
that positively regulate LR initiation (Lavenus et al., 2013; Okushima et al., 2007).
LBD18/ASL20 and LBD33/ASL24 activate the cell cycle through the induction of the
transcription factor E2Fa (Berckmans et al., 2011). LBD16 functions in the acquisition of

centripetal polarity of the LR founder cells prior to stage I (Goh et al., 2012).

Although the mechanisms that activate the first anticlinal cell divisions during LR
initiation have been extensively studied, much less is understood about the coordinated
periclinal and anticlinal divisions that subsequently take place. In particular, the manner in
which cell proliferation becomes confined to the central zone of the primordium, giving rise
to the dome-shaped structure, largely remains a mystery (Torres-Martinez et al., 2019),
although the requirement of several factors have been shown. One such factor is polar auxin
transport (Benkova et al., 2003; Geldner et al., 2004). Visualization of auxin response by the
Direct repeat 5 (DRS5) reporter have shown that during early LR development, a centripetal
gradient is formed, in which the signal is maximal at central region of the primordium
(Benkova et al., 2003). Perturbations of polar auxin transport by mutating multiple PIN-
formed (PIN) auxin efflux carriers (pinl pin3 pind, pinl pin4 pin7, and pinl pin3 pin7
(Benkova et al., 2003)) or by mutating GNOM, a guanine nucleotide-exchange protein for
ADP-ribosylation factor (ARF-GEF) involved in the membrane trafficking of the PIN
proteins (Geldner et al., 2004), result in homogeneous proliferation of the pericycle cell layer
in large regions of the root upon exogenous auxin treatment, indicating that the formation of
the auxin gradient is necessary for limiting cell division during LR development. In addition,
the involvement of the spatial control of BODENLOS (BDL)/IAA12-MONOPTEROS
(MP)/ARF5-mediated auxin response (De Smet et al., 2010), peptide-receptor interactions
(ACR4 receptor (De Smet et al., 2008); RALFL34 peptide (Murphy et al., 2016);
GLV6/RGF8/CLEL2 peptide (Fernandez et al., 2015)), transcription factors (PUCHI (Hirota
et al., 2007); PLETHORA3, PLETHORAS, and PLETHORA7 (Du and Scheres, 2017)), a
H3K4-histone methyltransferase (ARABIDOPSIS HOMOLOG of TRITHORAXI1
(ATX1/SDG27) (Napsucialy-Mendivil et al., 2014)), the regulation of symplastic
intercellular connectivity by plasmodesmal-localized $-1,3 glucanases (PdBGs) PABG1 and



PdBG2 (Benitez-Alfonso et al., 2013), and mechanical interaction with the overlaying
endodermal tissue (Vermeer et al., 2014) have been implicated in patterning of the division

of the pericycle cells during LR initiation.

The unknown roles of mitochondrial gene expression in plant organ development

Plant cells have gene expression systems in mitochondria and plastids in addition to the
nucleus. Although organelle gene expression is typically associated with organelle-specific
functions, it might also be involved in higher-order physiological activities including the
regulation of organogenesis. Mitochondria are considered the “powerhouses” of the cell, as
they supply the energy that is necessary for cellular activities. In comparison with other
eukaryotes, RNA metabolism in mitochondria is particularly complex in plants, and entails
numerous nuclearly encoded RNA-binding proteins (Hammani and Giegé, 2014). Given the
relaxed nature of transcription, post-transcriptional processing, such as RNA editing, splicing,
maturation of transcript ends and RNA degradation, are known to play predominant roles in
shaping the plant mitochondrial transcriptome (Hammani and Giegé, 2014). Mutants of
nuclearly encoded mitochondrial RNA processing factors have proven to be useful in probing
the physiological roles of mitochondrial gene expression. In particular, studies of C-to-U
editing PPR protein genes have led to a collection of about 100 mutants, among which RNA-
editing mutants are available for most mitochondrial genes (Takenaka et al., 2019). The
majority of the mutations confer visible phenotypes, such as growth retardation, impaired
embryo development, late flowering, or reduced pollen sterility (Takenaka et al., 2019).
Similar developmental defects are also observed in mutants of genes encoding other
mitochondrial proteins, including ndufs4 (complex I mutant), rpoTmp (RNA polymerase
mutant), and atphb3 (prohibitin mutant) (Van Aken et al., 2010). These results suggest that
mitochondria play supportive roles in plant growth, presumably by supplying energy through
oxidative phosphorylation. However, it is still unclear whether mitochondrial gene

expression has a role in the regulation of plant organogenesis (Hammani and Giegé, 2014).

The study of temperature-dependent fasciation (TDF) mutants of Arabidopsis

root redifferentiation defective 1 (rrdl), rrd2, and root initiation defective 4 (rid4) are
temperature-sensitive mutants of Arabidopsis that were originally isolated in our laboratory
via screening using adventitious root (AR) formation from hypocotyl tissue segments as an
index phenotype (Konishi and Sugiyama, 2003; Sugiyama, 2003). In addition to AR

formation, other aspects of development, such as seedling growth (Fig. 2A) and callus



formation, were affected by high-temperature conditions (Konishi and Sugiyama, 2003;
Sugiyama, 2003). Most notable among these aspects was their LR phenotype, in which
abnormally broadened (i.e., fasciated) LRs were formed at 28°C (non-permissive
temperature), but not at 22°C (permissive temperature), in a tissue culture setting (Fig. 2B);
thus, we termed the three mutants as temperature-dependent fasciation (TDF) mutants
(Otsuka and Sugiyama, 2012). It was also revealed that the early stages of LR development
are affected in the TDF mutants (Fig. 3), and that the fasciated LRs exhibit exclusive
enlargement of inner tissues (Otsuka and Sugiyama, 2012), suggesting that the genes
responsible for the TDF mutations (TDF genes) encode negative regulators of proliferation
that are important for the size restriction of the central zone during the formation of early

stage LR primordia.

Surprisingly, positional cloning later revealed that all TDF genes encode RNA
processing factors that show mitochondrial localization (Otsuka, 2012; Otsuka et al., 2020).
RRD1 encoded a poly(A)-specific ribonuclease (PARN)-like protein (Fig. 4). PARN belongs
to the DEDD superfamily of deadenylases (Pavlopoulou et al., 2013), and shows a strong
preference for adenine as a substrate (Lee et al., 2019; Pavlopoulou et al., 2013; Virtanen et
al., 2013). Since its discovery in animal cells (Korner and Wahle, 1997; Korner et al., 1998),
the primary role of PARN has been assumed to be the regulation of mRNA metabolism.
However, accumulating evidence suggests that the targets of PARN may be limited to certain
subsets of mRNAs and/or biological contexts (Lee et al., 2019). Recent human and animal
studies have led to an increased appreciation of its participation in the maturation process of
a wide variety of noncoding RNAs (Lee et al., 2019). In plants, PARN was found to play a
distinct role in the removal of the poly(A) tails of mitochondrial mRNA (Hirayama, 2014;
Hirayama et al., 2013; Kanazawa et al., 2020). The sequence similarity of RRD1 to PARN
(Reverdatto et al., 2004) and its mitochondrial localization, therefore points to the possibility
that RRD1 may also be involved in regulating the poly(A) status of mitochondrial mRNA;

however experimental evidence remains inconclusive (Otsuka, 2012).

RRD2 and RID4 both encoded a pentatricopeptide repeat (PPR) protein (Fig. 4). The
PPR protein family has undergone a remarkable expansion in land plants, representing one
of the largest protein families thereof (Barkan and Small, 2014). PPR proteins are known for
their role in regulating various aspects of organellar post-transcriptional gene expression,

such as RNA stabilization, RNA cleavage, RNA splicing, RNA editing, and translation



(Barkan and Small, 2014; Hammani and Giegé, 2014). They are characterized by the tandem
assembly of degenerate protein motifs of about 35 amino acids, termed PPR motifs (Barkan
and Small, 2014). The PPR motifs allow PPR proteins to recognize specific sites of single-
stranded RNAs through a one-motif to one-base interaction (Barkan and Small, 2014). The
mitochondrial localization of RRD2 and RID4, shown in previous studies (Otsuka, 2012;
Otsuka et al., 2020) indicated their involvement in mitochondrial RNA processing, however

their molecular function remains unclear.

Purpose of thesis

The main purpose of this thesis is to uncover the mechanisms that control cell proliferation
during early stages of LR organogenesis in Arabidopsis. Although Arabidopsis LR
development has been established as an excellent model to investigate the molecular
underpinnings of plant organogenesis, little is still known about the factors required for the
local fine-tuning of cell proliferation which takes place after organ initiation. Previous work
in our lab have identified three temperature-dependent fasciation (TDF) mutants of
Arabidopsis, root redifferentiation defective 1 (rrdl), rrd2, and root initiation defective 4
(rid4), which are characterized by the formation of abnormally broadened (i.e., fasciated)
LRs under high-temperature conditions due to excessive cell division. The TDF genes, RRD1,
RRD2, and RID4 all encode putative RNA processing factors that reside in mitochondria.
The further study of the TDF mutants would lead to our better understanding of the
mechanisms by which plants restrict cell division in order to form of properly sized and
structured organs. It would also be a pioneering study on the previously undiscovered link

between organellar RNA processing and plant organ morphogenesis.

This thesis first focuses on the molecular functions of each TDF gene. I describe the
involvement of RRD1 in degradation of poly(A) tails of mitochondrial mRNA, as well as the
participation of RRD2 and RID4 in mitochondrial mRNA editing. I further reveal that all
TDF mutants carry defects in the biosynthesis of the electron transport chain components.
rrdl and rrd2 show decreased cytochrome c levels at high temperature, whereas rid4 shows
a dramatic reduction in complex V (ATP synthase) levels regardless of temperature
conditions. The observed influence of 77d on cytochrome c levels also leads to the discovery
of a relationship between the poly(A) status and RNA editing levels in cyfochrome c
biogenesis factor 3 (cch3) mRNA. By performing pharmacological analysis, I also show that

the generation of reactive oxygen species (ROS) might be a trigger of excessive cell division
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in the TDF mutants. Finally, I discuss possible mechanisms of ROS-induced LR fasciation.
Altogether, this study aims to provide novel insights into the molecular machinery involved
in mitochondrial RNA processing and their relationship to cell division control during plant

organogenesis.
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Chapter 2. Results

Analysis of the role of RRD1 in poly(A) degradation of mitochondrial mRNAs

PARN belongs to the DEDD superfamily of deadenylases (Pavlopoulou et al., 2013). Recent
human and animal studies have led to an increased appreciation of its participation in the
maturation process of a wide variety of noncoding RNAs (Lee et al., 2019). In plants,
however, PARN plays a distinct role in the removal of the poly(A) tails of mitochondrial
mRNA (Hirayama, 2014; Hirayama et al., 2013; Kanazawa et al., 2020).The sequence
similarity to PARN (Reverdatto et al., 2004) and its mitochondrial localization, points to the
possibility that RRD1 may also be involved in regulating the poly(A) status of mitochondrial
mRNA. Previously, a microarray analysis of poly(A)" RNAs prepared from wild-type and
rrdl explants induced to form LRs at 28°C had been performed (Otsuka, 2012). A substantial
increase in the levels of a few mitochondria-encoded poly(A)" transcripts in 77d] explants
was shown in this study. Therefore, I reanalyzed the microarray data and found that the
overwhelming majority of genes which showed elevated signals in 77d/ were mitochondrial
genes (Fig. 5A). All transcripts of functionally characterized mitochondrial genes, with the
exception of nad5C, showed increased abundance in rrd/ (Fig. 5B and C, Table 2). As the
majority of plant mitochondrial transcripts normally lack poly(A) tails, presumably because
of swift removal after its addition (Holec et al., 2008), it was suspected that the apparent
sharp increase in poly(A)" mitochondrial transcript level might be ascribed to defective
poly(A) tail removal, rather than increased transcription. In fact, a comparative analysis of
polyadenylated and total RNA levels via quantitative reverse transcription polymerase chain
reaction (QRT-PCR) revealed a selective increase in polyadenylated transcripts (Fig. 6).
Furthermore, a circularized RNA (CR)-RT PCR analysis (Forner et al., 2007) of the
cytochrome oxidase subunit 1 (cox]) mRNA was performed to study its 3" extremity, and
revealed a marked increase in the polyadenylated to non-polyadenylated ratio in rrdl
compared with the wild-type plant (Fig. 7). In addition, a poly(A) test assay by rapid
amplification of cDNA ends (RACE-PAT) (Sallés et al., 1999) showed that polyadenylated
transcript levels were increased at higher temperature in rrd/ (Fig. 8). Taken together, these
results demonstrated that RRD1 is involved in poly(A) tail removal in mitochondrial mRNAs,
and that, in rrdl, polyadenylated mitochondrial transcripts accumulate in a temperature-

dependent manner.
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To assess the effects of the observed accumulation of poly(A) " mitochondrial transcripts
in rrdl, 1 introduced the ahg2-1 suppressor / (agsl) mutation into rrdl. agsl is a mutation
of a mitochondrion-localized poly(A) polymerase (PAP), AGS1, which was originally
identified based on its ability to counteract AtPARN/AHG?2 loss of function (Hirayama et al.,
2013). A substantial decrease in mitochondrial poly(A)" transcript levels was observed in the
rrdl agsl double mutant compared with the rrdl AGSI control (Fig. 9A). Moreover, rrdl
phenotypes, such as temperature-dependent seedling growth retardation (Fig. 9B) and LR
fasciation, were significantly alleviated (Fig.10). These results indicate that the accumulation

of poly(A)" mitochondrial transcripts is the primary cause of the 77dI phenotype.

Analysis of the roles of RRD2 and RID4 in mitochondrial mRNA editing

PPR proteins are known for their role in regulating various aspects of organellar post-
transcriptional gene expression, such as RNA stabilization, RNA cleavage, RNA splicing,
RNA editing, and translation (Barkan and Small, 2014; Hammani and Giegé¢, 2014). They
are characterized by the tandem assembly of degenerate protein motifs of about 35 amino
acids, termed PPR motifs (Barkan and Small, 2014). The PPR motifs allow PPR proteins to
recognize specific sites of single-stranded RNAs through a one-motif to one-base interaction
(Barkan and Small, 2014). The PPR protein family has undergone a remarkable expansion in
land plants, representing one of the largest protein families thereof (Barkan and Small, 2014).
RRD2 and RID4 belong to the PLS-class of PPR proteins, most of which have been reported
as being C-to-U RNA editing factors (Kobayashi et al., 2019). The PLS class PPR proteins
contain three types of PPR motifs, the P motif (normally 35 a. a. in length), the L motif (35—
36 a. a. (long)) and the S motif (31 a. a. (short)), in contrast to the P-class PPR proteins, which
only contain P motifs (Barkan and Small, 2014; Cheng et al., 2016). Considering their
localization to mitochondria (Otsuka, 2012; Otsuka et al., 2020), I speculated on the
involvement of RRD2 and RID4 in the editing of mitochondrial RNA. A comprehensive
sequence analysis of previously reported RNA editing sites using cDNA prepared from
explants induced to form LRs at 28°C revealed an almost complete abolishment of C-to-U
editing at two sites (cytochrome c biogenesis protein 2 (ccb2)-71C and ccb3-575C) in rrd2
and at six sites (47P synthase subunit 4 (atp4)-395C, ribosomal protein 15 (rpl5)-58C, rpl5-
59C, rps3-1344C, rps4-77C, and rps4-332C) in rid4 (Fig. 11 and 12A). Editing was also
completely abolished in these sites at 22°C (Fig. 12B). RID4 editing sites showed incomplete
editing in rid4-2, implying a partial loss of function in this mutant (Fig. 11). Significant

13



identity was found among the 5’ upstream sequences of the editing sites that were affected in
each mutant (Fig. 13), further suggesting that RRD2 and RID4 participate in the editing of
these sites via direct contact. During the course of my study of RNA editing, the RRD2 gene
(At1g32415) was reported as the gene responsible for the cell wall maintainer 2 (cwm2)
mutation (Hu et al., 2016); thus, I will refer to it as RRD2/CWM?2 henceforth. The
identification of cch3-575C as an RRD2/CWM2 editing site was in agreement with the study
of cwm2 (Huetal., 2016), whereas cch2-71C was a newly discovered target of RRD2/CWM2.

In addition, all editing sites of cch3, with the exception of those that were unedited in
the wild type, showed declining levels of RNA editing in both rrd2 and rid4 (Fig. 11).
However, these sites were not considered as targets of RRD2 and RID4 for the following
reasons. These sites were incompletely edited, even in the wild type, as opposed to most other
sites (Fig. 11), suggesting that their editing is relatively slow and highly susceptible to
fluctuations in the kinetic balance between editing and transcription. Moreover, editing at
these sites was almost unaffected at 22°C (Fig. 16C) and was only partially inhibited at 28°C
in rrd2 and rid4 (Fig. 11), even though these mutants are assumed to have lost the function
of the corresponding genes completely. cch3-624C was also not regarded as a target site,
despite the complete absence of editing in both r7d2 and rid4, as it was more likely due to
originally low levels of editing compared with other sites in ccb3 (Fig. 11). This view was
reinforced by the lack of similarity in the upstream sequence between cch3-624C and the

other editing sites that were strongly affected by the 77d2 and rid4 mutations (Fig. 13).

Next, to investigate the effects of losses of function of RRD2/CWM2 and RID4 on
mitochondrial protein composition, I performed a blue-native (BN)-PAGE analysis of
mitochondrial extracts prepared from seed-derived callus (Fig. 14B) cultured for 3 days at
22°C or 28°C after a 20-day 22°C incubation period. This revealed a substantial loss of
complex V (ATP synthase complex) in rid4 at both 22°C and 28°C culture conditions (Fig.
14A), likely caused by defective mRNA editing of atp4 (Fig. 14C), which is a component of
this protein complex. No noticeable differences were found in rrd! and rrd2. Because ccb2
and cch3, the two mitochondrial genes that are targeted by RRD2/CWM2, are related to
cytochrome ¢ (cyt ¢) maturation (Fig. 15A), I quantified cyt c levels in r7d2. Cyt ¢ levels on
a per mitochondrial protein basis were decreased in 7rd2 callus cultured at 28°C for 3 days
(Fig. 15, B and C) in two out of three cultures, although the difference was not significant

when all three results were included. This decrease in cyt ¢ levels in 77d2 was in accordance
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with a previous analysis of cwm2 (Hu et al., 2016). At 22°C, however, no significant
difference was observed between rrd2 and the wild type. Furthermore, we found that the
difference in cyt c levels was more pronounced after longer periods of culture at 28°C (Fig.
15, D and E). These results indicate that, in 7rd2, cyt ¢ maturation activity was affected to a
greater extent at higher temperatures, at least in callus, which possesses root-tissue-like
properties (Sugimoto et al., 2010), possibly explaining the temperature-dependent nature of
its phenotype. The data reported above demonstrated that, in both rrd2 and rid4, the
production of certain components of the mitochondrial electron transport chain is hampered

by defective mRNA editing.

Analysis of the relationship between poly(A) status and editing in cch3 mRNA
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Expression analysis of the TDF genes

Previously, GFP reporters were used to examine the expression patterns of the TDF genes
(Otsuka, 2012), in which genomic constructs of RRDI and RID4 encompassing the promoter
region to the end of the protein-coding sequence (RRD1::RRD1:GFP and RID4::RID4:GFP)
were introduced into rrd1 and rid4-1, respectively. It was shown that in the root system, GFP
expression was mostly confined to the root apical meristem and LR primordia and that during
early LR development, GFP expression was particularly strongly expressed in the central
region of the primordia. This implied that the expression of TDF genes RRD1 and RID4 were

largely limited to cells in a mitotically active state.

However, my analysis of mitochondrial RNA editing demonstrated that in the LR-
induced root explants of rid4, editing of the sites targeted by RID4 were totally lost, whereas
they were completely edited in the WT (Fig. 12). This result suggests that RID4 participates
in RNA editing in non-dividing cells in addition to dividing cells, since the explants used in
the study contains fully differentiated and mitotically dormant cells in the endodermis, cortex
and epidermis layers. Therefore, I reexamined the expression of RRD1 and RID4 in the root
(Fig. 19). For both RRD1::RRD1:GFP and RID4::RID4:GFP, although the signal appeared
the strongest in the central region of the LR primordium, GFP expression was also observed
in the peripheral regions of the primordium as well as non-LR primordium cells in the stele
tissue. In addition, faint GFP signals were observed in the cortex/epidermis tissues. The
overall expression pattern, in which strong expression is observed in LR primordia and the
stele, while weaker signals are observed in the cortex/epidermis tissues, resembled that of
the 35S::M¢t-GFP line, which expresses mitochondria-targeted GFP under the constitutive
active cauliflower mosaic virus (CaMV) 35S promoter (Fig. 19). These results suggested that
TDF gene action is not exclusive to the central region of LR primordia and that the expression

pattern of the TDF genes most likely reflected the abundance of mitochondria.

Effects of defective mitochondrial respiration on LR formation

The results obtained for rrdl, rrd2, and rid4 indicate a possible relationship between
mitochondrial electron transport and cell division control during LR morphogenesis. In fact,
in a previous study (Otsuka, 2012), it was shown that the induction of LRs at 22°C from
wild-type explants in the presence of rotenone (complex I inhibitor), antimycin A (complex
IIT inhibitor), or oligomycin (complex V inhibitor) leads to LR fasciation, providing evidence

that electron transport chain defects are the cause of the TDF LR phenotype. Capitalizing on
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this result, I first tested the effects of antimycin A at different temperatures and found that
LR fasciation induced by the drug was more enhanced at higher temperatures (Fig. 20, A—
C). It was also found that at lower temperatures, the effect of the treatment was significantly
lessened (Fig. 20C). Therefore, I reexamined the effects of the three respiratory inhibitors at
28°C and confirmed that they gave rise to a significant increase in LR width. To further
investigate the underlying molecular pathway, I next asked whether either reduced ATP
synthesis, or ROS generation, phenomena that are commonly associated with defective
mitochondrial respiration might be involved. I found that the respiratory uncoupler
carbonylcyanide m-chlorophenyl-hydrazone (CCCP) did not increase LR width (Fig. 21A),
although LR growth inhibition was observed in a dose-dependent manner (Fig. 21B),
whereas the ROS inducer paraquat (PQ) triggered a significant fasciation of LRs (Fig. 22).
Furthermore, the application of the ROS scavenger ascorbate resulted in a reversal of the LR
broadening induced by PQ treatment (Fig. 22). The same effect was observed against the
rid4-2 mutation. These data suggest that the increase in the levels of ROS, but not the
decrease in the levels of ATP, acts downstream of defective mitochondrial respiration to

promote excessive cell division during LR development in the TDF mutants.

Local gradient formation of auxin is important for LR initiation and the subsequent
organization of the LR primordium (Benkova et al., 2003; Geldner et al., 2004; Lavenus et
al., 2013). Strong genetic perturbations of polar auxin transport result in homogeneous
proliferation of the pericycle cell layer in large regions of the root upon exogenous auxin
treatment. In addition, chemical inhibition of auxin polar transport by naphthylphthalamic
acid (NPA) gave rise to broadened LR primordia reminiscent of fasciated LRs of the TDF
mutants (Fig. 23). These data indicate a role for local auxin gradient formation in restricting
proliferative capacity during LR formation. Therefore, I tested whether ROS-induced LR
fasciation is mediated by altered auxin patterning in early LR primordia. The examination of
the expression pattern of the auxin-responsive -glucuronidase marker DR5::GUS (Benkova
et al., 2003; Geldner et al., 2004; De Smet et al., 2010) at early stages of LR induction,
however, did not reveal differences between the control and PQ-treated root segments,
whereas treatment with NPA resulted in enhanced expression along the entire root segment
(Fig. 24). This result indicates that ROS-induced LR fasciation is not caused by an

impairment in auxin gradient formation.

Live imaging analysis of LR fasciation using light-sheet microscopy
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Chapter 3. Discussion

RRD1 functions in poly(A) tail removal in mitochondrial mRNA

PARN is a 3" exoribonuclease of the DEDD superfamily (Pavlopoulou et al., 2013), which
shows a strong preference for adenine (Lee et al., 2019; Pavlopoulou et al., 2013). In plants,
PARN is involved in the removal of poly(A) tails from mitochondrial transcripts (Hirayama,
2014; Hirayama et al., 2013; Kanazawa et al., 2020). Here, I studied the functions of RRD1,
a gene encoding a PARN-like protein (Fig. 4) that resides in mitochondria. Analysis of
mitochondrial mRNA in rrd! demonstrated the participation of RRDI in poly(A) tail
degradation of mitochondrial mRNA (Fig. 5-10). In plant mitochondria, immature 3’
extremities of mRNA, together with irregular RNAs, such as 3" misprocessed mRNAs, rRNA
maturation by-products, and cryptic transcripts, are known to be polyadenylated before they
are degraded by mitochondrial polynucleotide phosphorylase (mtPNPase) (Holec et al.,
2008). In fact, down-regulation of mtPNPase in Arabidopsis results in the accumulation of
long preprocessed mRNAs, as well as irregular RNAs, the majority of which are
polyadenylated (Holec et al., 2008). In rrdl, unusually long preprocessed mRNAs do not
seem to accumulate, as the size of RACE-PAT assay products (Fig. 8) corresponded to that
of previously reported mature transcript 3" ends. Total mitochondrial mRNA levels were
unelevated in rrdl (Fig. 6), suggesting that RRD1 is not involved in controlling mRNA
abundance by promoting their degradation. Whether by-product accumulation takes place in
rrdl is not clear. However, given its absence in ahg2 (Hirayama et al., 2013), this is unlikely.
Based on these considerations, I conclude that RRD1 plays a distinct role from mtPNPase

and seems to be specifically involved in 3" processing of near-matured mRNA.

Failure in the removal of poly(A) tails from mitochondrial transcripts seems to be the
primary cause of the rrdl phenotype. This is evidenced by the alleviation of the rrdl
phenotype by the introduction of a mutation of the mitochondria-localized poly(A)
polymerase gene AGS! (Fig. 9 and 10). As most protein-coding genes in the Arabidopsis
mitochondrial genome are involved in the biogenesis of the electron transport chain
(Hammani and Giegé, 2014), it is likely that mitochondria of rrd1 carry defects in respiratory
activity. Unlike the AtPARN/AHG2 loss-of-function mutant ahg2, which shows a reduction
in complex III levels (Hirayama et al., 2013), no apparent difference in the amount of

complex III has been detected in rrd1 to date (Fig. 14).
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RRD2 and RID4 function in mitochondrial mRNA editing

In this study, I examined the molecular functions of RRD2 and RID4, both of which encode
a mitochondria-localized PLS-class PPR protein (Fig. 4). At1g32415 was reported as the
gene responsible for the cwm2 mutant (Hu et al., 2016) during the course of this study. A
predominant role for PLS-class PPR proteins in RNA editing has been demonstrated with
more than 50 out of a total of approximately 200 of these proteins in Arabidopsis having been
identified as C-to-U editing factors of mitochondria or plastid RNA (Kobayashi et al., 2019).
A comprehensive analysis of mitochondrial RNA editing revealed the abolishment of editing
at specific sites in r7d2 and rid4 (Fig. 11 and 12). I conclude that both RRD2/CWM2 and
RID4 are PLS-class PPR proteins that are involved in mitochondrial mRNA editing.

In rrd2, editing at 71C of ccb2 and 575C of cch3 was absent (Fig. 12). Both ccb?2 (also
known as ccb206, ccmB, ABCI2, and AtMg00110) and ccb3 (also known as ccb256, ccmC,
ABCI3, and AtMg00900) encode a multisubunit ATP-binding cassette (ABC) protein, which
are involved in the maturation of mono hemic c-type cytochromes, the soluble cyt ¢, and the
membrane-bound cyt ¢; of complex III (Giegé et al., 2008; Shevket et al., 2019). Of the two
editing sites, cch3-575C was previously reported as a target of RRD2/CWM?2 (Hu et al., 2016),
whereas ccb2-71C is a newly discovered target. A decrease in the level of cyt ¢ was detected
in rrd2, which is consistent with that reported previously for cwm2 (Hu et al., 2016). The
data demonstrated the role of RRD2/CWM?2 in cyt ¢ maturation via the RNA editing of cyt ¢

biogenesis factors.

In rid4, I observed striking reductions in RNA editing at atp4-395C, rpl5-58, rpl5-59C,
rps3-1344C, rps4-77C, and rps4-332C (Fig. 11 and 12). atp4 (also known as orf25,
AtMg00640) encodes the peripheral stalk protein (subunit b) of the mitochondrial ATP
synthase complex (complex V) (Heazlewood et al., 2003). »pl5, rps3, and rps4 encode
mitochondrial ribosome proteins. Analysis of mitochondrial protein complexes showed a
dramatic decrease in the level of complex V in rid4, probably because of impaired editing of

atp4-395C. This is similar to the organelle transcript processing 87 (otp87) mutant of

20



Arabidopsis, in which editing of atp/-1178C is deficient (Takenaka et al., 2019). These data
showed that the formation of complex V could be disrupted by defective RNA editing at a
single site of a subunit gene. Considering that the C-to-U editing of the rps4 transcript at a
different site (7ps4-377) has been shown to affect mitochondrial ribosome assembly in the
growing slowly 1 (grsl) mutant (Takenaka et al., 2019), it is possible that the 7id4 mutation

also has an impact on the mitochondrial ribosome.

Recent advances in the mechanistic understanding of RNA binding by PLS-class PPR
proteins have led to the identification of residues at certain positions within the PPR motifs
that are important for ribonucleotide recognition (Barkan and Small, 2014; Kobayashi et al.,
2019). By mapping these residues of previously reported RNA-editing PPR proteins to their
binding sites, which are located 5° upstream of the editing sites, the so-called ‘PPR code’ has
been elucidated, thus enabling the matching of PPR proteins to their candidate editing targets,
and vice versa (Kobayashi et al., 2019). According to the recently refined PPR code
prediction (Kobayashi et al., 2019), RID4 was highly ranked as a potential binding protein
of atp4-395C (18", P =4.35 x 107), rpl5-58C (5™, P =3.04 x 10?) and rps4-332C (2™, P =
4.06 x 107). Conversely, these sites were among the predicted editing sites of RID4 (P <
0.05) (Kobayashi et al., 2019). With regard to RRD2, however, the newly identified binding
site (cch2-71C) ranked very low, despite the incorporation of RRD2/CWM2 binding to cch3-
575C as learning data for the PPR code prediction (Kobayashi et al., 2019). This discrepancy
may be related to the unusual arrangement of PPR motifs in RRD2/CWM2, in which repeats
of SS motifs are prevalent, in contrast to canonical PLS-class PPRs, which follow the (P1-
L1-S1),-P2-L2-S2 pattern, such as RID4 (Fig. 4) (Cheng et al., 2016). Nevertheless, given
the similarity between the upstream sequences of editing sites which are severely affected by
rrd2 and rid4 (Fig. 13), they are likely edited by RRD2/CWM2 and RID4 via direct
interaction. The presented data will contribute to the improvement of PPR protein target

estimation.

Editing of mitochondrial mRNA is influenced by its poly(A) status
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The origins of the temperature sensitivity may differ among the TDF mutants

A distinct feature of the TDF phenotype is its exclusive observation at high-temperature
conditions (Konishi and Sugiyama, 2003; Otsuka and Sugiyama, 2012; Sugiyama, 2003).
My study revealed some differences in the origin of temperature sensitivity among the TDF
mutants. The rrd] mutation causes a truncation of the C-terminal domain of the RRD1
protein (Fig. 4). This finding, together with the enhancement of poly(A)" mitochondrial
mRNA accumulation at elevated temperatures (Fig. 8), implies that, in 7rd/, RRDI1 is
partially functional at least at the permissive temperature, and that its activity is more severely
affected at the non-permissive temperature. In contrast, the r7d2 and rid4-1 mutations
introduce a stop codon close to the N-terminus of RRD2/CWM2 and RID4, respectively,
likely resulting in the total loss of their functions (Fig. 4). The complete abolishment of RNA
editing of the RRD2 and RID4 target sites in the rrd2 and rid4-1 mutants, regardless of
temperature (Fig. 12), further supported this idea. However, in rrd2, deficient cyt c
biogenesis was observed only at high temperature (Fig. 15). This might be accounted for by
the temperature sensitivity of the function of either cch2 or cch3, which exhibit alteration of
the amino acid sequence in 7rd2, because of impaired RNA editing (Fig. 12). In rid4-1, a
huge reduction in complex V biosynthesis was observed both at permissive and non-
permissive temperatures (Fig. 14). These results suggest that complex V deficiency is more
deleterious at higher temperatures, which can explain the temperature sensitivity of the LR

fasciation phenotype of rid4-1.

Impaired mitochondrial electron transport causes LR fasciation likely via ROS
production

The phenocopy of the LR fasciation phenotype of the TDF mutants by treatment with
respiratory inhibitors demonstrated the causal relationship between defective mitochondrial
electron transport and excessive cell division during early LR development (Fig. 20).
Mitochondrial electron transport is best known for its role in driving ATP synthesis through
oxidative phosphorylation. Given the lack of LR fasciation after treatment with the
mitochondrial uncoupler CCCP (Fig. 21), reduced ATP production seems unlikely to be the
cause of LR fasciation. The fact that the huge reduction in complex V levels observed in rid4
(Fig. 14) does not lead to LR fasciation at the permissive temperature (Otsuka and Sugiyama,
2012) is also supportive of this idea. Experiments using the ROS inducer PQ and the

antioxidant ascorbate (Fig. 22) pointed to mitochondrial ROS generation as the potential
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trigger of LR fasciation. A previous study also observed enhanced cell division after the
application of another ROS inducer, alloxan, during auxin-induced LR formation (Pasternak
et al., 2005). In agreement with this ‘ROS hypothesis’, all three respiratory inhibitors used in
this study (rotenone, antimycin A, and oligomycin) are potent inducers of oxidative stress
(Willems et al., 2016).

ROS-induced LR fasciation is not attributable to a failure in auxin-gradient formation

ROS have been implicated in stress-induced morphogenic responses (SIMR) (Potters et al.,
2009). Several studies have shown the involvement of phytohormonal regulation in ROS-
triggered SIMR. Altered auxin levels and/or distribution have been proposed as potential
mediators in the modulation of cell proliferation in response to oxidative stress (Pasternak et
al., 2005; Potters et al., 2009). Several recent studies have found antagonistic interactions
between auxin signaling and mitochondrial ROS (Huang et al., 2016). Auxin is a critical
factor in LR development, and the centripetal auxin-gradient formation in early-stage LR
primordia is thought to contribute to the organization of the LR primordium (Benkova et al.,
2003; Geldner et al., 2004). However, neither the pattern nor the intensity of the auxin
response visualized by the DR5::GUS reporter seemed to be altered under PQ treatment, in
contrast to the diffuse pattern observed after the application the auxin polar transport inhibitor
NPA (Fig. 24). This indicates that ROS-induced LR fasciation is not attributable to a failure
in auxin-gradient formation. Further studies of LR fasciation caused by oxidative stress will

elucidate novel aspects of the control of cell proliferation during plant organogenesis.

Mitochondrial RNA processing is linked to the control of cell proliferation

Mutants of nuclearly encoded mitochondrial RNA processing factors have proven to be
useful in probing the physiological roles of mitochondrial gene expression. In particular,
studies of C-to-U editing PPR protein genes have led to a collection of about 100 mutants,
among which RNA-editing mutants are available for most mitochondrial genes (Takenaka et
al., 2019). The majority of the mutations confer visible phenotypes, such as growth
retardation, impaired embryo development, late flowering, or reduced pollen sterility
(Takenaka et al., 2019). Similar developmental defects are also observed in mutants of genes
encoding other mitochondrial proteins, including ndufs4 (complex I mutant), rpoTmp (RNA
polymerase mutant), and atphb3 (prohibitin mutant) (Van Aken et al., 2010). These results
suggest that mitochondria play a supportive role in plant growth, presumably by supplying
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energy through oxidative phosphorylation. In this study, however, I demonstrated that RRD1,
RRD2, and RID4, genes required for preventing excessive cell division during LR
primordium formation, function in mitochondrial RNA processing. This suggests that
mitochondrial gene expression not only supports active cell proliferation for growth and
development but also participates in the local fine-tuning of organ morphogenesis by
restricting cell proliferation. Hence, this study provides a novel clue for the physiological
significance of mitochondrial activities in the restrictive regulation of cell proliferation

required for the proper morphogenesis of plant organs.

In this study, I first examined the molecular functions of each TDF gene and revealed
the involvement of RRD1 in degradation of poly(A) tails of mitochondrial mRNA, as well
as the participation of RRD2 and RID4 in mitochondrial mRNA editing. I further found that
all TDF mutants carry defects in the biosynthesis of the electron transport chain components.
rrdl and rrd2 show decreased cytochrome c levels at high temperature, whereas rid4 shows
a dramatic reduction in complex V (ATP synthase) levels regardless of temperature
conditions. Pharmacological analysis using mitochondrial respiratory inhibitors, a ROS
inducer and a ROS scavenger suggested that the generation of ROS resulting from defective
mitochondrial respiration might be the trigger of excessive cell division in the TDF mutants.
Although further analysis is necessary, live imaging data hinted that the disruption in the
coordination of the patterns of cell division within the primordium might be the cause of
ROS-induced LR fasciation. Since examination of auxin response indicated that altered ROS-
induced LR fasciation is not attributable to a failure in auxin-gradient formation, future
studies on the molecular pathway of ROS-induced LR fasciation is expected to reveal a novel
mechanism of cell proliferation control during LR organogenesis, which does not involve the

regulation of centripetal auxin accumulation.
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Chapter 4. Materials and Methods

Plant materials and growth condition

Arabidopsis thaliana (L.) Heynh. ecotypes Columbia (Col) and Landsberg erecta (Ler) were
used as Arabidopsis in this work. The TDF mutants rrd!, rrd2, and rid4-1 were described
previously (Konishi and Sugiyama, 2003; Otsuka and Sugiyama, 2012; Sugiyama, 2003).
The ags! mutant (ags/-1) was also described previously (Hirayama et al., 2013). The
358::Mt-GFP line was a gift from Shin-ichi Arimura (Arimura and Tsutsumi, 2002). rid4-2
was derived from an ethyl methanesulfonate-mutagenized population of the Ler strain of
Arabidopsis. r7d] mutant strains harboring either ags! or AGSI‘ were obtained by rrdl (Ler
background) x ags! (Col background) and rrdl x Col crosses, respectively. rrd2 mutant
strains harboring either ags/ or AGSI® were obtained by the same method. The DR5::GUS
line (Ulmasov et al., 1997) was a gift from Tom J. Guilfoyle and was crossed three times to

Ler before use. Primers for the genotyping the mutants are listed in Table 1.

For tissue culture experiments, donor plants were aseptically grown on Murashige—
Skoog medium supplemented with 1.0% (w/v) sucrose, buffered to pH 5.7 with 0.05% (w/v)
2-morpholinoethanesulfonic acid (MES), and solidified with 1.5% (w/v) agar under
continuous light (10-15 pmol m > s ') at 22°C. For observation of seedling phenotypes,
plants were aseptically grown on the same medium solidified with 1.5% (w/v) agar or 0.8%
(w/v) gellan gum under continuous light (50-80 umol m >s ') at 22°C or 28°C. For self-
propagation and crossing, plants were grown on vermiculite under continuous light

(approximately 50 pmol m % s™") at 22°C unless otherwise indicated.

LR induction

As described previously (Ohtani et al., 2010), explants were prepared from 4-day-old
seedlings grown on agar plates, and cultured on root-inducing medium (RIM) under
continuous light (15-25 pmol m > s™") for the induction of semi-synchronous formation of
LRs. RIM was B5 medium supplemented with 2.0% (w/v) glucose and 0.5 mg "' indole-3-
butyric acid, buffered to pH 5.7 with 0.05% (w/v) MES, and solidified with 0.25% (w/v)
gellan gum. Culture temperature was set to 22°C for the permissive condition and to 28°C

for the non-permissive condition.

Histological analysis
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For whole-mount observation, tissue samples were fixed in 25 mM sodium phosphate buffer
(pH 7.0) containing 2% (w/v) formaldehyde and 1% (w/v) glutaraldehyde, rinsed with 100
mM sodium phosphate buffer (pH 7.0), and cleared with an 8:1:2 (w/v/v) mixture of chloral
hydrate, glycerin, and water. Observations were made with a microscope equipped with
Nomarski optics (BX50-DIC; Olympus) to obtain differential interference contrast (DIC)

images.

For histochemical detection of GUS reporter expression, tissue samples were fixed in
90% (v/v) acetone overnight at —20°C, rinsed with 100 mM sodium phosphate (pH 7.0), and
incubated in X-Gluc solution [0.5 mg ml™' 5-bromo-4-chloro-3-indolyl B-D-glucuronide
cyclohexylammonium salt, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide,
100 mM sodium phosphate (pH 7.4)] for 140 min at 37 °C. After rinsing with 100 mM sodium
phosphate buffer (pH 7.0), the samples were mounted on glass slides with an 8:1:2 (w/v/v)

mixture of chloral hydrate, glycerin, and water, and then subjected to DIC microscopy.

Expression and localization analysis of GFP reporters

Expression patterns of RRDI and RID4 were examined with transgenic plants harboring
RRDI::RRDI1:GFP and RID4::RID4:GFP, respectively. Roots of 6-day-old seedlings of
these plants were counterstained with 10 mg 1" of propidium iodide and fluorescence images
were obtained using a confocal microscope (FV3000; Olympus). Expression analysis of
358::Mt-GFP was performed in the same conditions using a different confocal microscope
(FV1200; Olympus).

Microarray analysis and data processing

Microarray data was obtained in a previous study in our laboratory (Otsuka et al., 2020).
Briefly, total RNA was extracted with TRIzol reagent (Invitrogen) from explants that had
been cultured on RIM for 12 hours in the semi-synchronous LR induction system and purified
using the RNeasy microkit (QIAGEN). Affymetrix ATHI microarrays were hybridized with
biotinylated cRNA targets prepared from the RNA samples according to the manufacturer’s
instructions. It should be noted here that all the targets were derived from poly(A)" RNA in
principal because the T7-oligo(dT).4 primer was used for reverse-transcription at the first

step of target preparation. Experiments were performed in biological triplicates.

The data sets obtained were processed with a variant of MASS5.0 utilizing robust radius-

minimax estimators (Kohl and Deigner, 2010). Differential gene expression was identified
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by RankProd 2.0 (Del Carratore et al., 2017). The details of the microarray data was deposited
in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE34595.

Analysis of mRNA polyadenylation status with RACE-PAT

RACE-PAT was performed principally according to (Sallés et al., 1999). Total RNA was
extracted with TRIzol reagent (Invitrogen) either from LR-induced explants or seedlings.
Total RNA was treated with RNase-free DNase I (Promega) to eliminate genomic DNA, and
reverse-transcribed with T7-oligo(dT),4 as a primer using the PrimeScript II 1st strand cDNA
Synthesis kit (TaKaRa). Then the poly(A) tail status was analyzed by PCR with a
combination of gene-specific and T7 promoter primers. The thermal cycling program
consisted of initial 2-minute denaturation at 95°C followed by 30 cycles of 20 seconds at
95°C, 20 seconds at 57°C, and 10 seconds at 72°C. Primers for the RACE-PAT are listed in
Table 1.

qRT-PCR analysis

For qRT-PCR, total RNA was extracted with TRIzol reagent (Invitrogen) from explants LR-
induced at 28°C for 12 hours. To eliminate genomic DNA, total RNA was treated with
RNase-free DNase 1 (Promega), and reverse-transcribed with a random hexamer or
oligo(dT)4 primer using SYBR Premix ExTaq II (TaKaRa). qRT-PCR reactions were
performed with gene-specific forward and reverse primers using the PrimeScript RT-PCR
kit (TaKaRa) on the StepOne Real-Time PCR system (Applied Biosystems). The thermal
cycling program consisted of initial 30-second denaturation at 95°C followed by 40 cycles
of 5 seconds at 95°C and 30 seconds at 60°C. At the end of run, melting curves were
established for each PCR product to check the specificity of amplification. Expression levels
of mRNAs of interest were normalized relative to TUBULIN4 (At5g44340) expression. DNA
fragments amplified from poly(A)" transcripts of several genes including cob were sequenced
to check the occurrence of mitochondrial editing, which confirmed that they are derived from
the mitochondrial genome but not from their copies present in chromosome 2 (Stupar et al.,
2001). Experiments were performed in biological triplicates. Primers for the qRT-PCR

analysis are listed in Table 1.

CR-RT PCR analysis of the 3’ end of mRNA
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CR-RT PCR analysis was performed principally according to (Forner et al., 2007). Total
RNA was extracted with TRIzol reagent (Invitrogen) from seedlings that had been cultured
for 7 days at 22°C and then 2 days at 28°C. To eliminate genomic DNA, total RNA was
treated with DNase I (RT grade; Nippon Gene). Next 1 ug of total RNA was circularized
with T4 RNA ligase (Promega), desalted with Amicon Ultra 0.5ml (10K; Merck Millipore),
and then reverse-transcribed with a cox/ specific primer (Atcox1-1; Table 1) using M-MLV
(Moloney Murine Leukemia Virus) Reverse Transcriptase (RNase H minus, point mutant;
Promega). The RNA template was degraded by adding 1/5 volume of 1 M NaOH to the
reaction mixture and incubating at room temperature for 10 minutes. The solution was
neutralized by adding 1 M HCI and the cDNA was purified with the illustra GFX PCR DNA
and Gel Band Purification Kit (GE Healthcare). The 5'-3' junction sequence was amplified
by PCR with cox! specific primers Atcox1-5'(-176..-196) and Atcox1-3'(+17..+38) using Ex
Taq Hot Start Version (Takara). The thermal cycling program consisted of initial 4 minute-
denaturation at 95°C, followed by 40 cycles of 20 seconds at 95°C, 20 seconds at 50°C, and
40 seconds at 72°C. The PCR products were purified with the Wizard SV Gel and PCR
Clean-Up System (Promega) and cloned into the pGEM-T Easy Vector (Promega) using
DNA Ligation Kit <Mighty Mix> (Takara). The constructed vector was transformed into the
DH5a strain of E. coli, and about 20 clones were sequenced. Primers for the CR RT-PCR

analysis are listed in Table 1.

Analysis of mitochondrial mRNA editing

For the analysis of mitochondrial mRNA editing, total RNA was extracted with TRIzol
reagent (Invitrogen) from explants LR-induced at 28°C for 12 hours. Total RNA was treated
with RNase-free DNase I (Promega), and reverse-transcribed with a random hexamer using
the PrimeScript II 1st strand cDNA Synthesis kit (TaKaRa). Gene specific primers were used
to amplify cDNA by PCR using Ex Taq Hot Start Version (Takara). The thermal cycling
program consisted of initial 4-minute denaturation at 95°C followed by 30 to 40 cycles of 30
seconds at 95°C, 30 seconds at 55°C, and 90 to 120 seconds at 72°C. The PCR products were
purified either by ExoStar DNA purification reagent (GE Healthcare) or Wizard SV Gel and
PCR Clean-Up System (Promega), and then sequenced.

Analysis of mitochondrial protein
Isolation of intact mitochondria was performed principally according to (Murcha and Whelan,

2015). Seed-derived callus cultured in liquid callus-inducing medium (CIM) (Konishi and
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Sugiyama, 2003; Sugiyama, 2003) in the dark with gentle shaking was used as starting
material. About 16 g of callus was homogenized in 40 ml ice-cold grinding buffer (0.3 M
Mannitol, 50 mM Tetrasodium pyrophosphate, 2 mM EDTA (Disodium salt), 0.5 % (w/v)
PVP-40, 0.5 % (w/v) BSA, 20 mM L-cysteine, pH 8.0 (HCl)) with a mortar, pestle, and glass
beads (0.4-mm diameter). The homogenate was filtered through four layers of Miracloth
(Millipore) and centrifuged at 2,300g for 5 minutes twice. The resulting supernatant was
centrifuged at 18,000g for 10 minutes. The resulting pellet was resuspended in wash buffer
(0.3 M Mannitol, 10 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES),
0.1% (w/v) BSA, pH 7.5 (NaOH)) and layered over a three-step Percoll (GE Healthcare)
gradient (40%, 21%, and 16% (v/v)). The gradient was centrifuged at 23,500 rpm
(approximately 40,000g to 70,000g) for 30 minutes. Mitochondria were collected from the
21% and 40% interface and washed twice in wash buffer (without BSA) by centrifugation at
18,000g for 10 minutes.

For BN-PAGE analysis, 10 pg protein of mitochondria was solubilized in 12 pL Native
PAGE Sample Buffer (1% n-dodecyl--D-maltoside (DDM), Thermo Fisher Scientific),
mixed with 1.8 puL of sample additive (33.3% (w/v) glycerol, 1.67% (w/v) Coomassie
Brilliant Blue (CBB) G250), and then separated by electrophoresis on a NativePAGE 4 to
16%, Bis-Tris Gel (Thermo Fisher Scientific).

For immunoblot analysis, proteins separated via SDS-PAGE were transferred to a
PVDF membrane and exposed to a primary antibody against cyt ¢ (ASO8 343A, Agrisera;
1:5000 dilution). As a secondary antibody, I used a peroxidase-labeled anti-rabbit antibody
(NIF824, GE Healthcare; 1:5000 dilution). Immunodetection was performed by incubating
the membranes in the Western BLoT Quant HRP Substrate (Takara) and recording the
chemiluminescence by LuminoGraph I (ATTO).

Live-imaging analysis of LR formation

Live-imaging of LR primordium development was performed according to (von
Wangenheim et al., 2017) with some modifications using the Lightsheet Z.1 microscope
(ZEISS). Root segments from 4-day old AUX1::AUXI:YFP seedlings were first cultured on
solid RIM (0.6% gellan gum) for approximately 6 hours prior to imaging. The root segments
were attached to a solid RIM gel bock using 1% low melting agarose (Promega). The block

was glued onto a piece of glass that attached to a glass capillary using 1% low melting agarose.
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The capillary was loaded onto the microscope for imaging. The observation chamber was

perfused with liquid RIM using a peristatic pump (ATTO).
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Fig. 1 Schematic of the stages of early LR development in Arabidopsis

A few cells in the xylem pole pericycle layer, termed LR founder cells, undergo
radial expansion and subsequently divide in the anticlinal orientation, producing an
array of short cells flanked by longer cells, which serve as the origin of the LR
primordium (stage I). This is followed by periclinal divisions throughout the
primordium, with the exception of the flanking cells in some occasions, creating two
cell layers (stage II). Subsequent periclinal cell divisions take place in the central
zone of the primordium, producing the third cell layer (stage III), followed by the
fourth cell layer (stage IV). The diagram was modified from (Otsuka et al, 2020).
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Fig. 2 Temperature-sensitive phenotypes of the TDF mutants exemplified by the
rid4-2 mutant.

(A) Phenotypes of seedlings that were grown for 7 days on vertical agar plates.
Seedlings were grown either at 22°C or 28°C. (B) Representative images of LRs
formed at 22°C or 28°C in the explants of the wild-type plant or the rid4-2 mutant
after 6 days of culture on indole-3-butyric acid (IBA)-containing medium (RIM).
Fasciated LRs were observed in rid4-2 explants at 28°C. Scale bars, 1 cm (A) and
100 pm (B).
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Fig. 3 Schematic of early LR development in the TDF mutants

The TDF mutants form normally-sized LR primordium at permissive temperature
(22°C). At non-permissive temperature (28°C), however, excessive cell divisions
occur as early as stage I, leading to the formation of fasciated LRs (Otsuka, 2012;
Otsuka et al., 2020).
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Fig. 4 The structure of the TDF proteins

RRDI (At3g25430) encodes a poly(A)-specific ribonuclease (PARN)-like protein.
RRD?2 (Atl1g32415) and RID4 (At2g33680) both encode a pentatricopeptide repeat
(PPR) protein belonging to the PLS subfamily. The position of each TDF mutation is
indicated by black arrowheads. The diagrams were modified from (Otsuka,
2012).The PPR motifs of RRD2 and RID4 were depicted based on a recent study
(Cheng et al., 2016) . Scale bar, 100 amino acids (a. a.).
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Fig. 5 Microarray analysis of gene expression in rrd1

(A—C) MA plot for the microarray analysis of poly(A)* transcripts of rrdl vs. wild-
type (WT) explants in which LRs were induced at 28°C for 12 hours. Genes are
plotted according to their fold change (r7d1/WT) and mean expression between rrdl
and the WT. (A) Differentially expressed genes (FDR < 0.1) are highlighted.

logz(mean expression)

Mitochondrial genes are shown in blue, while nuclearly-encoded genes are shown in

red. (B) The functionally characterized mitochondrial genes are shown in blue, while

the non-characterized mitochondrial ORFs or pseudogenes are shown in red. (C) The
names of the functionally characterized mitochondrial genes are shown.
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Fig. 6 qRT-PCR analysis of mitochondrial transcripts in the TDF mutants

qRT—PCR analysis of explants in which LRs were induced at 28°C for 12 hours. The
levels of total (reverse transcribed with random 6 mer primer; right panel) and
polyadenylated (reverse transcribed with oligo (dT) primer; left panel) transcripts are
shown for cytochrome oxidase subunit 1 (coxl), cox2, NADH dehydrogenase subunit
6 (nad6), apocytochrome B (cob), and ATP synthase subunit 4 (atp4) (mean + s.d., N
=3,*P<0.05, **P <0.01, Welch’s ¢ test with Benjamini-Hochberg correction).
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Fig. 7 CR-RT PCR analysis of coxI transcripts in rrdl

Analysis of the 3" end of the cox] mRNA by CR—RT PCR. mRNAs were prepared
from WT and rrdl seedlings that were first grown at 22°C for 7 days, and then at
28°C for 2 days. The genomic sequence of cox/ is shown in green.



22°C 28°C
WT rrd1 WT rrd1 COXI mRNA
5 AAAAAAAA 3’
Reverse
transcription
,_cox] mRNA ,
5 AAAAAAAA 3
TTTTTTTTT%
PCR ‘
Fw
TTTTTTTTT I
R
v

Fig. 8 RACE-PAT assay of mitochondrial transcripts in rrdl

(A) RACE-PAT assay showing the accumulation of polyadenylated transcripts of
atp8, cob, coxl, cox2, nad6, nad9, and TUB4. mRNAs were prepared from explants
in which LRs were induced at 22°C or 28°C for 12 hours. (B) Schematic of the
principles of the RACE-PAT assay.
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Fig. 9 Effects of the introduction of ags! into rrdl.

(A) RACE-PAT assay showing the accumulation of polyadenylated transcripts of
coxl and TUB4. rrdl mutant strains harboring either ags/ or AGSI¢ (AGS1 of Col
background) were obtained by rrdl (Ler background) x ags! (Col background) and
rrdl x Col crosses, respectively. mRNAs were prepared from seedlings that were
first grown at 22°C for 5 days, and then at 28°C for 3 days. (B) Seedlings grown at
28°C for 13 days on gellan gum plates. Scale bar, 2 cm (B).
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Fig. 10 Effects of ags! on the LR fasciation phenotype of rrdl.

(A) Representative images of LRs formed at 28°C after 6 days of culture. (B) The
basal width of the LRs that were formed as in (A) was scored (lower panel, N = 115—
116 for rrdl, agsl, and rrdl AGSI¢, N = 22-43 for others, ****P < 104, Mann—
Whitney—Wilcoxon test with Bonferroni correction).
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Fig. 11 Comprehensive analysis of mitochondrial mRNA editing in rrd2 and rid4-1.

(continued on next page, legend follows)
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Fig. 11 Comprehensive analysis of mitochondrial mRNA editing in rrd2 and rid4-1.

A sequencing analysis of mitochondrial mRNA editing was performed using explants
in which LRs were induced at 28°C for 12 hours. The color code indicates the level of
C-to-U RNA editing at each site (editing status: —0.5 = 100% C, 0.5 = 100% U). The
presumptive specific editing sites of RRD2 and RID4 are marked by solid black boxes.
RNA editing in rid4-2 was also analyzed for sites affected in rid4-1.
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Fig. 12 Editing sites severely affected by rrd2 and rid4
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Sequencing analysis of mitochondrial mRNA editing in explants in which LRs were
induced at 28°C (A) or at 22°C (B) for 12 hours. Black arrows indicate the editing

sites. The codon located at the editing site is shown above.



Estimated binding sites of RRD2

ccb2 71C accaatcacgagtttttj 8/17 match
ccb3 575C atcaatacatgtttcta (P = 2.79 x 107?)
ccb3 624C ttcectcttcttaacttg

Estimated binding sites of RID4

atp4 395C ccgaaacttaaatgttam= 12/17 match
rpl5 59C tcaagatctgttgctca—j_> (P = 9.75 x 10-5)
rps3 1344C ataaaatctgtttatca=

rps4 77C tcaaacttgtcgtctac 9/17 match

rps4 332C aacaagatttgacgttas (P = 9.28 x 10-3)
ccb3 624C ttcctcttcttaacttg

Fig. 13 Analysis of estimated binding sites of RRD2 and RID4

Alignment of the estimated binding sequence of RRD2 and RID4 for each editing
site is shown. The sequence data was extracted from (Kobayashi et al., 2019).
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(A) BN-PAGE analysis of mitochondrial protein complexes. Mitochondria were
extracted from seed-derived liquid-cultured callus that were first incubated at 22°C
for 20 days, and then at 22°C or 28°C for an additional 3 days. (B) Schematic
depicting the callus culture used in mitochondrial extraction. (C) Schematic of the
effects of rid4 on complex V biosynthesis.
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Fig. 15 Analysis of cytochrome c¢ biogenesis in rrd2

(A) Schematic of the cytochrome ¢ maturation pathway in plant mitochondria. (B
and C) Immunoblot analysis of cyt c. Mitochondria were extracted in the same
conditions as in Fig. 14. The results of the densitometry analysis are shown in (C) (N
= 3, mean + s.d.). (D and E) Immunoblot analysis of cyt ¢ using mitochondria
extracted from callus that were cultured first at 22°C for 14 days, and then at 28°C
for 7 days. The results of the densitometry analysis are shown in (E) (N = 2, mean +
s.d., **P <0.01, Welch’s ¢ test)
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A RRD1::RRD1:GFP RID4::RID4:GFP B 35S::Mt-GFP
L. _

Fig. 19 The expression patterns of RRDI and RID4 in the root.

Expression of RRDI::RRDI:GFP (A, left), RID4::RID4:GFP (A, right), and
358::Mt-GFP (B) at stage Il of LR primordium development. 6-day old seedlings
were used for the analysis. Propidium iodide was used as a red counterstain. Scale
bars, 50 um.
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Fig. 20 The effects of respiratory inhibitors on LR development

(A-C) LRs were induced from the wild-type in the presence of antimycin A at
different temperatures (22°C and 28°C), and the basal width of the LRs that were
formed was scored after 6 days in culture. (D-G) LRs were induced at 28°C from
the wild-type (WT) plant in the presence of rotenone (E), antimycin A (F), or
oligomycin (G), and the basal width of the LRs that were formed was scored after 6
days in culture (median, 25%—-75% quantile, N = 30-76, *P < 0.05, **P < 0.01,
kAP < 0.0001, Mann—Whitney—Wilcoxon test). Typical LRs that were formed in
each treatment are shown in (D). Scale bars, 100 pm.
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Fig. 21 The effects of uncoupler CCCP on LR development

LRs were induced from the WT plant in the presence of CCCP. The basal width of
LRs (A, median, 25%—75% quantile, N = 2-53, P > 0.1, Kruskal-Wallis test) and the
number of LRs per segment (B, Number of segments = 12, **P < (.01, ***P <(0.001,
Dunnett's test) were scored on the 6% day.
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Fig. 22 The effects of the application of ascorbate on WT, PQ-treated, or rid4-2
segments during LR formation.

(A) The basal width of the LRs formed was measured on the 6 day of LR induction
(median, 25%—75% quantile, N = 16-58, ***P < 0.001, Mann—Whitney—Wilcoxon
test with Bonferroni correction). (B) Representative images of LRs in each condition
are shown. Scale bar, 100 pm.
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Fig. 23 The effects of PQ and NPA on LR formation

Representative images of root explants cultured for 6 days in RIM containing NPA or
PQ. Scale bar, 1 mm.
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Fig. 24 The pattern of auxin response upon treatment with NPA or PQ

DR5::GUS expression at 12 hours after LR induction under treatment with NPA or
PQ. Scale bar, 1 mm.
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A. Primers for genotyping

Mutation Primer name Primer sequence Restriction enzyme |Product

rrd 1 dCAPS-rrd1_F IGGAGCTCTGCTATTTTGGTGTTTCG Taql WT =107 bp, rrd1 =24 + 83 bp
dCAPS-rrd1 R ICTGCAACCATCTCTCTTAATGAACC

rrd2 IdCAPS-rrd2(Nrul) F IATGCCTGAGAGAAATGTGGTTTCGCG Nrul WT =98 bp, rrd2 = 24 + 74 bp
dCAPS-rrd2(Nrul) R IGGCATAGCATCAAACACCTGTTTCGC

rid4-1 [2933680-1F IAACAACGACTCAGTGAGTAC Mval WT =409 + 732 bp, rid4 = 1,141 bp
2933680-1R IAACAATCGTGTATTCACTGG

rid4-2 IdCAPS-rid4-2-F GTCGAGTCTTCAAAGTTCTACAGCT Xspl WT =45 + 68 bp, rid4-2 = 25 + 20 + 68 bp
dCAPS-rid4-2-R ICTTTACAGTACATGCCCACCAAC

ags1-1 IAGS1F5 ICATCTCTATCAAGTTCCTTGATGC Xmnl ColWT = 153bp, LerWT = 97 + 56bp, ags1-1= 131 + 22bp
lags1-1dCAPS3 GGTTGATCGCAGGAAACGAATTTAT

B. Primers for RACE-PAT assay

Primer name Primer sequence Usage
[T7-Oligo(dT)24 IGGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGGTTTTTTTTTTITTTTITTTTITITTT RT
[T7-promoter IGTAATACGACTCACTATAGGG PCR
IAt2g07707 GS-FW1 IAMAGTGGCTCACGAGGAATGGAA PCR, atp8
IAt2g07727 GS-FW1 ICCTGTGGAGGCTCCATTTGTTACT PCR, cob
cox1 GS-FW1 IGGAGAACTTCCAGCTATCAAGG PCR, cox1
COX2 GS-FW1 IGGCTTGTATGGCAGGAATACCACT PCR, cox2
nad6 GS-FW1 IGGGGCTATAGTACTGACTATGC PCR, nad6
nad9 GS-FW1 IGTGGAAGTACGCTATGATGATCC PCR, nad9
beta-TUBULIN FWD IGAGGGAGCCATTGACAACATCTT PCR, B-TUBA4,control
beta-TUBULIN Re IGCGAACAGTTCACAGCTATGTTCA

C. Primers for CR-RT PCR

Primer name Primer sequence Usage

IAtcox1-1 CCCACCAAGAATTTGATCG Reverse Transcription
IAtcox1-5'(-176..-196) TGCTAGGAACGCTAGCTCATG for PCR
IAtcox1-3'(+17..+38) CGACTGCTACTAAGAACCTAAC for PCR

M13 Reverse CAGGAAACAGCTATGAC for sequencing

D. Primers for gRT-PCR

Primer name Primer sequence Gene
beta- TUBULIN_FWD GAGGGAGCCATTGACAACATCTT R
beta-TUBULIN_Re GCGAACAGTTCACAGCTATGTTCA B-TUB4
cox1-gRT-FWD GGGCTAGACATTGCTCTACATG

cox1-qRT-Re TTCAGGGTATGTCCGACCAAAG cox?
COX2-qRT-FWD GTGATGCTGTACCTGGTCGTTT

COX2-qRT-Re GGAACAGCTTCTACGACGATAG cox2
had6-gRT-FWD GTTTATGCCGGAAAGGTACGAAG

had6-qRT-Re ACTATAGCCCCAATCATGGCTAC 1ad6
2907727-qRT-FWD TGGCGGATTGCTTACTACTAGG

2907727-qRT-Re CAGAATGGGCGTTATGGCAAAG cob
orf25-qRT-FWD CTCCAGGCTATTCAGGAAGAA oot

orf25-qRT-Re

CTACTACGGTGCCACAAATTC

Table 1 Primers used in this study

(continued on next page)




E. Primers for amplifying cDNA of mitochondrial genes

Gene Product size  |Forward primer name |Forward primer sequence Reverse primer name __ [Reverse primer sequence

atp1 1507 tp1Fw1 IAGCTGCGGAACTAACGAATCTATTCGA atp1Rv1 ICTAAATTAAAGCTAAAGCTCTTTCTTTTAAGA
atp4 489 tp4Fw1 GCTGCTATTCTATCTATTTGTGCATTAAGTTCGA atp4Rv1 ICTCTCGAATGAATTCTACTCTTTC
atp6 857 tp6Fw 1 INAGTGTGAGGCATTAACGCA atp6Rv1 ICCTAATTCCAGACCGGTTAATGCA
atp9 257 tp9Fw1 IATGACAAAGCGTGAGTATAATTCTC atp9Rv1 ICAGAATACGAATAAGATCAAAAAGGCCA
ccb2 621 cch2Fw ICAGCCTTGAAGTGAATGAATT cchb2Rv TTAATCTTGTAAACTAATCGAGACC
ccb3 740 cch3Fw ICTACGCGCAAATTCTCATTGG cchb3Rv IGAGCGAGTGAACTAGGTTTTGGTA
lccbbe 1350 cchbBcFw IGGTCCAACTACATAACTTTTTCTT ccbBcRv IATTATGAACTCCACGGAACTTTCT
cchbe 1356 cchBcFw2 IATGGTCCAACTACATAACTT cchBcRv2 ITGCAATTATGAACTCCACGGAA
ccbbn-A 511 ccbbn-A_Fw4 IGCGCCGCTTTATCCTGAAAG ccbbn-A_Rv4 ICAGGATAGCATTTTGCGCCC
ccbbn-A 561 ccbbn-A_Fw5 IAAACAACCACCAGCGTTTGG ccbbn-A_Rv5 IATCTCGTGCCAGATGCAACA
ccbbn-A 205 ccbbn-A_Fw1 IATGTCAATATCAATATATGAATTCTTTCAT ccbbn-A_Rv7 IAGAAAGGTGCATTAGCGGTT
ccbén_B 047 ccb6n-Bfw1 ICGAAGCGTGTCGTTCGTAAT ccb6n-Brv1 IGAGTGACGTAGATGCACAAGA

cob 1136 cobFw 1 IGACTATAAGGAACCAACGAT cobRv1 IATCAGTCTCATCCGTGTAAG

cox2 760 cox2Fw2 IATGATTGTTCTAAAATGGTTATT cox2Rv1 TTAATTGATTGGATACCCGAGAACC
cox3 798 cox3Fw1 IATGATTGAATCTCAGAGGCATTC cox3Rv1 ITCATATACCTCCCCACCAATAG
matR 574 matR_Fw2 IGGTTGAAGTTTAGACCGCTCAC matR_Rv2 IATGCTCTTAACGCTCCCCAC

matR 512 matR_Fw3 CTTGCATAGCTCAGGTCGGA matR_Rv3 [TGTTGGGGAACTCTGCAAGG

nad1 948 nad1Fw ICCAGCTGAAATACTTGGAATAAT nad1Rv INAAGGTGACTAAAAGACCAGAAAC
nadia 372 nad1aFw1 IGTACATAGCTGTTCCAGCTGA nad1aRv ICCCGCTATAATAATTCCATAAACAC
nad1b 269 nad1bFw ITCGAAATATGCCTTTCTAGGAG nad1bRv [TCTACATTATAGCCTGCAACT

nadic 316 nad1cFw [TCTTCAATGGGGTCTGCTCT nad1cRv IMGGAAGCCATTGAAAGGTG

nad2a 560 nad2aFw1 ICAGAATTCGTTCGGATCCTC nad2aRv1 [TATTCCAGAGGAAAATGCAC

nad2b 881 nad2bFw1 ICTTCGATCAATTAGCCAAGA nad2bRv1 GATATGAACTGAGTGCCATT

nad3 360 nad3Fw1 IATGATGTCAGAATTTGCACCAAT nad3Rv [TTACTCCCGATCCGAAGCAC

nad4 1482 nad4Fw4 IGTTAGAACATTTCTGTGAATGCT nad4Rv1 ITGAAATTTGCCATGTTGCAC

nad4L 278 nad4LFw1 ITGGATCTTATCAAATATTTCACATTTTCT nad4LRv1 ITTCTACAGCAATAGTACCTC

nad5a 1425 nad5aFw3 ITTTGCCCCTGCTCGGTAGTTC nad5aRv1 ITTGGCCAAGTATCCTACAAAGAGAC
nad5c 497 nad5cFw2 ICCAATTTTTGGGCCAATTCC nad5cRv1 IGAAAGACGATCGATTATCTACCCA
nad6 618 nad6Fw1 IATGATACTTTCTGTTTTGTCGAGC nad6Rv1 TTAGTAGATCGTGAGTGGGTCA

nad7 1171 nad7Fw1 IATGACGACTAGGAAAAGGCA nad7Rv1 ICTCCAAACACAATATCTTGAGTACC
nad9 623 nad9Fw1 IACTTTACCCAAGAAATGGGTC nad9Rv1 GCTGTTCCCAAGGACTAGC

orf240 696 lorf240Fw1 IATGCGTAGTAGCGTTCTAAGATCACT lorf240Rv 1 CAACCAGGACCTTTGGACCTC

orfX 861 lorfXFw1 IAATCCTTCACTTTTAGCTTTGAATTACT lorfXRv1 ITCATTGATAGTTACTTTGCCAGGT
rpl16 540 rpl16fw2 IATGTATTTAACCATAAAATCGATTATGCT rpl16Rv1 ITTACGACCACTGAACAAACTTGGTTG
rpl2 1050 rpl2Fw1 IATGAGACCAGGGAGAGCAAG rpl2Rv1 [TCACACAGTGAATAAGGGCTTAGG
rpl5 558 rpl5Fw1 IATGTTTCCACTCAATTTTCATTACG rpl5Rv1 TTACTGAGTTTCCCCCTCATC

rps12 378 rps12Fw1 IATGCCCACGTTTAATCAATTGA rps12rvi [TCATATCGATTTGGGTTTTTCTGCACCA
rps3 1665 rps3Fw2 IATGGCACGAAAAGGAAATCCGATT rps3Rv2 TTCGTACGTTTCGGATATAGCACGTC
rps4 1089 rps4Fw1 IATGTGGCTGCTTAAAAAACTGAT rps4Rv1 TTATATGTTTTGGCCACGTCC

rps7 283 rps7Fw1 [TAATCAAACTTATGGTTGACGCC rps7Rv1 ICGATTGGTGGAAGCCAGTCC

rps14 (@) 234 pseudorps14Fw1 IACGTAGATTGCTCGCGGCT seudorps14Rv1 [TCGAGATGCTAATCCACGAA

Table 1 Primers used in this study
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F. Primers for s

equencing cDNA o

mitochondrial genes

Gene Primer name Primer sequence Gene Primer name Primer sequence

atp1 tp1Fw2 IGCTCAGTTGAAAGCTATGAAACAAG nad3 nad3Fw1 IATGATGTCAGAATTTGCACCAAT
atp1 tp1Rv1 CTAAATTAAAGCTAAAGCTCTTTCTTTTAAGA nad3 nad3Rv [TTACTCCCGATCCGAAGCAC

atp4 tp4Fw1 GCTGCTATTCTATCTATTTGTGCATTAAGTTCGA |nad4 nad4Fw1 IAGTGGTCTTATTCTGTGTCCT

atp4 tp4Rv1 ICTCTCGAATGAATTCTACTCTTTC nad4 nad4Fw2 IAMAGATCAAGGCAGCATATCAGT

atp6 tp6fw2 IGGGCTTGATTTTGGGCGAAG nad4 nad4Fw3 ICATTGCTTACTCCTCAGTAGCCCATA
atp6 tp6rv2 [TAGTCCAAGCGAACCCACTT nad4 nad4Fw4 GTTAGAACATTTCTGTGAATGCT
atp9 tp9Fw1 IATGACAAAGCGTGAGTATAATTCTC nad4 nad4Rv1 [TGAAATTTGCCATGTTGCAC

atp9 tp9Rv1 ICAGAATACGAATAAGATCAAAAAGGCCA nad4 nad4Rv2 IAGATTTGGCCGTAGA

ccb2 lccb2Fw CAGCCTTGAAGTGAATGAATT nad4L nad4LFw1 [TGGATCTTATCAAATATTTCACATTTTCT
ccb2 lccb2Rv [TTAATCTTGTAAACTAATCGAGACC nad4L nad4LRv1 ITTCTACAGCAATAGTACCTC

cch2 lccb2Fw1 IATGAGACGACTTTTTCTTGAACTAT nad5a nad5aFw1 IGCTCCATGGATCTCATCGGAA

ccb2 lccb2 Fw3 [TGCTTGCCAAAGATCCTACTTC nad5a nad5a Rv2 GGATTTCCCAACAGCACCAATA
ccb2 lccb2 Fw5 ICGTCGTAACGCCCTTAATGC nad5c¢ nad5cFw3 IGCTGGTTCTTCGATCAAGTTT

ccb2 lccb2 Fw7 [TCCAGCAGTGGTTGGAACAG nad5¢c nad5cRv1 IGAAAGACGATCGATTATCTACCCA
ccb3 lccb3Fw ICTACGCGCAAATTCTCATTGG nad7 nad7Fw1 IATGACGACTAGGAAAAGGCA

ccb3 lccb3 Fw3 TGGGATGCTCGTTTGACCTC nad7 nad7Fw2 IATCTGCCTCTTGGCTTATGT

ccb3 lccb3 Rv4 IGAGGTCAAACGAGCATCCCA nad7 nad7Rv2 CTCGTAATGGTACCTCGCAATTCA
ccbbe lccbBcFw1 I[TCAGAGCAAGTCGCCCTATT nad9 nad9Fw1 IACTTTACCCAAGAAATGGGTC

ccbbe lccb6cFw2 IATGGTCCAACTACATAACTT nad9 nad9Rv1 GCTGTTCCCAAGGACTAGC

ccbbe lccb6cFw3 [TTACATGGACCCACTTTTCATTC lorf240A lorf240Fw1 IATGCGTAGTAGCGTTCTAAGATCACT
ccb6n-A lccb6n-A Fw4 IGCGCCGCTTTATCCTGAAAG lorf240A lorf240Rv1 ICAACCAGGACCTTTGGACCTC
ccbbn-A lccb6n-A_Fw5 IAAACAACCACCAGCGTTTGG lorfX lorfXFw1 IAMATCCTTCACTTTTAGCTTTGAATTACT
ccbbn-A lccb6n-A_Rv5 IATCTCGTGCCAGATGCAACA orfX orfXFw2 [TACTTCGTGGGTGCAACATCAACA
ccbbn-A lccb6n-A Rv7 IAGAAAGGTGCATTAGCGGTT lorfX orfXFw3 IACGGAGGCCTTTTCGACATT
ccbén-B lccb6n-Bfw1 ICGAAGCGTGTCGTTCGTAAT lorfX orfXRv2 [TGTTCTCCATAGCAACTGGGG
ccbén-B lccb6n-Brv1 IGAGTGACGTAGATGCACAAGA rpl2 rpl2Fw1 IATGAGACCAGGGAGAGCAAG
ccb6n-B lccb6nB_Rv3 IAGCATTTTCTACGGGATCCC rpl2 rpl2Rv1 ITCACACAGTGAATAAGGGCTTAGG
cob IcobRv1 IAGGTGTGATCAGTCTCATCCGTGT rpl5 rpl5Fw1 IATGTTTCCACTCAATTTTCATTACG
cob icob Fw4 IAGGAACCAACGATTCTCTCTTCT rpl5 rplI5Rv1 ITTACTGAGTTTCCCCCTCATC

cox2 lcox2Fw1 ICTCTTATACTCAATGGACGAGGTAG rpl5 rpl5 Rv2 IAGACATTCCATGCCCTCGGAG

cox2 lcox2Fw2 IATGATTGTTCTAAAATGGTTATT rpl16 rpl16fw2 IATGTATTTAACCATAAAATCGATTATGCT
cox2 Icox2Rv1 ITTAATTGATTGGATACCCGAGAACC rpl16 rpl16Rv1 [TTACGACCACTGAACAAACTTGGTTG
cox2 Icox2Rv2 GTCCATTGAGTATAAGAGAGCAAA rpl16 rpl16Rv ICGGTAATAGGGAGATCCGCG

cox3 lcox3Fw1 IATGATTGAATCTCAGAGGCATTC rps3 rps3Fw3 ICGATCAGGCTCGACGACCG

cox3 Icox3Rv1 ITCATATACCTCCCCACCAATAG rps3 rps3Fw4 IACTAAGACCTTAATTGAGTCAGTCA
matR matR_Fw2 GGTTGAAGTTTAGACCGCTCAC rps3 rps3Rv1 IATATACGGATTCCCTCCACCCCTTT
matR matR_Fw3 ICTTGCATAGCTCAGGTCGGA rps3 rps3Rv3 CCCCGGATTTCGTTTTGCT

nad1 nad1aFw1 IGTACATAGCTGTTCCAGCTGA rps4 rps4Fw2 ICCCTATTCTTATCGAAGAGAAGGAA
nad1 nad1aRv ICCCGCTATAATAATTCCATAAACAC rps4 rps4Rv1 TTATATGTTTTGGCCACGTCC

nad1 nad1Fw ICCAGCTGAAATACTTGGAATAAT rps4 rps4Rv2 TTTAGTAGTAGGCGGCATCC

nad1 nad1bFw [TCGAAATATGCCTTTCTAGGAG rps4 rps4Rv3 [TGAAGTTCGTTTTGTTCCTCTG

nad1 nad1bRv [TCTACATTATAGCCTGCAACT rps7 rps7Fw1 [TAATCAAACTTATGGTTGACGCC
nad1 nadic Fw2 GTTCTTTCTAGGAGGTTGGC rps7 rps7Rv1 CGATTGGTGGAAGCCAGTCC

nad1 nad1cRv IMAGGAAGCCATTGAAAGGTG rps12 rps12Fw1 IATGCCCACGTTTAATCAATTGA

nad2 nad2aFw1 ICAGAATTCGTTCGGATCCTC rps12 rps12rv1 ITCATATCGATTTGGGTTTTTCTGCACCA
nad2 nad2aRv2 ICATCGAAATGGTACCAGCCG rps14 (@) seudorps14Fw1 |ACGTAGATTGCTCGCGGCT

nad2 nad2bFw1 ICTTCGATCAATTAGCCAAGA rps14 (@) seudorps14Rv1 [TCGAGATGCTAATCCACGAA

nad2 nad2bRv2 [TTGACTTTCGTTTGGGCCA
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Gene Function ID Gene Function ID Gene Function ID

nad3 complex | 244920_s_at cox2 complex IV 244950_at ccb382 (ccb6n-A) [cytC biogenesis 244912_at
nad4 complex 1 244929 _at cox3 complex IV 263509_s_at ccb452 (ccbbe) cytC biogenesis 244951_s_at
nad4L complex I 244902_at atp1 complex V 265228 _s_at rpl2 Ribosome 265232_s_at
nad5 complex 1 257337_at atp4 (orf25) complex V 244901_at rpl5 Ribosome 266044_s_at
nad5C complex I 257338_s_at atp6 complex V 266012_s_at rps3-rpl16 Ribosome 244944 s _at
nad6 complex I 244953_s_at atp8 (orfB) complex V 265230_s_at rps4 Ribosome 266042_s_at
nad7 complex 1 244925_at atp9 complex V 257339_s_at rps7 Ribosome 265238_s_at
nad9 complex I 244943 at ccb203 (ccbbn-B) [cytC biogenesis 244919_at rps12 Ribosome 263502_s_at
cob complex III 266045_s_at ccb206 (ccb2) cytC biogenesis 244945 at matR Maturase 244926_s_at
cox1 complex IV 257333_at ccb256 (ccb3) cytC biogenesis 263510_s_at orfX Protein transport ? |244928 s_at

Table 2 Functionally characterized mitochondrial genes studied in the
microarray analysis

The function and array element ID of the characterized mitochondrial genes in the
GeneChip Arabidopsis Genome ATH1 Array are shown.




