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ABSTRACT

Mitochondria are essential organelles playing a central role in metabolism, from the
production of ATP by oxidative phosphorylation, to a variety of metabolic pathways that
provide the building blocks for cell growth. To coordinate and integrate their function to
variable cellular needs, mitochondria act as sensors for external and internal stimuli and use
a signalling pathway, termed retrograde signalling, to coordinate the expression of
organellar and nuclear gene expression.

To further understand how mitochondrial signalling operates, a gene encoding a 2-
oxoglutarate Fe(ll)-dependent oxygenase (OGO) with sequence similarity to the plant
hormone ethylene generating 1-aminocyclopropane-1-carboxylate (ACC) oxidase, was
identified that is induced by mitochondrial dysfunction but not high light stress in Arabidopsis
thaliana. OGO is highly expressed in sepals during the flowering stage, and over-expressing
plants displayed earlier inflorescence emergence and flowering phenotype. Loss of function
mutants for OGO are sensitive to combined drought and moderate light treatment while
over-expressing lines are more tolerant compared to wild type. OGO expression was also
up-regulated during leaf senescence and submergence as well as responsive to treatment
with the ethylene precursor ACC and biosynthesis inhibitor AGNOs.

A forward genetic screen identified mutants that were impaired in the ability to induce
OGO on inhibition of mitochondrial function. This identified two genes as putative regulators
of OGO expression: SIN3, encoding an enhancer of ETHYLENE RESPONSE FACTOR 7
activity, and an uncharacterised Acyl-CoA N-acyltransferase.

Furthermore, a time resolved RNA sequencing (RNA-seq) experiment comparing the
response of the wild type, a mutant for the ethylene-signalling regulator ETHYLENE
INSENSITIVE 3 and an ogo mutant after treatment with the complex Il inhibitor antimycin
A further supported a role for ethylene in mitochondrial signalling. Chromatin
immunoprecipitation Sequencing (ChIP-seq) confirmed several ethylene- and auxin related
genes as being directly regulated by NAC DOMAIN CONTAINING PROTEIN 17 (ANACO017).

Combined these results identified putative new regulators of mitochondrial signalling
and showed that ethylene and auxin are mediating the mitochondrial retrograde response
downstream of ANACO017.



1. CHAPTER | - GENERAL INTRODUCTION

1.1 The structure and endosymbiotic origin of mitochondria

Mitochondria are double membrane-bound organelles and present in nearly all
eukaryotic cells (Palade, 1953; Duncan et al., 2011). The mitochondrial outer membrane
(OMM) is generally permeable, while the inner membrane (IMM) is highly folded into cristae
and delimits the mitochondrial lumen (matrix) (Giacomello et al., 2020). The shape and
number of mitochondria varies between cells and cell cycle stages with typically rod-shaped
or sausage-shaped structure, ranging from 0.5-2 ym in diameter (Palade, 1953; Logan and
Leaver, 2000).

According to the widely accepted endosymbiosis theory, mitochondria originated
from an endosymbiotic event in which a-proteobacterium-like organism was engulfed by an
archaebacterium (Archibald, 2015; Martin et al., 2015; Martijn et al., 2018; Imachi et al.,
2020). Sequence comparison studies and bioinformatic analysis of mitochondrial and
bacterial genomes strongly supports a single prokaryotic origin (Zimorski et al., 2014). A
large number of changes occurred incrementally during the transition from endosymbiotic
bacterium to permanent organelle, including the origin of protein import system, insertion of
small molecule transporters into mitochondrial membranes, genome reduction,
endosymbiotic gene transfer, integration of biochemical pathways and the retargeting of
proteins (Roger et al., 2017). Although the majority of the genome inherited from the
endosymbiont was either lost or horizontally transferred to the nuclear genome of the host
cell during evolution, a core set of proteins is still encoded by the mitochondrial genome
(Karlberg et al., 2000; Henze and Martin, 2001; Bjorkholm et al., 2015).

1.2 The plant mitochondrial genome

The mitochondrial genome (MtDNA) is highly variable in size and structure in different
species due to DNA loss or migration to the nuclear genome (Roger et al., 2017). Whereas
human mtDNA contains 37 genes in a 16.6 kb circular molecule and yeast mtDNA varies
from 18.5 kb to 105 kb with a coding capacity similar to animals (30-40 genes), land plants
have much larger mtDNA typically around 200-400 kb (Table 1) (Sloan et al., 2012;
Chevigny et al., 2020; Imachi et al., 2020). Despite the large size, the plant mitochondrial
genome only has less than 100 additional genes compared to animals and yeast due to the
majority of the mtDNA being noncoding or repeat sequences (Table 1) (Unseld et al., 1997;

Chevigny et al., 2020). First to be entirely sequenced, the Arabidopsis thaliana mitochondrial
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genome has a size of 367 kb and encodes for 32 proteins such as subunits of multi-protein
complexes of respiratory chain, ribosomal proteins, 22 tRNAs and 3 ribosomal RNAs (5S,
18S and 26S rRNAs) (Unseld et al., 1997; Gualberto et al., 2014; Liberatore et al., 2016).

Table 1. Scale comparison of mitochondrial genome size and proteome between different
organisms. Table is adapted from Morley and Nielsen (2017); Pfannschmidt et al (2020).

Mitochondrial

Species . Coding capacity Proteome
genome size
A. thaliana 367 kb 164 genes >2000 proteins
Plasmodium ~6 kb ~ 68 genes ~246 proteins
S. cerevisiae 79 kb 55 genes 1000-3500 proteins
D. melanogaster 19.5 kb 37 genes >1000 proteins
M. musculus 16 kb 37 genes >1000 proteins
H. sapiens 16.6 kb 37 genes >1000 proteins

In contrast, over a thousand plant mitochondrial proteins have been resolved by
proteomic analysis, thus most of proteins in mitochondria are encoded in nucleus,
synthesized in the cytosol, and then translocated across the mitochondrial membranes
(Dolezal et al., 2006). Signals are required to coordinate the gene expression of the
mitochondrial and nuclear encoded proteins and protein complex subunits, which is
achieved by both anterograde control (nucleus to organelle) and retrograde signalling
(organelle to nucleus). (Woodson and Chory, 2008; Pfannschmidt et al., 2020).

Plant mitochondrial genes are transcribed by RNA polymerases with phage-type
single submit (Hedtke et al., 1997; Bruce Cahoon and Stern, 2001). There are three RNA
polymerases in this group, of which RpoT1 and RpoT2 are targeted to mitochondria in
Arabidopsis (Emanuel et al., 2006). The primary transcript is further modified in different
ways including editing, splicing and subsequent maturation by 5' and 3' end processing
(Perrin et al., 2004). The RNA-binding pentatricopeptide repeat (PPR) proteins are large
family in plants and the maijority of the 450 PPR proteins are predicted to be targeted to
mitochondria in Arabidopsis (Rao et al., 2017; Gutmann et al., 2020). PPR proteins are
involved in every known stage between transcription and translation including altering RNA
sequence, turnover, cleavage, splicing, editing, translation initiation and association with
ribosome (Millar et al., 2008; Fujii and Small, 2011; Gutmann et al., 2020). Cytoplasmic male
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sterility (CMS) occurs when flower abnormalities or pollen abortion is caused by a
mitochondrial gene mutation of which the majority are PPR proteins (Carlsson et al., 2008).
Thus, PPR protein research in Arabidopsis helped to understand the complex phenomenon

used in crop breeding to facilitate the production of hybrid seeds (Millar et al., 2008).

1.3 Plant mitochondrial proteome and function

1.3.1 Oxidative phosphorylation and energy metabolism

The plant mitochondrial proteome was reported to contain as many as 2000-3000
different proteins, of which around 1000 mitochondrial proteins have been identified,
including subunits of mitochondrial respiratory complexes, phosphorylated proteins,
supercomplexes and oxidized proteins (Millar et al., 2005; Rao et al., 2017). The primary
role of plant mitochondria is the synthesis of adenosine triphosphate (ATP) via respiratory
oxidation of organic acids and transfer electrons to Oz through the mitochondrial electron
transport chain (mETC), in which 205 proteins are involved in Arabidopsis (Raghavendra
and Padmasree, 2003; Rao et al., 2017; Zancani et al., 2020) (Figure 1).
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Figure 1. The respiratory electron transport chain in inner membrane of plant mitochondria
Under normal conditions, complexes |, lll and IV transfer electrons across the inner mitochondrial
membrane (IMM) into the intermembrane space (IMS), producing a proton gradient which drives
ATP synthesis. Under stress, alternative oxidase (AOX) catalyses the oxidation of UQH2 and
reduces Oz to H20O, bypassing complex lll, cytochrome ¢ and complex IV. Under hypoxia, the NOy
act as alternative electron acceptor at complex Ill and complex IV. Abbreviations: I-V, respiratory
complex; |, NADH dehydrogenase; IlI, succinate dehydrogenase; Ill, UQ-cytochrome c¢
oxidoreductase; IV, cytochrome c oxidase; V, FiFo type H*-ATP synthase; UQ, ubiquinone; NDH,
NADH dehydrogenase; NR, nitrate reductase; HB, hemoglobin; OMM, outer mitochondrial
membrane; IMM, inner mitochondrial membrane; IMS, intermembrane space; Cyt: cytochrome, succ,
succinate. Figure is adapted from Moller et al (2001); Stoimenova et al (2007); Millar et al (2008);
Meyer et al (2019).



The main components of the mETC include flavoproteins, FeS proteins, cytochromes,
ubiquinone and copper atoms. They consist of four complexes embedded (complex I, lll, 1V)
in or associated (complex Il) with the inner membrane: NADH:ubiquinone oxidoreductase —
complex |, succinate dehydrogenase — complex Il, cytochrome bc1 complex — complex lll,
and cytochrome c oxidase — complex IV (Fernie et al., 2004; Braun, 2020). Complex |
oxidises nicotinamide adenine dinucleotide (NADH) that is generated from the tricarboxylic
acid (TCA) cycle and transfers them to ubiquinone (UQ - oxidised) to form ubiquinol UQH2).
Likewise, complex Il oxidises FADH2 produced in the TCA cycle to reduced UQ to UQH2
(Figure 1). Ubiquinols oxidised by complex Il transfer the electrons to the mobile carrier
cytochrome c (cyt ¢). Reduced cyt c is oxidised by complex IV, which uses the electrons to
reduce molecular oxygen to water (Breidenbach et al., 1997; Larosa and Remacle, 2018).
These reactions are coupled to the creation of an electrochemical gradient across the IMM
by the transfer of hydrogen ions across the IMM at complex I, lll and IV, and the resulting
transmembrane proton gradient is used to generate ATP via complex V (ATP synthase)
(Zancani et al.,, 2020). Alternatively, the cyanide-resistant alternative oxidase (AOX)
catalyses the oxidation of UQH2 and reduces O2 to H20, bypassing complex Ill, cytochrome
¢ and complex IV (Figure 1). As a result, most of the energy is dissipated as heat and a
reduction in the production of ATP occurs (Siedow et al., 1995; Ho et al., 2007). Moreover,
rotenone-insensitive NADH dehydrogenases (NDAs,NDBs) are also involved in nonenergy
conserving bypasses of complex | in Arabidopsis (Soole and Menz, 1995; Michalecka et al.,

2003; Antos-Krzeminska and Jarmuszkiewicz, 2019).

1.3.2 Protein import from the cytosol

Given that plant mitochondria contain more than 2000 protein and less than 50 are
encoded by the mitochondrial genome, the majority of the mitochondrial proteins are nuclear
encoded and translated in the cytoplasm (Murcha et al., 2014). These proteins are
maintained in an import-competent form by cytosolic chaperones which direct the precursor
to the translocase of outer membrane (TOM) complex (Pfanner and Geissler, 2001; Ghifari
et al., 2018). All precursor proteins cross the TOM in the outer membrane (Millar et al., 2008).
Four major protein import pathways have been identified in plant mitochondria based on the
specific subcompartments they are targeted to (Ghifari et al., 2018). In general import
pathway, proteins are directed to the matrix across the TIM17:23 (translocase of the inner
membrane) complex which removes the cleavable targeting sequence (Pfanner and
Geissler, 2001; Murcha et al., 2003). There are three orthologues of TIM17 in Arabidopsis

with the predicted molecular masses of 26, 23 and 14 k Da, among which TIM17-1 has been
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characterized to play a role in defining the timing of the germination (Pfanner and Geissler,
2001). The MIA (the intermembrane space import and assembly machinery) is responsible
for the import of small intermembrane space proteins with twin cysteine residues
(Gnadlinger, 1991; Bolender et al., 2008). Carrier protein with internal signals are imported
via TIM22-mediated transport across the inner mitochondrial membrane for insertion in the
inner membrane (Pfanner and Geissler, 2001). The sorting and assembly machinery (SAM)
complex is located on the outer mitochondrial membrane and responsible for the
import/assembly of both a-helical and (3-barrel outer membrane proteins such as Tom20 and
Tom40, respectively (Neupert and Herrmann, 2007; Stojanovski et al., 2007).

1.4 Organellar signalling

With organellar proteins encoded in separated and compartmentalized genomes,
coordinated expression is required to control the stoichiometry of organellar proteins and
maintain organelle functions (Woodson and Chory, 2008; Kmiecik et al., 2016; Pfannschmidt
et al., 2020). The communication between organelles and the nucleus is crucial for cellular
homeostasis as well as stress responses, and ensures gene expression adjust to
developmental, tissue-specific, internal and external stimuli. This is more complicated in
plants than other eukaryotes due to the additional presence of chloroplasts (Woodson and
Chory, 2008; Kmiecik et al., 2016; Pfannschmidt et al., 2020).

There is a two-way communication between organelles and the nucleus, one defined
as anterograde (nucleus to organelle) and the other retrograde signalling pathways
(organelle to nucleus) (Pfannschmidt et al., 2020). Anterograde signalling is a “top-down”
control, where the changes in expression of nuclear genes encoding organellar proteins are
directly controlled by developmental and environmental signals transmitted directly to the
nucleus. This anterograde regulation occurs at different levels, i.e. by transcriptional and
post-translational regulation (Woodson and Chory, 2008). The pathways that influence
nuclear gene expression by signals emanating from organelles are defined as retrograde
regulation (Woodson and Chory, 2008; Kmiecik et al., 2016). This regulation acts as
feedback signals to modulate nuclear gene expression to regulate cellular energy
metabolism for optimal growth and survival (Mielecki et al., 2020; Pfannschmidt et al., 2020).
While mechanisms involved in retrograde plastid-to-nucleus signalling have been elucidated
over the last few decades, the nature of mitochondrial retrograde signalling is still not well

understood and needs further characterisation (Kmiecik et al., 2016).



1.4.1 Chloroplast retrograde signalling

The chloroplast retrograde regulation (CRR) pathway has been well established due
to its significance and readily observed phenotypes as mutants are often affected in the
greening process. The first evidence of signals form plastids was discovered in barley and
Pelargonium, where nucleus encoded but plastid located enzymes of the Calvin cycle were
reported to be significantly reduced (Beck, 2005; Borner, 2017). Currently, five major classes
of plastidial signals have been distinguished depending on where they originate from: (i)
plastidial gene expression (PGE); (ii) pigment biosynthesis such as tetrapyrrole biosynthesis
and intermediates of carotenoids; (iii) reactive oxygen species (ROS) generation and redox
processes in photosynthesis; (iv) metabolite pool changes; (v) signals mediated by dual-
localized proteins in both the nucleus and plastids (Pfannschmidt, 2010; Pfannschmidt et al.,
2020).

The inhibition of chloroplast biogenesis by plastid translation inhibitor lincomycin (Lin)
and carotenoid biosynthesis inhibitor norflurazon (NF) was used to identify and characterize
the CRR (Woodson et al., 2013).The genomes uncoupled (gun) mutants, in which the
nuclear transcriptional response is uncoupled from chloroplast status, were identified based
on an induced expression of LIGHT HARVESTING CHLOROPHYLL A/B BINDING
PROTEIN 1.2 (LHCB1.2) following NF treatment (Susek et al., 1993; Zhang et al., 2015). In
total six gun mutants have been identified in Arabidopsis and five of them (gun2-gun6) have
mutations encoding proteins involved in tetrapyrrole synthesis including heme oxygenase
(GUN2), phytochromobilin synthase (GUN3), H subunit of Mg-chelatase (GUN4 and GUNS5),
GUNG (results in the induction of ferrochelatase 1) (Mochizuki et al., 2001; Larkin et al.,
2003; Woodson et al., 2011). GUN1 encoding a pentatricopeptide-repeat (PPR) protein is
located in chloroplast and is the only gun mutant that elevated nuclear gene expression with
Lin treatment as well as NF treatment (Hernandez-Verdeja and Strand, 2018). The
involvement of GUN1 in chloroplast retrograde signalling pathways linked to plastid gene
expression, tetrapyrrole biosynthesis, photosynthetic electron transport and was report to
function as a master switch that generates or transduce signals to induced expression of
ABSCISIC ACID INSENSITIVE4 (ABI4) (Nott et al., 2006; Koussevitzky et al., 2007).
However, a recent study showed that there is no consistent evidence to support the proposal
that ABI4 is involve in the chloroplast to nucleus retrograde response downstream of GUN1
(Kacprzak et al., 2019).

Several specific metabolites derived form disturbed plastid metabolism accumulate
under stress, such as 3’-phosphoadenosine 5’-phosphate (PAP) and 2-C-methyl-D-erythritol

2,4-cyclodiphosphate (MEcPP). The phosphatase SAL1 degrades and detoxifies PAP which
6



is maintained at low levels under non-stress conditions (Phua et al., 2018). Under adverse
environmental conditions such as drought and high light, an inactivation of redox regulated
SAL1 leads to the accumulation of PAP and SAL1-PAP retrograde pathway altering nuclear
gene expression (Estavillo et al., 2011; Chan et al., 2016; de Souza et al., 2017). Evidence
for a modulation of hormonal signalling by the PAP pathway modulates was provided by
enrichment of methyl jasmonate and ABA genes in sal7 mutant microarray data set as well
as overaccumulation of jasmonic acid in sal7 (Rodriguez et al., 2010). MEcCPP as a precursor
of isoprenoids produced in plastidial methylerythritol phosphate (MEP) pathway regulates
stress-responsive nuclear genes expression (Xiao et al., 2012). MEcPP also alters auxin
homeostasis and ethylene concentrations to reprogram plant growth in adaptive responses
to adverse growth conditions (Jiang et al., 2018; Jiang et al., 2019; Jiang and Dehesh, 2021).
B-cyclocitral (B-CC) as the product of B-carotene oxidation is involved in chloroplast
retrograde signalling by enhancing photo-oxidative stress tolerance and salicylic acid (SA)
synthesis (Ramel et al., 2012). In addition, accumulation of reactive oxygen species (ROS)
like singlet molecular oxygen or superoxide generated in the chloroplast, and other redox-
signals serve as important stress signals, which further triggers acclimation responses in the
nucleus (Pfannschmidt et al., 2003; Pfannschmidt, 2010; Leister, 2019).

1.4.2 Discovery of mitochondrial retrograde signalling in yeast and mammals

A variety of adverse growth conditions or mutations in genes encoding mitochondrial
proteins (mitochondrial encoded or nuclear encoded) alter mitochondrial function In
response, mitochondria trigger changes in nuclear gene expression through organelle to
nucleus signalling which is referred to as mitochondrial retrograde regulation (MRR)
(Brodsky, 1991; Pfannschmidt et al., 2020). The MRR is also an important pathway by which

plant mitochondria function as sensors of biotic and abiotic stresses (Liu and Butow, 2006).

Pioneering studies into mitochondrial retrograde signalling were performed in the
budding yeast Saccharomyces cerevisiae (Parikh et al., 1987; Liu and Butow, 2006). The
citrate synthase isoform 2 (CIT2) is a typical target of retrograde responsive genes (RTG)
pathway and induced as much as 30-fold when mitochondrial functions are compromised
(Liao et al., 1991). Several positive and negative regulators involved in RTG pathway have
been identified in a screen for mutants that fail to induce CIT2 (Ellingson et al., 1977; Jia et
al., 1997; Liu et al., 2001; Liu et al., 2003). This identified the transcription factor subunits
Rtg1p and Rtg3p, the regulatory phosphatase Rtg2p and the ubiquitin-ligase Grr1p (Glucose
Repression Resistant) which are positive regulators of classical RTG pathways, while the

multiple kinase suppressor Mks1p, seven WD-repeat protein Lst8p and 14-3-3 proteins act
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as negative regulators (Roberts et al., 1997; Sekito et al., 2000; Liu et al., 2001; Sekito et
al., 2002; Liu et al., 2003; Spielewoy et al., 2004). In addition to the RTG pathway, there are
other retrograde signalling pathways in yeast. This includes the AGING FACTOR ONE1
(AFO1) activated retrograde pathway via TARGET OF RAPAMYCIN (TOR1) and
perturbation of mitochondrial protein synthesis activated retrograde pathway (Heeren et al.,
2009; Caballero et al., 2011). In addition, mitochondrial precursor overaccumulation stress
activates the unfolded protein response (UPR) (Wang and Chen, 2015; Wrobel et al., 2015;
Weidberg and Amon, 2018; Pfannschmidt et al., 2020). Mitochondrial retrograde signalling
in mammalian cells was first revealed in Mus musculus (mouse) C2C12 skeletal myoblasts
and further confirmed in human lung carcinoma A549 cells (Biswas et al., 1999; Amuthan et
al., 2002). To date, reduction of mitochondrial and cellular ATP levels, changes of the
cellular NADH/NAD* ratio, disequilibrium of cellular oxidative defences and free radical
production, and deregulation of cellular Ca?* homeostasis have been recognised as primary
mitochondrial dysfunction signals to play an important role in retrograde signalling in

mammalian cells (Jones et al., 2012).

1.4.3 The plant mitochondrial retrograde signalling pathway

The existence of plant mitochondrial retrograde response was firstly identified with
the non-chromosomal stripe (NCS) mutants containing an abnormal mitochondrial DNA
arrangement and leading to yellow sectors of leaves in Zea mays (maize) (Newton and Coe,
1986). This indicated that mitochondrial dysfunction not only changes the gene expression
of nuclear encoded proteins but also disturbs the function on a whole cell level (Newton and
Coe, 1986). Subsequent studies revealed that the plant MRR plays an essential role in
response to stresses (Dutilleul et al., 2003; Dojcinovic et al., 2005; Wang et al., 2020).
Mitochondrial function is perturbed by treatment of plants with chemical inhibitors of
mitochondrial electron transport such as complex lll inhibitors antimycin A (AA) and
myxothiazol (myxo) (Alber and Vanlerberghe, 2021). Therefore, experiments using these
inhibitors were important to identify genes and proteins involved in the MRR.

Based on microarray-derived transcriptome data sets for mitochondrial perturbation
experiments and mutation of genes, 24 mitochondrial dysfunction stimulon (MDS) genes
have been identified in Arabidopsis thaliana (De Clercq et al., 2013). Alternative oxidase 1a
(AOXT1a) is one of these mitochondrial dysfunction stimulon (MDS) genes and its increased
expression has established it as a marker of impaired mitochondrial function (Clifton et al.,
2006; De Clercq et al., 2013; Ng et al., 2014, Rhoads and Subbaiah, 2007; Selinski et al.,
2018). Alternative oxidase (AOX) as a terminal oxidases UQH2 and reduces Oz to H20,
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bypassing complex Ill (Vanlerberghe et al., 2020). As oxidation of substrate by AOX by-
passes complex Il and IV of the mtETC, the energy is dissipated as heat. It is been studied
in a wide range of plant species and by far commonly used as indicator to characterize
mitochondrial retrograde signalling (Clifton et al., 2006; Rhoads and Subbaiah, 2007; Ng et
al., 2014). AOX is encoded by two nuclear isoforms, AOX1 and AOX2, in dicotyledons, with
the AOX2 orthologs seemingly lost in most monocots (Considine et al., 2002; Costa et al.,
2017). In Arabidopsis, there are five members of the AOX gene family, AOX7a, 1b, 1c, 1d
and AOX2 (Clifton et al., 2006). AOX maintains the energy homeostasis effectively in a
range of metabolic conditions (Yoshida et al., 2008; Vanlerberghe et al., 2009). In plants,
when the electron transport ability of the mtETC is reduced or inhibited, electrons leak from
complex | and lll leading to the generation of ROS and reactive nitrogen species (RNS).
AOX activity prevents this over-reduction of the mtETC and leads to concomitant reduction
in ROS formation (Millar et al., 2001). AOX activity is regulated on various levels, from
transcriptional to post-translational regulation on the protein level to keep its potentially
energy-wasting activity under tight control (Selinski et al., 2018). Antimycin A inhibits
photosynthetic electron transport, which opens the possibility that the induction of AOX1a
by antimycin A can also result from an inhibition of chloroplastidic electron transport activity
(Cape et al., 2006; Blanco et al., 2014; Labs et al., 2016). In agreement, AOX plays a role
in maintaining photosynthesis under drought or high light conditions (Noguchi and Yoshida,
2008; Dahal and Vanlerberghe, 2017), and it was proposed that this protection partly comes
from export of reducing equivalents from chloroplasts to mitochondria via the
malate/oxaloacetate shuttle (Zhang et al., 2017).

The OUTER MITOCHONDRIAL MEMBRANE PROTEIN OF 66 KDA (OM66) is
another MDS gene (De Clercq et al., 2013). It encodes an AAA ATPase (cytochrome bc1
synthase 1) annotated previously as BCS1 (cytochrome bc1 assembly, AT3G50930). OM66
is highly induced at a transcript level by both abiotic and biotic stress conditions.
Overexpression lines of OM66 have a curled-leaf phenotype and increased cell death
(Zhang et al., 2014). However, there is no major difference in mitochondrial respiratory chain
complex abundance in OM66 mutant plants (Van Aken et al., 2016). The expression level
is also highly increased in the mitogen-activated protein kinase (MAPK) cascade signalling
mutants such as mpk4, mekk1, mkk1 and mkk2, suggesting interaction of this signalling
pathway with the MRR (Van Aken and Van Breusegem, 2015).

Besides AOX and OM66, for only a few other MDS genes a direct role in mitigating
mitochondrial stress has been established (De Clercq et al., 2013). For only about half of

these genes their molecular function is known and many are only annotated by sequence
9



similarity. The latter range from ribosomal proteins, to MULTI-DRUG AND TOXIC
COMPOUND EXTRUSION (MATE) efflux carriers, to chaperones and unknown genes

(Table 2).

Table 2. List of MDS genes and their annotation
Genes highlighted in red have no established function in the mitochondrial stress response.

AT1G05060 AT1G05060  unknown function

UGT74E2 AT1G05680  Uridine diphosphate glycosyltransferase 74E2
AT1G24095 AT1G24095  Putative thiol-disulphide oxidoreductase DCC
ANACO013 AT1G32870 NAC domain protein 13

RPL12 AT2G03130 Ribosomal protein L12

ST1 AT2G03760  sulphotransferase 12

AT2G04050 AT2G04050 MATE efflux family protein

AT2G04070 AT2G04070  MATE efflux family protein

UPOX AT2G21640  marker for oxidative stress

NAT AT2G32020  Acyl-CoA N-acyltransferases (NAT) superfamily protein
AT2G41730 AT2G41730  unknown function

ABCB4 AT2G47000  auxin efflux transmembrane transporter

HRE2 AT2G47520 Integrase-type DNA-binding superfamily protein
AOX1a AT3G22370  alternative oxidase 1A

oxi1 AT3G25250 AGC kinase family protein

PHB4 AT3G27280  prohibitin 4

OoM66 AT3G50930 cytochrome BC1 synthesis

CRF6 AT3G61630  cytokinin response factor 6

CYP81D8 AT4G37370  cytochrome P450, family 81, subfamily D, polypeptide 8
At12Cys-2 AT5G09570  Cox19-like CHCH family protein

AT5G14730 AT5G14730  unknown function

OGO AT5G43450  2-oxoglutarate and Fe(ll)-dependent oxygenase, ACO-like
HSP23.5 AT5G51440  HSP20-like chaperones superfamily protein

MGE1 AT5G55200 Co-chaperone GrpE family protein

ANACO013 is a transcription factor that also regulates MDS genes and hence is up-

stream in the signalling cascade (De Clercq et al., 2013). At12Cys-2 (At5g09570) transcript
abundance is induced by mitochondrial perturbations and may play a central role in relaying
complex | deficiency stress by changing its location between the mitochondria, chloroplasts
or the cytosol (Wang et al., 2016). URIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE
74E2 (UGT74E2) and ATP-BINDING CASSETTE B4 (ABCB4) have a function as auxin
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conjugase and auxin transporter, respectively, which indicates a crosstalk between
mitochondrial signalling and auxin homeostasis (lvanova et al.; 2014; Kerchev et al., 2014;
Noh et al., 2001; Tognetti et al., 2010). Moreover, another two MDS genes link to ethylene.
One is MDS gene ethylene response factor (ERF) HYPOXIA RESPONSIVE ERF 2
(HRE2)/ERF71 is a member of the class VII ethylene response transcription factors (ERF)
that mediate ethylene-dependent responses under hypoxia in Arabidopsis (Licausi et al.,
2010; Lee et al., 2015; Gasch et al., 2016). Among the uncharacterised MDS genes is also
a 2-oxoglutarate Fe(ll)-dependent oxygenase (AT5G43450, OGO) which is annotated as an
ACO-like gene in TAIR10 because of its sequence similarity to the ethylene synthesis
enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase (Vandenbussche et al.,
2003; Hagel and Facchini, 2018). This indicates that plant hormones like auxin and ethylene

interplay with the mitochondrial retrograde signalling pathway.

1.4.4 Regulators of mitochondrial retrograde signalling in Arabidopsis

Based on AOX being highly up-regulated by antimycin A treatment, components in
the MRR have been identified by forward genetic screens in an transgenic Arabidopsis line
carrying a construct with the AOX promoter driving a luciferase reporter system. Several
mutants termed regulators of alternative oxidase 1a (rao) with altered luciferase expression
were identified and subsequently characterised. CDKE1 (RAO1), a subunit of the kinase
module of the mediator complex in plants, is necessary for the regulation of the MRR with
stresses like cold and H202 (Ng et al., 2013). CDKE1 were also reported to interact with a
protein kinase 10 (KIN10) in the nucleus which is proposed to be a point of integration of
energy and stress signalling during plant growth (Figure 2) (Baena-Gonzalez et al., 2007).
ANACO017/RAO2 is as a positive regulator of AOX7a, located at the ER membrane and
released to migrate to the nucleus upon mitochondrial perturbation to reprogram retrograde
response comprising several hundred genes (Figure 2) (Ng et al., 2013; Meng et al., 2019).
Furthermore, several negative regulators of AOX7a have been identified, i.e. RAO3 to RAOG,
which are involved in auxin signalling (see also 1.6.1) (lvanova et al., 2014). The
transcription factor MYB domain protein 29 (MYB29/RAO7) was shown to repress the MRR
as well and its mutation leads to increased AOX7a expression compared to the wild type
controls (Zhang et al., 2017) (Figure 2)
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Figure 2. Overview of know mitochondrial and chloroplast retrograde signalling

A number of mitochondrial retrograde regulation components (MRR) components have been
identified including transcription factors (e.g., NACs, WRKY's, MYBs, ABI4) and kinases (KIN10 and
CDKEN1) acting as regulators of AOX7a. KIN10, ABI4 and CDKE1 are involved in the regulation of
both mitochondrial and chloroplast retrograde signalling. Several WRKY transcription factors also
respond to both mitochondrial and chloroplast dysfunction. The NAC transcription factor ANAC17,
the master regulator of mitochondrial signalling is activating downstream NAC transcription factors
such as ANAC13 and other stress responsive proteins in both mitochondria and chloroplasts. Solid
line indicates a role that has been experimentally shown. Dashed indicates proposed roles on the
basis of transcript abundance changes alone or questioned. MYB29, MYB DOMAIN PROTERIN 29;
ANAC, NAC transcription factor 13/17; WRKY 15/40/63, WRKY DOMAIN PROTEIN 15/40/63;
CDKE1; CYCLIN-DEPENDENT KINASE E1; ABI4, ABA INSENSITIVE 4; SAL1, phosphate-like
protein; PAP, 3’-phosphoadenosine 5’-phosphate; ROS, reactive oxygen species; SA’ salicylic acid.
Redrawn and modified figure from Ng et al (2014); Wang et al (2020).

Several regulators of AOX7a have also been successfully identified by reverse
genetic approaches in Arabidopsis. ANAC013 was identified by a yeast one-hybrid screen
for transcription factors binding to the promoters of MDS genes and is downstream of
ANAO017 (Figure 2). However, ANACO013 cannot substitute for the function of ANACO017 after
AA treatment (De Clercq et al., 2013). WRKY 40 was identified as a repressor of AOX17a

retrograde signalling and there is a significant induction of AOX7a in wrky40 knockout lines
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compared with wild type under AA treatment or high light stress (Van Aken et al., 2013).
WRKY®63 is another activator of AOX7a and there is a significant induction of AOX7a in
WRKY63 overexpressing lines (Van Aken et al., 2013). In addition, ABA INSENSITIVE 4
(ABI4) acts as a repressor of AOX17a expression under AA treatment, abscisic acid (ABA)
and rotenone (Giraud et al., 2009). Moreover, a recent study showed that MYB30 directly
binds the promoter of AOX7a and up-regulates its expression during the salt stress (Gong
et al., 2020).

1.4.5 Interaction of mitochondrial and chloroplast retrograde signalling

In addition to metabolic interaction, mitochondria and chloroplasts share many dual
targeted proteins, where the same protein is located in both organelles. There are over 100
dual targeted proteins characterised with as many as 400 predicted to be dual targeted
(Mitschke et al., 2009; Xu et al., 2013). ABI4 was linked to both, mitochondrial and
chloroplast retrograde signalling, by two separate reports showing its function as a repressor
of mitochondrial AOX1a and chloroplastic light-harvesting chlorophyll a/b binding protein
(LHCB) (Koussevitzky et al., 2007; Giraud et al., 2009). ABI4 was also reported to be a
nuclear component of GUN1-mediated chloroplast retrograde signalling, although its role
has been questioned recently (Kacprzak et al., 2019). The phosphatase SAL1 is dual
targeting to chloroplasts and mitochondria, which suggested a role of PAP accumulation as
a retrograde signalling molecule in both organelles (Van Aken and Pogson, 2017). Moreover,
CDKE1 regulates the expression of AOX7a and LHCBZ2.4 under photosynthetic electron
transport chain inhibitors, and its mutant displays impaired ability to recover photosystem
efficiency during the initial stages of heterotrophic growth (Blanco et al., 2014), which
suggests that CDKE1 integrates both mitochondria and chloroplast retrograde signals
(Wang et al., 2020). Signalling pathways from mitochondria to chloroplasts are also
integrated by the RADICAL-INDUCED CELL DEATH (RCD1) protein which binds ANAC013
and ANACO017 to repress their activity, leading to a reduced expression of MDS genes
(Shapiguzov et al., 2019). This may also explain the observed role of ANAC017 in co-
ordinating mitochondrial and some chloroplastic retrograde responses (Van Aken et al.,
2016).

1.5 Plant mitochondria and adverse growth conditions

While the biochemical activities of mitochondria have been studied intensively for
more than 50 years, in the last decade the role of mitochondria in response to stresses that

result in reduction in plant yield, in particular abiotic stresses such as drought, submergence,
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excess light and heat have emerged (Atkin and Macherel, 2009; Wang et al., 2018; Che-
Othman et al., 2020; Meng et al., 2020; Rashid et al., 2020; Sako et al., 2020; Yu et al.,
2020; Scafaro et al., 2021). Several studies have shown that mitochondria are direct targets,
sensors and initiators of stresses, from changes in the proteome, altering mitochondrial
protein abundance or modification to large-scale changes in the transcriptome encoding
mitochondrial proteins (Crawford et al., 2018; Wang et al., 2018; Meng et al., 2020). The
role of mitochondria in stress responses is best characterised with reference to AOX, where
foundation studies in tobacco, and now in a variety of species, have shown that AOX plays
an important role to direct the mitochondrial electron flow, but also to maintain the efficiency
of photosynthesis under limiting growth conditions (Dahal et al.,, 2017; Dahal and
Vanlerberghe, 2018). A variety of mitochondrial proteins are consistently induced, or their
protein activities altered as hallmarks of mitochondrial perturbation (Schwarzlander and
Fuchs, 2017; Wagner et al., 2018; Wang et al., 2018).

In hypoxic conditions such as submergence or in the germinating seed, oxygen is a
limiting factor for plant growth as mitochondria depend on oxygen to derive energy from
respiration. Transcript abundance changes rapidly when plants are transferred from normal
to hypoxic conditions, that occur under conditions such as flooding (Shingaki-Wells et al.,
2014; Loreti et al., 2016). In soybean, analysis of mitochondria of plants under flooding
stress using proteomics and metabolomics techniques shows that proteins and metabolites
related to the TCA cycle were up-regulated, while inner membrane carrier proteins and
metabolomics related to complexes lll, IV, and V of the respiratory chains were down-
regulated (Komatsu et al., 2011). The amounts of NADH and NAD* were significantly
increased while ATP was decreased by flooding stress. Thus, flooding directly impairs
MtETC and decreases carbon flow into the TCA cycle (Komatsu et al., 2011). There is
growing evidence demonstrating that mitochondrial Ca?* plays a critical role in initiating
anoxic gene expression in many plant species such as maize, barley and Arabidopsis (Nie
and Hill, 1997; Tsuiji et al., 2000; Klok et al., 2002; Peng et al., 2006). Elevated mtROS that
are formed due to the inhibition of both terminal oxidases AOX and complex IV may trigger
the release of [Ca?'] leading to changes in gene expression under hypoxic conditions
(Ribas-Carbo et al., 1994). Previous work also indicates that sucrose synthase (SUS)
interacting with the voltage-dependent anion channel (VDAC) might have a signalling
function to communicate the cellular energy status to the nucleus (Daugas et al., 2000).
Recent studies showed substantially overlapping transcriptional responses between

mitochondrial stress (i.e. antimycin A treatment), submergence and hypoxia, which are
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partly controlled by ethylene signalling as well as the mitochondrial retrograde master
regulators ANACO017 (Wagner et al., 2018; Meng et al., 2020).

Even though the precise function of plant mitochondria during pathogen attack have
not been elucidated yet, there is evidence for the importance of MRR involvement in plants
under biotic stress (Van Aken et al., 2013; Colombatti et al., 2014; Burke et al., 2020). The
mtROS production increases rapidly during pathogen infection. Elicitors released by plant
pathogens induce nuclear gene expression and disrupt mitochondrial function (Krause and
Durner, 2004). The bacterial elicitor Harpin acting as an elicitor of bacterial pathogens
disrupts mitochondrial ATP synthesis and induces a hypersensitive response (HR) in
Arabidopsis suspension cells (Krause and Durner, 2004). This drives the which is a
mechanism to limit the spread of microbial pathogens in plants by induction of programmed
cell death around the local region surrounding an infection (Zaninotto et al., 2006). It was
shown that a strong induction of AOX and a maintenance of high mitochondrial antioxidant
manganese superoxide dismutase (MnSOD) activity are caused by infection, indicating that
AOX might act as a potential key regulator of a mitochondrial O2"-based signalling pathway
and has an impact on plant responses to bacterial infection (Vanlerberghe, 2013). Evidence
shows that the biotic stress-signalling hormone salicylic acid (SA) is both an inhibitor and an
uncoupler of mitochondrial electron transport, which suggests that this underlies the
induction of some genes by SA. AOX transcript and protein abundance are dramatically
induced by SA in thermogenic species, but not Arabidopsis (Rhoads and Mclintosh, 1992;
Ho et al., 2008). By contrast, the expression of the MDS gene OM66 is responsive to SA
and shows a similar expression pattern as the pathogen-induced PATHOGENESIS-
RELATED GENE 1 in several hormone and biotic defence signalling mutants (Ho et al.,
2008). OM66 over-expression leads to higher SA content, higher tolerance to Pseudomonas
syringae (biotrophic pathogen), but higher susceptibility to Botrytis cinerea (necrotrophic
pathogen) (Van Aken et al., 2013). Expression of the SA marker gene PR-1 is reduced in
om66 mutants. The SA-dependent regulation of OM66 by SA is likely mediated by WRKY

transcription factors (Van Aken et al., 2013).
1.6 Interaction between plant hormones and mitochondrial signalling

pathways

Plant hormones, including auxin, ethylene, abscisic acid (ABA), cytokinin (CK),
gibberellin (GA), jasmonic acid, brassinosteroid (BR) and strigolactone work as signalling

substances to regulate plant growth, development, and responses to abiotic and biotic stress
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(Vanstraelen and Benkova, 2012). Recent studies have shown that mitochondrial retrograde

and hormonal signalling pathways interact to optimize plant growth (Figure 3).
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Figure 3. Interaction between hormonal and mitochondrial signalling

Direct control of gene expression by plant hormones and nuclear control of mitochondrial function
via protein import are shown as green and blue arrows, respectively. The word cloud represents the
extent of the direct transcriptional control of all hormones on the expression of mitochondrial genes.
Retrograde signalling and its regulation by hormones with associated genes are indicated by a yellow
arrow. Additionally, direct control of mitochondrial function by hormones and their known targets as
well as putative feedback mechanisms are shown. For more detailed information on cross-talk
between hormone and ROS signalling see recent reviews (Del Rio, 2015; Xia et al., 2015). The
intense cross-talk of auxin and ethylene is indicated by reciprocal arrows (Muday et al., 2012).
Abbreviations (for gene names see text): ABA: abscisic acid, BS: brassinosteroid, CK: cytokinin, ET:
ethylene, GA: gibberellic acid, IAA: auxin, JA: jasmonic acid, mETC: mitochondrial electron transport
chain, ROS: reactive oxygen species, SA: salicylic acid. Figure adapted from Berkowitz et al (2016).

Although there is evidence that all major hormones influence mitochondrial function
and signalling, it is often still unclear if these are direct regulatory interactions, or if these are
indirect consequences of mitochondrial functions impacting growth or developmental
processes that subsequently change hormonal homeostasis (Berkowitz et al., 2016;
Welchen et al., 2021).

For only a few hormones the molecular mechanism or the role of pathway
components has been identified. While ABA was linked early to mitochondrial signalling

through the identification of the transcription factor ABI4 as a regulator of AOX7a expression
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(Giraud et al., 2009), more recently auxin, and also ethylene, are emerging as major
hormonal regulators of mitochondrial retrograde signalling (Ivanova et al., 2014; Kerchev et
al., 2014; Wang and Auwerx, 2017; Kacprzak et al., 2020; Merendino et al., 2020; Jurdak et
al., 2021).

The function of auxin and ethylene as major growth and stress hormones,
respectively, and their close interaction, suggests a role of these two hormonal pathways to
adjust mitochondrial function to prevailing (adverse) growth conditions and vice versa
(Muday et al., 2012; Dubois et al., 2018). Therefore, further identification and
characterisation of involved components has potential to increase understanding on

mitochondrial function and integration with whole plant growth.

1.6.1 Auxin and mitochondrial signalling pathways

After its identification as the plant hormone controlling tropic responses to gravity and
light more than 80 years ago (Van Overbeek, 1936; Skoog, 1937), the natural auxin in plants,
indole-3-acetic acid (IAA), has been identified as the major hormone regulating plant
developmental and growth response including cell division, growth and differentiation (Zhao,
2010; Casanova-Saez et al., 2021). Early evidence demonstrated that auxin influences the
mitochondrial respiratory system to provide sufficient energy and promote plant growth
(Albaum and Eichel, 1943; Leonova et al., 1985). Since then, understanding of the genes
and biochemical pathways for auxin biosynthesis and signalling has greatly expanded by
studies in Arabidopsis, which increased focus on the interplay with mitochondrial signalling.
Mitochondria are a major site of ROS production and links between growth control via ROS-
auxin interaction has been demonstrated (Kawano, 2003; Pasternak et al., 2005). A mutant
for ABOG6, encoding a DEXH box RNA helicase regulating the splicing of several genes of
mitochondrial complex |, shows increased levels of ROS and decreased auxin levels,
providing a mechanism for mitochondrial ROS-mediated growth responses (He et al., 2012).
An increase in ROS levels caused by mutation of the mitochondrial inner membrane
protease FTSH4 and inhibition of the mETC also leads to altered auxin homeostasis with
associated phenotypes (Zhang et al., 2014).

Strong evidence for direct involvement of auxin in the MRR came from a screen for
mutants with impaired regulation of AOX7a expression under mitochondrial stress. This
identified several regulators of AOX7a (RAQO) that were related to auxin signalling, i.e. the
auxin transporters BIG/RAOS3, PIN1/RAO4 and ABCB19/RA05, as well as AS1/RAO6 which
is involved in the formation of auxin gradients in leaves (lvanova et al., 2014). In addition,

among the MDS genes highly induced under mitochondrial dysfunction are the auxin
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transporter ABCB4 and the auxin conjugase UGT74E2 (De Clercq et al., 2013; Kerchev et
al., 2014).

Thus, besides ROS mediating the interplay of auxin and mitochondrial function, the
MRR is also directly interacting with components of the auxin pathway. This suggests
different levels in the auxin pathway, ranging from biosynthesis to signalling, may control the
cellular concentration of IAA to modulate the MRR, and a feedback loop also impacts auxin
homeostasis. A very brief outline of the auxin pathway is given below to highlight its

components and the possible players.

1.6.1.1 Auxin homeostasis and signalling

The concentration of auxin in tissues is controlled by localised biosynthesis (Brumos
et al., 2018), conjugation (Casanova-Saez et al., 2021), and directional transport (Hammes
et al., 2021). Even though alternative routes via indole-3-acetaldoxime (IAOx) and indole-3-
acetamide (IAM) to produce the active auxin IAA are known and complicate the
understanding of auxin biosynthesis, the indole-3-pyruvic acid (IPyA) pathway is established

as the major route in plants (Figure 4) (Casanova-Saez et al., 2021).

Trp

TAA1
TARS

IPyA

YUCs

\

(w)

Transport Conjugation Signalling

ABCBs GH3 SCF TIR1
PINs UGTs AUX/AAs

AUX1/LAX1 ILLs ARFs
IBRs

Figure 4. A schematic model of auxin biosynthesis, conjugation, directional transport and
signalling in plant

Abbreviations (for gene names and details see text): Trp, tryptophan; IPyA, indole-3-pyruvic acid;
IAA, auxin. The red arrows indicate proposed functions of TAA1, TARs and YUCs, respectively. The
black arrows indicate process IAA is involved. Figure is adapted from Mashiguchi et al (2011); Leyser
(2018); Casanova-Saez et al (2021).
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The prevalent auxin biosynthetic pathway starts with the deamination of the amino
acid tryptophan to IPyA catalysed by TAA1 (TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS1) and TARs (TAA1-RELATED proteins) in the first step (Stepanova et al.,
2008; Tao et al., 2008; Yamada et al., 2009). In the second step, IPyA is converted to IAA
by the flavin-containing monooxygenases from the YUCCA (YUC) family in the rate limiting
and irreversible reaction (Cheng et al., 2007; Mashiguchi et al., 2011). A main source for
auxin are classically the apical meristems, but in recent years localised auxin production has
been seen as increasingly important (Casanova-Saez et al., 2021). After its formation, IAA
is transported through tissues and within the cell by a number of specific transporter systems.
Transporters of the AUX1/LAX family mediate the influx of IAA into the cell, while
PINFORMED (PIN) proteins are efflux carriers, but some family members also mediate
uptake and release of IAA into the ER. ATP BINDING CASSETTE SUBFAMILY B (ABCB)
proteins have been linked with long-distance IAA transport and redistribution (Peer et al.,
2011). Several reversible and irreversible reactions leading to IAA conjugation with glucose
or amino acids catalysed by uridine diphosphate glycosyltransferases (UGTs) and IAA acyl
amido synthetases from the GRETCHEN HAGEN 3 (GH3) family convert IAA into storage
or inactivated forms to further regulate the levels of active IAA in cells (Peer et al., 2011).
The perception of IAA is mediated by the SCFT'R complex as the primary sensor for IAA.
The binding of IAA to SCF™R leads to the activation its E3 ligase domain to ubiquitinate
AUX/IAA proteins. This results in the degradation of the AUX/IAA proteins, which are
repressors of the auxin signalling, and subsequently enables transcription factors of the
auxin response factor (ARF) family to bind to their target genes and activate the
transcriptional response (Leyser, 2018).

Given these complexities in the auxin signalling pathways, it is likely that the known
interactions of mitochondrial retrograde with auxin signalling are more complex and our

understanding may still only cover part of the interaction.

1.6.2 Ethylene and mitochondrial signalling pathway

As described above, progress has been made to analyse the interaction of the auxin
and MRR signalling pathways. Much less is known about the impact of ethylene on the MRR.
Given the tight interaction of auxin and ethylene signalling pathways (Muday et al., 2012), it
seems likely that ethylene has a role in mediating the MRR, either indirectly via auxin, or
directly by impacting retrograde signalling. Early studies have demonstrated that the
pathogen-induced expression of AOX7a could be abolished in the ethylene insensitive

mutant etr7-1 in Arabidopsis (Simons et al., 1999). In tomato plants, AOX RNAi lines
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exhibited retarded ripening, respiration, ethylene production and down regulated ripening-
relevant genes, which indicated that AOX is involved in ethylene-mediated fruit ripening of
tomato (Xu et al., 2012). Under mitochondrial stress that leads to accumulation of misfolded
proteins, ethylene also modulates the proteotoxic response (Wang and Auwerx, 2017). A
recent study has shown that ethylene regulates Arabidopsis seed dormancy by ethylene
impacting on the required ROS production in the mitochondrial electron transport chain.
Here, an ethylene-dependent up-regulation of the MRR genes AOX7a and ANAC013 was
observed (Bailly, 2021). Furthermore, the involvement of the master regulator of the MRR,
ANACO017, in stress responses that rely on the action of ethylene as a signalling molecule,
i.e. hypoxia and submergence, also suggests a role of this hormone for the MRR (Wagner
et al., 2018; Bui et al., 2020; Meng et al., 2020). Plants overproducing ethylene or exposed
to ethylene show decreased growth, while mutation of positive regulators of ethylene
signalling are bigger than wild type (Vogel et al., 1998; Qu et al., 2007). Interestingly, this
phenocopies ANACO017 overexpression and mutant lines, respectively (Meng et al., 2019).
However, Kacprzak et al. (2020) concluded that ANACO017 is not directly involved in
ethylene-dependent regulation of the MRR as mutation of two genes involved in the ethylene
signalling pathway, ETHYLENE INSENSITVE (EIN) 2 or MAP KINASE (MPK) 6, only
partially repressed the MRR.

Thus, knowledge on the interplay between ethylene and mitochondrial signalling
pathway is still limited and the molecular basis of their crosstalk and action remains to be
further characterised. A brief overview of the ethylene pathway is given below to present

components that might be involved.

1.6.2.1 Ethylene homeostasis and signalling

The substrate for ethylene biosynthesis is S-Adenosyl methionine (SAM) which is
converted from methionine by SAM synthetase (Ravanel et al., 1998). Both these precursors
thus link ethylene biosynthesis with key molecules of primary metabolism. The conversion
of SAM to the immediate precursor of ethylene, 1-aminocyclopropane-1-carboxylic acid
(ACC), by ACC synthase is the rate limiting step of ethylene synthesis (Yang and Hoffman,
1984). 5-methylthioadenosine (MTA) is also produced in this reaction and recycled back to
methionine to maintain the constant concentration of methionine when ethylene is rapidly
synthesized. The final step of ethylene synthesis is catalysed by ACC oxidase (ACO) using
ACC as substrate and releasing also cyanide (Bleecker and Kende, 2000) (Figure 5).
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A) Ethylene biosynthesis pathway
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B) Ethylene signalling in plants
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Figure 5. Ethylene biosynthesis and biosynthesis pathway

A) The ethylene biosynthesis pathway in plants in general, B) The ethylene signalling pathway in
Arabidopsis. Abbreviations (for gene names see text): SAM, S-Adenosyl methionine; ACC, 1-
aminocyclopropane-1-carboxylic acid. Red arrows indicate proposed functions of ACS, ACO,
respectively. Black arrows indicate promotion, and black perpendicular line indicates inhibition.
Figure is adapted from Wang et al (2002); Binder (2020).

Although the sequence of only two steps leading to ethylene is simple, there is still
some discussion regarding the identity and regulation of the two enzymes. This is especially
so for ACO owing to its recalcitrance to biochemical purification, in vitro production and also
debated subcellular localisation (membrane, cytosol). Only six recombinant proteins from
four species (tomato, petunia, apple, Arabidopsis) have a confirmed ACO activity in vitro
and it is therefore questionable if all genes annotated as ACO indeed have this activity or if
proteins with similar sequence might also be able to produce ethylene (Houben and Van de
Poel, 2019). The latter is especially complicated by the fact that ACO belongs to a large
protein family, the 2-oxoglutarate-dependent oxygenases family (2-OGDO), with dozens of
highly similar members that are biochemically largely uncharacterised like ACO. Incidentally,
one mitochondrial dysfunction stimulon gene (AT5G43450), that is highly induced by
antimycin A treatment, is also an uncharacterised 2-oxoglutarate-dependent oxygenase
annotated as an ACO-like protein in TAIR10.

Ethylene signalling is triggered by its perception by membrane-localized ethylene
receptors with five identified in Arabidopsis (ETR1, ETR2, ERS1, ERS2 and EIN4) (Chang
etal., 1993; Hua et al., 1998; Sakai et al., 1998). In the absence of ethylene, these receptors
bind the CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) kinase whereby it is activated and
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represses the downstream component EIN2. By contrast, when ethylene is present, CTR1
is inactivated by proteasomal degradation and EIN2 then inhibits the translation of EBF1
and EBF2. The decrease in abundance of these proteins then stabilises the transcription
factor ETHYLENE INSENSITIVE3 (EIN3), which is the master regulator of ethylene
responsive genes. Therefore, at the end of the signalling pathway and in presence of
ethylene, EIN3 binds to the promoter of genes encoding transcript factors of the ETHYLENE
RESPONSE FACTOR (ERF) family, which further interact with the GCC box of target genes
and activate downstream ethylene responses (Solano et al., 1998). In parallel, the MKK9-
MPK3/6 phosphorylation cascade, activated by various stresses, can also increase the
activity of ERFs and induce ethylene biosynthesis by phosphorylation of ACS isoforms (Liu
and Zhang, 2004; Meng et al., 2013).

The role of ethylene as a stress signalling hormone is well established (Dubois et al.,
2018), and from the above it is evident that connections between the MRR, ethylene and
auxin have the potential to coordinate whole plant responses to adverse conditions and

growth with mitochondrial function.

22



1.7 Research aims

As described above, mitochondria are essential organelles involved in energy
production required for proper growth and responses to adverse environmental conditions.
This function is regulated by mitochondria sending signals to the nucleus. However, the
intricacies of the MRR and the functions of its components are only now emerging. Although
several genes highly induced by mitochondrial dysfunction have been identified, e.g. the
MDS genes, for many it is still unknown why they are involved in this response and what
their role in mitigating the stress is. Also, although some up-stream regulators such as
ANACO017, ANACO013 and some WRKY proteins have been determined as important, it
seems likely that additional regulators are needed to fine-tune transcriptional regulation. In
addition, how the signalling outputs from mitochondria are dynamically integrated to adjust
with cellular homeostasis and overall plant growth is still largely unclear. Recent evidence

suggests interplay with plant hormones like auxin and ethylene may play a role.

Therefore, it is my aim to investigate a yet uncharacterised mitochondrial dysfunction
stimulon gene (OGO, AT5G43450) belonging to the 2-oxoglutarate Fe(ll)-dependent
oxygenase family and identify novel regulators (REGULATORS OF OGO, ROG) of its

expression:

1.7.1 Aim 1. Characterization of a mitochondrial dysfunction stimulon gene 2-
OXOGLUTARATE FE(Il)-DEPENDENT OXYGENASE (OGO, AT5G43450)

A 2-oxoglutarate Fe(ll)-dependent oxygenase (OGO, AT5G43450) is one of the
uncharacterised mitochondrial dysfunction stimulon genes, which is responsive to various
mitochondrial perturbations and annotated as an ACO-like gene in TAIR10 because of its
sequence similarity to ethylene synthesis enzyme 1-aminocyclopropane-1-carboxylic acid
(ACC) oxidase (De Clercq et al.,, 2013). By using a range of molecular techniques and
transgenic approaches it is my aim to further characterise this gene and its possible function

in the mitochondrial stress response.

1.7.2 Aim 2. Identification of novel regulators of the mitochondrial retrograde
response in Arabidopsis thaliana

As OGO is yet uncharacterised, it opens up the possibility that its substantial
transcriptional regulation by mitochondrial stress involves regulators that have not been

identified by previous studies. A forward genetic screen will be used to identify mutants that
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are impaired in the ability to induce OGO on inhibition of mitochondrial function. The role of
OGO as well as its regulators under adverse growth conditions will be also investigated
using mutant and overexpression lines, which will allow to define and dissect acclimation

responses impacted by mitochondrial signalling pathways.

1.7.3 Aim 3. Survey the fine-tuning of mitochondrial retrograde signalling by ethylene
signalling

The potential involvement of OGO in the ethylene pathway as well as additional
recent evidence for a function of ethylene in the retrograde signalling pathway suggests a
role of this hormone in the regulation of transcriptional responses to mitochondrial
dysfunction. A time resolved RNA-seq experiment using wild type, ETHYLENE
INSENSITIVE 3 (ein3-1) and ogo mutants plants will determine the regulatory hierarchy fine-
tuning this process. In addition, the potential role of master regulator ANACO017 in the
activation of ethylene and auxin signalling pathways upon mitochondrial dysfunction will be

investigated.

In the following, Chapter Il will summarise results obtained for Aims 1 and 2, while
Chapter Il is addressing Aim 3. Both these chapters are organised as draft manuscripts for
submission to the Journal of Experimental Botany (Chapter 1) and Plant Physiology
(Chapter lll). While | endeavoured to focus these drafts on their subtopics, some overlap
with what was presented already in this general introduction (and the discussion) was

unavoidable to make them suitable as a publication in their own right.
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ABSTRACT

The energy generating plant organelles mitochondria and chloroplasts are crucial for the
acclimation of plants to adverse growth conditions. Imbalances in their function trigger a
signalling pathway, the retrograde response, to adjust nuclear gene expression and mitigate
organelle dysfunction. ldentification and characterisation of many components of the
mitochondrial retrograde signalling pathway is still scarce. Here, we demonstrate that a one
of the highly induced mitochondrial dysfunction genes, a 2-oxoglutarate Fe(ii)-dependent
oxygenase (OGO, AT5G43450), responds specifically to perturbation of mitochondrial
function. The annotation of OGO as an ACO-like based on its sequence similarity with the
ethylene forming enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase suggested
a role of ethylene in the regulation of OGO. Increased sensitivity of ogo mutant lines to
treatment with the ethylene precursor ACC in a root growth assay, and early bolting and
senescence of OGO overexpression lines further supported a role of ethylene. Furthermore,
chromatin immunoprecipitation followed by PCR (ChIP-gPCR) demonstrated binding of the
master regulators of ethylene and mitochondrial stress signalling, EIN3 and ANACO017,
respectively, to the promoter of OGO. A mutant screen led to the identification of two
regulators of OGO expression with no previous role in the in the retrograde signalling
pathway. SIN3/ROG2 is a subunit of the histone deacetylase (HAD) complexes HDAG6 and
HDA19 and interacts with a member of the ethylene-responsive element binding factor
family ERF7. ROG4/AT2G36720 is a potential positively regulator of RNA polymerase Il. In
conclusion, characterisation of OGO indicated ethylene as a signalling molecule in the

mitochondrial retrograde response and identified two novel regulators of this pathway.
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INTRODUCTION

Plant mitochondria and chloroplast are in a prime position to sense and respond to
adverse growth conditions. They turn over metabolic intermediates and provide the energy
in form of ATP and reductive equivalents for growth and stress responses. Hence they are
intimately connected with metabolic changes necessary for acclimation to maintain cellular
homeostasis and function. In response to a variety of adverse growth conditions both
organelles trigger alterations in nuclear gene expression via organelle to nuclear signalling,
which is referred as retrograde signalling (Woodson and Chory, 2008; Kmiecik et al., 2016;
de Souza et al., 2017; Crawford et al., 2018; Pfannschmidt et al., 2020; Wang et al., 2020).
Although components of these signalling pathways have been identified over the past
decade, the extent of responses observed under impaired mitochondrial and chloroplastic
function, ranging from the transcriptional to the whole plant level, suggests our
understanding is still limited.

Chloroplast retrograde regulation (CRR) is well studied and established largely due
to the readily observable phenotype of mutants that are affected in the greening process.
For plastid retrograde regulation, signals are classified into five major groups: plastidial gene
expression (PGE), the tetrapyrrole intermediate biosynthesis, reactive oxygen species
(ROS), redox processes in photosynthesis, and signals mediated by dual-localized proteins
in both the nucleus and plastids (Strand et al., 2003; Pfannschmidt, 2010; Chan et al., 2016).
The tetrapyrrole intermediate signalling pathway has been characterized by identification of
several genomes uncoupled (gun) mutants, gun1-gun6 in Arabidopsis thaliana (Mochizuki
et al., 2001; Larkin et al., 2003; Woodson et al., 2011). The inhibition of chloroplast
biogenesis by plastid translation inhibitor lincomycin (Lin) and carotenoid biosynthesis
inhibitor norflurazon (NF), as well as high light treatment were used to identify and
characterize the CRR (Woodson et al., 2013; Gollan and Aro, 2020). GUN1 as a chloroplast-
localized pentatricopeptide-repeat (PPR) protein, is linked to the plastid gene expression,
tetrapyrrole biosynthesis, photosynthetic electron transport. It was reported to act as a
master switch that generates or transduces signals to induce the ABSCISIC ACID
INSENSITIVE4 (ABI4) to coordinate the expression of nuclear encoded photosynthetic
genes (Koussevitzky et al., 2007). However, the role of ABI4 in relation to the chloroplast-
to-nucleus retrograde response has been questioned (Kacprzak et al., 2019). Besides, the
3'(2"), 5'-bisphosphate nucleotidase (SAL1)-PAP and MEP 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (MEcCPP) as plastidial metabolites are retrograde signals and involved in

plant adaption to adverse growth conditions (Estavillo et al., 2011; Xiao et al., 2012).
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Similar to chloroplasts, mitochondria also regulate nuclear encoded genes via
mitochondrial retrograde regulation (MRR) (Liu and Butow, 2006; Ng et al., 2014; Kleine and
Leister, 2016). Antimycin A (AA) and myxothiazol (myxo) are chemical inhibitors of complex
[Il in mitochondrial electron transport chain, which trigger mitochondrial dysfunction and
activate the MRR to alter gene expression. Even though antimycin A (AA) is recognized as
a compound for inhibition of mitochondrial function it also impacts cyclic electron transport
during photosynthesis (Hertle et al., 2013). Cyanide-resistant alternative oxidase (AOX)
catalyses the oxidation at the level of ubiquinone (UQ), bypassing complex Ill, cytochrome
c and complex IV and is significantly induced to mitigate the impaired electron flow under
AA and myxo treatment. The high responsiveness of the AOX7a gene provided a pre-
eminent model for MRR in plants to identify regulators by forward genetic screen using a
luciferase reporter system (Millar et al., 2011; Wang et al., 2020). Several Regulators of
Alternative Oxidase 1a termed RAO have been identified and characterized in Arabidopsis
(Ng et al., 2013; Ng et al., 2013; Ivanova et al., 2014; Zhang et al., 2017). CDKE1 (RAO1)
as a subunit of the kinase module of the mediator complex in plants, is necessary for the
response to cellular stresses like H202 and cold (Ng et al., 2013). CDKE1 also interacts with
a protein kinase 10 (KIN10) in the nucleus which is proposed to be a point of integration of
energy and stress signalling during plant growth (Baena-Gonzalez et al., 2007). The
membrane domain-containing Arabidopsis NAC domain transcription factor 17
(ANACO017/RAQ2) is the key regulator of the MRR. ANACO017 as a positive regulator of
several genes of the MRR, including AOX1a, located at the endoplasmic reticulum (ER)
membrane and translocates to the nucleus upon perturbation of mitochondrial function (Ng
et al., 2013). Furthermore, several negative regulators of AOX1a, RAO3 to RAOG6, are
involved in auxin signalling (lvanova et al., 2014). The transcription factor MYB domain
protein 29 (MYB29/RAQO7) was shown to participate in MRR and its mutation leads to
increased AOX1a expression compared to the wild type controls (Zhang et al., 2017).
MYB30 induces AOX1a expression under salt stress (Gong et al., 2020). WRKY40 and
WTKYG63 are a repressor and activator of AOX7a, respectively, under antimycin A and high
light treatment and link both organellar signalling pathways (Van Aken et al., 2013). ABA
INSENSITIVE 4 (ABI4) interacts with the AOX71a promoter and acts as a repressor (Giraud
et al., 2009).

Several mitochondrial dysfunction stimulon (MDS) genes including AOX7a, OUTER
MITOCHONDRIAL MEMBRANE PROTEIN OF 66 KDA (OM66) and UPREGULATED BY
OXIDATIVE STRESS (UPOX), have been identified by their high up-regulation under AA

treatment. Yeast one-hybrid analysis has revealed a promoter motif within the promoter of
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these MDS genes which is bound by several ANACs including ANAC013 and ANACO017 (De
Clercq et al., 2013). Among the MDS genes are also URIDINE DIPHOSPHATE
GLYCOSYLTRANSFERASE 74E2 (UGT74E2) and ATP-BINDING CASSETTE B4 (ABCB4)
that have a function as auxin conjugase and auxin transporter respectively (Noh et al., 2001;
Tognetti et al., 2010), while HYPOXIA RESPONSIVE ERF 2 (HREZ2)/ERF71 is involved in
ethylene signal transduction. However, few of the 24 MDS genes have an established
function in the MRR, either because their role is unclear from the molecular function (e.g.
MULTI-DRUG AND TOXIC COMPOUND EXTRUSION proteins, ribosomal protein L12) or
their molecular function is unknown.

In this study, we characterize one MDS, a 2-oxoglutarate Fe(ll)-dependent
oxygenase (OGO), which has not been analysed previously and is annotated as ACO-like
because of its similarity to the ethylene forming 1-aminocyclopropane-1-carboxylic acid
oxidase (ACOQO). Loss-of-function mutants of OGO are also more sensitive to external
treatment with the ethylene precursor 1-aminocyclopropane-1-carboxylic acid. We show that
OGO is directly targeted by the master regulators of the MRR and ethylene signalling,
ANACO017 and ETHYLENE INSENSITIVE 3 (EIN3), respectively. A forward genetic screen
identified two mutants that were impaired in the ability to induce OGO on inhibition of
mitochondrial function. Mutants for the underlying genes (SIN3/ROG2, ROG4/AT2G36720)
and for OGO are sensitive to combined drought and moderate light treatment while over-
expressing lines are more tolerant when compared to wild type. Combined these results
provide evidence for an interplay of the mitochondrial retrograde and ethylene signalling
pathways, with OGO a possible downstream target of both, and two novel regulators of the

mitochondrial retrograde signalling pathway.
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RESULTS

Mitochondrial stress-specific induction of a 2-oxoglutarate and Fe(ll)-dependent
oxygenase (OGO, AT5G43450)

Many chemical or abiotic stress treatments affect both energy generating organelles,
i.e. mitochondria and chloroplasts, and impair their function. This complicates the
identification of organelle-specific signalling pathways and their components. Using bio-
informatic analyses on publicly available microarray datasets, several genes whose
transcripts are specifically induced by either antimycin A or high light treatment were
identified (Figure 1), suggesting these genes are preferentially regulated by the
mitochondrial or chloroplast retrograde pathways, respectively. Several heat-shock protein
(HSP) family genes, HEAT SHOCK PROTEIN 17.6A (HSP17.6A, AT1G59860), HEAT
SHOCK PROTEIN 17.6B (HSP17.6B, AT2G29500), HEAT SHOCK PROTEIN 17.6C
(HSP17.6C, AT1G53540) and HEAT SHOCK PROTEIN 26.5 (HSP26.5, AT1G52560) were
significantly responsive to high light treatment only, with 142-, 48-, 358-, 441-fold induction
respectively (P<0.001), while not significantly altered by antimycin A treatment. These were
therefore recognized as chloroplast specific stress marker genes (Figure 1). By contrast, the
mitochondrial dysfunction stimulon (MDS) gene OUTER MITOCHONDRIAL MEMBRANE
PROTEIN OF 66 KDa (OM66, At3g50930) was the most antimycin-responsive gene and
induced by 46-fold, but it did not specifically respond to high light stress. Thus, OMG66 is a
stress marker on the basis of a specific mitochondrial perturbation response, in agreement
with an earlier report (Zhang et al., 2014). Several other genes specific for a mitochondrial
stress response were AT1G76600, GLYCOLIPID TRANSFER PROTEIN (GLTP,
AT4G39670), UDP-GLUCOSYL TRANSFERASE 73B3 (UGT73B3, AT4G34131) and
AT5G43450, which were significantly (P<0.001) induced by antimycin A by 18-, 34-, 16-, 12-
fold, respectively, but not significantly altered by high light treatment (Figure 1).

The AT5G43450 gene was previously identified as a member of the MDS genes (De
Clercq et al., 2013) but is largely uncharacterized. It belongs to the 2-oxoglutarate and Fe(ll)-
dependent oxygenase family (2-OGDO) and hence was named OGO. The family members
have been implicated in a variety of molecular functions ranging from ethylene synthesis,
auxin oxidation to gibberellic and flavanol synthesis (Kawai et al., 2014). OGO was initially
identified and cloned because of its sequence similarity to the ethylene forming enzyme 1-
aminocyclopropane-1-carboxylic acid (ACC) oxidase (ACO) (Trentmann and Kende, 1995;
Vandenbussche et al., 2003) and is annotated as ACO-like in TAIR. To confirm the

mitochondrial stress-specific expression of OGO, a reporter line was generated to be able
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to visualise OGO expression non-invasively. The reporter line carries a construct for the
expression of the firefly luciferase (LUC) coding region under the control of the OGO
promoter (1 kb upstream region form the translation start codon) (Figure 2A). Treatment with
antimycin A and myxothiazol led to strong induction of LUC expression as indicated by the
increase bioluminescence signals obtained after application of the LUC substrate luciferin,
while mock treatment (initial spray with water, followed by luciferin) gave no increase
bioluminescence (Figure 2B,C). Importantly, high light treatment also failed to induce LUC
expression, confirming the induction of OGO expression by mitochondrial stress only (Figure

2B,C), as already suggested by the analysis of publicly available expression data (Figure 1).

The results provided evidence that the OGO gene might have a role specifically in
the mitochondrial stress response as it was not responsive to high light treatment and it

possibly has links to hormonal signalling pathways.

In silico sequence and expression analysis of the 2-oxoglutarate and Fe(ll)-dependent
oxygenase (OGO) and close homologs

The OGO protein was placed into the DOXC subclass of the 2-OGDO protein family
which largely includes biosynthetic enzymes with varying substrates (Kawai et al., 2014).
However, for the 100 family members in Arabidopsis, only for about a third a molecular
function has been attributed and mostly only on sequence similarity (Kawai et al., 2014). For
few the enzymatic activity has been validated in vitro. For example, for the five annotated
isoforms of the ethylene forming enzyme ACO in Arabidopsis, only the ACO2 protein has a
confirmed activity (Houben and Van de Poel, 2019). A sequence alignment for members of
this subclass with sequence similarity to OGO and with a wide range of molecular functions
(ethylene biosynthesis, auxin oxidation, gibberellic acid, jasmonic acid and flavanol
biosynthesis) showed substantial divergence among the proteins (Figure 3A and 3B). Even
for the five ACO isoforms amino acid conservation was limited outside the conserved 2-
oxoglutarate binding and oxygenase domains. OGO shares the sequence conservation for
these domains but also substantial sequence variation outside of these domains. Hence,
sequence analyses provide only limited information on the function of these proteins
because of their restricted biochemical characterisation that is not yet detailed enough to
make predictions from sequence alone.

To investigate the gene expression and regulation of OGO and other members of the
2-OGDO family, a comparative transcript analysis utilizing microarrays and transcriptome
data using Genevestigator was performed (Figure 3C) (Hruz et al., 2008). OGO is induced

by many treatments, underlining its importance in mitochondrial stress response and
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signalling. Under 50 pyM antimycin A (complex Il inhibitor) and 10 yM oligomycin (complex
V inhibitor) treatment (Data set ID AT-00664 and AT-00522), there is a 12-fold and 29-fold
induction on transcript level, respectively, with ACC OXIDASE 4 (ACO4), DIOXYGENASE
FOR AUXIN OXIDATION (DAO1) and JASMONIC ACID OXIDASE (JAO) 2 (JAOZ2) having
a similar pattern, suggesting that ethylene, auxin or jasmonic acid production might be
induced by mitochondrial dysfunction. This is further supported as OGO, JAO2 and JAO4
transcript levels were less induced in a mutant line (rao2-1) for the mitochondrial retrograde
signalling master regulator ANACO017 under antimycin A and H202 treatment. This suggests
that OGO is downstream of ANACO017 (Dataset ID AT-00664). Previous studies revealed
that the adaptation to submergence is dependent on the mitochondrial retrograde signalling
pathway and hypoxia impacts mitochondrial respiration (Wagner et al., 2018; Meng et al.,
2020). Hypoxia treatment (0.1% O2) induces OGO by 44-fold- change, and ACO4,
FLAVONOL SYNTHASE 1 (FLS1), JAO2, JAO4, and FLAVANONE 3-HYDROXYLASE
(F3H) were also induced during the process (Data set ID AT-00447). The ETHYLENE
RESPONSE FACTOR (ERF) 73/HYPOXIA RESPONSIVE ERF (HRE)1 was reported to
function in stress responses to hypoxia and submergence modulating the ethylene response
(Yang et al., 2011). OGO was repressed in a 35S:HRE1 overexpression line under hypoxia
stress on the transcript level, which indicates that OGO might be involved in ethylene
dependent hypoxia/submergence stress responses (Data set ID AT-00396). EIN3 and EIN3-
LIKE1 (EIL1) are key transcription factors in the ethylene response, and EIN2 is the
transducer of ethylene signalling (Guo and Ecker, 2003; Li et al.,, 2015). OGO was
downregulated in the ein3eil1 and ein2-1 mutants (Data set ID AT-00450 and AT-00597),
which is similar to the pattern of several ACC oxidase (ACO2, ACO4 and ACQO5) and
indicates that OGO could be involved in ethylene signalling pathway downstream of
EINS/EIL1 or EIN2.

Cytosolic localization of 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO)

To further determine the function/role of OGO, the subcellar localization of the OGO
protein was determined (Figure 4). For this, constructs for the expression of the OGO protein
tagged with the fluorescent RFP or GFP protein at the C-terminus and under the control of
the CaMV 35S were generated. As controls, corresponding constructs to express a RBCS-
GFP fusion protein (chloroplast control), GFP-PTS fusion (peroxisomal control), SHMT-GFP
fusion (mitochondrial control) were also used (Wachter et al., 2005). These constructs were
then transiently expressed in transfected Arabidopsis protoplasts and analysed by confocal

laser scanning microscopy. While all control fusion proteins were locating as expected, the
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detected fluorescence signals revealed that the OGO protein was in the cytoplasm (Figure
4). This suggests that the induction of OGO under mitochondrial stress is not directly
involved in processes in the mitochondria but rather that OGO has a function in linking
mitochondria with other cellular processes via a cytosolic activity. Given that OGO is
annotated as an ACO-like protein, its localisation is in agreement with a cytosolic localisation
of ACOs reported previously and of many members of the 2-OGDO family in general (Kawai
et al., 2014; Houben and Van de Poel, 2019).

Expression of 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO) in different
tissues and developmental stages

To investigate the tissue-specific expression pattern of OGO, reporter lines
expressing the B-glucuronidase (GUS) protein under the control of the native OGO promoter
(1kb upstream of the start codon) were generated. Histochemical staining for GUS activity
was performed in these proOGO-GUS transgenic plants using twelve-days old seedlings as
well as mature and flowering plants (Figure 5). GUS signal was visible in the leaf tip and
vasculature, hydathodes, leaf tip mesophyll (Figure 5A,B,C), sepals in flowers (Figure 5E,F),
stigma of young siliques (Figure 5G,H) and parts of the root (Figure 51-K). A previous study
using the DR5:GUS auxin reporter lines showed GUS to be mainly localized in serrate
initiation site, leaf tips, developing vasculature and edge of cotyledon (Bao et al., 2004),
which is a similar OGO expression. This may indicate that OGO expression might be related
to auxin levels. For flowers, OGO expression indicated by high GUS activity was evident in
the sepal and not detectable in stamens, carpels, or petals (Figure 5E,F). In mature siliques,
no GUS activity was detected in ovule, while in developing siliques GUS activity was present
in the remnants of the stigma (Figure 5G and H). For the root, GUS activity was only strong
in the mature zone of laterals (Figure 51), and in those with comparably weaker activity in
the root tip (Figure 5J) and throughout all tissues (Figure 4K). Interestingly, ChlP-seq data
shows that the transcription factor ETHYLENE RESPONSE DNA-BINDING FACTOR
(EDF2) directly binds to the OGO promoter region under ethylene treatment (Mathew G.
Lewsey (La Trobe University), unpublished data). The EDFs are important downstream
genes of the ethylene signalling pathways in Arabidopsis (Alonso et al., 2003; Patterson and
Bleecker, 2004; Chen et al., 2015). The sepal-specific expression pattern of EDF2 was
similar with OGO expression in the flower (Chen et al., 2015). These results suggest that
OGO is regulated by ethylene signalling pathways with targeting by EDF2. Overall, these
results provide evidence that OGO could play a role in the auxin or ethylene signalling

pathways.
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Characterization of mutant and overexpression lines for 2-oxoglutarate and Fe(ll)-
dependent oxygenase (OGO)

To further investigate the potential role of OGO for mitochondrial and hormonal
signalling, OGO mutant and overexpression lines were characterised. Two viable T-DNA
insertion lines (SALK 107806 and SAIL 306 _F10) were obtained for OGO. PCR and
sequencing results showed both insertions are located in an exon region, with ogo-1
(SALK_107806) at the position +499 bp (downstream) of the translational start site and ogo-
2 (SAIL_306_F10) at the position +870 bp from the translational start site (Figure 6A).
Homozygous mutants were identified in the T3 generation and further confirmed by PCR
analysis of genomic DNA (Figure 6B). In addition, RNA-seq data (see Chapter Il for details)
also confirmed that no functional transcripts were generated in both lines (Figure 6C). For
ogo-1 the expression was only residual and no reads were detectable past the insertion site.
For ogo-2 reads were present, but a break in overlapping read alignments around the T-
DNA insertion site, which was not apparent in the wild type, showed no functional transcript
was being made. Transgenic lines overexpressing a full-length coding sequence of OGO
under the control of the CaMV 35S promoter were also generated and homozygous lines
identified for phenotyping. Expression of the OGO gene in the two representative
overexpression lines OGO OE-1 and OGO OE-2 was determined by gRT-PCR (Figure 6D).
Both lines have approximately 16-fold higher OGO expression than the wild type (Figure
6D).

Detailed growth analysis was conducted in 14-h-light/10-h-dark cycle on the two ogo
mutant lines and the two overexpressing lines and the leaf stage progression (two leaves,
stage 1.02; four leaves, stage 1.04; eight leaves, stage 1.08; ten leaves, stage 1.10, fourteen
leaves, stage 1.14), inflorescence emergence (first flower buds visible, stage 5.1) and flower
production (stage 6.0) were determined (Figure 7A) (Boyes et al., 2001). There were no
substantial differences between genotypes during the vegetative development. However,
the inflorescence emergence and flower production stages were delayed in ogo-7 and ogo-
2 when compared to Col-0 (P<0.05). The opposite was observed with the two OGO
overexpression lines (P<0.05) which bolted earlier than wild type (Figure 7B). Consequently,
flowers emerged earlier in these two lines and senescence of leaves and siliques was also
prior to wild type, suggesting accelerated development after transition to reproductive stage
and into senescence. Altered inflorescence development and leaf senescence have been
attributed to ethylene signalling (Dubois et al., 2018), and the decreased expression of OGO

in ethylene signalling mutants (Figure 3B) together with altered timing of these processes
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by OGO mutation and overexpression also suggest a relationship of OGO function and its
induction under mitochondrial dysfunction with ethylene signalling.

Previous studies demonstrated that ethylene plays an important role in the transition
from vegetative growth to flowering to senescence in Arabidopsis (Jing et al., 2002;
Ogawara et al., 2003; van der Graaff et al., 2006; Li et al., 2013). For example, ethylene-
related mutants ein3-1, ein2-1 and etr1 showed delayed flowering compared with the wild
type (Ogawara et al., 2003), similar to ogo-1 and ogo-2. As OGO is also down-regulated in
ethylene mutants ein3-7 and ein2-1 (Figure 3B), these results provide further evidence that

OGO could be involved in ethylene biosynthesis or signalling in Arabidopsis.

Phenotypic effects of exogenous application of 1-aminocyclopropane-1-carboxylic
acid (ACC), aminoethoxyvinylglycine (AVG) and 1-naphthylacetic acid (NAA) on OGO
mutants, rao2-1 and ein3-1 root growth

To investigate whether a lack of OGO interferes with ethylene- or auxin-related root
growth, the response of wild type, OGO mutants (ogo-1, 0ogo-2), the rao2-1 mutant of the
master regulator of mitochondrial signalling ANAC017 (ANAC017 EMS mutant, (Ng et al.,
2013)), and the ein3-1 (ETHYLENE INSENSITIVE 3 mutant) were compared when grown
in the presence of varying concentrations of the ethylene precursor 1-aminocyclopropane-
1-carboxylic acid (ACC) (Vanderstraeten et al., 2019), ethylene biosynthesis inhibitor
aminoethoxyvinylglycine (1 uM AVG) and the synthetic auxin 1-naphthylacetic acid (0.2 uM
NAA). For this, each of these genotypes were precultured on the control medium seedlings
for 5 days, then seedlings were transferred to media containing the chemicals and the
growth of roots was monitored for a further 16 days for phenotype assessment (Figure 8),
or for a further 8 days for quantitative measurements (Figures 9). In the absence of any
added chemicals and in the presence of AVG, the five genotypes showed no major
differences in their phenotypes. The addition of NAA to the medium increased lateral root
growth in all genotypes as expected for an auxin response (Laskowski et al., 1995), but
without causing differences among genotypes (Figure 8). Interestingly, the ACC treatments
used in this experiment increased shoot growth in all genotypes. Although ethylene is
usually considered as a growth inhibiting hormone (Dubois et al., 2018), low concentrations
below about 10 uM have a promoting effect in some species (Lee and Reid, 1997; Fiorani
et al., 2002). ACC treatment visibly decreased root growth at the higher concentrations of 5
MM and 10 uM (Figure 8), in agreement with a previous study (Vanderstraeten et al., 2019).

Quantification of root elongation after transfer corroborated the phenotypic

observations (Figure 9). No differences among genotypes were observed on the control
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medium and medium supplemented with NAA or AVG. For the ACC treatments, the ein3-1
mutant showed limited growth inhibition in agreement with its identification as ethylene
insensitive and the role of EIN3 in ethylene perception (Chao et al., 1997). The mitochondrial
signalling mutant rao2-7 and both ogo mutants showed increased ethylene sensitivity as the
increase in root growth was less than for wild type (Figure 9A). These results were also
evident from an ACC response curve for the concentrations used (Figure 9B).

Therefore, these ACC dose-response experiments revealed that loss of function of
the mitochondrial dysfunction stimulon gene OGO and the mitochondrial signalling regulator
ANACO017 leads to increased sensitive to ethylene, providing evidence for the interplay of

mitochondrial retrograde and ethylene signalling pathways to affect plant growth.

ETHYLENE INSENSITIVE 3 (EIN3) targets several mitochondria-related genes

To investigate if the master transcriptional factor of the ethylene pathway ETHYLENE
INSENSITIVE 3 (EIN3) directly targets OGO and other mitochondria-related genes, a ChlP-
gPCR experiment was performed. Putative EIN3 binding sites in the vicinity of the genes
were extracted from a previous ChIP-seq experiment (O'Malley et al., 2016). For OGO and
HRE?Z2 these were located 300 bp and 200 bp up-stream of the translational start sites,
respectively, while for AOX7a a putative binding site was 300 bp downstream of the 3’-UTR.
For this, twelve-days old transgenic Arabidopsis seedlings expressing a translational fusion
of a yellow fluorescent protein (Ypet) and EIN3 under the control of native promoter
(proEIN3:EIN3-Ypet, provided by Mathew G. Lewsey, unpublished) were treated with ACC
to increase tissue levels of ethylene as well as AA and myxothiazol to induce mitochondrial
stress. The results showed that promoter region of the MDS gene OGO and the 3’-region
directly downstream of AOX7a had increased binding of EIN3 after ACC treatment and to a
lesser degree also after AA treatments, but not myxothiazol treatment. For another MDS
gene analysed, HYPOXIA RESPONSIVE ERF (ETHYLENE RESPONSE FACTOR)
2/ERF71, and the control gene ACTINZ2, no EIN3 binding was detectable (Figure 10). For
AOX1a binding of EIN3 to its 3’-region was also observed after myxothiazol treatment.

Overall, the results demonstrate that EIN3 targets the mitochondrial stress-related
gene OGO which suggests crosstalk between mitochondrial and ethylene signalling

pathways.

ANACO017 is a positive regulator of 2-oxoglutarate and Fe(ll)-dependent oxygenase
(0OGO)
The mitochondrial dysfunction motif (MDM) was defined as a cis-regulatory element

in the upstream region of mitochondrial dysfunction stimulon (MDS) genes and is responsive
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to various mitochondrial perturbation (De Clercq et al., 2013). Hierarchical clustering of 34
MDS genes shows that OGO is clustering with a group of genes that are affected by
chemical treatments and mutant lines, sharing a similar expression pattern with ANAC013,
HRE2 (ATERF71) and the mitochondrial retrograde signalling maker gene AOX17a (De
Clercq et al., 2013). Two MDM elements (CTTGNNNNNCA[AC]G) were identified in the 1-
kb region upstream of the OGO start codon that are potential binding sites for ANAC013
and ANACO017 (Figure 11A) (De Clercq et al., 2013). ANACO017 directly binds the AOX17a
promoter to mediate its expression under antimycin A treatment (De Clercq et al., 2013).
The OGO:LUC line (Figure 2) was crossed with the rao2-1 knock-out line of ANAC017 and
the F2 progeny (OGO:LUC x rao2-1) were used to investigate if OGO was also regulated
by ANACO017 under perturbation of mitochondrial function. As controls two reporter lines
expressing the luciferase gene under the control of the AOX7a (Col:LUC) and OGO
(OGO:LUC) promoter, respectively, were grown on B5 plates and sprayed with 50 M
antimycin A (AA). Subsequently luciferin was applied and LUC reporter activity was
visualized in a bioluminescence imager 6 h post treatment. Both reporter lines show the
expected strong induction of LUC expression in response to the activation of the
mitochondrial retrograde response by AA (Figure 11B). For OGO:LUC x rao2-1 plants no
induction of LUC activity was detectable, indicating a regulation of OGO by ANACO017
(Figure 11B).

In addition, from the same experiment samples were harvested 3 h after the AA
treatment of the OGO:LUC line and transcript abundance was analysed by qRT-PCR with
UBIQUITIN 21 (UBC21) as a reference gene (Figure 11C). LUC and OGO transcript
abundance was significantly lower in the OGO:LUC x rao2-1 line compared to the OGO:LUC
line (P < 0.001). Expression data for OGO was also retrieved from a previous experiment
using ANACO017 (over)expressing lines (Meng et al.,, 2019). The transgenic lines
(over)expressing a constitutively active form of ANACO017 lacking the transmembrane
domain (ATM / ATMOEZ2 and ATMOE3) or a full-length ANAC017 (OE2, OE3) showed a
opposite pattern to the OGO:LUC x rao2-1 line. OGO expression level was 5.3-, 5.1-, 34.1-,
20.1-, 28.1-fold higher in ANACO17ATM, ANACO17ATMOE2, ANACO017ATMOES,
ANACO0170E2 and ANAC0170E3 compared to the wild type (Figure 11D) (Meng et al.,
2019).

To validate the direct regulation of OGO by ANACO017, the ability of ANACO017 to bind
to the OGO promoter was assessed by a ChlIP-gPCR experiment. For this, twelve-day old
transgenic Arabidopsis seedlings expressing a green fluorescent protein (GFP)-tagged

version of ANACO017 under the control of the native ANACO017 promoter (proANAC017-GFP-
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ANACO017) were generated, treated with AA and ChIP-gPCR conducted using an anti-GFP
antibody. The results showed that the MDM-containing promoter regions of OGO, AOX17a
and UP-REGULATED PROTEINS BY OXIDATIVE STRESS (UPOX) bind ANACO017. Their
binding was 330-, 57- and 566-fold enriched, respectively, under AA treatment when
compared to mock treated controls (Figure 11E).

Taken together, the data demonstrate that ANACO017 is a positive regulator of OGO,

as well as AOX7a and UPOX, by directly binding to its promoter under mitochondrial stress.

Identification of ROG2 and ROG4 as transcriptional regulators of 2-oxoglutarate and
Fe(ll)-dependent oxygenase (OGO)

To further characterize the function of OGO in the mitochondrial stress response and
to identify potential novel regulators involved, a mutant screen was carried out following
established methodology that led to the identification of regulators of AOX7a (Ng et al., 2013;
Ivanova et al.,, 2014). Here, seeds of OGO:.LUC plants were subjected to ethyl
methanesulfonate (EMS) mutagenesis and the progeny of the mutagenized OGO:LUC
population were screened for an inability to induce LUC after treatment with 50 uM AA. From
the screened population of about 10,000 plants, mutants that failed to induce the luciferase
gene were selected and grown to the next generation for confirmation. Of eleven plants
initially identified, four showed a consistent reduction in LUC expression and two mutant
plants were further analysed. These two mutant lines, named regulator of OGO (rog) 2 and
rog4 showed a greatly reduced induction of LUC after AA treatment (Figure 12A and Figure
12B). The increase in bioluminescence observed in the OGO:LUC lines was reduced by
fourfold in rog2 and by two-fold in the rog4 background (P<0.001) (Figure 12C). Notably,
LUC signal intensity was also threefold lower in the rog2 background compared with
OGO:LUC in control conditions (Figure 12C).

Subsequently, next-generation sequencing was used as described previously to
identify the potentially underlying mutations in rog2 and rog4 (Ng et al., 2013; lvanova et al.,
2014). From a list of candidate mutations only those that affected the sequence of the
underlying protein to likely result in a loss-of-function were retained. This led to the
identification of a candidate mutation in each of the two mutants which generated a
premature stop codon in the coding sequence of the underlying genes. A mutation in rog2
was mapped to a candidate point mutation in the SIN3 (AT1G24190) gene and rog4 to the
candidate point mutation in a gene encoding an uncharacterised acyl-CoA N-
acyltransferase (AT2G36720) (Figure 12D). The point mutations in rog2 and rog4 were
further confirmed by Sanger sequencing (Figure 12E).
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To further validate that the impaired ability to induce OGO in the rog2 mutant line was
caused by a loss-of-function of SIN3, two T-DNA lines (SALK 028140 and SAIL_242 H10)
were subsequently obtained and preliminarily characterised (Figure 13A). OGO and AOX17a
transcript abundance were examined by gqRT-PCR in OGO:LUC and independent rog2/sin3
mutant lines: rog2 representing the identified EMS mutant, the T-DNA insertion line rog2
KO-1 (SALK_028140) and another T-DNA insertion line rog2 KO-2 (SAIL_242 H10). In
addition, SIN3 overexpressing lines (35S:ROG2-1, 36§ ROG2-2 and 35S5:R0OG2-3) were
generated by transformation with a construct containing the coding sequence of SIN3 in
front of the CaMV35S promoter. Twelve-days old seedlings of these genotypes were
exposed to 50 uM AA or water (-AA). Samples were harvested 3 h after the treatment and
transcript abundance was analysed by gqRT-PCR with UBIQUITIN (UBC) as reference gene.
For the mock treatment expression of LUC, OGO and AOX17a was lower in the mutant lines
suggesting ROG2/SIN3 influences their expression already under standard growth
conditions, while expression of OGO was highly increased in the 35S-SIN3 lines as
expected (between 15 to 18-fold) and AOX7a expressions unchanged in these three lines
(Figure 13A). Induction of LUC, OGO and AOX7a after AA treatment was attenuated by
about 2- to 3-fold in all three rog2 mutant lines and accentuated in the ROG2 overexpressing
lines by 2-fold compared when compared to OGO:LUC, respectively (Figure 13A). Hence,
characterisation of these T-DNA and overexpression lines confirmed the regulation of OGO
by ROG2 (SIN3) observed in the EMS mutagenised rog?2 line.

Similarly, to further confirm that impaired ability to induce OGO in rog4 mutant line
was caused by a specific inactivation of the acyl-CoA N-acyltransferase (AT2G36720), two
T-DNA lines rog4 KO-1 (SALK 025328C) and rog4 KO-2 (SALKSEQ_77499) were also
obtained for subsequent analyses. LUC, OGO and AOX7a transcript abundance were
examined by gqRT-PCR after AA and mock treatments as described above in OGO:LUC and
the two independent rog4 T-DNA insertion lines (Figure 13B). In contrast to the rog2 mutant
lines, changes in expression of the three genes tested were minor but trending towards a
mild up-regulation (statistically significant for AOX1a only, p<0.05,). The three genes were
strongly up-regulated by 30 to 60-fold in the OGO:LUC line as expected after AA treatment
(P<0.001), while in the three mutant lines this induction was 2-fold lower (Figure 13B). The
analyses of the T-DNA lines thus confirmed the regulation of OGO by ROG4 observed in
the rog4 line.

Taken together, the preliminary characterisation of mutant and overexpression lines
as described above indicated a role of ROG2/SIN3 and ROG4 in the regulation of two

mitochondrial stress-responsive genes OGO and AOX7a. For both ROG2 and ROG4 the
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mode of action remains to be elucidated. ROG2 has been implicated in chromatin
modification and also interacts with ETHYLENE-RESPONSIVE TRANSCRIPTION
FACTOR (ERF7) (Song et al., 2005). These functions could directly explain a role in the
transcriptional control of genes such as OGO or AOX1a, possibly involving ethylene. ROG4
is uncharacterised and been annotated by sequence similarity as a acyl-CoA N-
acyltransferase with RING/FYVE/PHD-type zinc finger domain-containing protein (TAIR10),
which positively regulate RNA polymerase |l and hence this might impact gene expression

for target genes.

Mutation of OGO and its regulators impacts drought stress tolerance

It was previously reported that both anac017 and aox7a mutant plants are more
sensitive to combined drought and moderate light stress (Giraud et al., 2008; Ng et al., 2013).
Also, the regulator of OGO expression ROG2/SIN3 has a role in drought tolerance (Song et
al., 2005). As ANACO017 and ROG2/4 are regulators of OGO expression as shown above,
the effect of stress on mutants and/or overexpression lines for OGO, ROG2, ROG4,
ANACO017 and AOX1a was investigated and compared to the wild type Col-0 and also the
OGO:LUC line as the genetic background of the rog2 and rog4 mutants. For this, plants
were grown for 26 days under standard growth conditions (14 h at 120 ymol m=2 s light/10
h dark), then transferred to moderate light stress (14 h of 400 ymol m= s-') and water was
also withheld. After 13 days of this combined drought and moderate light (DML) stress,
plants were transferred back to standard growth conditions and watering resumed to
evaluate recovery. Plant growth and maximum quantum yield of photo system Il (Fv/FM)
were measured using an automated phenotyping platform, while relative water content
(RWC) was also quantified manually.

Phenotypically, the genotypes Col-0, OGO OE-1, OGO OE-2, ANAC017 OE-3,
AOX1A OE, OGO:LUC were tolerant to the DML stress and recovered, while loss of function
OGO mutant (ogo-1 and ogo-2) all three rog2 mutants were more sensitive and the other
genotypes, i.e. all three rog4 mutants , rao2-1 and aox17a, did not recover at all (Figure 14).
Quantification of Fv/Fm, RWC and leaf areas confirmed these visual classifications. Under
control conditions there were no quantitative difference between genotypes for Fv/Fm and
relative water content (RWC) (Figure 15). The overexpression lines OGO OE-1, OGO OE-
2, ANACO017 OE-3 and AOX1A OE maintained higher Fv/Fm values than Col-0 and
OGO:LUC, and all of these genotype recovered to pre-stress values. For the three rog2
mutants the Fv/Fm recovered but was consistently lower than for the genotypes above, while

the remaining genotypes (ogo-1, ogo-2, rog4 mutants, rao2-1, aox7a) had rapidly
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decreasing Fv/Fm values after withdrawal of water and showed very limited recovery (Figure
15). The RWC confirmed the classification of genotypes by Fv/Fm. Under control conditions,
the quantification of leaf areas showed genotype-specific differences reflecting their varying
growth rates. The ANACO017 OE-3 line had the lowest leaf area consistent with its previously
reported growth retardation (Meng et al., 2019). The rog4 mutant also showed slower growth
than the other genotypes for which the difference was limited to about 15 % variation (Figure
15). At the beginning of DML stress imposition, it affected the measured leaf areas of
genotypes to varying degrees, but at the end of the stress treatments (13 days) all genotypes
had almost identical and very low leaf area. This was a result of the water loss leading to
substantial wilting (Figure 14), which also hampered the accurate measurement of leaf area
by the top view sensor array. However, after rewatering and return to normal growth
conditions the recovery a of leaf areas was consistent with the tolerance assessment of
genotypes by Fv/Fm and RWC.

Taken together, the results confirm earlier reports that altered expression or loss-of-
function of genes involved in the mitochondrial stress response, i.e. ANAC017 and AOX1a,
affects the ability to acclimate to adverse growth conditions (Giraud et al., 2008; Ng et al.,
2013; Meng et al., 2020). The findings presented above extend this to another MDS gene,
OGO, as well as to its newly identified regulators ROG2/SIN3 and ROG4 for which mutation
led to decreased and overexpression of OGO to increased DML stress tolerance,
respectively. The identification of these novel players in mitochondrial stress signalling has
the potential to increase our understanding on the regulation of mitochondrial function under

changing growth conditions.
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DISCUSSION

In plants growing under adverse environmental conditions, mitochondrial function can
be disturbed, leading to the emission of signals to the nucleus to coordinate cellular
homeostasis and activate tolerance responses, which is termed as mitochondrial retrograde
regulation (MRR) (Woodson and Chory, 2008; Kmiecik et al., 2016; Pfannschmidt et al.,
2020). Identification of novel components of this signalling pathway increases the
understanding on how different organisational units within the cell communicate with each
other about their functional status and the integration of these on the cellular and whole plant
level.

In this study, a 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO, AT5G43450)
showed low but consistent detectable expression under normal growth conditions and
substantially induction after treatment with antimycin A and myxothiazol but not high light.
This contrasts with other marker genes, such as AOX17a, which are often also responsive to
chloroplastic stress, such as excessive light, as their function is interlinked with both
organelles (ZHANG et al., 2010; Fu et al., 2012). The response of OGO is therefore more
specific for the mitochondrial signalling pathway than for many other mitochondrial stress
genes. OGO belongs to the 2-oxoglutarate and Fe(ll)-dependent oxygenase family (2-
OGDO) which is the second largest enzyme family in plants (Kawai et al., 2014; Hagel and
Facchini, 2018). Of 479 family members in six plant models ranging from green algae to
angiosperms, only around 90 of them has been characterized in the literature (Kawai et al.,
2014). In Arabidopsis, around 130 family members are known, but only a minority has a
validated enzymatic activity. Its members are involved in various oxygenation and
hydroxylation reactions such as 1-aminocyclopropane-1-carboxylic acid (ACC) oxidases
(ACO), gibberellin 3-oxidase (GA30X) and flavanone 3-hydroxylases (FNSI) (Kawai et al.,
2014). OGO is annotated as an ACO-like gene by its sequence similarity to ethylene
synthesis enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase. Analysis of
microarray data for OGO showed downregulation in ethylene-insensitive mutants mutant
ein2-1 and ein3eil1 mutant similar to the pattern of several ACC oxidase (AC0O2, ACO4 and
ACOYb), indicating a potential association of OGO downstream of the ethylene signalling
pathway. The OGO promoter also binds the ethylene-induced transcription factor
ETHYLENE RESPONSE DNA BINDING FACTOR 2 and both share a similar expression
pattern in flowers (Koyama, 2014; Chen et al., 2015). This further suggests a role of OGO
in ethylene signalling pathway besides its responsiveness to mitochondrial perturbation.

Further biochemical characterisation of OGO will be crucial to establish the enzymatic

56



activity of the protein. Isoforms of ACO proteins, and of the 2-OGDO protein family in general,
have been recalcitrant to purification or bacterial overexpression and hence few members
of this protein family have a validated enzymatic activity (Kawai et al., 2014). While our
attempts to overexpress OGO in a bacterial system were successful in gaining OGO protein,
its purification in a native, active form were unsuccessful as it accumulated in inclusion
bodies (Supplemental Figure 1). Hence further optimisation of the expression system will be
necessary to obtain an active enzyme and to directly test for its enzyme activity. Given the
broad substrate range of the 2-OGDO protein family it cannot be ruled out that OGO has a
different enzymatic activity and that the observed relation to ethylene is indirect. Given that
other members of the 2-OGDO family are also using auxin or jasmonic acid as substrate, it
is possible that OGO has an activity that integrates other hormonal signalling pathways with
ethylene signalling.

A forward genetic screen identified two mutants that were impaired in the ability to
induce OGO on inhibition of mitochondrial function, which were termed as REGULATORS
OF OGO (ROG) 2 and 4. The rog2 mutation was mapped to the transcriptional repressor
SIN3, which was reported as a subunit of the histone deacetylase (HAD) complexes HDAG
and HDA19 and to interact with a member of the ethylene-responsive element binding factor
family ERF7 (Knoepfler and Eisenman, 1999; Brubaker et al., 2000; Song et al., 2005).
These histone deacetylases control transcriptional repression by changing the accessibility
of DNA for transcription factors (Kadosh and Struhl, 1998; Rundlett et al., 1998; Tanaka et
al., 2008). HDA19 regulates ethylene and jasmonic acid-dependent regulation of gene
expression in pathogen response. Similar to OGO, mutants of SIN3 and HDA19 also flower
earlier (Zhou et al.,, 2005). SIN3 and the histone deacetylase HDA19 enhance the
transcription repression activity of ERF7, and plants overexpressing ERF7 display
decreased drought tolerance (Song et al., 2005). In this study, rog2 (SIN3) mutant lines and
two T-DNA insertion lines showed increased sensitivity to combined drought and moderate
light stress which was mirrored by mutant plants (ogo-7 and ogo-2) lacking OGO. In addition,
knock-down lines of SIN3 and ERF7 also show increased sensitivity to ABA during seed
germination (Song et al., 2005). Mitochondrial biogenesis is a key process during the
germination of seeds and hence the connection of OGO with SIN3 and ERF7 might be
related to these phenotypes (Carrie et al., 2013; Law et al., 2014). ROG4/ AT2G36720 is
uncharacterised and been annotated by sequence similarity as an acyl-CoA N-
acyltransferase with RING/FYVE/PHD-type zinc finger domain-containing protein (TAIR10),
which positively regulate RNA polymerase Il. Hence this might impact gene expression for

target genes such as OGO. The closest protein with sequence similarity to ROG4 and with
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a known function is REPRESSOR OF SILENCING 4 (ROS4). This protein is a histone H3
acetyltransferase and regulating DNA methylation (Miao et al., 2020; Liu et al., 2021). Hence
the characterisation of OGO and its regulators provides links between the MRR, ethylene
and chromatin modifications.

The transcription factor ETHYLENE INSENSITIVE3 (EIN3), together with its close
homolog ETHYLENE INSENSITIVE3-LIKE 1, are the master regulator of ethylene
responsive genes by controlling the transcriptional cascade after ethylene perception
(Chang et al., 2013). In this study, the promoter region of OGO was identified as binding
EIN3, which demonstrated OGO is a target of the ethylene signalling pathway downstream
of EIN3. The mitochondrial dysfunction responsive genes AOX7a and HRE2/ERF71 were
also targeted by EIN3, which further showed ethylene signalling is potentially involved in
MRR. While EIN3 binding to the HRE2/ERF71 gene occurred in its promoter region and
hence suggests direct regulation of its expression, for AOX7a binding was observed in the
region 300 bp downstream of the gene. It therefore remains to be confirmed if this EIN3
binding site has a direct regulatory function on AOX17a, or if this confers regulation of the
gene downstream of AOX7a which encodes the circadian clock regulator TIME FOR
COFFEE. Regulatory elements downstream of plant genes have been reported previously.
These are thought to be important for efficient termination of transcription and
polyadenylation (Xing et al., 2010). A regulatory role of EIN3 was however confirmed by a
reduced induction of OGO and AOX7a in the ein3-1 mutant (Chapter lll, Figure 5F). More
evidence for a regulation of the MRR by ethylene comes from the altered sensitivity in root
growth assay of the OGO and ANACO017 mutant lines after exogenous application ethylene
precursor 1-aminocyclopropane-1-carboxylic acid (ACC). More detailed evidence for the
interaction of ethylene and the MRR, including OGO, is presented in Chapter lll.

In conclusion, this study has identified and characterised the mitochondrial
dysfunction-inducible 2-oxoglutarate and Fe(ll)-dependent oxygenase OGO (AT5G43450)
that had an unknown function in the MRR. Phenotypes of mutant and over-expressing plants
suggest a role of OGO in stress tolerance and developmental processes. A forward genetic
screen identified two regulators of OGO (ROG2 and ROG4), which are novel regulators
linked to the mitochondrial stress signalling pathway. Furthermore, characterisation of these

genes suggests modulation of the MRR by ethylene.
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MATERIAL AND METHODS

Plant material

Two T-DNA insertion lines for ogo (SALK_ 107806 and SAIL_306_F10), rog2
(SALK_028140 and SAIL_242_H10), rog4 (SALK_025328C and SALKSEQ_77499), ein3-
1 (N8052) were obtained from the Nottingham Arabidopsis Stock Centre (NASC). T-DNA
insertion homozygous lines are verified by left and right gene-specific primers (LP and RP),
and T-DNA specific primer (LB) (Supplemental table 1). The accurate T-DNA insert location
was confirmed by PCR and sequencing as well as RNA-seq for ogo-1 and ogo-2. The rao2-
1, ANACO017 OE-3, AOX1A OE and aox17a lines were characterized previously (Giraud et
al., 2008; Ng et al., 2013; Meng et al., 2019). For the OGO:LUC line, the -1102 bp OGO
promoter region upstream of the translation start site was cloned in front of the reporter gene
LUCIFERASE (LUC) and the construct stably transformed into Arabidopsis thaliana
Columbia-0 (Col-0) (Supplemental Table 1 for cloning primers). OGO overexpressing plants
were generated by amplifying the OGO full length coding sequence, insertion into the vector
pK7FWG2 (Karimi et al., 2002), and transforming the construct into wild-type Arabidopsis
Col-0 by floral dipping (Clough and Bent, 1998) (Supplemental Table 1 for cloning primers).

Plant growth and treatment

Seeds were sterilised, stratified for 48 h at 4°C in the dark and sown on Gamborg'’s
B5 medium (PhytoTechnology, Austratec) supplemented with 2%(m/v) Sucrose, 3.21 g/L
Gamborg’s B5 salts (Austratec), 2 mM MES hydrate (Sigma-Aldrich), and 0.80% (w/v) Difco
agar (BD Biosciences), pH 5.8, at 23°C under 100 ymol m? s light in a 16-h/8-h light/dark
photoperiod. For soil-based growth, all the lines were sown in a vermiculite, perlite and soil
mixture (1:1:3). Plants were grown in growth chambers at 23°C, 65% relative humidity, under

100 ymol m? s light in a 14-h/10-h light/dark photoperiod unless stated otherwise.

EMS mutagenesis and mutant screen

EMS mutagenesis and screening were performed as previously described (Ng et al.,
2013a). Homozygous OGO:LUC seeds were mutagenized for 16 h in 100 mL 0.25% (v/v)
ethyl methane sulfonate, then washed in water over 6 h. Seeds were sown on soil and grown
in growth chambers at 23°C, 100 umol m? s, 16 h light/8 h dark. Seeds were harvested
from 5000 M1 plants and approximately 10,000 M2 plants, representing10 pooled family
populations were screened by luciferase imaging in the initial screen. Plants were grown for
14 days on Gamborg’s B5 growth media and treated with 50 uM antimycin A + 0.01%
Tween20 and returned to normal growth conditions. After 6 h, 2.5 mM luciferin (GoldBio)

solution was applied to plants and luminescence was measured using bioluminescence
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imaging system (Bio-Rad). 106 mutants that failed to induce luciferase expression were
selected and grown to the next generation, in which 11 out of 106 mutants were confirmed.
Furthermore, the mutant was backcrossed once to OGO:LUC and 30 progeny plants also
failed to induce luciferase expression. Mutations were shortlisted only if pooled back-cross
lines contained the same mutation with next generation sequencing.

Genomic DNA is isolated by DNeasy Plant Maxi kit (Qiagen 24) from 600mg — 1000 mg
seedlings (more than 50 seedlings) in 14 days and precipitated, according to manufacturers’
instruction. 20 pyL of genomic DNA at 2.5 ng/pL (50 ng total) was used as input and libraries
were generated using Nextera® DNA Library prep kits (lllumina). The quality of libraries was
checked by Agilent bioanalyzer and quantified using Qubit (Invitrogen) before Next-
Generation Sequencing on a NextSeg500 platform (lllumina) with a read-length of 84 bp.
The raw data was processed on the Galaxy server (https://usegalaxy.org/). Reads for
OGO:LUC and rog mutants were mapped to TAIR 10 reference genome with Bowtie2.
Potential PCR duplicates were removed by RmDup tool and SNP calls were generated using
bcftools and mpileup tool. Putative causative mutations were filtered on base call quality,
mapping quality scores, their location in coding regions of genes and potential impact on
protein function. Putative causative mutations were filtered on base call quality, mapping
quality scores, their location in coding regions of genes and potential impact on protein
function. For rog2 mutant, 154 SNPs with G to A translations and 370 SNPs with Cto T
translations were called. For rog4 mutant, 1161 SNPs with G to A translations and 640 SNPs
were called. Only nonsense and missense mutations in coding regions and likely impacting
protein function were retained leaving 5 putative candidate mutations for rog2 mutant and 4
putative candidate mutations for rog4 mutant. For these, T-DNA mutant lines were obtained

to confirm regulation of OGO expression by the impacted mutated gene.

Phenotypic Analysis

Soil-based growth stage progression was performed according to (Boyes et al., 2001).
Plant growth analysis and maximum quantum yield of photosystem Il (Fv/Fm) determination
was performed in a PlantScreen phenotyping system (Photon Systems Instruments, Czech
Republic). For Fv/Fm measurements plants were dark adapted for 20 mins. Relative water
content (RWC) was determined for whole rosettes. The fresh weight (FW) of the whole
rosette was weighed followed by complete submergence in water for 24 hours at 4°C in

darkness, and then the turgid weight (TW) was measured. Subsequently, the rosette was
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dried at 65 °C for 48 hours with the dry weight (DW) measured. The RWC of samples were
calculated using the equations: RWC = (FW-DW) / (TW-DW) x 100.
RNA extraction and Quantitative RT-PCR

RNA isolation, cDNA synthesis, and quantitative RT-PCR (qRT-PCR) were
performed as described previously with minor modifications (Meng et al., 2019). Samples
were grounding using a Tissue Lyser Il (Qiagen) and total RNA was isolated using
Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) according to manufacturer’s instruction.
Genomic DNA was removed by on-column DNase treatment (Sigma-Aldrich) and 1 pg of
total RNA was used for cDNA synthesis using Tetro cDNA synthesis kit (Bioline) according
to manufacturer’s instructions. Quantitative PCR were performed using QuantStudio 12K
Flex Real-Time PCR System (Applied Biosystems) and SYBR Green PCR Master Mix
(Thermo Fisher Scientific, USA), each reaction was independently done in triplicate. The
reference genes were UBIQUITIN-CONJUGATING ENZYME21 (AT5G25760) (CzechowskKi
et al., 2005). The gene specific primers were designed using QuantPrime (Arvidsson et al.,

2008) and their sequence are provided in Supplemental Table 1.

Protoplast Preparation and Fluorescence Microscopy

The cDNAs for the coding regions of OGO was combined with pDONR 221 entry
clone by BP reaction gateway cloning method, and entry clone was subsequently the
combined into p2GWF7 destination vector by LR reaction (Invitrogen). Protoplasts were
isolated from the true leaves of 4- week-old Arabidopsis grown in soil by plant Tape-
Arabidopsis Sandwich methods.(Wu et al., 2009). A 20 ug of plasmids were transformed
into 0.1 mL W5 solution with 2 x 10° cells / mL Protoplasts were incubated in 0.11 mL 40%
PEG solution in the dark for 20 min. Protoplast were washed twice with 0.44 mL 40% PEG
and incubated in 12-well plates at room temperature in dark for 12 h. Fluorescence were
imaged with an LD C-Apochromat 40x/1.1 water or objective in multi-track channel and

images were processed using ZEN 2.3 lite (blue edition, Carl Zeiss Microscopy).

Generation of proOGO-GUS lines and staining assay

The 1kb OGO promoter were amplified from Col-0 leaf DNA samples. The pGPTV-
BAR vector was linearized by restriction enzyme Hindlll, Xbal and combined with OGO
promoter fragment using Gibson assembly method according to manufacturers’ instruction
(New England Biolabs®). The recombined vector was transformed into Arabidopsis thaliana
Columbia-0 (Col-0) to generate proOGO:GUS lines and single insertion, homozygous lines

were screened on 5 pyg/mL BASTA Gamborg’s BS medium.
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Tissues of transgenic plants expressing proOGO.::GUS were infiltrated with 10 mM
sodium phosphate (pH 7.2), 0.3% (v/v) Triton X-100 and 250 pg 5-bromo-4-chloro-3-indoxyl-
b-D-glucuronide cyclohexylammonium salt (X-Gluc, GoldBio) solution and then incubated in
darkness at 37°C for indicated times (Jefferson et al., 1987). Samples were destained with
70% ethanol and images were collected on Carl Zeiss microscope (Axiocam) or one a
flatbed scanner (Microtek Artix 3200XL).

CHIP-gPCR

For ANACO017 ChIP-gPCR, the 2-kb OGO promoter ANACO017 (proANACO017) region
upstream of the translation start site was cloned into the vector pDONR™ P4-P1r
(Invitrogen). GFP-Linker was cloned into pDONR221 (Invitrogen), the ORF of ANACO017
without start codon was amplified by PCR from Arabidopsis Col-O0 cDNA and cloned into
pDONR P2r-P3 (Invitrogen). Three entry vectors were recombined into the Multisite
destination vector pK7m34GW to generate final construct proANACO017: GFP-ANACO017
using Gateway technology according to the manufacturer’s instructions (Invitrogen). The
construct was stably transformed into Arabidopsis thaliana Columbia-0 (Col-0) to generate
ProANACO017: GFP-ANACO017 transgenic lines and single insertion homozygous line was
obtained by screening on 35 pg/mL Kanamycin Gamborg’s B5 medium. Subsequently,
independent representative lines with consistent expression patterns were identified. The
proEIN3: EIN3-Ypet line was kindly provided by Dr Mathew Lewsey (unpublished).

The ChIP experiments were performed as described with minor modifications (Bowler
et al., 2004; De Clercq et al., 2013). ProANACO017: GFP-ANACO017 or proEIN3: EIN3-Ypet
were grown for 12 days on B5 medium in plates. Seedings were spray-treated with indicated
concentrations of antimycin A (AA) + 0.01% Tween20, myxothiazol + 0.01% Tween20, ACC
+ 0.01% Tween20 or 0.01% Tween20 as mock for 3 h. Approximately 2 g of the whole
seedlings was harvested, rinsed twice with 10mM HEPES-NaOH and cross-linked with 1%
(v/v) formaldehyde in a vacuum for 20 min. A final concentration of 0.134 M glycine (Sigma-
Aldrich) and vacuum were applied for 2 min. The chromatin DNA was isolated and
fragmented by sonication with a Bioruptor chiller sonicator (Diagenode) at 4°C, resulting in
fragments of 500 bp at average. The chromatin DNA was precleared with 80 uL Dynal
Protein A magnetic beads (10001D, Thermo Fisher Scientific) for at least 2 h at 4°C with
gentle agitation. 70 pL diluted samples (1% input sample) was used as input chromatin
controls after pre-clearing. The remainder was split into two samples and
immunoprecipitated by 5 yL anti-GFP antibody (10 ug antiGFP, Thermo Fisher Scientific
A11122 (2 ug/uL)) coupled to 50 uL Dynal Protein A magnetic beads and the other without

antibody. The samples were incubated overnight on rotating platform at 4°C. Proteins were
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reverse cross-linked and DNA was purified by column method using PCR Purification Kit
according to the manufacture (Qiagen).

Quantitative PCR were performed using QuantStudio 12K Flex Real-Time PCR
System (Applied Biosystems) and SYBR Green PCR Master Mix, each reaction was
independently done in triplicate. Data were normalized against its respective amount of
chromatin used in the INPUT and were represented in %INPUT (%IP).

Accessions

Sequence data from this article can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession numbers: OGO (At5g43450),
AOX1a (At3g22370), RAO2/ANACO17 (At1g34190), UBC21 (AT5G25760), ACT2
(AT3G18780) OM66 (AT3G50930), GLTP (AT4G39670), UGT73B3 (AT4G34131),
HSP23.6 (AT4G25200), HSP17.6B (AT2G29500), HSP17.6C (AT1G53540), HSP26.5
(AT1G52560), SIN3/ROG2 (AT1G24190), ROG4 (AT2G36720), EIN3 (AT3G20770),
HREZ2/ERF71 (AT2G47520).

63



FIGURES

RN
o
|

S [ ] Antimycin A . *
> [ High light *
J 8-

® o

o e

C

g e * :

= % 1

< ] * ¥

8 4] B *

= 1]

w

[

&

= 24

o

= T

= | . .

T T T i T T
Q o ©
> 0\/'8 %%é /\«“& oc’O 66} SO
< Q Q Q 2
‘é\h P L ¥ £ R

T Y T Y T Y T ¥ T

Mito stress gene Chloro stress gene

Figure 1. Mitochondrial stress-specific induction of a 2-oxoglutarate and Fe(ll)-dependent
oxygenase (OGO, AT5G43450)

2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO, AT5G43450) is specifically induced by
perturbation of mitochondrial function (antimycin A treatment) but not chloroplast dysfunction (high
light treatment). The bar chart represents the relative transcript abundance for OUTER
MITOCHONDRIAL MEMBRANE PROTEIN OF 66 KDa (OM66, At3G50930), AT1G76600,
GLYCOLIPID TRANSFER PROTEIN (GLTP, AT4G39670), UDP-GLUCOSYL TRANSFERASE
73B3 (UGT73B3, AT4G34131), a 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO,
AT5G43450), HEAT SHOCK PROTEIN 17.6A (HSP17.6A, AT1G59860), HEAT SHOCK PROTEIN
17.6B (HSP17.6B, AT2G29500), HEAT SHOCK PROTEIN 17.6C (HSP17.6C, AT1G53540) and
HEAT SHOCK PROTEIN 26.5 (HSP26.5, AT1G52560). Shown are the means + SE of the log2 (fold
changes) for a comparison of treatment versus control of three biological replicates, with asterisks
indicating a statistically significant difference (Student’s t-test, P < 0.001). Publicly available gene
expression data (antimycin A: Dataset ID AT-00561; high light: Data set ID AT-00682) were retrieved
using the Genevestigator platform (Hruz et al., 2008).
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Figure 2. Non-invasive monitoring of OGO
expression by bioluminescence in a
luciferase reporter line

A) A schematic diagram for the construct used to
generate reporter lines for the 2-oxoglutarate (2-
OG) and Fe(ll)-dependent oxygenase OGO
(AT5G43450) promoter driving the expression of a
luciferase reporter gene (OGO:LUC). The OGO
promoter consists of the region 1102 bp upstream
of the translational start site of OGO including the
OGO 5'UTR. LB, T-DNA left border sequences; RB,
T-DNA right border sequences. HPTII, hygromycin
phosphotransferase 1l; 35S CaMV, 35S
Cauliflower mosaic virus promoter; Firefly
Luciferase. B) Twelve-day-old seedlings of
OGO:LUC were sprayed with water (mock
treatment), 50 pM antimycin A (AA), 50 uM
myxothiazol (myxo) or exposed to 1000 pmol m-2
s light to inhibit mitochondrial function (AA and
myxo) and perturb chloroplast function (high light).
After 3 h, Luciferin (2.5 mM) was applied and the
LUC reporter activity was visualized in a Bio-rad
ChemiDocTM MP imager after 6 h of treatment.
Red colour of seedlings indicates saturating
bioluminescence as a consequence of highly
induced LUC expression. C) The processed
images were analyzed for quantification of LUC
expression using the Image Lab software 6.0. Error
bars denote + SE of three biological replicates with
5-7 seedlings pooled from one plate for each
replicate. Significant differences were identified by
one-way ANOVA followed by Tukey’'s multiple
comparison test and indicated with an asterisk (*,
P< 0.001).
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Figure 3. Phylogenetic analysis of the 2-oxoglutarate and Fe(ll)-dependent oxygenase protein family in

Arabidopsis thaliana

oxoglutarate and Fe(ll)-dependent oxygenase protein family
carboxylic acid oxidase (ACO) isoforms, OGO (AT5G43450),

A. Protein sequence alignment for selected members of the 2

in Arabidopsis. Included are the five 1

-aminocyclopropane-1-

a protein with the highest sequence similarity to OGO in Arabidopsis (AT5G43440), two proteins involved in gibberellic

acid synthesis (GA20X1, GA200X2)

the auxin oxidase DIOXYGENASE FOR AUXIN OXIDATION 1 (DAOZ2), FLAVONOL

SYNTHASE 2 (FLS2) and JASMONIC ACID OXIDASE 2 (JAO2). Shading of amino acids indicates their similarity across

the proteins. Green and red boxes indicated the conserved 2-oxoglutarate binding and the oxygenase domains,
respectively. B. Protein similarities (based on the blossom 90 matrix) for selected members of the 2-oxoglutarate and Fe(ll)-
dependent oxygenase protein family in Arabidopsis C. Heatmap showing expression of OGO-related genes in various

experiments involving oxidative stress (H202), mitochondrial stress (antimycin A, oligomycin), mitochondrial retrograde

signalling mutants (rao2-1), hypoxia or ethylene-related mutants (35S-HRE1, ein3-1 eil1 and ein2-1). Publicly available
gene expression data was retrieved using the Genevestigator platform (Hruz et al., 2008) and data set IDs are indicated

on the right.
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Figure 4. Cytosolic localization of 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO)
The OGO protein was tagged with the fluorescent RFP or GFP protein at the C-terminus and
expressed under the control of the cauliflower mosaic virus 35S promoter to assess the subcellar
localization. Constructs were co-transformed into Arabidopsis protoplast together with control
constructs for peroxisomal localisation (GFP-PTS), mitochondrial localisation (SHMT-GFP) and
chloroplast localisation (RBCS-GFP) (Wachter et al., 2005). Shown are representative images after
confocal laser scanning microscopy for three channels (GFP, RFP, chlorophyll), their merged images
and for transmission. Scale bar indicates 5pum.



Figure 5. Expression of 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO) in different
tissues and developmental stages

OGO expression was determined in various tissues of transgenic Arabidopsis plants harbouring a
proOGO-GUS construct. Plant were visualised after infiltration with Xgluc staining solution, 12 h
incubation at 37°C and subsequent removal of chlorophyll (see methods for details). A. Twelve-day-
old whole seedling. B. Leaf of a twelve-day-old seedling. C. Twelve-day-old seedling leaf tip
mesophyll cells. D. Ovary. E. Flower. F. Inflorescence. G and H. Silique. I. Twelve-day-old seedling
root. J. Root tip. K Root mature zone. Scale bar = 1 mm.
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Figure 6. Characterization of mutant and overexpression lines for 2-oxoglutarate and Fe(ll)-
dependent oxygenase (OGO)

Characterisation of ogo-1 and ogo-2 mutant and overexpression lines (OGO OE-1, OGO OE-2) for
the 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO). A,B) The left panels show a schematic
representation of T-DNA integration in the two mutant lines. The right panels show confirmation by
PCR analysis of genomic DNA. For each ogo line three plants were analysed. WT: wild type, M1:
DNA ladder (100 bp), M2: DNA ladder (1000 bp). C) Genome browser view of RNA-seq reads around
the OGO locus for wild type, ogo-1 and ogo-2. For ogo-2 the red arrow highlights a break in the read
alignments around the T-DNA insertion site, indicating no functional transcript is being made in this
mutant line. D) Expression of the OGO gene in the two overexpression lines OGO OE-1 and OGO
OE-2 was determined by gRT-PCR with the relative transcript abundance given as 40-ACt values
(Bari et al., 2006). Both lines have approximately 16-fold higher OGO expression than the wild type.
Given are means * SE of three biological replicates with asterisks indicating a statistically significant
difference by one-way ANOVA followed by Tukey’s multiple comparison test (*, P < 0.001).
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Figure 7. Phenotypic characterization of mutant and overexpression lines for 2-oxoglutarate
and Fe(ll)-dependent oxygenase (OGO)

A. Soil-based growth stage progression in the 5 analyzed genotypes according to (Boyes et al.,
2001). Stage 1.02 (2 rosette leaves >1 mm in length), stage 1.04 (4 rosette leaves >1 mm in length),
stage 1.08 (8 rosette leaves >1 mm in length), stage 1.10 (10 rosette leaves >1 mm in length), stage
1.14 (14 rosette leaves >1 mm in length), stage 5.1, first flower buds visible, stage 6.0, First flower
open. Significant differences were identified by one-way ANOVA followed by Tukey’s multiple
comparison test and indicated with an asterisk (*, P< 0.05). B) Representative images are shown for
wild type (Col-0), OGO mutant plants (ogo-1, ogo-2) and over-expressing lines (OGO OE-1, OGO
OE-2) grown on soil in a 14-h-light/10-h-dark cycle. At least 20 plants per genotype were used for
phenotypic analysis. Bar = 1 cm. Days are relative to the day of sowing after a 3 day stratification at
4°C.

70
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B5

Figure 8. Phenotypic effects of exogenous application of 1-aminocyclopropane-1-carboxylic
acid (ACC), aminoethoxyvinylglycine (AVG) and1-naphthylacetic acid (NAA) on OGO mutants,
rao2-1 and ein3-1 root growth

Seeds of wild type, OGO mutants (ogo-1, ogo-2), rao2-1 (ANAC017 EMS mutant), ein3-1
(ETHYLENE INSENITVE 3 mutant) were germinated on B5 medium until primary root length around
2 cm and then transferred to new medium either supplemented or not supplemented with ACC (1-
aminocyclopropane-1-carboxylic acid), AVG (aminoethoxyvinylglycine) and NAA (1-naphthylacetic
acid). Representative plants were imaged at indicated time points and supplement concentrations.
Bar =1 cm.
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Figure 9. Quantitative effect of exogenous application of 1-aminocyclopropane-1-carboxylic
acid (ACC), Aminoethoxyvinylglycine (AVG) and1-naphthylacetic acid (NAA) on OGO
mutants, rao2-1 and ein3-1 root elongation

Seeds of wild type, OGO mutants (ogo-1, ogo-2), rao2-1 (ANAC017 EMS mutant), ein3-1
(ETHYLENE INSENITVE 3 mutant) were germinated on B5 medium until primary root length around
2 cm and then transferred to new medium either supplemented or not supplemented with ACC (1-
aminocyclopropane-1-carboxylic acid), AVG (aminoethoxyvinylglycine) and NAA (1-naphthylacetic
acid) at indicated concentrations (see also Figure 8). A. Root elongation after transfer was measured
over 8 days. B. Relative root elongation in % of the control treatment (unsupplemented B5 medium).
Error bars denote + SE of three biological replicates with 3-5 seedlings from one plate for each

replicate.
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Figure 10. ETHYLENE INSENSITIVE 3 (EIN3) is targeting to mitochondria-related genes

The binding of EIN3 to the promoters of ACT2, HRE2, OGO and the region 300 bp downstream of
AOX1a gene was determined by ChIP-gPCR analysis on plants treated with either 100 uM 1-
aminocyclopropane-1-carboxylic acid (ACC), 50 uM antimycin A (AA) and 50 yM Myxothiazol (myxo).
Shown is the enrichment (in percent of input) after ChIP-gPCR using proEIN3-EIN3-Ypet seedlings
in the presence (+AB) or absence (-AB) of anti-GFP antibodies. ACTIN2 fragments were used as
negative controls. Shown are means + SE of three biological replicates.
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Figure 11. ANACO017 is a positive regulator of 2-oxoglutarate and Fe(ll)-dependent oxygenase (OGO)

A. Position weight matrix for the mitochondrial dysfunction motif (MDM) which is the binding motif for ANAC017 (De Clercq
et al., 2013). ii) Schematic diagram of two identified MDMs in the OGO promoter. TSS, transcriptional start site. B. Two
reporter lines expressing the luciferase gene under the control of the AOX7a (Col:LUC) and OGO (OGO:LUC) promoter,
respectively, were grown on B5 plates and sprayed with 50 uM antimycin A (AA) . Subsequently Luciferin was applied and
LUC reporter activity was visualized in Biorad bioluminescence imager 6 h post treatment. Both reporter lines show the
expected strong induction of LUC expression in response to the activation of the mitochondrial retrograde response by AA.
For the progeny (OGO:LUC x rao2-1) of a cross of the OGO:LUC reporter line and a mutant line of ANACO017 (rao2-1) no
induction of LUC activity was detectable, indicating a regulation of OGO by ANACO017. C. LUC and OGO transcript
abundance determined by qRT- PCR in twelves-day old seedlings of OGO:LUC and rao2-1 lines sprayed with mock
(deionized water) or 50 uM AA. Relative transcript abundance (fold changes) in mock- and AA-treated plants determined
by qRT-PCR are shown. For three biological replicates the significant differences were identified by one-way ANOVA
followed by Tukey’s multiple comparison test and indicated with an asterisk (*, P< 0.001). D. OGO transcript abundance
in transgenic lines (over)expressing a constitutively active form of ANACO017 lacking the transmembrane domain (ATM /
ATM OE-2 and ATM OE-3) or a full-length ANAC017 (OE-2, OE-3). Data was extracted from a previous publication (Meng
etal., 2019). E. Binding of ANACO017 to the promoters of three MDS genes (AOX7a, UPOX, OGO) and ACTIN2 as negative
control was analysed in transgenic lines expressing a GFP-ANACO017 fusion protein under the control of the native
ANACO017 promoter (proANACO17-GFP-ANACO017). Twelve-day old seedlings of proANAC017-GFP-ANACO017 line
sprayed with mock (deionized water) or 50 uM AA for 3 h. ChIP-gPCR targeted the predicted MDM in the promoters of the
analysed genes in the presence (+AB) or absence (-AB) of anti-GFP antibody. Increased binding of ANAC017 after AA
treatment when compared to mock treatment is expressed as percentage of DNA input (left panel) and fold enrichment
(right panel). Values shown are means + SE determined for three biological replicates.
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Figure 12. Identification of ROG2 and ROG4 as regulators of 2-oxoglutarate and Fe(ll)-
dependent oxygenase (OGO)

A. Twelve-day-old seedlings of OGO:LUC and rog2 (regulator of OGO 2) were sprayed with or Mock
(H20) 50 uM antimycin A (+AA) to elicit a mitochondrial retrograde response. Luciferin (2.5 mM) was
applied and the LUC reporter activity was visualized in a Bio-rad ChemiDocTM MP imager after 6 h
of AA treatment. B. Twelve-day-old seedlings of OGO:LUC and rog4 (regulator of OGO 4) were
sprayed with or Mock (H20) 50 uM antimycin A (+AA) to elicit a mitochondrial retrograde response.
Luciferin (2.5 mM) was applied and the LUC reporter activity was visualized in a Bio-rad
ChemiDocTM MP imager after 6 h of AA treatment. C. The processed images were analyzed for
quantification of LUC expression using the Image Lab software 6.0. Error bars denote means = S.E
of three biological replicates with 5-7 seedlings pooled from one plate for each replicate. Significant
differences were identified by one-way ANOVA followed by Tukey’s multiple comparison test and
indicated with an asterisk (*, P< 0.001). D. Next generation sequence analysis identifying a candidate
mutation in SIN3 (AT1G24190) for rog2 and a gene annotated as an acyl-CoA N-acyltransferase
(ROGH4, AT2G36720) for rog4. E. Sanger sequence chromatographs confirming a nucleotide change
of G to A within the At1g24190 locus and C to T within AT2G36720, which both leading to a stop
codon. The asterisks denote the position of the mutation in the two genes.
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Figure 13. Confirmation of ROG2 and ROG4 as regulators of 2-oxoglutarate and Fe(ll)-dependent
oxygenase (OGO)

A. Determination of LUC, OGO and AOXT1a transcript abundance in rog2, two ROG2/SIN3 T-DNA
insertion lines (rog2 KO-1 and rog2 KO-2) and three independent overexpressing lines (356S:ROG2-1,
3568:ROG2-2, 35S:ROG2-3). Luciferase (LUC), OGO and AOX1a transcript abundance under Mock (i)
and 50 pM antimycin A (ii) treatment was quantified by qRT-PCR. Twelve-day-old seedlings were
exposed to mock (H20) or 50 uM antimycin A (+AA) and were harvested at 3 h. B. Characterization of
LUC, OGO and AOXT1a transcript abundance in rog4, and T-DNA insertion lines (rog4 KO-1 and rog4
KO-2) for the ROG4 (At2G36720) gene encoding an acyl-CoA N-acyltransferase. Luciferase (LUC), OGO
and AOX1a transcript abundance under mock and 50 yM antimycin A (given are fold changes compared
to OGO:LUC under mock condition) treatment. Twelve-day-old seedlings were exposed to mock (water)
or antimycin A (+AA) and were harvested at 3 h and transcript abundance analyzed by gRT-PCR. Bars
charts in A) and B) represent the means + SE of three to four biological replicates and asterisks indicate
a significant difference of LUC, OGO or AOX1a transcript abundance between OGO:LUC and the other
genotypes in mock or AA treatments (*, P< 0.05; **, P< 0.01; ***, P< 0.001). Hashes indicate a statistically
significant difference of LUC, OGO or AOX1a transcript abundance between mock and AA treatments (#,
P< 0.001). Significant differences were identified by one-way ANOVA followed by Tukey’s multiple
comparison test.
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Figure 14. Phenotypes of mutant and overexpressing lines for genes involved in mitochondrial stress
signalling under combined drought and moderate light stress

Wild-type (Col-0), loss of function OGO mutants (ogo-1, ogo-2), OGO overexpressing lines (OGO OE-1, OGO
OE-2), rao2-1 (ANACO017 EMS mutant), ANACO17 overexpressing line (ANAC17 OE-3), AOX1a
overexpressing line AOX1A OE, OGO:LUC, aox1a, rog2 mutant, T-DNA insertion lines rog2 KO-1 and rog2
KO-2, rog4 mutant, and T-DNA insertion lines rog4 KO-1 and rog4 KO-2 were grown under normal conditions
(14 h at 120 pymol m-2 s-1 light/10 h dark, 22°C dark) for 26 d. For the drought and moderate light (DML)
treatment plants were then transferred to 400 umol m2 s 14h light/10 h dark and water was withheld for 13
days followed by rewatering and return to standard growth conditions for another 3 days to recover. Plants
were imaged in a PlantScreen phenotyping platforms (PSI, Czech Republic) at different time points as
indicated and one representative plant is shown for each timepoint. See Figure 15 for quantitative parameters.
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Figure 15. Quantification of physiological parameters of mutant and overexpressing lines for genes
involved in mitochondrial stress signalling under combined drought and moderate light stress

Wild-type (Col-0), loss of function OGO mutants (ogo-1, ogo-2), OGO overexpressing lines (OGO OE-1, OGO
OE-2), rao2-1 (ANACO17 EMS mutant), ANACO017 overexpressing line (ANAC17 OE-3), AOX1A
overexpressing line AOX1A OE, OGO:LUC, aox1a, rog2 mutant, T-DNA insertion lines rog2 KO-1 and rog2
KO-2, rog4 mutant, and T-DNA insertion lines rog4 KO-1 and rog4 KO-2 were grown under normal conditions
(14 h at 120 ymol m? s light/10 h dark, 22°C dark) for 26 d. For the drought and moderate light (DML)
treatment plants were then transferred to 400 umol m2 s 14h light/10 h dark and water was withheld for 13
days followed by rewatering and return to standard growth conditions for another 3 days to recover. Control
plants remained at the standard growth conditions for the whole-time course. The arrows indicate the day
watering resumed. Plant images and Fv/Fm values were determined and processed using a PlantScreen
phenotyping platform (PSI, Czech Repulic) for the different time points indicated. See Figure 14 for phenotypes.
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Supplemental Figure 1. Analysis of OGO expression in bacteria and purification of
recombinant OGO protein

A. E. coli strain BL21(DE3) were transformed with the plasmid 6xHis-OGO-pDESTTM 17, grown
overnight and subcultured for expression of OGO. Bacterial cells were harvested before (0 h) and
after (8 h) induction with 0.4 mM IPTG and further growth at 27°C and 18°C, respectively. Cells were
ruptured by repeated freeze/thawing in loading buffer and then separated on 8-16% Criterion™
TGX™ Precast Midi Protein Gel (Biorad). The red arrow indicates the position of the OGO protein
band after expression. B. Native purification of OGO protein. Using the same culture conditions as
in A), the bacterial lysate containing OGO was subjected to affinity chromatography after extraction
of soluble proteins (following the pET System Manual, Novagen). No 6xHis-OGO protein was
detectable in the elution steps. This experiment is only one example of several attempts using
varying optimisation strategies. Ex: extract, FT: column flow through, W: column wash, E: elution, D:
denaturing elution, M: Protein ladder.
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SUPPLEMENTAL MATERIAL

Supplemental table S1. Primers used in this study.

(a) Genotyping primers

Primer name

Sequence (5- 3')

SALK LBb1.3
SAIL LB1
SALK_107806-LP
SALK_107806-RP
SAIL_306_F10-LP
SAIL_306_F10-RP
SALK_028140_LP1
SALK_028140_RP1
SAIL_242 H10_LP2
SAIL_242 H10_RP2
SALK_025328C_LP15
SALK_025328C_RP15
SALKSEQ_ 77499 LP16
SALKSEQ_77499 RP16

ATTTTGCCGATTTCGGAAC

GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC

CGCTCAAGAACTTATCGTTCG
CGACGAAGACAGGAGTGAAAG
TCCTAGCATGTTTCATGTCCC
TTTGTTCGGTCGTACCCTATG
AAAAGCCAAATCCTTTGTTGC
GCCAAGTTTGAAGATGACTGC
TAGATGCGATGTGAAAGGGAC
ATAAGCCCGATGTGACATCTG
TTGAATACACCATGCTCGATG
TAGGCCATATTTGTATTGCGG
AATCTTTGACGTTTGTTTTTGC
TAGGCCATATTTGTATTGCGG

(b) Primers for gRT-PCR

Primer name

Sequence (5- 3')

UBC21_RT_For
UBC21_RT_Rev
OGO_RT For
OGO_RT_Rev
LUC_RT_For
LUC_RT_Rev
AOX1A_RT_For
AOX1A_RT_Rev

TTGTGCCATTGAATTGAACCC
CTGCGACTCAGGGAATCTTCTA
TTGCTCCAGATCCTCCGAATCC
GTGTATTCGATCACCGCACTCCTG
TCACGCAGGCAGTTCTATGA
TCACGCAGGCAGTTCTATGA
GATTACTGGAGGCTTCCTGCTG
CACGACCTTGGTAGTGAATATCAG

(c) Primers for Primers for ChIP gqRT-PCR

Primer name

Sequence (5- 3')

ACTIN2_ChIP_For
ACTIN2_ChIP_Rev
OGO_ChIP_For
OGO_ChIP_Rev
AOX1A_ChIP_For
AOX1A_ChlIP_Rev

AOX1A_3UTR_ChIP_For
AOX1A_3UTR_ChIP_Rev

HRE2_ChIP_For
HRE2_ChIP_Rev

ACTACGAGCAGGAGATGGAAACCT
GCAGCTTCCATTCCCACAAACGAG
AAATTCCTTGCACAACACTC
CTCAAGAAGAAGAGGAAGATTC
AGCTCTTGGCGACCACGCAA
CCCTTGTGGTCATGAGAGAGACT
GAGACTCTCTCTTATGCCACCAA
TGAGGTATGTGGAAGCCTTTTT
TGCAAAAGGTTATAGAGCACACAG
TGAACCGAGTCCTAAAAGAGAA
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(d) Primers used to clone OGO cDNA

Primer name Sequence (5'- 3')

attB1F_OGOCDS GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGACAGAGAATTC
_For TGAAAAAAT

attB2R_OGOCDS GGGGACCACTTTGTACAAGAAAGCTGGGTTTCCACCTCCGGATCC
_Rev TATCATGTAAT

(e) Primers used to clone OGO cDNA

Primer name Sequence (5'- 3’)

OGO_LUC_F CTGAGGATCCACTCCCAACGAGAAACT

OGO_LUC_R CTGACCATGGAGATTCTGTTTTTTGTTGTTGTTC

OGO_GUS_F TGCTTGCGGCAGCGTGAAGCTTACTCCCAACGAGAAACTATATT
OGO_GUS_R TACCCGGGGATCGATCCTCTAGAGTTTTTTTCTTTTTTTCTTTCTTTC
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ABSTRACT

Mitochondria are ideally positioned in plant cells to sense changes in energy status
and metabolism in response to changing environmental conditions, but also to drive the
associated acclimation processes. Thus, retrograde signalling from mitochondria to the
nucleus is crucial to regulate gene expression, with the transcription factor ANAC017 a
master regulator. Here we show that ANACO017 directly regulates the expression of several
genes of the ethylene and auxin pathways, including MAP KINASE KINASE 9, 1-AMINO-
CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2 and YUCCA 5, by chromatin
immunoprecipitation followed by sequencing (ChlP-seq). Initial characterisation of a
mitochondrial dysfunction stimulon gene, AT4G43450 (OGO), also showed induced
expression in plants treated with the ethylene precursor 1-amino-cyclopropane-1-
carboxylate and during two ethylene-mediated processes, i.e. senescence and
submergence. A time resolved RNA-seq experiment using wild type as well as ein3-1 and
ogo mutant plants treated with the inhibitor of mitochondrial electron transport antimycin A
demonstrated that an activation of ethylene signalling precedes the stimulation of auxin
signalling in the mitochondrial stress response. Part of this transcriptional cascade is
mediated by the ethylene-signalling regulator ETHYLENE INSENSITIVE 3. A dynamic
regulatory events model suggested that distinct transcription factors drive the primary stress-
response to maintain mitochondrial function, while a different set of transcription factors
controls a more subtle and diverse response to adjust growth. In summary, our findings
support a feed-back model for the dual control and fine-tuning of mitochondrial retrograde
signalling by ethylene and auxin downstream of ANACO017. This allows adjustment of plant

growth under limiting growth conditions.
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INTRODUCTION

Mitochondria maintain plant energy homeostasis and adjust metabolism to the
prevailing growth conditions through oxidative phosphorylation and the central role of the
tricarboxylic acid cycle (TCA). These functions are also crucial for plants to respond to
changes in environmental conditions and acclimate to adverse growth conditions. In
accordance with this, a role of mitochondria to sense stresses allows the integration with the
overall cellular response largely driven from the nucleus. Mitochondria relay their status to
the nucleus via a pathway termed mitochondrial retrograde response (MRR) that adjusts the
expression of nuclear genes to optimize mitochondrial function. This is also co-ordinated
with a function paralleled by chloroplasts and partly overlapping signalling pathways
(Crawford et al., 2018; Wang et al., 2020; Dopp et al., 2021).

Triggering mitochondrial dysfunction, e.g. by chemical inhibitors of mitochondrial
electron transport such as antimycin A (AA; complex lll) and myxothiazol (complex Ill), or
by mutation of genes, has allowed for the identification of many stress-responsive genes
through genetic and transcriptomic approaches (Wang et al., 2018). This led to the early
identification of 24 mitochondrial dysfunction stimulon (MDS) genes based on their high
induction when mitochondrial function was impaired (De Clercq et al., 2013). Together with
a forward genetic screen for regulators of the mitochondrial stress marker gene
ALTERNATIVE OXIDASE 1A (AOX1a), also part of the MDS, revealed several key
transcription factors (TFs) involved in the regulation (Ng et al., 2013). These TFs, ANAC013
and ANACO017, belong to the Arabidopsis NAC domain (ANAC)-containing family located at
the ER membrane and their targeted MDS genes share a common binding motif (De Clercq
et al., 2013; Ng et al., 2013). ANAC013 and ANACO17 are released from the ER upon
mitochondrial stress by a yet unknown mechanism, potentially by a rhomboid protease, to
translocate to the nucleus and activate the down-stream stress response. This response
directly regulates the expression of hundreds of genes as evidenced by attenuated
transcriptional responses in corresponding mutant lines and increased expression of genes
in ANACO017 overexpressing lines (Ng et al., 2013; Van Aken et al., 2016; Meng et al., 2019).
However, it is unknown how many of these genes are directly targeted by ANAC013 or
ANACO017, and which genes are further downstream in the transcriptional cascade. Analysis
of ANCO017 binding sites by DNA affinity purification sequencing (DAP-seq) using genomic
and demethylated genomic DNA estimated about 3000 and 8000 genes, respectively, are
putative target genes (O’Malley et al., 2016). However, this in vitro binding method likely

overestimates numbers and may not reflect the native ANACO017 binding affinity under
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mitochondrial stress in planta. A central role of ANACO017 is also evident from its function in
regulating some chloroplast retrograde responses and it is therefore a convergence point
for organellar signalling pathways (Van Aken et al., 2016). For example, overexpression of
ANACO017 leads to substantial repression of chloroplast functions, likely to maintain overall
cellular homeostasis when mitochondrial activity becomes limiting (Meng et al., 2019).

For few of the 24 MDS genes and their encoded proteins a role in mitigating
mitochondrial stress has been established, while for many their immediate role in this
process is not directly obvious from their molecular function. AOX1a and NAD(P)H
DEHYDROGENASE B4 (NDB4) are part of the alternative pathway in the electron transport
chain and prevent its detrimental overreduction under adverse conditions (Clifton et al., 2006;
Smith et al., 2011). The induction and alternative localisation of At12Cys-2 (At5g09570)
provides a mechanism to specifically signal mitochondrial dysfunction upon a reduction in
complex | abundance (Wang et al., 2016). Another two MDS genes, ATP-BINDING
CASSETTE B4 (ABCB4) and URIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2
(UGT74E2), are directly linked to auxin homeostasis through their activities as auxin
transporter and auxin conjugase, respectively (Noh et al., 2001; Tognetti et al., 2010). Apart
from these MDS genes, a role of auxin in the regulation of the mitochondrial function was
also established by a screen for mutants with impaired MRR which identified the auxin
transporters BIG, PINFORMED (PIN) 1 and ATP-BINDING CASSETTE (ABC) B19 as well
as ASYMETRIC LEAVES 1, the latter being involved in the establishment of auxin gradients
in the leaf. Together, these findings provided evidence for a feedback loop and antagonistic
relationship between the MRR and auxin (lvanova et al., 2014; Kerchev et al., 2014).
Furthermore, two MDS genes have a relationship to ethylene. The ethylene response factor
(ERF) HYPOXIA RESPONSIVE ERF 2 (HRE2)/ERF71 belongs to the class VII ERFs that
participate in the oxygen status-sensing N-end rule pathway and modulates ethylene
responses under hypoxia (Licausi et al., 2010; Gasch et al., 2015). The gene At59g43450
encodes for an uncharacterized member of the 2-oxoglutarate (20G) and Fe(ll)-dependent
oxygenase family and is annotated as an ACO-like gene in TAIR10 because of its sequence
similarity to the ethylene biosynthesis enzyme ACC oxidase (ACO) (Trentmann and Kende,
1995; Vandenbussche et al., 2003). Recent studies have provided more evidence for an
involvement of ethylene in mitochondrial stress responses. Ethylene modulates the
proteotoxic response when impaired mitochondrial function results in the accumulation of
misfolded proteins (Wang and Auwerx, 2017; Kacprzak et al., 2020). Impaired mitochondrial
translation in a mutant deficient in the organellar polymerase RPOTmp leads to an AOX1a-

dependent phenotype reminiscent of the triple-response observed for ethylene-treated wild
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type plants (Merendino et al., 2020). Ethylene also activates the MRR to increase ROS
production during seed germination to break dormancy (Jurdak et al., 2021). In addition, a
substantially overlapping transcriptional response between hypoxia and submergence, both
largely controlled by ethylene signalling but also MRR regulators such as ANACO017, with
AA- induced mitochondrial dysfunction suggests a role of ethylene in the MRR pathway
(Wagner et al., 2018; Meng et al., 2020). A mechanistic understanding for an ethylene-
modulated MRR pathway is currently scarce. Kacprzak et al. (2020) showed a stimulation
of AA-induced gene expression in an ethylene-overproducing mutant (eto7-7), while
mutants for the signalling components ETHYLENE INSENSITIVE 2 and MITOGEN
ACTIVATED KINASE (MPK) 6 showed no difference to wild type. The authors concluded
that ethylene promotes the MRR independent of ANACO017. Results from RNA-seq data of
laser capture microdissected leaf tissue suggested a more localised interaction of ethylene
and auxin influencing AA-induced transcription (Berkowitz et al., 2021).

Here, we further investigate the role of ethylene on the mitochondrial signalling
pathway. We first characterized the ACO-like MDS gene AT4G43450, termed OGO here,
and show its induced expression by ACC treatments and during two ethylene-mediated
processes, i.e. senescence and submergence stress. A time resolved RNA-seq experiment
using AA treated plants revealed an activation of ethylene signalling precedes the
stimulation of auxin signalling in the mitochondrial stress response. Furthermore, this
transcriptional response was strongly attenuated in a mutant line for the key regulator of
ethylene-induced gene expression EIN3. ChlP-seq experiments demonstrated that
ANACO017 directly binds to the promoters of several ethylene- and auxin-related genes,
including the genes encoding the MAP KINASE KINASE 9 (MKK9), the ethylene
biosynthesis enzyme 1-AMINO-CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 2 and
the auxin biosynthesis enzyme YUCCAS, providing a mechanism to fine-tune the MRR by
these important plant hormones. Thus, our data provides first evidence that ANACO017 is not
only a regulator of genes mitigating mitochondrial stress such as AOX1a, but also regulates
the expression of several genes involved in the biosynthesis and signalling of ethylene and
auxin. Especially the direct targeting of MKK9 and ACS2 by ANACO017 provides a
mechanism for ethylene-mediated modulation of retrograde signalling that also involves
EIN3. This explains the contribution of ANACO017 to many stress responses depending on
mitochondrial function and ethylene signalling such as senescence, hypoxia or
submergence (Kim et al., 2018; Wagner et al., 2018; Meng et al., 2019; Bui et al., 2020;
Meng et al., 2020; Broda et al., 2021).
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RESULTS

An AOX1A co-expression network identifies genes related to ethylene signalling

The treatment of plants with antimycin A to inhibit complex Ill and induce
mitochondrial dysfunction has helped greatly to elucidate mechanisms in mitochondrial
retrograde signalling (Wang et al., 2020). This allowed for the identification of key genes
involved in the response, such as the mitochondrial stress marker gene AOX7a. The
differential co-expression of genes is another indicator for a similar role of groups of genes
as they are present at the same time and in the same tissues even before the onset of stress,
and they also concertedly change across varying growth conditions (Wolfe et al., 2005). We
have used the CoNekT tool, which incorporates 913 RNA-seq data sets of Arabidopsis for
a variety of tissues and developmental stages, to generate a co-expression neighbourhood
network around AOX7a (Proost and Mutwil, 2018). This identified 12 genes co-expressed
with AOX7a based on stringent parameters using a Pearson correlation coefficient above
0.5 and a highest reciprocal rank of above 100 (Figure 1A). Only 5 of the 24 mitochondrial
dysfunction stimulon (MDS) genes, which are highly up-regulated by AA treatment (De
Clercq et al., 2013), were part of this network. Of these, HRE2/ERF71 and At5g43450 had
the closest connection to AOX7a in this network (Figure 1A). Interestingly, both genes
having an association to ethylene signalling. HREZ2 is a class VII ERF involved in the oxygen-
sensing N-end rule pathway and involved in hypoxia responses (Gasch et al., 2015). The
gene At5g43450, a 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase subsequently
named OGO, shares sequence similarity with the ethylene biosynthesis enzyme ACC
oxidase (ACO) (Trentmann and Kende, 1995; Vandenbussche et al., 2003). Additional
evidence for a role of ethylene in directly connecting the three genes comes from a ChlP-
seq experiment showing the binding of HREZ2 to the promoters of AOX7a and OGO under
hypoxia (Figure 1B) (Lee and Bailey-Serres, 2019). We further retrieved the expression data
of the three genes from publicly available data sets relating to ethylene (treatment with
ethylene gas and the biosynthesis inhibitor AQNOs), hypoxia/anoxia and mitochondrial
stress (antimycin, oligomycin) using the Genevestigator tool (Hruz et al., 2008). The three
genes showed substantial up-regulation across these experiments (Figure 1C), providing
additional evidence for their co-expression and involvement of ethylene in their
transcriptional regulation.

To further characterise OGO and confirm its ethylene-dependent changes in
expression we generated and analysed proOGO-GUS reporter lines. As expected from its

MDS membership, GUS activity in these lines was increased by AA treatment, but also by
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treatment with the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) (Figure
2A). Consistent with this, AA and ACC treatments also led to increased OGO transcript
levels, similar to the known marker genes AOX7a and ETHYLENE BINDING FACTOR 2,
respectively, in wild type Col-0 as quantified by gRT-PCR (Figure 2B, C). Given ethylene is
an important driver of leaf senescence (Kim et al., 2017), OGO expression was also
monitored across leaf developmental stages and after dark-induced senescence (Figure
3A,B). In the reporter lines GUS activity was detectable in the oldest leaves, while no GUS
was detected in young and mature leaves. Similarly, OGO transcript levels increased with
leaf age when quantified by gqRT-PCR by about 4-fold from young to old leaves (Figure 3A).
This was mirrored by the senescence marker genes STAY-GREEN 1 (SGR1) and
PHEOPHORBIDE A OXYGENASE (PAO), while expression of the gene for RIBULOSE
BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A (RBCS1A) declined (Figure 3A). In
experiments using dark-induced senescence, GUS activity in reporter lines and OGO
transcript levels increased the longer the leaves were kept in the dark (Figure 3B).
Expression of marker genes SRG7 and PAO also increased consistent with their role in
senescence, while RBCS1A expression decreased. Another stress for which ethylene is an
important signalling component, but also depends on mitochondrial signalling, is
submergence (Loreti et al., 2016; Meng et al., 2020). We therefore also subjected wild-type
plants, an OGO knockout mutant (ogo-7) and the ein3-1 mutant, carrying a knock-out allele
of the master regulator in ethylene signalling EIN3, to submergence and desubmergence
treatments. Both the ogo-71 and ein3-1 mutant showed a more severe phenotype than the
wild type (Figure 4A). Quantification of chlorophyll concentrations and the maximum
quantum yield of photosystem Il (Fv/Fm) also confirmed that ogo-7 and ein3-1 were more
impacted by the treatments than the wild type (Figure 4B). Expression of OGO also
increased in both genotypes as determined by qRT-PCR (Figure 4C). Taken together, these
results suggested a regulation of MDS genes AOX1a and OGO by ethylene.

Transcriptional responses to mitochondrial dysfunction involve an ethylene
response preceding auxin signalling

To determine if and to what extend ethylene signalling regulates mitochondrial
dysfunction responses, we sampled seedlings of the wild type Col-0, ein3-1 and ogo-1
mutant after spraying with the mitochondrial complex Il inhibitor antimycin A (AA) at 0, 30,
60, 120, 180, 270, and 360 mins after treatment. A mock treatment was also performed in

parallel to account for the known touch response occurring after spray treatments (Van Aken
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et al.,, 2016; Xu et al., 2019). Subsequently, RNA-seq was carried out for these three
genotypes across the two treatment time courses.

For the comparison of AA and mock treatments at the same time point, the number
of differentially expressed genes (DEGs; |log2 (fold change)| > 1, FDR<0.05) was the lowest
in ein3-1, while ogo-1 had generally a higher number of DEGs than wild type, especially at
early (60, 120 mins) and late (360 mins) time points (Figure 5A; Supplemental Table 1).
Overlaps in DEGs across the genotypes were limited for the two earliest time points and
then increased, with ogo-1 maintaining the highest number of specific DEGs throughout the
time course (Figure 5A). The four largest intersects contained only ogo-1-specific DEGs and
a GO term enrichment analysis determined that they were related to ribosome biogenesis,
translation and chloroplast avoidance movement (Figure 5B; Supplemental Table 3). The
associated genes for the former two GO terms were largely encoding ribosomal or nucleolar
proteins, while the latter encoded proteins (J-DOMAIN PROTEIN REQUIRED FOR
CHLOROPLAST ACCUMULATION RESPONSE 1, PHOTOTROPIN 1, PLASTID
MOVEMENT IMPAIRED 1 and 2) that adjust the localisation of chloroplasts to
environmental factors (Kong and Wada, 2014). The ein3-1 mutant shared almost all its
DEGs with the other two genotypes and had only a very small number of specific DEGs
(Figure 5A).

Based on their expression in the mock and AA treatments, the DEGs identified across
the genotypes were separated into six clusters by a self-organising maps (SOM) clustering
algorithm (Figure 5C). DEGs in clusters 1, 2 and 3 included the DEGs with limited changes
in expression in response to the two treatments and minor differences between genotypes.
While DEGs in cluster 4 were strongly induced early after treatment with AA in wild type and
ogo-1, these DEGs were also responsive to the mock treatment and hence are touch-
induced. Correspondingly, several marker genes for touch responses such as TOUCHS,
TOUCH4 and WRKY40 were in the cluster 4 gene list (Supplemental Table 2). For this
cluster the changes in gene expression were short-lived with a peak already at 30 to 60
mins, and for ein3-1 the transcriptional response of these genes was attenuated (Figure 5C).
Although the role of ethylene and its signalling pathway for touch responses is somewhat
controversial (Braam, 2005), our results and other recent work (Wu et al., 2020) suggest a
function of EIN3 for controlling gene expression upon touch.

In contrast to cluster 4, DEGs in cluster 5 and 6 showed only very limited or no touch-
responsiveness, respectively (Figure 5B). Therefore, their considerable changes in
expression are a specific response to mitochondrial dysfunction induced by the AA treatment.

DEGs in cluster 5 responded earlier to AA than DEGs in cluster 6, peaking around 180 to
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270 mins post-treatment after which their expression declined. Expression of genes in
cluster 6 started to respond 120 mins after AA treatment and continuously increased to
plateau around 270 mins for Col-0 and ogo-1. For both these clusters, the induction of DEGs
was lower in ein3-1 than in Col-0 or ogo-1, and also already decreased after 270 min for
genes in cluster 6. Cross-referencing the gene lists for clusters 1 to 6 with known targets of
EIN3 identified by ChlIP-seq (Chang et al., 2013) showed that genes in cluster 5 were
enriched (p<0.001), while clusters 1, 2 and 3 were depleted (p < 0.001 to 0.05), for EIN3
target genes (Figure 5D; Supplemental Table 2). This suggests a role of EIN3 in the early
response to AA. For the stress marker genes of the MDS, 21 were quantifiable in the RNA-
seq data, and 20 genes were part of cluster 6 and one gene (OM66) in cluster 5 (Figure
5E,F). Most of these genes showed a delayed, attenuated and/or early declining induction
after AA treatment in the ein3-1 mutant also suggesting a role for EIN3 in the mitochondrial
stress signalling pathway. Exceptions were HSP23.5 and the ETHYLENE RESPONSE
FACTOR (ERF) HRE2 having higher transcript levels in ein3-1 than in the wild type,
indicating their upregulation by AA treatment is independent of EIN3.

GO term enrichment analysis for the early responsive genes in clusters 5 revealed
an enrichment for terms related to defence response, protein phosphorylation, response to
ethylene and leaf senescence (Figure 5G; Supplemental Table 4). Associated genes encode
the ethylene biosynthesis enzyme ACS6, the ERF transcription factors ERF#011, ERF100
and HREZ2, and the MAP kinase kinase MKK9. The latter is part of a signalling cascade, also
involving MITOGEN-ACTIVATED PROTEIN KINASE (MPK) 3 and MPK®6, that leads to
enhanced ethylene production and signalling via phosphorylation of ACS6 and ERFs,
respectively (Liu and Zhang, 2004; Meng et al., 2013). Among the enriched GO terms for
late responsive genes in cluster 6 were several related to hormone response and indole
metabolism (Figure 5G; Supplemental Table 4). On closer inspection of the corresponding
gene list, it was apparent that many genes had relationship to auxin homeostasis through
their involvement in the biosynthesis, signalling, transport or conjugation (Casanova-Saez
et al., 2021). Auxin biosynthesis-related genes encoded ANTHRANILATE SYNTHASE
ALPHA SUBUNIT 1 (ASA1), ANTHRANILATE SYNTHASE BETA SUBUNIT 1 (ASB1),
CYTOCHROME P450 (CYP) 71B6, CYP83B1, INDOLE-3-GLYCEROL PHOSPHATE
SYNTHASE (IGPS), NITRILASE 1 and 2, and TRYPTOPHAN BIOSYNTHESIS 1, 2 and 3.
Genes associated with auxin-conjugation were GRETCHEN HAGEN (GH) 3.2, GH3.5,
GH3.15, IAA-LEUCINE RESISTANT-LIKE (ILL) 6, CYP71A12, CYP71A13, GAMMA-
GLUTAMYL PEPTIDASE 1 (GGP1) and the MDS gene URIDINE DIPHOSPHATE

GLYCOSYLTRANSFERASE (UGT) 74E2. The genes encoding auxin transporters were
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another MDS gene ATP-BINDING CASSETTE (ABC) B4 and PIN-LIKES (PILS) 3, while
auxin signalling-related genes were INDOLE-3-ACETIC ACID INDUCIBLE (IAA) 4 and
SMALL AUXIN UPREGULATED (SAUR) 36, SAUR41 and SAUR59.

Taken together, our approach using a time course and three genotypes, showed a
sequential response to mitochondrial dysfunction that occurred in an early and a late wave
of transcriptional changes. The early response suggested an activation by ethylene-

mediated signalling at least partly dependent on EIN3.

A time-resolved gene-regulatory network fine-tuning mitochondrial stress responses

To gain further insight on how the mitochondrial retrograde response to stress leads
to changes in the expression of thousands of genes and on what impact a mutation of EIN3
has on this process, we performed time-resolved modelling to obtain a dynamic regulatory
network of transcription factors and their target genes using the DREM software (Schulz et
al., 2012). This defines groups of genes with similar temporal expression pattern, then
determines time points at which the expression of genes sets diverges and predicts
transcription factors (TFs) causal for these splits based on their binding to promoters of
these genes. Based on this, the final output provides groups of genes on similar temporal
trajectories of expression (termed paths) and designates TFs to the underlying activation
events. Using our time resolved RNA-seq data, a DREM analysis was performed and
identified 16 paths for Col-0 and 11 paths for ein3-1 that consisted of genes with distinct
biological functions (Figure 6A, B; Supplemental Tables 5-10).

The DREM model for Col-0 separated the genes into paths that emanated from the
three initial splits (coloured red, blue, green in Figure 6A). Paths 1 and 2 included genes
most highly up-regulated by AA (above 8-fold) and were controlled by ANAC013, ANACO016
and ANACO017 (TF set 2 in Supplemental Table 5), the three closely related ER-tethered
TFs that are established regulators of mitochondrial retrograde signalling (De Clercq et al.,
2013; Ng et al., 2013). Several stress responsive WRKY family TFs are predicted to join
these ANACs in the connecting paths, including the senescence regulators WRKY25 and
WRKY28 (Figure 6A; TF set 4 and 7 in Supplemental Table 5) (Doll et al., 2020; Tian et al.,
2020). The identification of the three ANAC TFs as the earliest regulators in the AA response
suggest the validity of the DREM model to predict regulatory relationships. Consistent with
that, these two paths contained all but one marker gene of the MDS and were linked to
enriched GO terms relating to oxidative stress and hypoxia (Figure 6A; Supplemental Table
7). Path 16 also originated from the same early furcation as paths 1 and 2, but genes

included were strongly down-regulated and associated to photosynthesis. This agrees with
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evidence that organelles share regulatory pathways depending on ANACs, and their
interaction with RADICAL-INDUCED CELL DEATH (RCD) 1, to co-ordinate these responses
(Meng et al., 2019; Shapiguzov et al., 2019). From the primary furcation, paths 3 to 9 contain
genes that are also up-regulated but to a lesser degree than genes in paths 1 and 2. These
genes are associated to oxidative stress, ethylene responses, hormone signalling and
senescence among others (Figure 6A, Supplemental Table 7). Early regulators of these
genes predicted from the model were several WRKYs, ANAC081, CALMODULIN-BINDING
TRANSCRIPTION ACTIVATOR (CAMTA) 1 and ERF1, ERF11 and ERF59. These ERFs
are involved in diverse stress-signalling pathways (Muller and Munné-Bosch, 2015), while
CAMTAA1 belongs to the ethylene-induced calmodulin binding protein family and is also
involved in auxin signalling (Reddy et al., 2000; Galon et al., 2010). ANACO081 is a regulator
of leaf senescence and also controls developmental processes that are dependent on
brassinosteroids and light (Peng et al., 2015; Takasaki et al., 2015). Interestingly, ANAC017
was also a regulator for genes in path 3 resulting from a furcation event at 120 mins,
suggesting it is not exclusively regulating the highly induced genes in path 1 and 2 but also
with hormonal and growth responses. MYB88 and FOREVER YOUNG FLOWER UP-
REGULATING FACTOR1 (FUF1) were regulators of genes in path 5 and 7 at the same
furcation. MYB88 a regulator of the expression of the auxin transporters PINFORMED (PIN)
3 and PIN7 and FUF1 is an ERF suppressing senescence via activation of several ethylene
response DNA-binding factors (Chen et al., 2015; Wang et al., 2015). While responses to
AA treatment have largely focussed on up-regulated genes, here we find several largely
uncharacterised MYB DOMAIN PROTEIN (MYB), HOMEOBOX PROTEINs (HBs) and
ANACs that are predicted regulators of down-regulated genes. These down-regulated
genes are associated to enriched GO terms relating to cytokinesis, photosynthesis,
chlorophyll biosynthesis and lipid metabolism (Figure 6A; Supplemental Table 7),
suggesting an active inhibition of growth and primary metabolism associated with chloroplast
functions in the response to AA. In agreement, the earliest regulators of paths 11 to 15
predicted by the DREM model are ABF2, a promoter of chlorophyll degradation (Gao et al.,
2016), and MYB3R1, MYB3R4 and MYB3RS5 which are positive regulators of cytokinesis
(Haga et al., 2007), with the latter two maintaining a regulatory role for paths 12 and 13. Of
the 6 ANACs initiating the split leading to paths 11, 14 and 15, four have an established
function: ANACO016 and ANACO078 (together with ANAC013 and ANACO017) belong to the
phylogenetically similar mitochondrial dysfunction-regulators (De Clercq et al., 2013).
ANACOQ78 also has a function in supporting protein degradation under stress conditions

(Gladman et al., 2016), and ANAC045 and ANACO083 control the differentiation of sieve
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elements and xylem vessels, respectively (Yamaguchi et al., 2010; Furuta et al., 2014).
DREM model-predicted regulators of the HB transcription factor family for paths 11, 14, 15
are HB5, HB13, HB33, HB34 and HB40 (Figure 6A; Supplemental Table 5). These HBs all
have a role in seedling development by regulation cell expansion and proliferation which is
mediated by hormonal signalling pathways (including auxin) and stress (Perotti et al., 2017).
KUA1 was also a regulator of these paths, and similar to HBs, controls leaf cell expansion
and enhances auxin accumulation (Kwon et al., 2013; Lu et al., 2014). Thus, the DREM
model established a temporal sequence of regulatory events that extend our knowledge on
the known TFs responsible for the induction of genes, such as ANAC017 and ANACO013, to
mitigate the impact of AA on mitochondrial function. The results also identified TFs that had
not been associated with mitochondrial stress, e.g. ERF1, ERF11, ERF59 or ANACO081, that
fine-tune this response and TFs that down-regulate growth and photosynthesis.

We next examined how these regulatory events changed in the ein3-1 mutant
background by generating a DREM model using identical parameters as for Col-0 (Figure
6B). For ein3-1 the model predicted only 11 paths suggesting a less complex regulatory
network than for Col-0 which fits the lower number of DEGs. An obvious similarity was the
conservation of ANAC013, ANACO016 and ANACO017 (i.e. the key regulators of mitochondrial
stress signalling) at the earliest time point, and their sustained association with the most
highly up-regulated genes (paths 1 and 2). Also conserved at the early time points were
stress responsive WRKYs and CAMTA1. Notably, and in contrast to Col-0 (Figure 6A), ERFs
and ANACO081 were missing from these early regulators, indicative for their regulation by
EIN3 (Figure 6B). Inspection of a list of EIN3 target genes identified by chromatin
immunoprecipitation followed by sequencing (ChIP-Seq; Chang et al. (2013)) confirmed
ethylene-dependent binding of EIN3 to the promoters of ERF1, ERF11 and ANACO081. In
contrast to Col-0, down-regulated genes were not enriched for GO terms related to
photosynthesis or cytokinesis, but rather for cell wall organisation and cellulose metabolism
(paths 8 to 11; Supplemental Table 10). This down-regulation was not driven by ANACs and
HBs as in Col-0, instead MYB31, MYB88 and FUF1 were regulators of genes in path 9 and
MYB70 and MYB73 of path 11 (Figure 6B; Supplemental Table 8). MYB70 and MYB73 are
closely related members of the R2R3 MYB family subgroup 22 (Stracke et al., 2001). While
little is known for MYB70, MYB73 and other members of this subfamily are positive
regulators of auxin signalling (Zhao et al., 2014; Yang et al.,, 2020) and MYB31 is an
interactor of phytochrome A (Zhao et al., 2014; Yan et al., 2020; Yang et al., 2020). In

contrast to their regulation of up-regulated genes in Col-0, MYB88 and FUF1 were predicted
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regulators of down-regulated genes in ein3-1 and at the later time point of 240 mins, thus
indicating complexities in timing and TF hierarchies.

In summary, the DREM modelling identified a chronology of regulatory events and
expands knowledge on involved transcription factors beyond the well-known key regulators
of mitochondrial dysfunction that activate the established stress-response such as
ANACO017 and ANACO013. These additional transcription factors, many with a role in ethylene
or auxin signalling, fine-tune this response to adjust growth and metabolism when

mitochondrial function is restricted.

Ethylene-activated signalling precedes auxin-related pathways in the mitochondrial
stress response

Previous work has established an antagonistic relationship between auxin and
mitochondrial signalling (lvanova et al., 2014; Kerchev et al., 2014). More recent evidence
has also pointed to a role of ethylene for the regulation of mitochondrial biogenesis and
proteotoxic stress (Wang and Auwerx, 2017; Kacprzak et al., 2020; Jurdak et al., 2021).
Given that the attenuated AA response in ein3-1 (Figure 5C,F), enrichment of EIN3 binding
sites (Figure 5D), ethylene-related GO term enrichment for AA-responsive DEGs (Figure 5G)
and the regulatory events predicted by the DREM model (Figure 6) consistently pointed to
a role of auxin and ethylene in the mitochondrial stress response, we further analysed our
RNA-seq data to gain an understanding of the transcriptional changes for the two hormonal
pathways. To do this, we generated two manually curated lists that encompass genes with
auxin or ethylene-related annotations in TAIR10, GO term lists and from recent literature
reviews involving biosynthesis, transport, conjugation, signalling, and response (Lavy and
Estelle, 2016; Dubois et al., 2018; Casanova-Saez et al., 2021; Pattyn et al., 2021).
Furthermore, we focused only on those genes that were responsive to the AA treatment
(Supplemental Tables 11 and 12).

As observed for the whole DEG lists (Figure 5), with only a few exceptions the
response of auxin and ethylene-related genes was attenuated in ein3-1 (Figure 7). For the
ethylene-related genes, four were early responsive to both treatments (ACS7171, ERF019,
ERF042 and the ACC conjugase GAMMA-GLUTAMYL TRANSPEPTIDASE (GGT) 1) but
showed a more pronounced induction after spraying with AA. Three more ERFs were the
among earliest AA-induced ethylene-related genes, namely ERF#011, ERF100 and ABR1,
indicating an early activation of the ethylene signalling pathway after AA treatment. Also,
early responsive was the ARGOS-LIKE (ARL) gene which encodes a member of the
ARGOS family of proteins. ARL expression is induced by ethylene in an EIN3-dependent
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manner, as confirmed by our RNA-seq data, and controls organ size (Hu et al., 2006; Rai et
al., 2015). RAP2.3 had a late and similar response to both treatments in Col-0, but a stronger
response to mock spray in ogo-1 (Figure 7). RAP2.3 belongs to the class VII ERF which are
part of the N-end rule pathway and regulators of hypoxia responses (Hartman et al., 2019).
HREZ2, another class VIl ERF which was a close neighbour to the AOX1a in the co-
expression network (Figure 1A), was also up-regulated later in the time course at 120 mins
and remained highly expressed. Up-regulated already at 30 mins and throughout the whole
time course were MKK9 and ACS6, while ACS2 was strongly up-regulated above 16-fold
beyond 270 mins after AA treatment. Current evidence suggests that stress-induced
activation of the MKK9-MPK3/6 module leads to phosphorylation of ACS2 and ACS6. The
phosphorylation of these two ethylene biosynthesis enzymes leads to their stabilisation and
subsequent enhanced ethylene production. (Liu and Zhang, 2004; Zhao and Guo, 2011).
There is also evidence that the activation of MKK9-MPK3/6 pathway results in the
phosphorylation and stabilisation of EIN3 (Yoo et al., 2008).

Among the earliest auxin-related genes up-regulated by the AA treatment was
YUCCAS (YUCYS) (Figure 7). This gene encodes one of eleven isoforms for the enzyme that
catalyses the final step in the main auxin biosynthesis pathway (Casanova-Saez et al., 2021),
and more specifically in roots and young vegetative tissues (Woodward et al., 2005). There
is also evidence that YUCS5, together with other YUC family members, is localised to the ER
membrane (Kriechbaumer et al., 2017). Also early induced is RUB1T CONJUGATING
ENZYME 1 (RCE1) which is part of the SCF™R complex. This complex targets AUX/IAA
proteins for degradation, leading to the subsequent activation of auxin-induced genes. RCE1
has also a role in the regulation of ethylene biosynthesis as mutation leads to ethylene
overproduction (Larsen and Cancel, 2004). Many of the auxin genes responding at 120 mins
after AA treatment were related to auxin response, i.e. IAA4, IAA10, SAUR36 and SAURS59
(Figure 7). The two IAA genes belong to the family of transcriptional repressors of auxin
signalling (Lavy and Estelle, 2016), and their up-regulation might have a function in blocking
the repressive impact of auxin on mitochondrial signalling (Ilvanova et al., 2014; Kerchev et
al., 2014). Both SAUR genes have been implicated in the co-ordination of auxin and
brassinosteroid signalling in development (Yu et al., 2011), with SAUR36 also promoting
leaf senescence (Hou et al., 2013). Another set of genes showing an AA response at this
time point relate to auxin conjugation, i.e. GH3.2, GH3.3, GGP1, ILL6, UGT74E2 (Figure 7).
These enzymes modulate the concentration of the free active form of auxin, indole acetic
acid (IAA), through the (reversible) inactivation of IAA by conjugation to low molecular weight

metabolites such as sugars or amino acids (Casanova-Saez et al., 2021). AA-induced after
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180 mins or later were several auxin transporters (ABCB4, ABCB9, PILS3) and genes
encoding enzymes of IAA precursor biosynthesis (TRYPTOPHAN BIOSYNTHESIS (TRP)
1, TRP2, TRP3; ANTHRANILATE SYNTHASE ALPHA SUBUNIT (ASA) 1; INDOLE-3-
GLYCEROL PHOSPHATE SYNTHASE; CYP71B6; NITRILASE 2) (Figure 7). The up-
regulation of these genes coincides with the down-regulation of many AA-stress marker
genes (Figure 5F) and suggests an increased auxin biosynthesis and altered distribution to
inhibit the mitochondrial stress response as observed after external auxin application
(lvanova et al., 2014; Kerchev et al., 2014).

Taken together, these results show a complex interplay of components of the
ethylene and auxin signalling pathways to modulate mitochondrial retrograde signalling. The
early upregulation of ethylene marker genes, activation of the MKK9-MPK3/6 module and
subsequently ethylene biosynthesis genes suggest an initiation of ethylene signalling
pathways preceding the activation of auxin. An induction of auxin biosynthesis by ethylene
is well documented (Stepanova et al., 2005; Stepanova et al., 2008), and this might be an

important mechanism in the regulation of mitochondrial retrograde signalling.

ChIP-seq identifies auxin- and ethylene related genes targeted by ANAC017

The involvement of ethylene and auxin signalling pathways in modulating the
mitochondrial retrograde response raised the question how these signalling pathways are
activated upon mitochondrial dysfunction. A prime target for further investigation was
ANACO017 given that it is a key regulator of mitochondrial stress signalling.

To test this, we conducted ChIP-seq experiments by treating Arabidopsis seedlings
expressing a GFP-ANACO017 fusion protein with AA and myxothiazol (MT) to induce a
mitochondrial stress response. For controls we used seedlings sprayed with 0.1% Tween
solutions and sampling was conducted at 180 mins after treatments. Using the MACS2
software for peak detection from the ChlP-seq data (Gaspar, 2018), we determined the 200
most significant target genes for the AA treatment which had an enrichment factor of at least
above 7 and a -log10(q) above 42 (Supplemental Table 13). Out of these, 178 were also
highly significant (-log10(q) < 5) in the myxothiazol treatment (Supplemental Table 13).
Among the most significant target genes were the MDS genes AOX7a and OGO, confirming
their regulation by ANACO017 and thus validating the ChIP-seq experiment (Figure 8A) (De
Clercq et al., 2013). Highly significant ChlP-seq peaks were detected for four auxin-related
genes: the auxin transporter ABCB4, the auxin conjugating enzyme UGT74E2, the
transcriptional repressor IAA16 and the biosynthesis gene YUCS (Figure 8A). These genes

were also induced by AA in time course experiment (Figure 7). ANACO017 also binds to the
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promoters of the five ethylene-related genes with function in signalling (MKK9, ERFS,
INFLORESCENCE DEFICIENT IN ABSCISSION (IDA)) and biosynthesis (ACS2, S-
ADENOSYLMETHIONINE DECARBOXYLASE (SAMDC)). Their regulation by ANACO017 is
further supported by the higher expression of these genes, except for IAA16, in plants
overexpressing ANACO017 (Figure 8B) (Meng et al., 2019). This was also the case for
another ANACO017 target, WRKY25, which was a regulator of the AA response predicted by
the DREM model (Figure 6).

Thus, our data provides first evidence that ANACO017 is not only a regulator of genes
mitigating mitochondrial stress such as AOX7a, but also regulates the expression of several
genes involved in the biosynthesis and signalling of ethylene and auxin. Especially the direct
targeting of MKK9 and ACS2 by ANACO017 provides a mechanism for ethylene-mediated
modulation of retrograde signalling that also involves EIN3 (Figure 9). This explains the
contribution of ANACO017 to many stress responses depending on mitochondrial function
and ethylene signalling such as senescence, hypoxia or submergence (Kim et al., 2018;
Wagner et al., 2018; Meng et al., 2019; Bui et al., 2020; Meng et al., 2020; Broda et al.,
2021).
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DISCUSSION

Plant responses to adverse growth conditions or more severe stresses require the
balancing of resource availability with their allocation. The acclimation to unfavourable
conditions is often driven by preserving energy and limiting growth to ensure survival.
Although this has been established as an adaptive mechanism to cope with non-optimal
conditions, it is a bottleneck to improve crop stress tolerance without impacting growth.
Overexpression of key regulators often leads to reduced growth and thus decreases
productivity under non-limiting conditions. Hence a more refined manipulation of acclimation
pathways is necessary, however understanding of the involved regulatory processes is often
still lacking (Zhang et al.,, 2020). Through their role in providing ATP by oxidative
phosphorylation and in turning over substrates for metabolic adjustment, mitochondria are
ideally positioned to sense changes in energy demand and metabolism, but also mitigate
and drive such changes through plasticity in the involved pathways. Examples are the
alternative pathways based on the activities of AOX and NDBs in the mitochondrial electron
transport chain allowing for the decoupling of electron flow with ATP production and the non-
cyclic fluxes of TCA cycle intermediates (Sweetlove et al., 2010; Millar et al., 2011).

Previous studies also revealed that overexpression of the master regulator of
mitochondrial retrograde signalling, ANACO017, leads to retarded growth in Arabidopsis and
the up-regulation of senescence-, cell death- and ER unfolded protein response-related
genes (Meng et al., 2013; Broda et al., 2021). Furthermore, the MDS gene OGO is up-
regulated by the ethylene precursor ACC and after ethylene signalling-mediated
senescence and submergence treatments. Although this, together with its annotation as
ACO-like protein, suggests OGO is part of an ethylene-dependent pathway that links with
the MRR, its molecular function in the process still needs further investigation. Together with
AOX1a, OGO is also under transcriptional control by the ERF HRE2 and ANACO017. Deeper
understanding on the pathways ANACO017 is directly regulating to exert such an effect was
missing. The combination of the RNA-seq and ChIP-seq data set in this study provides a
direct mechanism for the dual role of ANACO017 in regulating mitochondrial signalling and
growth (Figure 9). The early up-regulation of ethylene pathway genes and the direct binding
of ANACO017 to the promoters of some of these genes, especially MKK9 and ACS2,
suggests an increase in ethylene biosynthesis promoting the mitochondrial stress response.
MKKS9 also stimulates the MPK3/6 cascade leading to the phosphorylation and stabilisation
of another ethylene biosynthesis enzyme ACS6. Consistent with this, activation of MPK3

and MPKG6 after AA or cyanide treatment by triggering mitochondrial ROS production has
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been observed before (Chang et al., 2012) and our work suggests MKK9 as the activating
kinase after induction by ANACO017 (Figure 9). The activation of MPKs has been observed
within minutes of stress imposition which would allow for an immediate initiation of the MRR
(Ichimura et al., 2000; Zhao et al., 2017). Apart from ACSG6, other components of the
ethylene pathway, i.e. ERF6, ERF104 and EIN3 itself (Yoo et al., 2008; Bethke et al., 2009;
Meng et al., 2013) are also targets of MPK3/6. A role of ethylene and the master regulator
of ethylene signalling EIN3 in the MRR is also supported by the dual control of AOX1a,
MKK9 and NDB2 by both ANACO017 and EIN3 (Figure 9). In addition, the auxin efflux carriers
PIN1 and PING are also targeted by MPK3/6 (Ditengou et al., 2018; Dory et al., 2018). This
may explain the identification of PIN1 as one of the regulators of AOX1a expression (lvanova
et al., 2014). Hence the up-regulation of MKK9, and further activation of the MPK3/6
cascade, by ANACO017 has potentially a broader effect on growth. In agreement with this,
increased expression of MKK9 has a similar effect as ANACO017 overexpression in
promoting senescence (Xu et al., 2008; Zhou et al., 2009; Meng et al., 2019; Broda et al.,
2021).

The interaction of auxin and ethylene signalling pathways is complex and both
synergistic and antagonistic relationships have been described depending on the analysed
processes and tissues (Muday et al., 2012). Together with other recent studies, our findings
suggest that both hormones balance the timing and amplitude of the MRR. This is in
agreement with other studies showing an involvement of ethylene in the stimulation of the
MRR (Wang and Auwerx, 2017; Jurdak et al., 2021). By contrast, auxin represses the MRR
and thus provides a regulatory feedback loop (lvanova et al., 2014; Kerchev et al., 2014).
The diminished AA-response in the ein3-1 mutant demonstrates that ethylene promotes the
MRR and the induction of many genes in the down-stream cascade is dependent of EIN3.
Importantly, components of both hormone pathways are under direct control of ANACO017
and the two hormones are also major regulators of plant development (Muday et al., 2012),
thus providing a direct mechanism to control mitochondrial stress signalling and growth by
action of the same transcription factor. This regulatory interaction could be based on
balanced biosynthesis of each hormone as ANACO017, as shown by ChlP-seq here, directly
activates genes encoding proteins involved in ethylene biosynthesis (ACS2, ACS6 via MKK)
and IAA biosynthesis, transport or conjugation (YUC5, ABCB4, UGT74E2) (Figure 9).
Reciprocal regulation of both biosynthetic pathways has been demonstrated. While
increased levels of auxin lead to induction of ethylene biosynthesis (Rizi¢ka et al., 2007,
Stepanova et al.,, 2007; Swarup et al., 2007), ethylene also induces auxin synthesis

(Stepanova et al., 2005; Stepanova et al., 2008). This is further complicated by local
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synthesis in, and transport between, tissues for both hormones (Brumos et al., 2018). This,
in combination with our results, suggests that two transcriptional waves control the MRR.
First an increased ethylene biosynthesis activated by ANACO017 induces the MRR and
subsequent elevated auxin biosynthesis, induced by ethylene and ANACO017 in tandem,
shuts down the MRR. The severe growth retardation of plants overexpressing ANAC017
might be caused by the constitutive induction of the ethylene pathway as increased ethylene
production generally leads to a reduction in growth as observed for ethylene over-
accumulating plants. More specifically, ethylene restricts plant growth via the epidermis by
controlling local auxin biosynthesis and transport (Vaseva et al., 2018). This tissue-specific
regulation increases the complexity of putative ethylene-auxin interaction with the MRR and
complicates the interpretation of results obtained by harvesting whole organs (Brumos et al.,
2018). A tissue-specific regulation of the MRR is supported by recent evidence from an
experiment based on laser capture microdissection of leaves followed by RNA-seq and
demonstrating differences in the transcriptional responses, including ethylene- and auxin-
related genes, to AA treatment (Berkowitz et al., 2021). Therefore, our suggested model will
have to be refined with more detailed spatio-temporally resolved data.

The time-resolved regulatory DREM network indicated that ANACO017 controls the
maintained AA-response of highly up-regulated genes. Together with a number of other
transcription factors it also regulates genes with moderate up- or down-regulation that are
associated to growth responses and diverge early in their regulatory trajectory from the gene
directly involved in the mitochondrial stress response. While the former was driven mainly
by ANAC and WRKY family transcription factors that are known as the major stress
regulatory TF families, the latter was based on MYB and HB transcription factors as
regulators of gene down-regulated by AA treatment. The HB family is mainly regulating plant
growth and development, and three out of the five AA-responsive HBs identified by the
DREM model were from the HD-Zip | subfamily (Perotti et al., 2017). One of them, HB5, is
a repressor of the auxin signalling component IAA12 and hence might be involved in the
control of auxin regulated growth, whereas HB13 and HB40 are regulating cell proliferation
and branching, respectively (De Smet et al., 2013; Ribone et al., 2015; Gonzalez-Grandio
et al., 2017). Among the MYB family transcription factors was KUA1 that controls ROS
homeostasis to modulate leaf cell expansion and organ size (Lu et al., 2014). The identified
MYB transcription factors belonging to the MYB3R subfamily and these are implicated in
cell division to control organ development, hence they function provides another level to
adjust plant growth to mitochondrial dysfunction (Kobayashi et al., 2015; Yang et al., 2021).

The DREM model suggests that distinct transcription factors drive the primary stress-
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response to maintain mitochondrial function, while a more subtle and diverse response to
adjust growth is controlled by a different set of transcription factors. This is further supported
by the changes in the regulatory events predicted by the DREM model when ethylene
signalling is altered as for the ein3-1 mutant. This opens the possibility that, to a certain
extent, the two responses are separable and modifiable to allow for a specific stress
response in non-optimal environments without an associated growth penalty under standard
growth conditions.

In summary, our findings support a model for the dual control of the MRR by ethylene
and auxin controlled by direct activation via ANACO017. In this model, early activation of key
genes involved in ethylene signalling and biosynthesis, including EIN3, promotes the MRR
to mitigate mitochondrial dysfunction. Subsequent activation of auxin biosynthesis, transport
and conjugation, also enhanced by ethylene-induced auxin biosynthesis, increases IAA
levels that repress the MRR. This feedback loop allows for finely tuned response to

mitochondrial dysfunction and co-ordination with growth.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

The Arabidopsis thaliana Columbia-0 (Col-0; CS70000) accession was used as the
wild type control for all experiments. The ein3-1 mutant was described previously (Binder et
al., 2007). The ogo-1 mutant was obtained from the Nottingham Arabidopsis Stock Centre
(SALK_107806). T-DNA insertion in the gene At5g43450 (OGO) was confirmed by PCR and
Sanger sequencing. Additionally, RNA-seq data confirmed T-DNA integration and gene
knockout without impacting expression of neighbouring genes (Supplemental Figure 1).
GUS reporter lines for OGO were generated by PCR amplification of the 1 kb region
upstream of the OGO translation start site and cloning into the vector pGPTV-BAR using
Gibson assembly (Gibson et al., 2009). The proANAC017-GFP-ANACO017 line used for
ChIP-seq was generated by PCR amplification of the 2kb region of ANACO017 and the coding
region of ANACO017 and subsequent assembly ensuring translational fusion of GFP and
ANACO017 in the vector pK7Tm34GW using Gateway methodology (Invitrogen). All constructs
were verified by Sanger sequencing. Transgenic lines carrying these construct were
generated by the Agrobacterium tumefaciens-mediated transformation using the floral dip
method (Clough and Bent, 1998). Representative lines were selected from progeny of 30
independent events.

For experiments on plates, seeds were surface sterilized, stratified at 4°C for 48 h
and sown on B5 medium supplemented with 1% sucrose and 0.75% (w/v) agar. Plants were
then grown in a 14 h/10 h light/dark photoperiod at 22°C and 100 pmol m= sec™
photosynthetic photon flux density. For antimycin A treatments, plants grown on plates for
10 days were sprayed with either 50 yM antimycin/0.01% Tween20 solution or for controls
with only 0.01% Tween solutions. Plants were harvested at indicated time points in parallel
for both treatments. For senescence experiments and submergence treatments plants were
grown on soil in controlled environment growth rooms in a 14 h/10 h light/dark photoperiod
at 22°C and 120 pmol m™2 sec™ photosynthetic photon flux density. Submergence
experiments were performed as described previously (Meng et al., 2020). Briefly, 4-week-
old plants were completely submerged in water for the indicated time periods in the same
light regime and then removed for continued growth for desubmergence.

Biochemical assays

GUS reporter assays were performed as described previously (Bowling et al., 1994).

For chlorophyll extraction, leaf material (50 mg) was incubated in pre-chilled 100% methanol

overnight in the dark. After complete extraction, chlorophyll in the supernatants was
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quantified at 666 nm and 653 nm with a spectrophotometer (BMG, ClarioSTAR) as
previously described (Lichtenthaler, 1987). The maximum quantum vyield of photosystem I
(Fv/Fm) was determined after 20 min of dark acclimation using a Chlorophyll Fluorescence
System (Photon Systems Instruments).
Quantitative real-time PCR

Total RNA was isolated from homogenised tissue using the Spectrum™ Plant Total
RNA kit (Sigma) according to the manufacturer's protocol. Removal of genomic DNA was
performed with the On-Column DNase | (Sigma) digestion kit prior to RNA elution. For qRT-
PCR, cDNA was generated using the Tetro cDNA Synthesis Kit (Bioline) and then used to
perform gPCR with the SensiFAST SYBR & Fluorescein Kit (Bioline) on a QuantStudio™
12K Flex Real-Time PCR system (Applied Biosystems). The PCR conditions were 95°C for
2 min; 40 cycles of 95°C for 20 sec; 60°C for 30 sec with primers as listed in Supplemental
Table 14. Data was analysed using the QuantStudio™ 12K Flex software (Applied

Biosystems). All experiments were performed with at least three biological replicates.

RNA-seq and bioinformatic analysis
Total RNA was extracted as described above for three biological replicates for each

genotype and sampling time point. RNA-seq libraries were generated with the TruSeq

Stranded mRNA Library Prep Kit and sequenced on a NextSeq500 instrument (both lllumina)
as 70 bp reads with an average quality score (Q30) of above 93% and an average of 13.2

million reads per sample. Quality control was performed using the FastQC software
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Transcript abundances as
transcripts per million (TPM) and estimated counts were quantified on a gene level by
pseudo-aligning reads against a k-mer index build from the representative transcript models
downloaded for the Araport 11 annotation (Cheng et al., 2017) using a k-mer lenth of 31

using the kallisto program with 100 bootstraps (Bray et al., 2016). The program sleuth with
a likelihood ratio test was used to test for differential gene expression (Pimentel et al., 2017).

Only genes with at least 5 counts in half of all samples per time point were included in this
analysis. Differentially expressed genes (DEGs) were called with a false discovery rate FDR
< 0.05 and a |log2 (fold change)| > 1. Overlaps in the list of DEGs across the different
genotypes were identified and represented using UpSet plots (Conway et al., 2017). For
further analyses, hierarchical clustering and generation of heat maps the Partek Genomics
software suite version 6.16 (Partek Incorporated, http://www.partek.com/) was used. GO
term enrichment analysis was performed using the ClueGO plugin for Cytoscape (Bindea et
al., 2009). The DREM analysis was performed as described with default parameters (Schulz

et al., 2012).
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ChiP-seq

The ChIP experiments were performed as described (Bowler et al., 2004; Berckmans
et al., 2011) with minor modifications with three biological replicates per treatment. The
proANACO017:GFP-ANACO017 line was grown under a 16 h day/ 8 h night photoperiod at
23°C with 100 pymol.ms™! photosynthetic photon flux density for 12 days on B5 media with
1% sucrose, 0.8% (w/v) agar. Seedlings were sprayed with 50 uM antimycin A (AA)/0.01%
Tween20 solution, 50 yM myxothiazol (MT)/0.01% Tween20 solution or 0.01% Tween20 for
mock treatment. Three hours post-treatment, seedlings were harvested, rinsed twice with
10 mM HEPES-NaOH and vacuum-infiltrated with 10 mM HEPES-NaOH/1% (v/v)
formaldehyde solution. Formaldehyde was quenched by adding 67 ul of 2 M glycine per mi
of fixation buffer and vacuume-infiltration for 2 min. Seedlings were then washed with 10mM
HEPES-NaOH, dried with paper tower and snap-frozen. Chromatin was isolated from nuclei
of 2 g of seedlings and fragmented into ~500 bp by sonication with a Bioruptor sonicator
(Diagenode). Samples were pre-cleared with 80 ul Dynal Protein A magnetic beads (Thermo
Fisher Scientific) for at least 2 h at 4°C with gentle agitation. Ten ug of anti-GFP antibody
were coupled to 50 ul Dynal Protein A Dynabeads (Thermo Fisher Scientific) overnight at
4°C and equal amounts of sonicated chromatin subsequently added for overnight incubation
at 4°C. A mock sample without antibody input was used as control. Beads were washed
twice with low salt buffer (50 mM Tris-HCI pH7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton
X-100), high salt (50 mM Tris-HCI pH 7.4, 500 mM NaCl, 2 mM EDTA, 0.5% Triton X-100),
and final wash buffer (50 mM Tris-HCI pH 7.4, 50 mM NaCl, 2 mM EDTA). Samples were
decross-linked and digested with proteinase K digestion before the DNA was purified using
QIAquick PCR Purification Kit (Qiagen).

ChIP-Seq libraries were generated with the Accel-NGS® 2S Plus DNA Library Kit
following the manufacturer’s instructions (Swift Biosciences) and sequenced on a
NextSeq500 platform (lllumina) with an 84 bp read length. Reads were mapped to the
Arabidopsis reference genome (TAIR10) using Bowtie2 (Langmead and Salzberg, 2012).
ChIP-seq peaks were called with the MACS2 software using default parameters (Zhang et
al., 2008).

Data availability
RNA-seq read data and ChlP-seq read data are deposited at the NCBI SRA database
under project ID PRINA745499 and PRJINAG699617, respectively.
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Figure 1. A co-expression network of AOX7a involves ethylene-signalling related genes

A. A co-expression network analysis for AOX7a with the CoNekT tool kit (Proost and Mutwil, 2018)
identified twelve genes with highly correlated gene expression patterns. In the resulting network two
genes close to AOX7a were related to ethylene signalling, i.e. the ETHYLENE RESPONSE FACTOR
ERF71/HRE2 and OGO. Edge color represents the Pearson correlation coefficient (PCC). Genes of
the mitochondrial dysfunction stimulon are represented by orange circles (De Clercq et al., 2013). B.
HREZ2 binds to the promoters of AOX7a and OGO. Shown are genome browser views of the ChIP-
seq read coverage at the promoters of the two genes. ChlP-seq data was downloaded from the
NCBI SRA database (SRR8234099) and aligned to the TAIR10 Arabidopsis genome release. Both
genes were among the significant peak calls as identified previously by Lee and Bailey-Serres (2019).
C. Heatmap showing induced expression of AOX7a, OGO and HREZ2 in various experiments
involving ethylene-dependent signalling (hypoxia, anoxia), altering ethylene tissue-concentrations
(ethylene gas, AgNO3) or induce mitochondrial stress (antimycin A, oligomycin). Publicly available
gene expression data was retrieved using the Genevestigator platform and data set IDs are indicated
(Hruz et al., 2008).
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Figure 2. Induced expression of OGO by ACC and AA treatment

OGO expression is up-regulated by 1-aminocyclopropane-1-carboxylic acid (ACC) and antimycin A
(AA) treatment. A. proOGO-GUS reporter lines were treated with AA to induce mitochondrial
dysfunction or ACC to increase ethylene tissue concentrations. For both treatments an increased
GUS activity was detected after 4 h and 12 h of staining, respectively. Shown are representative
images of three biological replicates. B. Increased expression of OGO after AA and ACC treatments
in wild type Col-0 was also quantified by qRT-PCR. AOX7a and EBF2 were used as known response
genes for the treatments, respectively. Seedlings were grown on plates for 10 d, sprayed with 50 uM
AA or varying ACC concentrations as indicated and harvested 3 h post treatment. Shown are the
means * SE for three biological replicates.
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Figure 3. Expression of OGO is increased in senescing leaves

The expression of OGO is induced during age-dependent and dark-induced senescence in leaves.
A. GUS activity in rosette leaves of a representative proOGO-GUS reporter line. Leaves are
numbered by the sequence of their occurrence through development. GUS staining was highest in
the oldest, senescing leaves and not detectable in young leaves. OGO expression was also
quantified by gRT-PCR in wild type Col-0 for the indicated leaf developmental stages. The
expression of the senescence marker genes SENESCENCE-RELATED GENE 1 (SRG1),
PHEOPHORBIDE A OXYGENASE (PAO) and RIBULOSE BISPHOSPHATE CARBOXYLASE
SMALL CHAIN 1A (RBCS1A) was also determined. Shown are the means + SE for three biological
replicates. B. OGO promoter activity in reporter lines was also increased by dark-induced
senescence. Plants were kept in the dark for up to seven days as indicated before GUS staining.
Expression of genes was also quantified by gqRT-PCR as described in (A).
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Figure 4. Mutation of OGO and EIN3 decreases tolerance to submergence

The mutant lines for OGO (ogo-1) and EIN3 (ein3-1) showed a similar reduction in submergence
tolerance. Shown are (A) representative images, (B) chlorophyll concentrations and maximum
quantum efficiency of photosystem Il (Fv/Fm) and (C) the expression of OGO in wild type (Col-0),
ein3-1 and ogo-1 mutant lines before submergence (control), after four- and ten-days submergence
and three days after desubmergence as indicated. For mutants, asterisks indicate statistically
significant differences (*, P < 0.05) from Col-0. Significant differences were identified by one-way
ANOVA followed by Tukey’s multiple comparison test. Shown are the means + SE for three biological
replicates.
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Figure 5. Impaired ethylene-signalling in the ein3-1 mutant attenuates the transcriptional response to mitochondrial
dysfunction. A time course RNA-seq experiment was performed by treatment of Col-0, ein3-1 mutant and ogo-7 mutant lines
with antimycin A (AA) to induced mitochondrial stress or with water as control treatment. Samples of three biological replicates
were taken at the indicated timepoints for RNA-seq analysis. A. UpSet plot representation of overlaps in differentially expressed
genes (DEGs; |log2(fold change AA vs control)| > 1, FDR < 0.05) for the comparisons of AA and control treatments at the same

time point (Conway et al.,

2017). The vertical bar chart gives the number of DEGs in the three genotypes at the different time

points and the horizontal bar chart the number of overlapping DEGs in the intersects indicated by connected dots. B. GO terms
enriched (p<0.001 after Bonferroni correction) for the ogo-7-specific DEGs in the four largest intersects (indicated by blue,
horizontal bars) as shown in (A). C. A self-organism maps algorithm identified six clusters of DEGs with shared expression patterns
across the three genotypes and time points. D. Enrichment of EIN3 binding sites in promoters of genes in clusters 1 to 6. The

gene lists for the six clusters were cross-referenced with a list of identified promoter binding sites for EIN3 (Chang et al.,

2013).

Enrichment was calculated by a hypergeometric test with asterisks indicating statistical significance (* p < 0.05, ** p < 0.01, ***p
< 0.001). E, F. Expression profiles in the AA and control treatments across Col-0, ein3-1 and ogo-1 for the mitochondrial

dysfunction stimulon genes (De Clercq et al.,

2013). These genes were included in cluster 6 except for OM66 in cluster 5. G.

Enriched GO terms (p<0.001 after Bonferroni correction) for DEGs in clusters 5 and 6, respectively. Genes related to ethylene
signalling in cluster 5 (magenta) or auxin signalling in cluster 6 (turquoise) are listed. Circle sizes represent the number of genes
included in the GO term and circle colour the significance of enrichment as indicated.
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Figure 6. DREM analysis for the AA response in wild type and ein3-1

DREM modelling reveals differences in the sequence of regulatory events that govern the
transcriptional response to mitochondrial stress in wild type and ein3-1. DREM models for Col-0 (A)
and ein3-1 (B) show groups of co-expressed genes in 16 and 11 paths, respectively, with
transcription factors underlying the separation of genes into different paths indicated for major
furcation events. Paths emanating from the three primary paths are coloured in red, blue or green.
The y-axis gives the average expression of genes in the paths and node areas are proportional to
the standard deviation of the distribution of genes associated with them. Number of genes in each
path and a summary of enriched GO terms (p<0.001 after Bonferroni correction) are indicated on
the right (see Supplemental Table 5-10 for all genes, TFs associated with regulatory events and
details for GO term enrichment for all paths).
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Figure 7. Changes in gene expression of genes associated with ethylene- and auxin signalling
or homeostasis

From the list of DEGs responsive those related to ethylene or auxin biosynthesis, transport,
conjugation, signalling or response were identified and manually curated based on their annotations
in TAIR10, GO term lists and from recent literature reviews (Supplemental Table 11 and 12) (Lavy
and Estelle, 2016; Dubois et al., 2018; Casanova-Saez et al., 2021; Pattyn et al., 2021). A heatmap
of their expression over the time course experiments is shown with gene names coloured according
to their function. Genes responding early to treatment are at the top of each heatmap, while late-
responsive genes are at the bottom.

119



|7’9q5kb. ,7-9Q7kb, 17.4§7kb 17,4§9kb 17,4q1kb 19.I314kb 19.?16kb 19.3:18kb A ox1a OGO ABCB4
epl e i e 500
> LGS - 0] 7504 01
rep1 300 500 4 400
-
—-~ A . A
= resf——#* S G - 209 200
5 | rept 00 250 1
€ | rep2
8 150 reads 150 reads 150 reads 0 u 0o = 0+
AOX1a  AT5G43450/0GOf ABCB4 COIOEATH - ColOE ATHE - ColOF ATH
.1'70‘3”] 1’70.5kb 1,70'7kbI ) 27,?37kb 27,§39kb i I12,|9()3kb 12,995kb 12,9[()7kbI - UGTT74E2 0. MKK9 ZOO_WRKY25
repl P ath. P )
Z;t rep2 P b SN 30 150
rep3 Ao it Mo 400
rep1 _A—_—L_‘_____ ‘A_._.__A—..__.A A“
£ | rep2 &~ P o c 7 1004
rep3 o i e O 200
§ rep1 ~ ~ _ _ o E 10 I 50
€ | rep2 —
§ 150 reads 150 reads 150 reads E 0 0 I o{
UGT74E2 MKK9 WRKY25 @ COlORRIT ColORRTI ColOE ATH
1,2§9kb 1,2?1kb 1,29|3kb 507‘kb 50?kb 511|‘(b 173|kb 175.kb 177|kb Q IAA 1 6 SAMDC Acsz
rep e b o -g'noA i
S [rer2 . tt S o 900 1 754
B T o - g 80 ‘
repl sl o aa ] |
E repg < - - -~ g 600 50
reps . P . |
o | rept 40 300 4 25
‘E rep2
3 150 reads 150 reads 150 reads 0 0 00 =
—H— . - - HEE— — - -m-E- . =4a.- ATI ATM
IAAM6 SAMDC ACS?2 Col OE ATM Col OE ATN Col OE ATM
17‘,649kb 17,6:53kb 17,6:57kb 25.8[29kb 25.Bl31kb 25.533;kb 19,82I2kb 19,32I4kb . YUC5 ID A ERF8
rept e o ———— b 301 207
:’:( rep2 o A i i oo e il 0.154
rep3 e o I 15
repl - —— 20
E rep2 - cmehon, OIS TEY “V e 0109 104
_ rep3 adas a pr - e adi | 10
o rep1 R e e e 005 5
+ | rep2 — B
§ 150 reads 150 reads 150 reads 0.00 4 I 04 . 04
<"1 —HIHH -_- T - == ATN ATM
YUC5 IDA ERF8 ColOE ATM  Col O AT Col OE AT
Figure 8. ANACO017 binds to the promoters of several ethylene
cluster 5 genes and auxin-related genes
A. Binding of ANACO017 to the promoters of target genes was
ANACO17 determined by ChIP-seq experiments using a transgenic line
o7 expressing a GFP-ANACO017 fusion protein under the control of the
(26%) native ANACO017 promoter. ChlP-seq was performed after induction of
mitochondrial stress by spraying with antimycin A (AA) or myxothiazol
(MT), or with water as control treatment. Shown are read coverages
EIN3 MKK9 around the promoter of associated genes for three biological replicates.
ANACO81 AOX1a also given for comparison as a known ANACO017 target (De
ANAC102 .
ox11 Clercq et al., 2013). B. Expression of the ANACO017 target genes
identified by ChIP-seq as shown in (A) in two ANACO017
cluster 6 genes overexpression lines (ANAC0170E3, OE; ANACO17ATMOES3, ATM).
Data was retrieved from a previously published experiment (Meng et
al., 2019). C. Regulation of mitochondrial stress-responsive genes by
ANACO017 and EIN3. The Venn diagram shows the overlaps in the AA
76 responsive genes in clusters 5 and 6 (Figure 5c) for which their
(54%) promoters bind ANAC017 and EIN3. The target gene list of EIN3 has
been retrieved from a previously published ChIP-seq experiment
EIN3 (Chang et al., 2013). Relevant genes regulated by both transcription
AOX1A L
npog2  ANACDT7  factors are indicated.
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Figure 9. Model for the ANACO017-dependent regulation of the mitochondrial dysfunction
response involving ethylene and auxin

While ANACO017 directly induces the expression of stress genes such as AOX7a, NDB2 or OGO, it
also activates in parallel components of ethylene (MKK9, ACS2, ERF8, SAMDC) and auxin (YUCS5,
UGT74E2, ABCB4, IAA16) pathways to fine-tune and balance the acute stress response with plant
growth. EIN3 also targets AOX7a, NDB2 and MKK9, allowing for dual regulation by the two
transcription factors, while HREZ2 bind to the promoters of AOX7a and OGO. Genes associated with
steps in the pathway and directly targeted by ANACO017 are highlighted in red, while genes dually
targeted by ANACO017 and EIN3 or HREZ2 are highlighted in blue. Reciprocal interaction of ethylene
and auxin is indicated by orange arrows. See text for details.

121



SUPPLEMENTAL MATERIAL

Supplemental Figure 1: Characterisation of ogo-1 mutant

A. Schematic representation of T-DNA insertion site in the ogo-1 mutant (SALK_107806).

Primer binding site used for the characterisation of the insertion site are indicated.

B. Genome browser view for read alignments of RNA-seq data for antimycin A treated plants.
No reads could be detected beyond the confirmed T-DNA insertion site, confirming the non-

functionality of the OGO gene in the ogo-1 mutant

Supplemental Tables for review of this thesis are available under this link:

https://cloudstor.aarnet.edu.au/plus/s/83LUtu4DKzu5EsL

Password: HECunman!2021

Supplemental Table 1: Differentially expressed genes for the comparison of antimycin A
versus mock treatments. Given are the log2 values (AA vs mock) for statistically signifcant

genes (FDR < 0.05) with an at least two-fold change

Supplemental Table 2: z-scored TPM values for differentially expressed genes

(Supplemental Table 1) after clustering using a self-organising maps algorithm (Figure 5C)

Supplemental Table 3: GO term enrichment (p<0.001) for OGO-specifc DEG as shown in
Figure 5B

Supplemental Table 4: GO term enrichment (p<0.001) for cluster 5 and 6 genes as shown

in Figure 5G

Supplemental Table 5: Output of the DREM model for Col-0 (Figure 6A)

Supplemental Table 6: Gene in each path for the DREM model of Col-0 (Figure 6A)
Supplemental Table 7: GO term enrichment (p<0.001) for genes in Col-0 DREM model paths
Supplemental Table 8: Output of the DREM model for ein3-1 (Figure 6B)

Supplemental Table 9: Gene in each path for the DREM model of ein3-1 (Figure 6B)
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Supplemental Table 10: GO term enrichment (p<0.001) for genes in ein3-1 DREM model
paths

Supplemental Table 11: Ethylene-related DEGs responsive to AA treatment (Figure 7)
Supplemental Table 12: Auxin-related DEGs responsive to AA treatment (Figure 7)

Supplemental Table 13: ChlIP-seq peaks for ANACO17 target genes. Given is the
significance for each detected peak for the antimycin A and myxothiazol treatments as the -

log10(g-value)

Supplemental Table 14: Primers used in this study
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4. CHAPTER IV- GENERAL DISCUSSION

The overall aims of this project were to identify and characterise further molecular
components involved in mitochondrial retrograde signalling. Prior to this study, the induction
of AOX7a has been widely used as the main model in Arabidopsis, along with bio-informatic
approaches, to dissect and understand the role of mitochondrial signalling. While informative,
these studies have some limitations, one being that the induction of AOX7a also occurs with
perturbation of chloroplast function. This has led to the important finding of links between
mitochondrial and chloroplast signalling. However, it also raises the question if there are
mitochondria-specific pathways or if there are specific branches in the ANACO017-mediated
pathway, as it is a high-level regulator.

Mitochondria maintain plant energy homeostasis and are direct targets, sensors and
initiators of signalling pathways under adverse environmental conditions. In this role they
change the expression of nuclear gene to optimize their own function but also to preserve
cellular homeostasis (Woodson and Chory, 2008; Kmiecik et al., 2016; Crawford et al., 2018;
Wang et al., 2018; Meng et al., 2020; Pfannschmidt et al., 2020). In this study | identified
several genes that are induced by the treatment with Antimycin A, but not by high light.
These were then tested for their suitable to further study, based on the ability of their
promoter to drive the expression of a marker genes, namely luciferase. A 2-oxoglutarate
and Fe(ll)-dependent oxygenase (OGO, AT5G43450) with sequence similarity to the
ethylene generating 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase is a
mitochondrial dysfunction-specific inducible gene (Chapter Il). | showed this gene is
regulated by novel mitochondrial retrograde response components ROG2 (SIN3) encoding
an enhancer of ETHYLENE RESPONSE FACTOR 7 activity and ROG4 encoding a acyl-
CoA N-acyltransferase (Chapter IlI). My work further demonstrated that part of the
mitochondrial dysfunction transcriptional cascade was mediated by the ethylene-signalling
regulator ETHYLENE INSENSITIVE 3 (EIN3) and that the transcription factor ANACO017
regulates mitochondrial retrograde signalling by controlling the transcriptional response to
mitochondrial dysfunction by directly targeting ethylene- and auxin-related signalling
components (Chapter lll). Together, these results expand on the knowledge of mitochondrial

signalling and how it interacts with hormone signalling pathways.

4.1 Plant growth and stress tolerance

Tolerance to adverse environmental conditions and growth are antagonistic. While

tolerance to adverse conditions is an important survival feature in plants, it results in a
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slowing or complete cessation of plant growth, which is undesirable for crop productivity
(Zhang et al., 2020). Plant growth and productivity can be substantially reduced under
abiotic stress caused by excesses or deficiencies in environmental factors such as water,
light, temperature, and nutrients (Urano et al., 2010; Zhu, 2016). Up to 70% of potential yield
can be lost in key agricultural crops under adverse environment (Boyer, 1982; Vij and Tyagi,
2007; Zurbriggen et al., 2010; Zhang et al., 2020). Severe weather events causing flooding,
drought or freezing are likely to increase with climate change (Bailey-Serres et al., 2012). In
addition, biotic stress such as rust fungi are responsible for a global loss of 5 million tons for
wheat alone (Beddow et al., 2015; Zhang et al., 2020). With the increasing global population,
a sustainable intensification of agriculture is needed in which crop yields are increased under
adverse environmental conditions, as there is no more arable land available, and with finite
resources such as water and phosphorus fertiliser.

Mechanistically the reduction of plant growth under stress is a result of the inhibition
of growth process, including both cell expansion and division. This is due to altered resource
allocation, favouring preservation of resources and even build-up of reserves when the
growth environment becomes unfavourable (Zhang et al., 2020). For instance, plant growth
is inhibited under drought treatment with the lack of water needed for cell turgor that drives
cell expansion (Tardieu et al., 2011; Nelissen et al., 2018). On the other hand, cell signalling
is triggered by adverse environment to prevent and repair cellular damages and allow
acclimation to stress conditions (Zhu, 2016; Fu et al., 2020). This is well established in plant
defence responses against pathogens. The adaptation to biotic stresses optimises the
balance between defence and growth, with the extremes being plants with a constitutively
active defence response or plants that induce resistance mechanisms only when needed.
This adaptation is driven by the prevalence of pathogens in the environment, with the former
being favourable when pathogen pressure is high and the associated growth penalty is the
lesser of two evils, while the latter allows faster growth when pathogen attack is rare but with
the intrinsic risk of a lower survival rate (Baldwin, 1998; Paul-Victor et al., 2010; Alcazar et
al., 2011). A number of studies have shown that growth retardation due to strong stress
responses can be repressed by mutation and propose that growth retardation under stress
is due to antagonistic transcriptional networks (Zust and Agrawal, 2017). Thus, mutants that
have constitutive defence pathways and display a growth penalty can be rescued by
additional mutations, without losing the defence activation (Hemm et al., 2003; Vila-Aiub et
al., 2009; Paul-Victor et al., 2010; Joseph et al., 2013; Campos et al., 2016; Kliebenstein,
2016).
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Figure 1. The relationship between plant growth and mitochondrial stress response

Plant growth is inhibited under adverse environmental conditions with limited resource and cellular
damage (purple path). Mitochondria stress signalling are trigged with growth inhibition (red path) and
activates stress response and acclimation. Under normal growth conditions with abundance
resource, growth signalling is activated and partially repress the mitochondrial stress signalling
(green path) besides promoting growth. Positive regulation is indicated by arrows, and negative
regulation is indicated by blunt ends. Adapted from lvanova et al (2014); Zhang et al (2020).

Similarly, the growth versus abiotic stress tolerance dilemma is also well established
and has traditionally been ascribed to a resource partitioning issue, i.e. energy and
metabolites are used to support either growth or tolerance mechanisms (Zhang et al., 2020).
This was apparent in early studies using key up-stream regulators of stress signalling in
transgenic approaches. Although the overexpression of transcription factors led to increased
tolerance to stresses such as cold or drought, these plants had severe growth retardation
under non-stress conditions and hence this approach is not viable in agriculture (Kasuga et
al., 1999). An activation of tolerance mechanisms under standard growth conditions will be
wasteful as it uses energy needlessly that could be funnelled into growth, and at the same
time it is likely that energy is needed to mitigate this process in a futile cycle. Hence plants
need to strike a delicate balance to prevent either process to take over. The mitochondrial
master regulator of mitochondrial signalling ANACO017 is a good example in this respect.
Under standard growth conditions knock-out mutants show increased biomass production
and accelerated growth, while overexpressing lines show retarded growth (Meng et al.,
2019). Thus, a mechanism by which ANACO017 is released from the ER under mitochondrial
stress suggests this allows for a tighter regulation than transcriptional activation alone (Ng

et al., 2013). The mechanisms of this growth control via ANACO017 were so far unknown but
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thought to be rather indirect through the activation of the downstream stress-related
signalling cascades leading to programmed cell death and early senescence (Meng et al.,
2019).

The results presented in this thesis showed that ANACO017 directly targets genes of
the auxin and ethylene pathway (Chapter Ill), a yet unknown and direct mechanism to
regulate the mitochondrial dysfunction response with overall plant growth (Figure 1). The
transcriptional cascades suggested that the activation of the ethylene pathways precedes
the activation of the auxin pathway. The latter has a known antagonistic relationship with
mitochondrial signalling and thus provides a feedback loop to prevent a detrimental effect of
sustained activity of stress-related genes such as AOX1a (Ng et al., 2013). An increased
production of ethylene and its signalling cascade triggered by ANACO017 might explain the
growth-retarding effect of ANACO017 overexpression. Indeed, a direct target of ANACO017 is
ERF8 (Chapter lll) for which increased expression leads to inhibition of growth (Koyama et
al., 2013). This is a generally observed phenotype after overexpression of components of
the ethylene signalling pathways, which includes biosynthesis and transcription factors that
are also part of the ANACO17-dependent mitochondrial signalling pathway (Dubois et al.,
2018).

Hence, to improve plant performance an uncoupling of this ethylene-signalling branch
from the primary mitochondrial stress response might allow for sustained growth under mild
stress conditions. This could however lead to failing crops under severe stress or
necessitate substantial mitigation strategies by growers. Thus, this approach will depend on
cost-benefit evaluation for prevailing seasonal growth conditions. Achieving better crop
performance while sustaining or even improving crop yields will need a better understanding
of the involved processes. Results presented in this work are therefore contributing towards

this goal.

4.2 Location and function

It is well established in biology that the location of a process is critical to function. This
is relevant on the cellular level for communication between different organelles, but also
important on the tissue or whole plant level. Across different tissues, mitochondria vary
substantially in their morphology, number and function (Logan, 2006). In Arabidopsis, cold
treatment leads to increased total mitochondrial number and volume in epidermal cells,
whilst the ratio of cristae to matrix ratio increases in the mesophyll (Armstrong et al., 2006).
Also, in the epidermis mitochondrial numbers decrease faster than in the mesophyll under

dark induced senescence (Keech et al., 2007). The phenomenon of dual targeting of
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proteins is now well established and accepted in plant biology, yet clearly the same protein
carrying out the same biochemical reaction in different locations has different functions. Also,
there are well over 100 proteins dually targeted to mitochondria and chloroplasts that fall
into this category (Carrie and Small, 2013). In addition, some proteins are proposed to have
regulatory functions, in addition to their well characterised biochemical activities, sometimes
referred to as moonlighting proteins (Su et al., 2019). Likewise, the location of production of
any signal molecules is critical and this also established for retrograde signalling. While it is
widely accepted that various ROS species or Ca?* are produced in response to adverse
conditions and emanating from mitochondria, their signalling is further specified by their
spatiotemporal variation in concentrations based on the identity of the protein or molecule
that interacts with certain ROS species or Ca?* (Kmiecik et al., 2016; Castro et al., 2021). In
addition, the action of plant hormones is also highly dependent on the location of their
synthesis and transport across cellular compartments and within tissues (Anfang and Shani,
2021). As a gaseous hormone, ethylene might also have a function in signalling
mitochondrial dysfunction away from the direct location of stress impact. A role for
mitochondria in the adaptation to submergence has been established in our lab and depends
on the retrograde signalling pathway (Meng et al., 2020). Ethylene is the major hormone
regulating the response to submergence and therefore a direct interconnection of the two
signalling pathways explains the close relationship of the transcriptional responses to
inhibition of mitochondrial function and hypoxia/submergence (Wagner et al., 2018; Meng
et al., 2020).

Expression of OGO showed a defined expression pattern within leaves, flowers and
roots suggesting a role of this protein in distinct parts of the plant. An increased expression
during senescence also suggests a function at different stages throughout the plant's
development (Chapter Il). It has been reported by colleagues in our laboratory that
interaction of auxin and ethylene mediates retrograde signalling during mitochondrial
dysfunction specifically in the epidermis (Berkowitz et al., 2021). This data set, based on
laser capture dissection followed by RNA-seq, suggests a higher expression of OGO in the
mesophyll under standard growth conditions, while AA treatment leads to an increase in
expression to similar levels across all three analysed tissues (epidermis, mesophyll,
vasculature). This suggests a more generalised role for OGO in different tissues under

stress treatments and highlights its importance when mitochondrial function is impaired.

4.3 Conclusions and perspectives
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An important outstanding question relates to the molecular function of the OGO
protein. Although my attempts to obtain native protein with activity have been unsuccessful,
a bacterial expression system yielded substantial amounts of protein that were not soluble
and accumulated in inclusion bodies (Chapter I, Supplemental Figure 1). This provides
confidence that optimisation or changes in expression system will lead to the purification of
active OGO protein for subsequent analyses in the future. This will allow to ascertain the
specific role of OGO in the mitochondrial stress response but would also contribute to the
characterisation of the 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase family. The
latter is one of the largest protein families in plants and with only few family members
investigated in detail. Elucidation of OGO function would be a further step to understand the
variety of activities across this protein family and its evolution.

In this study a combination of approaches was used to gain further understanding of
mitochondrial retrograde signalling. Combined these approaches showed that downstream
of ANACO017 ethylene is involved in a branch of the response when ANACO017 is activated
(Chapter Ill). While in this study OGO was not induced by high light like AOX1a, there are a
variety of studies that suggest that ethylene may be involve or interact with chloroplast
retrograde signalling. It has been proposed that ethylene signalling is involved in the
suppression of photomorphogenesis (Gommers et al., 2021) and ethylene response factors
have also been shown to be involved in a fast response to high light (Vogel et al., 2014).
Also, it has been shown that PAP/SAL1 signalling is involved in iron deficiency response,
that also involved ethylene signalling. SAL1 is present in both mitochondria and chloroplasts,
although no studies exist on the signalling role for mitochondria (Balparda et al., 2020;
Balparda et al., 2021). As with ROS, ethylene may be involved in a variety of pathways
produced in different cells, or alternatively the convergence of signalling pathway may mean
that these components are shared. The elucidation of the factors involved in ethylene
mediated mitochondrial signalling outlined here will help identify the overlap, if any, with the
role of ethylene in mitochondrial and chloroplast retrograde signalling.

As outlined above the cell specific nature of organelle retrograde signalling has not
been studied to date. However, initial studies suggest that cell specificity does exist with
respect to organelle signalling, as well as hormonal signalling, and this interaction needs to
be explored further (Berkowitz et al., 2021). With the techniques emerging for single cell
transcriptomics, the cell specific nature of stress responses will become clearer and allow
greater insight into how different cells/tissues respond to adverse conditions. This has
potential for translational research to improve the resilience of crops to adverse growth

conditions and increase their performance to sustain yields.
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