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Abstract 

Control of gene expression is a very dynamic process with implications on cell and plant 

development, as well as abiotic and biotic stress responses. Evolution of semiautonomous 

organelles, chloroplasts and mitochondria, required establishment of underlying 

mechanism(s) responsible for communication between nuclear, mitochondrial and 

chloroplast genomes. To this day however, important aspects of these mechanisms remain 

unknown. In the past two decades, several molecular components that contribute to 

mitochondrial retrograde signalling have been identified, but it remains unclear how they are 

cooperatively involved in conveying the information from mitochondria to nucleus. In this 

thesis, current knowledge about how one of these components, the ER-bound transcription 

factor ANAC017, mediates communication between mitochondria and nucleus has been 

extended to show how senescence and autophagy contribute to its mode of action. 

A collection of different ANAC017 mutants and overexpression lines was gathered to resolve 

the impact of ANAC017 on plant senescence. It was shown that overexpression of ANAC017 

led to accelerated senescence and a highly inducible autophagy pathway in 5-week old plants. 

ANAC017 target genes displayed a transient induction of expression upon senescence 

induction. Moreover, ANAC016, a very close homolog of ANAC017 displayed the same 

transient pattern of expression as ANAC017 target genes. The ANAC016 promoter contains a 

binding site for ANAC017. Together, this implies a role for ANAC016 downstream of ANAC017 

in plant senescence. This helps to resolve conflicting reports of how ANAC017 and ANAC016 

act to influence plant senescence in Arabidopsis thaliana. 

Analysis of accelerated senescence in ANAC017 overexpression lines led to the discovery of 

similar senescing phenotypes in autophagy-deficient mutants and prompted an investigation 

into the role of autophagy in plant mitochondrial retrograde signalling. Results obtained 

demonstrate that blocking of autophagy resulted in the suppression of antimycin A (AA) 

stimulated retrograde signalling in Arabidopsis plants and cell cultures. Moreover, induction 

of autophagy in cell cultures primed them for elevated responses to AA. These results suggest 

that the autophagy pathway is involved in the activation of retrograde signalling and perhaps 

ANAC017 itself. Investigation into the membrane topology of ANAC017 then revealed that 

both its N- and C-terminal ends are located in the ER lumen, indicating a more complex 
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process is required to release it to the nucleus than previously thought. Together, these 

results suggest a novel model for ANAC017 activation and the involvement of autophagy in 

plant mitochondrial retrograde signalling. 
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Chapter 1 

General Introduction
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Structure and function of mitochondria and chloroplasts 

Mitochondria and chloroplasts are semi-autonomous organelles, which retained part of their 

genomes. They both feature inner and outer membranes and electron transport chains. In 

addition, chloroplasts contain a third membrane system, thylakoids. 

The mitochondrial electron transport chain (mETC) is embedded within the inner 

mitochondrial membrane (IMM) and consists of 5 protein complexes. Complex I (NADH 

dehydrogenase) oxidizes NADH, formed in the mitochondrial matrix during TCA cycle, to NAD+ 

while reducing ubiquinone (UQ) to ubiquinol (UQH2) (Figure 1). A second pathway for UQ 

reduction leads via Complex II (succinate dehydrogenase) in the mitochondrial membrane. 

Succinate dehydrogenase (SDH, Complex II) is a bridge between the mETC and the Krebs cycle 

in the matrix. It oxidizes succinate to fumarate during which UQ is reduced to UQH2 (Figure 

1). From UQH2 electrons are transferred to cytochrome c, located in the mitochondrial 

intermembrane space, by Complex III (cytochrome bc1 oxidoreductase) (Figure 1). 

Cytochrome c, in turn is a donor of electrons for cytochrome c oxidase (Complex IV) in the 

mitochondrial inner membrane (Figure 1). During the process of electron transfer via 

complexes I, III and IV, protons are translocated from the mitochondrial matrix into the 

intermembrane space, generating a gradient of protons (H+) that is used by ATP synthase 

(Complex V) for oxidative phosphorylation of ADP to form ATP (Figure 1). 

During the process of electron transfer through the mitochondrial and chloroplast ETC, an 

unavoidable production of reactive oxygen species (ROS), superoxide (O2
•-), occurs. In 

mitochondria, the majority of O2
•-is produced by Complex I and Complex III, and to some 

degree Complex II when their electron transfer centres are highly reduced (citations; also Belt, 

Plant Physiol 2017). During a stress that impacts mitochondria and disrupts the ETC, 

overproduction of ROS can oxidize lipids and proteins, which in turn can lead to damage 

and/or increase of their turnover. To avoid this, plants have both antioxidant defences such 

as O2
•- dismutase and the ascorbate-glutathione cycle to remove ROS as well as additional 

ETC enzymes: alternative oxidase (AOX), additional NADH dehydrogenases and uncoupling 

proteins (UCP) that can lower the production of ROS. AOX and alternative NAD(P)H 

dehydrogenases avoid proton gradient generation while still aiding in the electron flow within 

mETC. Under some circumstances this can limit O2
•- production, and subsequent dismutation 

to H2O2 (Catania et al., 2019, Maxwell et al., 1999). 
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Figure 1. Mitochondrial electron transport chain (mETC). Figure adapted from (Grant, 2020). 

 

Unlike the mETC, the chloroplast electron transport chain does not reside in the inner 

envelope membrane of chloroplasts, but in the third membrane system, the thylakoid 

membranes. Similar to the mitochondrial ETC, electrons flow through chloroplast 

Photosystems I and II (Figure 2A) is a series of reduction and oxidation reactions (called Z-

scheme, Figure 2B, that end with NADPH synthesis and is coupled through a proton gradient 

to ATP synthesis. The chloroplast process of ATP and NADPH production is a light-dependent 

reaction. Afterwards this reducing and phosphorylating potential is used to convert carbon 

dioxide and water into sugars during light-independent reactions, also known as the Calvin 

cycle.  

The chloroplast electron transport chain process starts with light energy being captured by 

antenna complexes Lhcb. This excites an electron of water which is then transferred to the 

P680 centre of Photosystem II. This is followed by excitation of chlorophyll which reduces 

pheophytin and further transfers electrons onto ubiquinone A, ubiquinone B and 

plastoquinone. Next, electrons are transferred onto a 2Fe-2S centre of cytochrome b6f 

complex via Rieske protein onto cytochrome f. Following the reduction of cytochrome f, 

plastocyanin is reduced and excites the P700 centre of PSI, where a series of electron transfers 

is carried out via chlorophyll, phylloquinone, iron-sulphur clusters and onto ferredoxin. During 

the last step, ferredoxin carries electrons to ferredoxin reductase, which reduces NADP+ to 

NADPH. Similarly to the mETC, during electron transfer through photosystems, a proton 
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gradient (H+) is generated and used by ATP synthase in oxidative phosphorylation of ADP to 

ATP. 

 

Figure 2. Structure and function of photosystems. A. Structure of photosynthetic electron 
transport chain. Figure adapted from (Hou, 2011). B. Z-scheme of electron transfer via 
photosystems and their redox potential. Figure adapted from (Orr and Govindjee, 2013). 

 

Evolution of semi-autonomous organelles and their impact on cell signalling 

According to the endosymbiosis theory, a cyanobacteria (Kern et al., 2020, Lawrence et al., 

2019) and α-proteobacteria (Roger et al., 2017, Williams et al., 2007) were engulfed by a 
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larger archaeal host (Spang et al., 2015, Spang et al., 2019, Zaremba-Niedzwiedzka et al., 

2017), where they were transformed into chloroplasts and mitochondria respectively through 

millions of years of adaptation. These organelles then became semi-autonomous as the result 

of a gradual transfer of their genomes to the host nucleus. In the model plant Arabidopsis 

thaliana, only 57 genes remain within the mitochondrial genome (Unseld et al., 1997). These 

genes encode rRNAs, tRNAs and some membrane components of the mETC, while the 

majority of the components for building mitochondria (about 2000 proteins) are encoded in 

the nucleus (Millar et al., 2005, Murcha et al., 2014). rRNA genes have been particularly useful 

in evolutionary studies of the mitochondrial genome. Sequencing analyses of genes encoding 

rRNAs in mitochondria have been found to be evolving slowest of all the mitochondrial genes 

and it is thanks to this that researchers were able to pinpoint the origin of mitochondrial 

genome to α-proteobacteria (Yang et al., 1985). Moreover, modern mitochondria and 

bacteria share similar mechanisms for protein synthesis, utilizing N-formyl methionyl tRNA 

during the process, which further confirms the endosymbiotic theory of origin (Fridovich, 

1974, Gray, 2015). 

Similarly to the mitochondrial genome, only a small number (87) of genes remained within 

the chloroplast Arabidopsis genome while the rest of the proteome is encoded by nuclear 

genes (Sato et al., 1999). These numbers can vary between species and have been widely used 

as molecular markers for studies of evolution and species identification (de Vere et al., 2015, 

Kubo and Newton, 2008, Tonti-Filippini et al., 2017).  

There are a couple of hypotheses suggesting why mitochondria and chloroplasts have 

retained their genomes and not transferred all their genes to the nucleus. One of the theories 

concerns the gene transfer from mitochondria or chloroplasts to nucleus itself. It suggests 

that genetic code disparity and the hydrophobicity of certain proteins, which would 

complicate protein import from the cytosol to the mitochondria, are powerful barriers to 

overcome (Bullerwell et al., 2000, Jacobs, 1991).  

The CoRR  (colocation (of gene and gene product) for redox regulation of gene expression) 

hypothesis takes into consideration the redox state of proteins encoded in their organellar 

genomes (Allen, 2003). In this hypothesis, proteins encoded within organellar genomes and 

are the components of electron transfer chains (mETC, photosystems). CoRR was initially 

based on the function of chloroplasts, where a kinase senses the reduced state of 
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plastoquinone and phosphorylates itself, which in turn will activate a pathway of regulation 

of organellar gene expression. It is argued that this regulation requires almost instantaneous 

and unrestricted control of protein synthesis and therefore it is favoured for the genes to 

remain in the organellar genome (Allen, 1993, Allen, 2003, Allen, 2015). 

Organellar post-translational response to abiotic stresses 

Due to their sedentary lifestyle, plants are exposed to a variety of stresses from the physical 

environment (such as high light, salinity or temperature changes), and from other organisms 

including pathogens, animals and even other plants. In response, they have developed 

response systems to adjust their metabolism and increase stress tolerance. In this process, 

ROS are commonly formed and can act as signalling molecules triggering changes in gene 

expression and protein translation for stress recovery. There are 3 main types of ROS in plants: 

singlet oxygen (1O2), hydrogen peroxide (H2O2) and O2
•-.  

Singlet oxygen production is linked to chloroplast function. Chloroplasts generate energy via 

the electron transport chain during photosynthesis. Singlet oxygen is generated when 

chlorophyll becomes over-exited when light hits the light harvesting complex on photosystem 

II (PSII) (Allen et al., 2011). A consequence of excessive 1O2 formation is photodamage to the 

PSII complexes. Previously, it was also shown that 1O2 can influence nuclear gene expression 

(Pesaresi et al., 2006). Therefore, it was thought to be involved in the communication 

between chloroplasts and the nucleus (Galvez-Valdivieso and Mullineaux, 2010, Page et al., 

2017). In addition, 1O2 is known to contribute to programmed cell death (Kim and Apel, 2013, 

Kim et al., 2012) and/or antioxidant production, which can influence resistance to pathogens 

in fruits (Decros et al., 2019). 

Hydrogen peroxide is formed in chloroplasts, peroxisomes or mitochondria from the O2
•- in 

an enzymatic reaction catalysed by superoxide dismutase (SOD) with iron, zinc or copper in 

its catalytic centre (McKersie et al., 2000, Xing et al., 2013, Xing et al., 2015). In excessive 

amounts, hydrogen peroxide has also been shown to cause programmed cell death in plants 

(Klessig et al., 2000, Pathirana et al., 2017). During biotic stress, such as attack by biotrophic 

pathogens, hydrogen peroxide can trigger the hypersensitive responses (HR) to cause 

localized cell death and prevent pathogens from spreading (Bittner et al., 2017, Bozhkov and 

Lam, 2011). Given that hydrogen peroxide is formed mainly in energy producing organelles, 
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it has been studied for its direct role in retrograde signalling pathways. It was shown that a 

burst of ROS was present in many mitochondrial retrograde signalling studies published to 

date, implying it could be a requirement for signalling to occur. However, monofluoroacetate 

(MFA), a TCA cycle inhibitor, was shown to induce mitochondrial retrograde signalling without 

oxidative stress (Ng et al., 2013b, Umbach et al., 2012, Van Aken et al., 2016a). Nevertheless, 

bursts of ROS  during retrograde signalling are not specific enough to trigger such organelle-

specific responses (Moller and Sweetlove, 2010). For example, H2O2 can be produced in both 

chloroplasts and mitochondria, but the responses it triggers differ. H2O2 from chloroplasts 

triggers nuclear gene expression of photosynthesis-associated nuclear genes (PhANGs) while 

H2O2 from mitochondria triggers different genes including AOXs (Oelmuller et al., 1986, 

Pogson et al., 2008, Van Aken et al., 2016a, Wang et al., 2018).  

There are two ways for the cell to deal with ROS production: prevention and detoxification. 

In mitochondria alternative NADH dehydrogenases, AOXs in mETC and UCP play a role in the 

prevention of ROS generation. Each of those act a different stage of the electron transfer 

through mETC. Alternative NADH (NDA) and NADPH (NDC) dehydrogenases present on the 

matrix side of the IMM have 10x higher Km, which would suggest that they compete with 

Complex I for the substrate only in high NADH concentration conditions (Rasmusson et al., 

2008). Moreover, external set of alternative NADH and NADPH dehydrogenases are present 

on the outer surface of IMM and they can be calcium dependent or independent (Møller, 

1997, Rasmusson et al., 2008). In either case, they allow for the oxidation of internal and 

external pools of NADH or NADPH without the proton transfer through the membrane. 

Similarly, AOX bypass Complex III and IV and also does not produce proton gradient through 

the membrane. In Arabidopsis, five isoforms of AOX exist: AOX1a-d and AOX2, with AOX1a 

being used as a marker for mitochondrial retrograde signalling marker and AOX1d used as a 

marker for senescence. In standard (non-stressed) conditions, AOX are present at a very small 

protein level and highly expressed only upon stress induction, such as using AA. By bypassing 

proton transfer through the membrane, AOX and NAD(P)H dehydrogenases can prevent the 

ROS production in mitochondria and alter ATP rate production, reducing it by 60 and 30%, 

respectively (Rasmusson et al., 2008, Vanlerberghe, 2013).  

A third and largely different layer of prevention of excessive ROS formation comes from the 

presence of uncoupling protein (UCP). UCPs are upregulated during oxidative stress (Begcy et 
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al., 2011) and catalyse the reaction of proton recycling from the intermembrane space back 

into the matrix (Clifton et al., 2005). This allows for the uncoupling of ATP synthesis from the 

electron transport through the mETC complexes and it has been shown that it shifts 

mitochondrial metabolism towards respiration and oxygen consumption, therefore 

preventing excessive ROS formation (Begcy et al., 2011, Echtay et al., 2002).  

Prevention of ROS generation is only partially effective and therefore within cells there are 

also mechanisms in place to detoxify them from ROS: enzymatic and non-enzymatic. Enzymes 

responsible for ROS scavenging include, but are not restricted to, Superoxide Dismutase 

(SOD), Catalase (CAT), Glutathione Reductase (GR) and peroxidases, while antioxidants, such 

as ascorbic acid, carotenoids, α-tocopherol and glutathione make a pool of non-enzymatic 

scavengers (Das and Roychoudhury, 2014).  Both, enzymes and antioxidants are required to 

work together to effectively remove harmful ROS from the cell. A good example of this 

interaction can be ascorbate peroxidase (APX). It catalyses reduction of H2O2 to water and 

oxygen, while utilizing ascorbic acid as a reducing agent (Koussevitzky et al., 2008). Oxidized 

ascorbic acid (dehydroascorbic acid, DHA) is recycled back to its reduced form with the help 

of GR which uses NADPH to reduce GSSH to glutathione (GSH) as an intermediate step in 

reduction of DHA (Trivedi et al., 2013). 

Another two very important enzymes in ROS scavenging are SOD and catalase (CAT). There 

are three main isoforms of SOD, based on the metal cofactor bound with the protein: Mn-

SOD (present in mitochondria), Fe-SOD (present in chloroplasts) and Cu/Zn-SOD (present in 

peroxisomes, chloroplasts and cytosol). SODs catalyse reaction in which O2
•-is dismutated into 

oxygen and hydrogen peroxide (Boguszewska et al., 2010, Mittler, 2002). H2O2 is further 

detoxified into oxygen and water by a catalase. CAT has a much higher activity in the cytosol, 

however in recent years presence of organellar isoforms has been confirmed with a lower 

activity (Mhamdi et al., 2010). 

Stress-specific transcriptional regulation of organellar proteins  

Transcription factors involved – are they known to be induced by stress or specific 

environmental conditions? 

Various studies identified a role for numerous transcription factors in plant adaptation to 

environmental stresses and implicating transcriptional regulation to be very important in 
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acquiring resistance to abiotic stresses. For example, DREB1a in rice (Oryza sativa) and 

Arabidopsis confers resistance to drought, high light and cold (Dubouzet et al., 2003, 

Maruyama et al., 2004). WRKY46 was also shown to increase salt stress tolerance in plants 

(Lv et al., 2020). Moreover, NAC transcription factors have also been shown to increase 

drought tolerance in plants (Nakashima et al., 2012). Knowledge of which transcription factor 

increases which tolerance can have a great biotechnological potential in agriculture. It could 

be used for breeding purposes of crops with higher abiotic stress tolerance, however it needs 

to be carefully considered. Increased levels of NAC transcription factors have been shown to 

accelerate senescence in plants which can result in a decrease in crop yield (Borrill et al., 2019, 

Gregersen et al., 2013, Ma et al., 2018). 

Transcriptional regulation of mitochondrion- and chloroplast-encoded genes 

Chloroplasts and mitochondria contain their own genomes. They also retained their own 

transcription mechanism, however it is not fully independent from the nucleus. Transcription 

is carried out by RNA polymerases and there are two main types that carry that task in 

organelles: nuclear encoded RNA polymerase (NEP) and plastid encoded RNA polymerase 

(PEP). NEP is a T3/T7 bacteriophage type polymerase (Lerbs-Mache, 2011). There are three 

isoforms of NEP polymerases, named RpoTp, which functions in chloroplasts only, RpoTm, 

which functions in mitochondria and RpoTmp which carries out transcription in both 

chloroplasts and mitochondria (Yu et al., 2014). In mitochondria, disturbances to the function 

of RpoTmp was shown to result in decreased transcript abundance of NAD6 and COX1 

transcripts which lead to a decrease in Complex I and IV abundance in mETC (Kuhn et al., 

2009). Since RpoTmp is responsible for transcription of genes encoded in mitochondrial 

genome, this would suggest that mRNA levels of organelle encoded genes will co-determine 

the overall protein level of assembled complexes (Kuhn et al., 2009).  

In chloroplasts, another, plastid encoded RNA polymerase (PEP) also plays a role. PEP is a 

multimeric, eubacterial-type polymerase (Liere et al., 2011). There are differences between 

polymerases in the set of genes they transcribe. NEP transcribes mostly genes encoding 

housekeeping genes and components of the transcriptional and translational apparatus, 

which includes PEP, while PEP transcribes genes encoding photosynthesis-related genes 

(Liere et al., 2011). PEP is a part of a much larger complex, containing 50 different proteins, 

most of which are encoded within the nuclear genome, called plastid transcription active 
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chromosome (pTAC) (Melonek et al., 2012) and which play a role in chloroplast transcription 

processes. 

Coordinating gene expression between nucleus and organelles  

Coordination of communication between different organelles is very important for biogenesis 

and survival processes of the cell. Due to the presence of independent organellar genomes 

(mitochondrial and chloroplast) within the respective organelles, coordination of gene 

expression between chloroplast and nucleus as well as mitochondria and nucleus has been 

investigated in the past (Deng and Gruissem, 1987, Giege et al., 2005). In both cases, 

researchers have found that mitochondrial and chloroplast gene expression is independent 

of nuclear transcription and that the regulation of organelle function exists at the post-

transcriptional level (Deng and Gruissem, 1987, Giege et al., 2005, Leon et al., 1998, Van Aken 

et al., 2016b).  

Retrograde signalling 

With so few of the genes essential for chloroplast or mitochondrial function actually encoded 

within their respective organellar genomes, it is of great importance that a system is in place 

to balance synthesis of nuclear - and organelle-encoded proteins for the major machinery of 

photosynthesis and respiration, especially important during plant development and 

adaptation processes to environmental stresses. Intracellular communication (signalling) via 

message transfer within a plant cell can be achieved by anterograde signalling (from the 

nucleus to organelles) and retrograde signalling (from organelles to the nucleus). Anterograde 

signalling involves gene expression and translation of organellar proteins that is initiated by 

an external stimulus and is coordinated with the targeted organelle to maintain appropriate 

stoichiometry of proteins required to build each protein complex (Jung and Chory, 2010, Ng 

et al., 2014, Wang et al., 2018). Retrograde signalling, however, controls nuclear gene 

expression in response to messages initiated in the organelle that are conveyed to the 

nucleus. Most retrograde signals are generated during the development of organelles, 

particularly during seed germination when bulk biogenesis of chloroplasts and mitochondria 

occurs (Giege et al., 2005, Jung and Chory, 2010). During vegetative and floral development, 

retrograde signals are generated in response to abiotic or biotic stimuli and carry information 
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about the energetic status of organelles to the nucleus (Ishiga et al., 2017, Karpinska et al., 

2017, Wang et al., 2018). 

Chloroplast retrograde signalling 

Chloroplast retrograde signalling (CRS) can be a result of biotic or biotic stresses influencing 

the function of chloroplasts. The main role of chloroplasts is to absorb light, which is then 

transformed into chemical energy in the forms of NADPH, ATP and sugars. Plants have 

developed protective mechanisms to prevent damage to light harvesting complexes during 

light-induced stresses. It was observed that high light induces bursts of reactive oxygen 

species (ROS), which in turn leads to changes in the expression of approximately 700 nuclear-

encoded chloroplast components (Rossel et al., 2007). In addition to ROS signalling, it was 

shown that under high light both mitochondria and chloroplasts accumulate SAL1, a 

phosphatase that is able to hydrolase a phosphate group from 3’-phosphoadenosine 5’-

phosphate (PAP) as its direct target (Estavillo et al., 2011). It was shown that SAL1 can act as 

an oxidative stress sensor and that it can form a dimer upon high light stress which in turn 

reduces its activity (Chan et al., 2016). In the absence of SAL1, PAP starts to accumulate and 

has the ability for exoribonuclease (XRN) activity inhibition, which results in the decrease in 

mRNA stability and high drought resistance, indicating its role in oxidative stress-induced 

retrograde signalling in plants (Chan et al., 2016, Van Aken and Pogson, 2017). SAL1 has also 

been shown to regulate hypocotyl elongation and flowering time, which indicates that 

retrograde signalling is used in the developmental switch from vegetative growth to 

reproductive phase (Feng et al., 2016, Kim and von Arnim, 2009). 

Another well studied group of proteins that is involved in chloroplast retrograde signalling is 

the GENOMES UNCOUPLED (GUN) family. In Arabidopsis, 6 loci have been identified to 

encode for GUN proteins. Despite numerous studies over the past 3 decades, the role of 

GUN1 in chloroplast retrograde signalling was only recently hinted on. GUN1-6 have been 

shown to be involved in tetrapyrrole biosynthesis (Larkin et al., 2003, Mochizuki et al., 2001, 

Shimizu et al., 2019, Strand et al., 2003). Tetrapyrroles are metabolic compounds build from 

four pyrrole groups linked either in the cyclic or linear fashion and are central in chlorophyll 

formation. Recently, GUN1 has been reported to bind tetrapyrrole heme which reduces 

chlorophyll synthesis and as a result can alter chloroplast-to-nucleus retrograde signalling 

(Shimizu et al., 2019). GUN1 was first identified during a screen of Arabidopsis mutants using 
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norflurazon, an inhibitor of phytoene desaturase (carotenoid biosynthetic enzyme) (Susek et 

al., 1993) which blocks the expression of photosynthesis-associated nuclear genes (PhANGs) 

in wild-type plants (Oelmuller et al., 1986). GUN1 belongs to a family of proteins containing 

pentraticopeptide repeat (PPR), which also contain a small muteS-related (SMR) domain 

(Koussevitzky et al., 2007). Surprisingly, GUN1 does not bind RNAs as other known PPR 

proteins (Tadini et al., 2016), but it can interact with MORF2 (multiple organellar RNA editing 

factor 2) that belongs to a larger group of proteins which form the “editosome” (Zhao et al., 

2019). The interaction between GUN1 and MORF2 is required for the editing of 11 transcripts, 

leading to a conclusion that GUN1 targets a specific set of RNAs and can control specific part 

of retrograde signalling (Zhao et al., 2019). Moreover, through interaction with a chloroplast 

chaperone cpHSC70-1, GUN1 can regulate protein import into chloroplasts and play a role in 

de-etiolation processes (Wu et al., 2018, Wu et al., 2019). GUN1 is present at high protein 

levels in very young seedlings when chloroplasts are only developing (Wu et al., 2018), 

providing strong evidence for the role of retrograde signalling in chloroplast biogenesis. 

Mitochondrial retrograde signalling 

Downstream effects of how altered protein content/function or environmental changes 

impact the transcriptional, translational and post-translational processes in the plant cell have 

been extensively studied in the last three decades (Giraud et al., 2012, Leister, 2012, 

Schwarzlander et al., 2012). Application of mETC inhibitors, such as antimycin A (AA, complex 

III inhibitor), reverse and forward genetics, or combinations of all three are the most common 

approaches in mitochondrial retrograde signalling studies. It was as early as 1980s, when 

discovery of alternative components in mETC took place, which included AOX1a. From then, 

knowledge has vastly advanced, showing an ability of AOX1a in ROS generation prevention 

(Purvis and Shewfelt, 1993) and naming AOX1a as a marker for mitochondrial stress and 

hypersensitive responses in plants (Lacomme and Roby, 1999). Similar to plastid retrograde 

signalling, bursts of ROS and Ca2+ are often observed upon the induction of mitochondrial 

retrograde signalling (Leister, 2012, Schwarzlander et al., 2012). It was previously argued that 

this burst of ROS and/or Ca2+ would not be specific enough (Moller and Sweetlove, 2010), 

because the same ROS are produced upon different types of stresses. There is a clearly a 

distinct transcriptional difference between the responses that are triggered by specific 

stresses (Gujjar et al., 2014). Therefore, identification of protein components, such as 
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transcription factors, is necessary to further characterise the mechanisms involved in 

mitochondrial retrograde signalling.  

ABSCISIC ACID INSENSITIVE 4 (ABI4) is a transcription factor that has been identified to be 

involved in the regulation of nuclear gene expression of AOX1a (Giraud et al., 2009). It was 

shown that ABI4 binds to the promoter of photosynthesis-related genes (Koussevitzky et al., 

2007) and that decreased levels of ABI4 correlate with elevated levels of AOX1a (Clifton et al., 

2005, Giraud et al., 2009).  

In addition to ABI4, other transcription factors have been identified as regulators of 

mitochondrial retrograde signalling via AA application. These include ANAC017 (Ng et al., 

2013b), and ANAC013 which works downstream of ANAC017 (De Clercq et al., 2013, Van Aken 

et al., 2016a). Some members of the WRKY transcription factor family have also been linked 

to mitochondrial retrograde signalling (Van Aken et al., 2013, Vanderauwera et al., 2012). 

WRKY transcription factors bind to the promoters of genes containing the W-box, 

(T)TGAC(C/T) (Rushton et al., 1995). It was reported that WRKY40 and WRKY60 are involved 

in both chloroplast and mitochondrial retrograde regulation (Van Aken et al., 2013). WRKY40 

was shown to inhibit mitochondrial retrograde gene expression stimulated by AA (Van Aken 

et al., 2013), while WRKY60 was shown to stimulate mitochondrial dysfunction stimulon 

(MDS) genes (Van Aken et al., 2013).  

The role of post-transcriptional and post-translational regulation on mitochondrial retrograde 

signalling has also been considered. It was shown that changes in mitochondrial transcription 

trigger retrograde signalling (Niazi et al., 2019). Since changes to mitochondrial redox status 

can be a trigger for retrograde signalling, it is expected that generation of ROS or Ca2+ flux will 

act as messengers (Moller, 2001). Moreover, phosphorylation of mitochondrial enzymes 

could also contribute to induction of mitochondrial retrograde signalling (Djajanegara et al., 

2002, Hartl and Finkemeier, 2012). Furthermore, posttranslational modifications can affect 

the redox state and precede transcriptional activation of biosynthetic processes in imbibed 

seeds (Moller et al., 2020, Nietzel et al., 2020). Examples of protein families involved in the 

phosphorylation processes are Target of Rapamycin (TOR) and Sucrose non-fermenting-

related kinase 1 (SnRK1) and both might be involved in mitochondrial retrograde signalling 

(Hartl and Finkemeier, 2012). It has been established that TOR acts as a sensor for nutrient 

availability and energy metabolism and it is proposed to be involved in the maintenance of 
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mitochondrial respiration (Dobrenel et al., 2011, O'Leary et al., 2019, Schieke and Finkel, 

2006), therefore it could possess the ability to affect mitochondrial retrograde signalling. 

SnRK1 has been shown to mediate communication between organelles via phosphorylation 

of transcription factors that regulates gene expression or which proteins are located in 

mitochondria (Wurzinger et al., 2018), making it a natural target for studies of its role in 

retrograde signalling. 

Mitochondrial retrograde signalling markers 

In mitochondrial retrograde signalling studies, researchers monitor the status of MDS 

markers. These marker genes include AOX1a (At3g22370) (Dojcinovic et al., 2005, Zarkovic et 

al., 2005), Uridine diphosphate glycosyltransferase 74E2 (UGT74E2, At1g05680) (Kerchev et 

al., 2014) up-regulated by oxidative stress (UPOX, At2g21640) (Ho et al., 2008, Uggalla, 2017, 

Van Aken et al., 2009b) and outer mitochondrial membrane protein of 66kDA (OM66/BCS1, 

At3g50930) (Zhang et al., 2014) . The mETC is prone to overreduction due to its fixed 

stoichiometry between electron transport and ATP synthesis. Increase in alternative ETC 

bypasses, for example by expression of AOX1a, provides an alternative way for energy 

dissipation and prevention of reactive oxygen burst (Selinski et al., 2018). It is the first line of 

defence for the plant cell when it’s exposed to a variety of stresses, such as salinity, high 

temperature, drought or pathogen attack which can in extreme cases lead to programmed 

cell death (Van Aken et al., 2009a, Wanniarachchi et al., 2018). Upon overexpression of AOX, 

decrease in H2O2 production and induction of autophagy associated with reduced levels of 

programmed cell death, are often observed (Liu et al., 2014, Zhu et al., 2018). 

While AOX1a is the classical marker to follow mitochondrial retrograde signalling responses, 

UGT74E2 has among the highest induction levels among MDS genes (Kerchev et al., 2014). 

UGT74E2 is an auxin UDP-glucosyltransferase, overexpression of which leads to perturbation 

in auxin signalling (Kerchev et al., 2014, Tognetti et al., 2010). Auxins are a group of plant 

hormones that stimulate plant growth, therefore during stress conditions, the focus of the 

cell and mitochondria is shifted from auxin-regulated growth towards cell survival. In 

Arabidopsis, AA triggers the expression of UGT74E2 from nearly non-detectable to high levels, 

often causing a ~70 or higher relative fold change in transcript abundance, which can be 

reduced by the pre-application of auxins (Kerchev et al., 2014). This implies that there is an 

antagonistic relationship between auxin and mitochondrial signalling and the transcriptional 
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analyses of UGT74E2 mutants confirm this relationship (Ivanova et al., 2014, Kerchev et al., 

2014, Tognetti et al., 2010). 

Two additional MDS marker genes for quantifying mitochondrial stress responses at the 

transcriptional level are UPOX and OM66/BCS1. To date, the function of UPOX remains 

unknown (Shapiguzov et al., 2019, Van Aken et al., 2009b). Both UPOX and AOX1a promoters 

contain an ANAC017 binding motif within ~1000bp region upstream of the start codon 

(Uggalla, 2017), suggesting they might be co-expressed under stress conditions by related 

mechanisms. Salicylic acid (SA) can also induce the expression of UPOX, as well as OM66 

(Uggalla, 2017, Zhang et al., 2014). OM66 overexpressing plants have been shown to have 

increased resistance to Pseudomonas syringae, however it showed also a higher level of 

necrosis upon inoculation with the necrotrophic fungus Botrytis cinerea (Zhang et al., 2014).  

Overlapping signalling pathways mentioned before, still require more comprehensive work in 

order to fully understand their potential and limitations as well as regulatory components. 

Mechanisms of how a message is conveyed between different cell compartments are yet to 

be identified, however data obtained in the past few years as well as continuous development 

of techniques can shed new light into retrograde signalling in plants. 

The role of ANAC017 as a transcription factor coordinating chloroplast and mitochondrial 

communication with nucleus 

AA has already been used in studies of retrograde control in animal tissues since the 1980s 

(Matsumura et al., 1986) and it was thus only a matter of time before it was applied to study 

this process in plant systems as well. AA is a mitochondrial complex III inhibitor, which inhibits 

electron flow through the mETC and induces w wide range of retrograde responses, including 

the synthesis of AOX1a on a transcript and protein level that compensate for the inhibitor 

action of AA (Zhang et al., 2017). To understand how the message of faulty electron transport 

chain function is conveyed to the nucleus, AA was applied to identify regulators of expression 

of AOX1a, as a proxy for mitochondrial retrograde signalling (Ng et al., 2013b). Forward 

genetic screening of Arabidopsis ethyl methanesulfonate (EMS) mutagenised plants 

expressing luciferase under the control of the AOX1a native promoter has identified several 

loss of functions mutants, rao1/cdke1 (Ng et al., 2013a), rao2-1 and rao2-2 (Ng et al., 2013b) 

(Figure 3B), that failed to induce luciferase activity (Figure 3A).  Point mutations in rao2-1 and 
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rao2-2 were mapped to a single gene, NAC domain containing protein 17 (ANAC017, 

At1g34190). The induction of AOX1a expression upon 3-hour of AA treatment was also lower 

in T-DNA insertion mutants for ANAC017 (anac017-1 SALK_022174, anac017-2 

SALK_044777), confirming that insufficient induction of mitochondrial retrograde signalling is 

a result of mutations in the ANAC017 gene (Figure 3B and 3C).  

 
Figure 3. Identification of ANAC017 as a regulator of AOX1a. A. Luminescence of 2-week old 
seedlings treated with 50µM AA in Col:LUC, rao2-1 and rao2-2 plants. B. ANAC017 gene 
structure and position of point mutations in rao2-1 and rao2-2 EMS mutants and T-DNA 
insertion in anac017-1 and anac017-2 lines. C. AOX1a transcript level in Col:LUC, rao2-1, 
anac017-1 and anac017-2 2-week old seedlings treated with 50µM AA or mock treatment 
(deionized water). Adapted from (Ng et al., 2013b). 

 

ANAC017 is a 62kDa transcription factor and it is predicted to contain a transmembrane 

domain near the C-terminal end (523-548aa). Since ANAC017 regulates the expression of 

nuclear-encoded AOX1a, this protein was expected to reside within the mitochondrial 
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membrane. However, experimental evidence showed that ANAC017 was targeted to the 

endoplasmic reticulum (ER) (Figure 4A) (Ng et al., 2013). Moreover, upon stress induction (for 

example with AA), the N-terminal end of ANAC017 translocates to the nucleus, while the C-

terminal end remains in the ER membrane (Figure 4B) (Ng et al., 2013b). Tosyl phenylalanyl 

chloromethyl ketone (TPCK), an inhibitor of rhomboid proteases, has been shown to inhibit 

AA-induced expression of AOX1a (Ng et al., 2013b). This indicates that proteolytic cleavage of 

the N-terminus of ANAC017 is required to enable its function as a transcription factor in the 

nucleus. 

 
Figure 4. Localization of ANAC017 in plant cell. A. ANAC017-GFP colocalises with ER-RFP 
marker used as a control in transiently transformed onion cells. B. Onion cells were transiently 
transformed with RFP-ANAC017-GFP and treated with 50µM AA. Pictures were taken 3h post 
treatment with 60x objective. Upon stress induction N-terminal end of ANAC017 translocates 
to nucleus (marked with red, picture in the centre) while GFP fused to C-terminal end of 
ANAC017 remained in the membrane of ER. Adapted from (Ng et al., 2013b). 

 

ANAC017 is closely related to several other transcription factors, including ANAC013 and 

ANAC016 (Ng et al., 2013b). ANAC013 has been shown to be involved in mitochondrial 

retrograde signalling and ANAC017 to bind to the promoter of ANAC013 regulating its 
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expression. This indicates that the role of ANAC013 is dependent upon and downstream of 

ANAC017 (De Clercq et al., 2013). Low expression of AOX1a in anac017 knock-out mutant (Ng 

et al., 2013b) is thus most likely a compensation effect from ANAC013. There has been very 

limited study of how ANAC016 is involved in retrograde signalling, however it will be 

addressed further in this thesis (Chapter 3). 

More recently, it has been shown that the activity of ANAC017 and ANAC013 decreases when 

they interact with radical-induced cell death 1 (RCD1) (Shapiguzov et al., 2019). Lack of RCD1 

(rcd1) induces ROS-dependent mitochondrial retrograde signalling to the nucleus and the 

expression of MDS genes. The accumulation of O2
•- is increased in the rcd1 mutant and 

chloroplast functions are compromised upon treatment with methyl viologen (MV, also 

known as paraquat) in the light (Shapiguzov et al., 2019). Out of 66 nuclear-encoded genes 

that were defined as markers for the flu mutant, MV or O3 treatment (Gadjev et al., 2006), 

transcript abundance of 34 of those genes are regulated by ANAC017 (Ng et al., 2013b). While 

roots of ANAC017 knock-out mutants are more sensitive to MV treatment compared to wild 

type, ANAC017 overexpressing lines are more tolerant to the same treatment with less 

suppressed root growth compared to wild type (Van Aken et al., 2016a). Altogether, these 

data suggest that ANAC017 is involved in both mitochondrial and plastid retrograde signalling. 

Model for ANAC017 mediated communication with nucleus and integration of signals 

from mitochondria and chloroplast 

Organelle dysfunction can lead to a burst of ROS and affects metabolism of the entire cell, so 

it needs to be controlled. Therefore, it has been proposed that mitochondria and chloroplasts 

communicate with each other to prevent excessive ROS formation and optimise metabolism. 

The mitochondrial stress marker AOX has been shown to accumulate upon a high light stress 

(Blanco et al., 2014). Moreover, plants treated with norflurazon had greater mitochondrial 

DNA and transcript levels (Hedtke et al., 1999). Vice versa, it was shown that dysfunction in 

mitochondria can change biosynthesis of lipids in chloroplasts (Xu et al., 2008). 

It has been also shown that disturbances in the function of chloroplasts can impact expression 

of genes encoding mitochondrial proteins and vice versa (de Souza et al., 2017, Upadhyay and 

Srivastava, 2019, Van Aken et al., 2016a, Van Aken and Pogson, 2017), leading to the 
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conclusion that communication between these two organelles is also retrograde signalling 

dependent. 

Recently it was also proposed that PAP- and ANAC017-dependent signalling pathways 

converge to supress excessive signalling caused by external stresses that can affect both types 

of energy-producing organelles (Van Aken and Pogson, 2017) and which would lead to 

programmed cell death (PCD).  

 
Figure 5. Proposed model for convergence of ANAC017- and PAP-dependent signalling 
pathways. In general upon stress applied on mitochondria or chloroplasts via electron 
transport chain (ETC) inhibition or high light/drought respectively, a burst of hydrogen 
peroxide causes inhibition of SAL1 and accumulation of PAP. Through unidentified mechanism 
PAP can translocate to nucleus and inhibit exoribonucleases (XRN) and in turn affect mRNA 
stability and gene expression. In other part of this this model, oxidative stress is sensed by the 
endoplasmic reticulum (ER) which can recruit ANAC017 to change gene expression of stress 
responsive genes. Adapted from (Van Aken and Pogson, 2017). 

In the proposed model (Figure 5), upon oxidative stress in mitochondria or chloroplasts, ROS 

inhibit SAL1, which in turn causes accumulation of PAP. PAP can then translocate to nucleus, 

where it can inhibit exoribonucleases (Dichtl et al., 1997, Hirsch et al., 2011), which then 

affects gene expression of ANAC017/PAP target genes (Crisp et al., 2018, Van Aken and 

Pogson, 2017). 
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ANAC017 and its role in senescence 

Senescence, or aging is an integral part of every being and generally is understood as a 

deterioration of processes within the cell and tissue. In plants, senescence can be clearly 

observed by the yellowing of leaves. Plant senescence can be developmental (correlated to 

plant age) or stress induced and allows for recycling of nutrients (Guiboileau et al., 2010). In 

the field of plant science, developmental senescence is often argued to be the preferred way 

to study naturally occurring processes within the cell (Gan and Amasino, 1997), however it 

carries some disadvantages. Natural senescence is stretched out over a longer period of time, 

compared to induced senescence (weeks vs days) and therefore induced senescence is often 

chosen to study the molecular effects of genetic mutations or abiotic stresses on plant 

performance (Keech et al., 2007). In recent years, a possible role for ANAC017 in plant 

senescence has also been investigated, however results obtained from 3 different studies 

came to 3 different conclusions (Kim et al., 2018, Kim et al., 2013, Meng et al., 2019).  

In 2013, researchers analysed the role of ANAC016 in Arabidopsis thaliana knock-out mutant 

and overexpressing lines. Due to the high similarity of ANAC016 with ANAC017, they 

performed senescence analyses on anac017 knock-out mutants, and they concluded that 

ANAC017 has no positive nor negative role in dark-induced senescence (Kim et al., 2013). On 

the contrary, other researchers identified a negative role for ANAC017 during natural 

senescence (Kim et al., 2018). To add to the confusion, newly published research identified a 

positive role for ANAC017 during natural senescence (Meng et al., 2019). Thus, the 

contradicting information on the role of ANAC017 in plant senescence is currently unresolved. 

It was shown before that accelerated senescence can reduce yield (Borrill et al., 2019, 

Gregersen et al., 2013, Ma et al., 2018), making resolution of the role of ANAC017 in 

senescence of potential importance for applied research. This will be discussed in great detail 

in Chapter 3. 

Autophagy, Mitophagy and links to stress signalling 

Autophagy is a vesicular, self-recycling process within a cell. In normal conditions, autophagy 

aids in turnover of cellular components, such as lipids, amino acids or even proteins when 

they are damaged for example oxidized due to their function. However, the rate of autophagy 

is severely increased under stress conditions, such as nutrient depletion or during aging 
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(senescence). This raises the possibility that autophagy is a participant in the initiation or 

decay of cellular signalling events associated with stress and aging. 

The term ‘autophagy’ was used for the first time by Christian de Duve in 1963 (AVS de Reuck 

and Camron, 1963), however it wasn’t until the 1990s when Yoshinori Ohsumi identified the 

components involved in the process (Mizushima et al., 1998, Takeshige et al., 1992, Tsukada 

and Ohsumi, 1993).  Since then, our understanding of the process has grown significantly. 

Animal autophagy is quite different to yeast and plant autophagy. Autophagosomes fuse with 

lysosomes, acidic vesicles in which the degradation takes place, whereas in yeast and plants, 

once autophagosomes are formed, they fuse with the vacuole, forming autophagic bodies 

where the degradation takes place (Minina et al., 2014).  

Autophagy can be divided into two main types, micro- and macroautophagy. In yeast and 

plants, during microautophagy, the vacuole engulfs part of the cytosol, containing amino 

acids, lipids and proteins and directly degrades the content of the autophagic body, skipping 

the process of autophagosome formation (Figure 6). On the contrary, macroautophagy 

involves autophagosome formation, translocation to vacuole, fusion and degradation and 

recycling. Macroautophagy can be further divided into subtypes, depending on the type of 

cargo that is being engulfed by the double membrane to form the autophagosome: 

endophagy, autophagy of endoplasmic reticulum; chlorophagy, autophagy of chloroplasts; 

mitophagy, autophagy of mitochondria, etc (Figure 6). 
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Figure 6. Micro- and macroautophagy. Figure adapted from (Li and Vierstra, 2012). 

The process of autophagosome formation and eventually degradation of carried cargo 

requires several steps: induction, membrane delivery, nucleation, maturation, tonoplast 

docking and digestion (Figure 7). During the induction phase, Target of Rapamycin (TOR) gets 

inhibited which leads to dephosphorylation of the ATG1/13 complex components, which 

allows for its assembly and translocation to the pre-autophagosomal structure (PAS). After 

docking of the ATG1/13 complex in the PAS, a double membrane starts to form with the aid 

of ATG9 protein that recruits lipids into a newly forming structure. Addition of phosphatidyl 

inositol-3 phosphate (PI3P) to PAS, during nucleation allows for recruitment of other ATG 

proteins to the membrane. This growing double membrane recruits ATG8-PE, which 

decorates the mature autophagosome. Upon the closure of the membrane, the 

autophagosome translocates towards the vacuole, where it docks into the membrane of the 

vacuole and fuses with it. Single membrane vesicles inside the vacuole, now called autophagic 

bodies can be degraded and the basic components of the original cargo can be recycled and 

reused in building new cell compartments, protein complexes or even new membranes.  

In Arabidopsis, there are 9 different isoforms of ATG8, named ATG8a-i. Its lipidated form, 

ATG8-PE plays a crucial role in cargo recognition. It binds to the ATG8-interacting motif (AIM) 

within the protein sequence of the receptor and since it decorates mature membrane of 
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autophagosome, researchers use it as a marker to observe relative autophagosome rates 

forming in the cell. 

In recent years, a new role for autophagy in turnover of RNA has also been emerging (Frankel 

et al., 2017, Goetz and Wilkinson, 2017, Guo et al., 2014, Orvedahl et al., 2011), however the 

vast majority of the evidence comes from mammalian and yeast studies. In the classical view, 

RNA degradation is performed by ribonucleases (RNases), however it was shown that amino 

acid starvation or nitrogen starvation induced bulk RNA degradation in rat liver, yeasts and in 

Arabidopsis tissues (Floyd et al., 2015, Huang et al., 2015, Mortimore et al., 1989).  

Therefore, it could be suggested that autophagy has an additional role in cellular signalling, 

either through the release of signalling factors, the selective removal of organelles engaged 

in active signalling processes or the depletion of RNA therefore dissipating anterograde or 

retrograde signals. 
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Figure 7. Mechanism of autophagosome formation. (a) initiation and ATG1/13 complex; (b) 
lipid (membrane) delivery; (c) nucleation; (d) expansion and maturation; (e) tonoplast docking 
and fusion of outer autophagosomal membrane with vacuole; (f) digestion. Figure adapted 
from (Li and Vierstra, 2012). 

 

Aims of this study 

Based on the literature analysis conducted above, I have resolved to focus on three aims to 

this thesis, as noted below:  



25 

 

1. Given the potential of selective autophagy to influence plant signalling processes, I 

aimed to undertake a thorough review of the evidence for mitophagy in plants and 

performed analysis to identify possible targets for ATG8 cargo recognition (Chapter 2). 

2. In the light of published research linking ANAC017 function with plant senescence, I 

aimed to resolve the conflicting information by performing comparative analyses of 

mutants collected from different research groups (Chapter 3).  

3. On the foundation of correlative data collected by Dr Olivier Van Aken and Dr Adriana 

Pruzinska that plants overexpressing ANAC017 display a similar phenotype to 

autophagy-deficient mutants, I aimed to investigate if there was a causative link 

between autophagy and plant mitochondrial retrograde signalling (Chapter 4). 

The combined evidence from this thesis  aims to better understand the mechanism of 

mitochondrial retrograde signalling in plants and in the future provide a new means of 

modulating stress responses in plants. 
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Abstract 

Mitophagy is a conserved cellular process important for the autophagic removal of damaged 

mitochondria to maintain a healthy mitochondrial population.  Mitophagy appears to occur 

also in plants and has roles in development, stress response, senescence and programmed 

cell death. However, many of the genes that control mitophagy in yeast and animal cells are 

absent in plants, and no plant proteins marking defunct mitochondria for autophagic 

degradation are yet known. New insights implicate general autophagy-related proteins in 

mitophagy, affecting the senescence of plant tissues. Mitophagy control and its importance 

for energy metabolism, survival, signalling and cell death in plants are discussed.  

Furthermore, we suggest mitochondrial membrane proteins containing ATG8-interacting 

motifs, which might serve as mitophagy receptor proteins in plant mitochondria. 
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Mitophagy as a type of autophagy 

Autophagy is the process of controlled recycling of cellular contents and organelles to 

promote cell survival or redistribute nutrients. In normal cellular conditions autophagy may 

recycle components that accumulate for example oxidative damage  (Xiong et al., 2007), but 

its rate can drastically be increased under a variety of stress conditions, senescence and cell 

death (Liu et al., 2009, Marino et al., 2014, Minibayeva et al., 2012). During autophagy, 

portions of the cytoplasm are captured in vesicles (autophagosomes; see glossary) and 

degraded in lysosomes (animals) or the vacuole (Saccharomyces cerevisiae and plants) 

(Minina et al., 2014).  

Many cellular organelles have been described to undergo autophagy, including the 

endoplasmic reticulum (ER), the nucleus, mitochondria (mitophagy) and chloroplasts 

(chlorophagy) (Okamoto, 2014, Sakuraba et al., 2014, Spitzer et al., 2015). This review will 

particularly focus on mitophagy in plants. We define this as the process of mitochondrial 

degradation through autophagy-related processes, not the role of mitochondria during 

general autophagy. Mitochondria are crucial for energy metabolism, biosynthesis, regulation 

of cell death and are also involved in stress response and intracellular signalling (Millar et al., 

2008, Ng et al., 2014, Van Aken and Van Breusegem, 2015). A key component of 

mitochondrial function is the electron transport chain (ETC), which despite its beneficial roles 

is also a major source of reactive oxygen species (ROS) production that can lead to oxidative 

damage (Huang et al., 2016). Moreover, dysfunctional mitochondria consume cytosolic ATP, 

resulting in energy losses (Gomes and Scorrano, 2013). Therefore, the controlled removal of 

dysfunctional or superfluous mitochondria by mitophagy is important for maintaining a 

healthy mitochondrial population. In C. elegans mitophagy is involved in coordination of 

mitochondrial biogenesis, recycling of Fe-S clusters during Fe starvation and has implications 

for longevity and ageing (Palikaras et al., 2015, Schiavi et al., 2015). 

Moderate rates of autophagy thus promote cell survival, while excessive autophagy can lead 

to cell death in most organisms, including in plants (Minina et al., 2013a, Reumann et al., 

2010, Yoshimoto et al., 2009). In plants, mitochondria and chloroplasts are both subject to 

autophagy, and several AuTophaGy (ATG) genes have been implicated in these processes (Li 

et al., 2014, Sakuraba et al., 2014, Spitzer et al., 2015). However, the molecular mechanisms 
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of mitophagy in plants and how the process or the key components are differentiated from 

chlorophagy need to be investigated further.  

What is the evidence for mitophagy in plants? 

Different types of autophagy have been described in plants based on ultrastructural 

observations (van Doorn and Papini, 2013). During microautophagy the vacuolar membrane 

engulfs a portion of the cytoplasm and buds off, forming a membrane-bound vesicle inside 

the vacuole. By contrast, macroautophagy takes place outside the vacuole by formation of 

double-membrane autophagosomes. Another autophagy-related phenomenon in plants has 

been termed mega-autophagy or mega-autolysis, which refers to the extensive breakdown 

observed at the end of developmental programmed cell death (PCD), but it is debated 

whether this is a true form of autophagy (van Doorn, 2011, van Doorn and Papini, 2013).  Plant 

specific types of autophagy involving the chloroplasts are also reported to occur. Small 

vesicles called  RuBisCO-containing bodies (RCBs) move from the chloroplasts to the vacuole, 

before the whole organelle moves, in order to quickly recycle  RuBisCO (a major nitrogen sink 

in plants), in a process requiring AuTophaGy-related (ATG) protein ATG5 and involving ATG8 

(Ishida et al., 2008). Interestingly, chloroplasts have also been reported to perform 

autophagic tasks by engulfing portions of the cytoplasm and degrading this content inside the 

chloroplast (Filonova et al., 2000, van Doorn et al., 2011). 

The occurrence of mitophagy in yeast and animals is well-established, however this field of 

study in plants is still in its early stage. An early study reported mitochondria being enclosed 

in a double-membrane structure similar to ER during autophagy in mung bean (Vigna radiata) 

(Toyooka et al., 2001). These autophagosome-like structures containing mitochondria were 

observed to fuse with lytic vacuoles. Numerous autophagosomes enclosing mitochondria 

have been described after one day of tracheary element differentiation in xylem (Kwon et al., 

2010). Wertman and colleagues reported that aggregates of mitochondria can be observed 

inside the vacuole during later stages of developmental PCD in the lace plant (Aponogeton 

fenestralis) (Wertman et al., 2012). A study characterising accelerated cell death 5 mutants 

reported mitochondrial ROS formation and the presence of mitochondria in autophagosomes 

(Bi et al., 2014). Also Minibayeva and colleagues demonstrated both intact and partly 

degraded mitochondria in the vacuole after methyl viologen treatment of wheat roots 

(Minibayeva et al., 2012). However, another study criticized this claim and suggests the 
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authors were not observing mitophagy, but rather mitochondria in cytoplasmic strands (van 

Doorn and Papini, 2013). The observation of mitochondria in vacuoles and lytic vesicles should 

nevertheless be taken cautiously as evidence for mitophagy, as direct analysis of organelle 

degradation kinetics is required to conclude that autophagy is selective towards a certain type 

of organelle.  

Recently, it was reported that during senescence mitochondrial proteins and mitochondrial 

vesicles were degraded by autophagy (mitophagy) in Arabidopsis (Arabidopsis thaliana) (Li et 

al., 2014). Studies of mitochondrial protein degradation rate have been performed in 

Arabidopsis cell cultures (Nelson et al., 2013) and Arabidopsis plants (Li et al., 2017b), and 

both reveal a basal rate of mitochondrial protein removal from plant cells of approximately 

5-10% per day, analogous to the rates of mitochondrial turnover in some yeast and 

mammalian cells (Kim et al., 2012, Pratt et al., 2002). Loss of the Lon1 mitochondrial matrix 

protease in plants led to an increase in mitochondrial turnover for a large number of 

respiratory-related proteins that could indicate induction of mitophagy (Li et al., 2017a). 

Chloroplasts have even been observed to invaginate mitochondria to degrade them 

internally, as an alternative means of mitophagy (Ragetli et al., 1970), however to the date no 

independent reports of this phenomenon exist. In summary, it appears a number of studies 

in plants have observed processes analogous to mitophagy and provide evidence that this is 

an actively controlled process (Box 1). 

 

The mechanism of mitophagy in plant and non-plant systems 

Both non-selective and selective autophagy (such as mitophagy) can be divided into phases: 

1) initiation, 2) recognition of cargo, 3) nucleation and phagophore (the double membrane 

that encloses cytoplasmic components during macroautophagy) formation, 4) 

autophagosome maturation, 5) delivery of cargo and finally 6) degradation in the vacuole (in 

yeast and plants) or in lysosomes (in mammals). These processes are tightly controlled by 

signalling pathways, which involve ATG proteins , membrane structures and marker proteins, 

as well as regulation of degradation systems (i.e. vacuoles or lysosomes). Furthermore, post-

translational modifications play a role in recruiting and targeting the autophagy complexes 

(see Box 1 and Figure 1).   
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Figure 1. A Putative Model of the Mechanisms of Mitophagy in Plants. Upon imposition of 
stress, mitochondria send a signal of an unknown nature which inhibits target of rapamycin 
(TOR) kinase. Inhibition of TOR allows the formation of active ATG1/13 complex by 
dephosphorylation, in conjunction with ATG11 and ATG101, and the complex is then 
recruited to the surface of mitochondria. A putative receptor present on the outer or inner 
mitochondrial membrane (which may become exposed upon outer-membrane rupture) 
interacts with the ATG1/13 complex and induces pre-autophagosomal structure (PAS) 
formation. The autophagosome is decorated with ATG8–phosphatidylethanolamine (ATG8–
PE) adducts, leading to delivery and degradation of mitochondria in the plant vacuole. 

 

Non-plant systems 

The initiation of a mitophagosome (an autophagosome engulfing a mitochondrion) requires 

targeting of mitochondria for degradation and the formation of an initial isolation 

membrane. In yeast, mitophagy involves the mitochondrial proteins ATG32 or ATG33 (Kanki 
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et al., 2009, Okamoto et al., 2009). ATG32 is located in the mitochondrial outer membrane 

and acts as a receptor, recruiting other ATG proteins which are essential for the initial 

isolation membrane formation. ATG32 recruits ATG8 and ATG11 is phosphorylated by CK2 

(casein kinase 2) to stabilise the ATG32-ATG11 interaction (Aoki et al., 2011, Kanki et al., 

2013). Together with the core ATG proteins, the ATG32-ATG11 complex generates the 

isolation membrane to engulf a mitochondrion (Okamoto, 2014). In yeast, ATG11 is part of 

the ATG1/13 complex along with ATG101, ATG17 and the yeast specific proteins ATG29 and 

ATG32 (Ryabovol and Minibayeva, 2016, Thompson and Vierstra, 2005).  

In mammals, at least two distinct mitophagy pathways exist. One pathway that occurs in 

mammalian cells involves hypoxia- or uncoupling-induced phosphorylation of the outer 

mitochondrial membrane protein FUNDC1 by the ATG1 homologue ULK1, resulting in 

mitophagy (Wu et al., 2014). A second pathway in mammalian systems is dependent on the 

mitochondrial transmembrane potential and is affected in Parkinson’s disease. In healthy 

mitochondria, the kinase PINK1 is partially imported through the TOM complex and across 

the mitochondrial inner membrane (IMM) in a Δψm-dependent manner. There, PINK1 is 

degraded by pre-senilin associated rhomboid-like protease PARL (Jin et al., 2010). In damaged 

mitochondria where Δψm is reduced, PINK1 remains active at the outer mitochondrial 

membrane (OMM) where it phosphorylates the E3 ubiquitin ligase Parkin. Parkin can then 

ubiquitinylate multiple proteins on the mitochondrial surface including voltage-dependent 

anion channel VDAC1 (Geisler et al., 2010), which eventually leads to core ATG protein 

recruitment and mitophagy.  Although PINK1/parkin are not present in plant genomes (Table 

1), there might be functional analogies with plant FRIENDLY in Arabidopsis thaliana (Logan et 

al., 2003). FRIENDLY1 is an ortholog of Clueless in Drosophila melanogaster, and deletion of 

either protein causes a severe clustering of mitochondria within the cytoplasm. As Clueless is 

required for mitophagy in concert with Parkin (Cox and Spradling, 2009, Wang et al., 2016), 

this topic needs to be further investigated in plants. 

The origin of the autophagosomal membrane is still under investigation but significant 

evidence exists that autophagosomes can arise from plasma membrane, Golgi, endosomes, 

as well as from ER and/or mitochondrial membranes (Chan and Tang, 2013, Hailey et al., 2010, 

Lamb et al., 2013, Mueller and Reski, 2015). In mammalian systems, ER-mitochondria contact 

sites may be of key importance for autophagosome formation during starvation, involving 
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recruitment of ATG14 and ATG5 proteins. Mitophagy is observed at ER-mitochondria contact 

sites via mitochondria-associated membranes (MAMs) that derive from the ER (Hamasaki et 

al., 2013, Senft and Ronai, 2015). Disruption of these MAMs can inhibit autophagosome 

formation. The ER may thus provide the platform for autophagosome formation, with the 

mitochondria contributing other components required for the process (Hamasaki et al., 

2013). These ER-mitochondria contact sites are maintained, for example by the ER-

mitochondria encounter structure (ERMES) complex in yeast (Kornmann et al., 2009). It was 

shown that under starvation conditions mitochondrial and autophagosomal membranes 

becomes continuous (Hailey et al., 2010), although the reason behind this starvation 

specificity remains unclear. It is also known that mitochondria and ER share contact sites that 

are required for mitophagy in yeasts (Bockler and Westermann, 2014). 

 

Plants 

Although some of the mechanisms described above may conceptually be similar in plants, 

there is very little conservation of mitophagy regulators between yeast/animals and plants. 

Most of the core ATG genes are conserved in plants (Meijer et al., 2007, Reumann et al., 

2010), but the specific players in mitophagy are largely absent in the Arabidopsis thaliana 

genome (Table 1), such as yeast ATG32. Also key mammalian regulators such as DCT-1 (BNIP3, 

related to BCL-2) that act as mitophagy receptors in mammals, are not present in plant 

genomes. Recently, a homolog of yeast ATG11 (and animal FIP200) has been found in 

Arabidopsis thaliana and has been proven to be involved in mitophagy under nitrogen-

starvation conditions (Li et al., 2014, Li and Vierstra, 2014). The sequence homology between 

yeast and plant ATG11 is however low (20% identity), with AtATG11 containing traces of both 

ATG11 and ATG17 domains (see Table 1). In Arabidopsis, ATG11 interacts directly with ATG8 

(homologous to mammalian LC3), ATG13 and ATG10 (Li et al., 2014). The interaction between 

ATG11 and ATG1 is indirect and led by ATG13 (Fig. 1). ATG11 is thought to help link the 

ATG1/13 complex and to promote the delivery of vesicles to the vacuole, however ATG11 is 

not completely essential for the assembly of the autophagic bodies (Li et al., 2014). ATG11 is 

also thought to be involved in the dynamic turnover of the ATG1/ATG13 kinase complex 

during nutrient starvation (Li et al., 2014, Suttangkakul et al., 2011).  
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Table 1. Conservation of Mitophagy Components in Plants with Yeast and Animals 

Yeast Animals Arabidopsis thaliana Comment 

ATG1 ULK1/ATG1 AtATG1a-d Core ATG protein 

ATG5 ATG5 AtATG5 (At5g17290) Core ATG protein 

ATG7 ATG7 AtATG7 (At5g45900) Core ATG protein 

ATG8 ATG8/LC3 9 proteins AtATG8a-i Core ATG protein 

ATG11 ATG11 AtATG11 (At4g30790) AtATG11 contins traces 
of ATG11 and ATG17 
domains 

ATG13 ATG13 ATG13a-b Core ATG protein 

ATG14 ATG14 - ATG protein 

ATG32 - - Receptor for mitophagy 

ATG33 - - required for mtophagy 

MMM1 - - ERMES-comples 

MDM10 - - ERMES-comples 

MDM12 - - ERMES-comples 

MDM34 - - ERMES-comples 

Similar to UBQ/HEL1 PARKIN UBQ/ARIADNE E3 ubiquitin ligase 

? PINK1 ? Conservation in 
MAPKKK protein, only 
+- 100 amino acids of 
581 

- FUNDC1 - Very low similarity to 
AtWHY3 ssDNA-binding 
protein (E-value 1.3) 

PCP1 PARL AtRBL12 and AtRBL10 Rhomboid-like 
proteases (AtRBL12 is 
mitochondrial, AtRBL10 
is plastidic) 

- BNIP3/DCT-1 - Receptor for 
mitophagy, involved in 
cell death and 
mitochondrial 
biogenesis 

Nma111 (nuclear) Omi/HTRA2/PARK13 AtPARK13 (At5g27660) Mitochondrial serine 
protease 

 

Also ATG7 is important during senescence-induced mitophagy (Li et al., 2014). ATG7 is an E1-

like enzyme which mediates the conjugation of ATG8 with phosphatidylethanolamine (PE) 

and of ATG12 with ATG5, resulting in the formation of ATG8-PE and ATG5-ATG12 complexes 

(Doelling et al., 2002). The ATG5-ATG12-ATG16L complex (an E3-like enzyme) is responsible 

for lipidation of ATG8 by PE (Fujita et al., 2008, Ryabovol and Minibayeva, 2016). The ATG8-

PE adduct decorates the mature autophagosomal membrane (Fig. 1), making it a good marker 

for the observation of autophagosome formation also in plants (Doelling et al., 2002, Liu and 

Bassham, 2012, Ryabovol and Minibayeva, 2016). 

With regards to autophagosome membrane formation, ATG5 and ATG8 are recruited during 

phagophore formation in close association with the endoplasmic reticulum (ER) (Le Bars et 
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al., 2014). Recently, the autophagy protein ATG9 has been shown to be important in the 

regulation of autophagosome membrane progression from the ER (Zhuang et al., 2017). The 

loss of function atg9 mutants in Arabidopsis displayed unusual tubular structures extending 

from the ER upon induction of autophagy. This phenomenon has not been observed in other 

autophagy mutants. Loss of ATG9 in Arabidopsis does not affect ATG8 conjugation onto the 

autophagosomal membrane, indicating a role for ATG9 downstream of initial ATG8 

recruitment. The role of ATG9 in this process currently appears to be unique to Arabidopsis 

(and perhaps other plant systems), and stands opposite to other organisms where loss of 

function atg9 mutants fail in autophagosome formation (Yamamoto et al., 2012). 

Mitochondrial membrane autophagy receptors in plants 

Based on our current knowledge, it appears that specific proteins on the mitochondrial 

surface act as markers for degradation and recruit the autophagy machinery to a specific 

mitochondrion. In yeast, ATG32 is an OMM receptor involved in tagging mitochondria for 

autophagosomal degradation, however to date there are no proteins on the plant 

mitochondrial surface that have been experimentally confirmed to have a similar function. 

Recently, a bioinformatic tool was developed to predict proteins that may interact with ATG8 

(Xie et al., 2016), a core protein of autophagy machinery. Based on the set of experimentally-

determined OMM proteins in Arabidopsis (Duncan et al., 2011), a predicted ATG8-interacting 

protein set [62] for Arabidopsis comprises 12 proteins including cytochrome b reductase, 

hexokinase 1, translocases of the OMM (TOM20s and TOM40) and voltage-dependent anion 

channel VDAC2 (Table 2). Mitochondrial protein import plays an important role in control of 

autophagy in animal systems, so perhaps a similar phenomenon occurs in plants explaining 

the presence of TOM20/40 in this list (Jin et al., 2010). Furthermore, VDAC1 ubiquitination by 

Parkin is a crucial step in marking mitochondria for autophagy (Geisler et al., 2010) in animals, 

and also hexokinase plays an autophagy-promoting role via the TOR pathway (Roberts et al., 

2014), potentially explaining these proteins being in the predicted ATG8-interacting protein 

set.  

Table 2. Arabidopsis mitochondrial proteins containing an ATG8-Ineracting Motif. 

AGI Descriptionb ATG8-interacting 
motifa 

Outer mitochondrial proteins 

At2g01460 P-Loop containing AAA+ ATPase with uridine kinase domain HDDFSSL (570) 
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TLDFDAL (108) 

RNDFDPV (695) 

At5g22350 Elongated mitochondria ELM1 protein of unknown function 
(DUF1022) 

HDEFAAL (248) 

At5g12290 DGD1 SUPPRESSOR 1, DGS1, galactoglycerolipid biosyntheis TDEWDLV(558) 

TDEWDLV(558) 

At1g05270 TraB family protein GEDFVHI(18) 

At4g29130 Hexokinase AtHXK1 DELFNFI(141) 

KQEFEEV(123) 

TLDFESL(301) 

At5g67500 VDAC2 voltage dependant anion channel DDIYFCL(49) 

At5g17770 NADH:Cytochrome B5 Reductase 1 AtCBR1 NVTYDDI(191) 

At5g20520 Wavy-growth WAV2 prolyl oligopeptidase NLIYEDI(51) 

At2g38280 Adenosine 5'-monophosphate deaminase AtAMPD FAC1 MSEWDQL(521) 

At1g27390 translocase of the outer mitochondrial membrane TOM20-2 TADFERL(5) 

At3g27080 translocase of the outer mitochondrial membrane TOM20-3 ETEFDRI(4) 

At3g20000 translocase of the outer mitochondrial membrane TOM40 PVPYEEL(31) 

Inner mitochondrial proteins 

AT1G07180 Internal alternative NAD(P)H-ubiquinone oxidoreductase A1; NDA1 IDEWMRV (365) 

AT2G20800 External alternative NAD(P)H-ubiquinone oxidoreductase B4; NDB4 TDEWLRV (359) 

DMDYDIL (164) 

AT2G29990 Internal alternative NAD(P)H-ubiquinone oxidoreductase A2; NDA2 IDEWMRV (363) 

AT2G43400 Electron transfer flavoprotein-ubiquinone oxidoreductase; ETFQO YEEFQKL (364) 

SIEYDVL (97) 

AT4G05020 External alternative NAD(P)H-ubiquinone oxidoreductase B2; NDB2 TDEWLRV (354) 

DYDYLVI (162) 

SVDYDYL (160) 

AT5G52840 NADH-ubiquinone oxidoreductase-related EEDWEMI (71) 

AT1G17530 Translocase of inner mitochondrial membrane 23; TIM23-1 DDVWTSV (135) 

AT1G20350 Translocase of inner mitochondrial membrane 17-1; TIM17-1 EDPWNSI (87) 

AT1G72750 Translocase of inner mitochondrial membrane 23-2; TIM23-2 DDVWTSV (136) 

AT2G26140 ATP-dependent zinc metalloprotease FTSH4 EETFGGL (138) 

EEMFVGV (297) 

AT2G37410 Translocase of inner mitochondrial membrane 17-2; TIM17-2 EDPWNSI (87) 

AT3G08580 Mitochondrial ADP/ATP carrier; AAC1 DEGFGSL (137) 

AT5G11690 Translocase of inner mitochondrial membrane 17-3; TIM17-3 EDPWNSI (87) 

AT5G25450 Cytochrome bd ubiquinol to cytochrome c oxidase DDLYDPL (36) 

AT5G53170 ATP-dependent zinc metalloprotease FTSH 11 EEMFVGV (432) 

VMEWEWL (158) 

LLEYETL (769) 

AT1G14560 CoA transporter FYIYEEL (209) 

AT2G07698 ATPase F1 complex, α subunit protein LIIYDDL (538) 

AT2G47690 NADH-ubiquinone oxidoreductase-related RTIFDEV (12) 

AT3G52300 ATP synthase D chain, mitochondrial; ATPQ RRAFDEV (41) 

AT4G02580 NADH-ubiquinone oxidoreductase YNYFEDV (195) 

AT5G56450 Metabolite transporter, substrate carrier LVFYDEV (315) 

AT5G66380 Folate transporter 1; FOLT1 FTAYEEL (183) 

ATMG01190 ATP synthase subunit 1 LIIYDDL (268) 

AT5G08740 Alternative NAD(P)H-ubiquinone oxidoreductase C1 EYDWLVL (192) 

KIEYDWL (190) 

AT5G66510 Gamma carbonic anhydrase 3; GAMMA CA3 DTEYDSV (249) 

AT1G19580 Gamma carbonic anhydrase 1; GAMMA CA1 VIEFEKV (224) 

AT2G02050 NADH-ubiquinone oxidoreductase B18 subunit KCEYELV (60 

AT2G33040 Gamma subunit of mitochondrial ATP synthase; ATP3 NVEFDAL (190) 
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AT5G08530 NADH coenzyme Q oxidoreductase; complex 1 subunit; CI51; 
NDUFV1 

LMDFDAL (359) 

AT4G21490 External alternative NAD(P)H-ubiquinone oxidoreductase B3; NDB3 TDEWLRV (352) 

DVDYDYL (158) 

AT1G09575 Calcium uniporter protein 1; MCU1 KEEFNKL (148) 

AT4G16700 Phosphatidylserine decarboxylase proenzyme 1; PSD1 LEEYTSL (166 

AT1G47420 Succinate dehydrogenase subunit 5; SDH5 VEEFGGI (154) 

AT3G59280 Mitochondrial import inner membrane translocase subunit PAM16-
like 2 (AtPAM16) 

KTSWEEI (67) 

AT5G66650 Calcium uniporter protein MCU6 RQEFEQL (198) 

AT5G58270 ABC transporter B family member 25; ABC25 NIEFENV (478) 
a Numbers in brackets are the start position of the ATG8-Interacting Motif in each protein 

sequence. 

b Proteins marked in bold are briefly discussed in the text. 

 

Prohibitin 2 was identified as an IMM receptor in animal systems, which interacts with 

LC3/ATG8 (Wei et al., 2017). This interaction requires the rupture of the OMM first, which 

occurs during Parkin-mediated autophagy (Chan et al., 2011, Wei et al., 2017). Amongst 

Arabidopsis IMM proteins (213 IMM proteins based on SUBA4 (Hooper et al., 2017) and 

Uniprot (Apweiler et al., 2004)) another set of 36 predicted ATG8-interacting proteins [62] 

can be identified (Table 2). This list includes various ETC, ATP synthase and Translocon of IMM 

(TIM) proteins, FtsH4/11 proteases (Zhang et al., 2017), mitochondrial calcium uniporters 

MCU1/6 (Teardo et al., 2017), metabolite transporters, but not prohibitins. However, ATG8 

interaction motifs [62] were not identified in animal PHB2 either, so a role for plant prohibitins 

in mitophagy should not be ruled out. As loss of prohibitins in plants results in a range of 

mitochondrial defects, mitochondrial swelling and retrograde signalling responses, it will be 

interesting to find if mitophagy is affected in prohibitin mutants and mitochondrial mutants 

in general (Piechota et al., 2015, Van Aken et al., 2016, Van Aken et al., 2007).  

 

Role for rhomboid and other proteases 

Rhomboid proteases are a specific group of conserved sequence-specific intramembrane 

proteases (Chan and McQuibban, 2013). Mitochondrially targeted members are involved in 

PCD and autophagy in animal systems. For instance, PARL prevents apoptosis by activation of 

Omi1 and by preserving cristae structure to prevent cytochrome c release (Chao et al., 2008). 

It is also involved in suppressing mitophagy by cleaving PINK1 (Chan and McQuibban, 2013). 
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Plant genomes also encode rhomboid-like proteases (e.g. 15 putatively in Arabidopsis), and 

some rhomboid proteases are also present in the mitochondrial and chloroplast membranes 

(Kmiec-Wisniewska et al., 2008, Knopf et al., 2012). Chloroplast rhomboids may be involved 

in maturation of Tic40 import component (Karakasis et al., 2007). However, no drastic 

phenotypes have been observed in single or double mutants of AtRBL8 and AtRBL9, with 

some partial sterility defects in atrbl8 plants that may be attributed to decreased expression 

of jasmonic acid (JA) synthase allene oxide synthase (Thompson et al., 2012).  Thus, no 

significant evidence exists that chloroplast or mitochondrial rhomboid proteases play an 

active role in plant autophagy or PCD.  

An Arabidopsis mitochondrial protease (AtPARK13) with similarity to animal 

Park13/Omi/HtrA (a substrate of autophagy-activator PINK1) has been reported to have a role 

in thermotolerance (Basak et al., 2014). The authors suggest it can directly cleave substrates, 

but no involvement in autophagy per se has been proven.   

Yeast iAAA/FtsH-like proteases are involved in cleaving the C-terminal of mitophagy receptor 

ATG32, thereby stimulating autophagy potentially by improving the interaction of ATG32 with 

ATG11 (Wang et al., 2013). In Arabidopsis, loss of mitochondrial protease Ftsh4 caused severe 

leaf senescence, cell death, and increased autophagy levels (Zhang et al., 2017). ATG5 and 

ATG8 were required for autophagosome formation and the senescence phenotype of ftsh4 

mutants. Crossing of ftsh4 with salicylic acid (SA) signalling-deficient mutants reversed the 

senescence and autophagy phenotypes, suggesting an important role of SA. Also a role for 

WRKY transcription factors was suggested. 

Several other mitochondrial proteases are induced at a transcript level during conditions that 

are linked with autophagy induction, such as senescence (ClpB4, all three ClpX’s, and ClpB2), 

dark treatment (Lon2) and nitrogen starvation (ClpP2 and metacaspase MC3) (Lin and Wu, 

2004, Liu et al., 2008, Roberts et al., 2012, Sanmartin et al., 2005). It will therefore be 

interesting to determine in the future if these proteases are involved in mitophagy induction 

or progression in plants. 

The role of mitophagy in signalling 

The communication from mitochondria to nucleus has been studied intensively in plants and 

some components in this retrograde signalling have been identified (Ng et al., 2014). 
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Understanding how this communication is coordinated might be a key to understand the 

outcomes of different cellular responses and their link to autophagic processes in plants. 

Generic ROS signalling in cells is likely not specific enough to induce targeted nuclear 

transcriptional changes in response to specific organelle defects, rather, receptors of specific 

ROS signals might be needed (Moller and Sweetlove, 2010). One possibility in the case of 

mitochondria is the ROS-dependent induction of the unfolded protein response (UPRmt), 

which has been studied in non-plant systems (Haynes and Ron, 2010). The precise 

mechanisms of UPRmt in plants are only beginning to be understood (Wang and Auwerx, 

2017), but it seems plausible that mitophagy could be involved. For instance the mammalian 

mitochondrial deacetylase sirtuin SirT3 is a regulator of both UPRmt and mitophagy (Liang et 

al., 2013, Papa and Germain, 2014). It is thought that SirT3 helps to sort moderately stressed 

mitochondria from irreversibly damaged ones. From previous studies it is known that a similar 

unfolded protein response occurs in the endoplasmic reticulum (UPRER) and can activate 

formation of autophagosomes in plants (Liu et al., 2012, Pu and Bassham, 2013, Senft and 

Ronai, 2015). ER and mitochondria interact through junctions on the ER membrane (Bockler 

and Westermann, 2014), and significant evidence exists that autophagosomal membranes 

can be derived from both ER (Chan and Tang, 2013, Zhuang et al., 2017) and mitochondria (at 

least in non-plant systems, as discussed above) (Chan and Tang, 2013). Mitophagy may also 

take part in retrograde signal suppression, for instance by removing damaged organelles that 

may be sending out stress signals. At least in animal systems, suppression of mitophagy 

results in retrograde signalling that regulates mitochondrial biogenesis (Palikaras et al., 2015). 

The role of mitochondria in oxidative stress-induced autophagy in plants has been previously 

reviewed (Minibayeva et al., 2012), further highlighting specific areas of research that are 

needed to understand the impact of mitophagy on plant mitochondrial function and 

signalling.  

 

Role of mitophagy during senescence 

Most Arabidopsis mutants lacking autophagy-related genes have no clear early 

developmental phenotypes, except atg6 mutants that have pollen germination defects 

(Reumann et al., 2010). However, lack of autophagy often results in accelerated senescence 

in Arabidopsis (Avila-Ospina et al., 2014, Li et al., 2014, Sakuraba et al., 2014, Wada et al., 
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2009). Furthermore, dark induced senescence causes chlorophagy, which requires ATG4, 

although no abnormal whole-plant senescent phenotypes were observed in atg4a4b-1 

Arabidopsis mutants (Wada et al., 2009). Chlorophagy is of major importance for nitrogen 

recycling as 80% of cellular nitrogen is held in the chloroplasts (Wada et al., 2009), as well as 

during recovery from UV-induced damage (Izumi et al., 2017). Chloroplasts are degraded 

much earlier than mitochondria during senescence. Mitochondria are possibly retained 

longer for recycling nitrogen via NH4
+ by glutamate dehydrogenase (Avila-Ospina et al., 2014). 

As sugars are depleted rapidly in a senescing leaf and amino acids need to be recycled, 

glutamate and branched chain amino acids such as lysine can feed electrons into the 

mitochondrial electron transport chain, keeping metabolism and nutrient recycling going 

(Araujo et al., 2010, Avila-Ospina et al., 2014, Avin-Wittenberg et al., 2015). A recent study 

showed that during dark-induced senescence concentrations of most amino acids increased, 

but this was less pronounced in atg mutants (Barros et al., 2017). On the other hand, TCA 

cycle intermediates such as citrate were more abundant and dark respiration rate was higher 

in atg mutants than in WT plants. The atg mutant plants responded to dark-induced 

senescence by increasing transcripts of alternative mitochondrial respiration pathway 

enzymes ETF/ETFQO. This suggests a metabolic reorientation when autophagy is disrupted, 

and that the lack of protein degradation in atg mutants slowed the generation of amino acids 

used as alternative substrates for respiration (Barros et al., 2017)  

After one day of dark-induced senescence a significant increase in ROS production by 

mitochondria and peroxisomes has been observed that lasted throughout senescence 

(Rosenwasser et al., 2011), possibly reflecting the heightened activity of these organelles 

during senescence. In contrast, chloroplast ROS levels dropped after 1 day and gradually 

returned to basal levels over the course of senescence (Keech, 2011). Based on this, it could 

be speculated that mitochondria (and perhaps peroxisomes) are the main players that allow 

complete recycling of cell content and potentially lead to cell death at the end of plant 

senescence. In agreement, plant mitochondria keep moving actively around the cell  (Keech, 

2011) and maintain their function (Chrobok et al., 2016)  until the last stages of senescence 

when chlorophyll is already largely degraded. This implies that cell survival through 

mitochondrial metabolic function until the last moments of senescence is crucial to maximise 

nutrient remobilisation (Chrobok et al., 2016) (Figure 2). When the time for cell death in plants 
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has arrived, it is unclear how the PCD threshold is reached, and if mitochondria and their 

autophagic removal play an active role (Box 2). It is possible that mitochondrial degradation 

is the final step in completion of senescence, or alternatively that they simply run out of 

substrates to maintain cellular viability. One explanation for the observed accelerated 

senescence phenotype in plant mitophagy mutants atg11 (Li et al., 2014)  may be that high 

activity and observed ROS production of mitochondria in senescing leaves requires adequate 

mitochondrial quality control and the removal of damaged organelles. When these damaged 

organelles accumulate they lose optimal functionality resulting in premature senescence. In 

agreement, ATG11 transcripts are gradually upregulated during leaf senescence in 

Arabidopsis, peaking during the final stages (Box 1 Figure I).  

 

Figure 2. Regulation and role of mitophagy in plants. Conditions like natural aging and stress 
can lead to the induction of senescence and may be associated with mitochondrial damage. 
Depending on circumstances, this may lead to increased bulk autophagy or specific 
mitophagy. Autophagy/mitophagy may help the plant with efficient recycling of nutrients 
from senescent or damaged tissues, or allow tissue survival. At the end of senescence or 
during extreme stress conditions mitophagy may contribute to cell death. Mitophagy may 
also play a role during developmental cell death. Retrograde signalling can be induced by 
mitochondrial stress, which may contribute to prevention of cell death (Van Aken and Pogson, 
2017). Images for senescent leaf and lightning were obtained freely from www.freepik.com.  
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Autophagy and potentially mitophagy may also play a role in ageing and lifespan extension in 

plants. Low light conditions can induce lifespan extension via caloric restriction in Arabidopsis, 

and autophagy supports this extended lifespan by efficient recycling of contents, (Minina et 

al., 2013b).  Also in animals, it is thought that a decline in mitophagy and thus mitochondrial 

quality control may contribute to aging (Diot et al., 2016, Palikaras et al., 2015).  

Conclusions 

Current evidence suggests that mitophagy occurs in plants both during normal development 

and under conditions such as prolonged darkness and oxidative stress (Figure 2). At present, 

only limited experimental information is available on how mitophagy contributes to 

suppressing premature senescence in plants, and whether mitophagy and plant PCD are 

linked (Li et al., 2014, Minina et al., 2014, Yoshimoto et al., 2009). An emerging model 

suggests that mitochondria are needed to allow efficient recycling and remobilisation of 

nutrients for instance in senescent leaves (Figure 2). This might put significant pressure on 

mitochondrial energy systems, thus requiring efficient removal of damaged and ‘worn-out’ 

organelles. If this turnover mediated by mitophagy is inhibited, the plants may senesce 

without complete remobilisation of nutrients. Thus, removing damaged, potentially ROS-

overproducing energy organelles may promote cell survival, and may contribute to the 

natural turnover of ageing mitochondria. During stress, it appears that ROS such as 

superoxide may be a signal that triggers autophagy to remove organelles that are engaged in 

excessive ROS production (Minibayeva et al., 2012).  

Mechanistically, we understand only a little about how mitophagy in plants is executed. Many 

of the core ATG protein components appear to be conserved in plants, but we have virtually 

no evidence of how individual plant mitochondria are marked for removal by autophagy. We 

hope that the list presented in Table 2 will be a useful resource for guiding such studies in the 

future. There is a need for further development of mitophagy tools in plants such as reporter 

lines and antibodies against proteins that are specifically degraded in plant mitochondria by 

autophagy (Bassham, 2015, Klionsky et al., 2016). We also have very little understanding of 

how plant mitophagy could be involved in regulating cellular processes outside of senescence, 

such as general tissue maintenance, gamete development, developmental processes that 

involve cell removal, and whether mitophagy plays a role in stimulating or quenching stress-

related signalling pathways in plants.    
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Supplementary material 

Box 1 

As mitochondria are a significant source of ROS, they are likely to be targets of autophagy in 

stress conditions in plants (Huang et al., 2016). Autophagy is thought to be induced by the 

plant hormone salicylic acid via NPR1 to act as a negative feedback loop repressing 

senescence and programmed cell death (Yoshimoto et al., 2009, Zhang et al., 2017, Zhou et 

al., 2015). Oxidative stress triggered by ETC inhibitors such as antimycin A (AA) or 

methylviologen (MV) was found to induce high levels of plant autophagy (Minibayeva et al., 

2012). This effect could be overcome by exogenous addition of antioxidants. A more detailed 

investigation of the impact of the ETC inhibitors myxothiazol, AA or potassium cyanide (KCN) 

on yeasts has confirmed that AA and KCN can induce autophagy as reported by Minibayeva 

and colleagues in plants (Deffieu et al., 2013, Minibayeva et al., 2012). However, Deffieu and 

co-workers claimed that AA and KCN induced nonspecific autophagy rather than mitophagy, 

whereas myxothiazol induced autophagy to a lesser extent. Like AA, myxothiazol blocks 

complex III, but it is thought to result in far less superoxide formation than AA.  These results 

suggest that autophagy is a response to ROS formation itself, rather than energy organelle 

inhibition. Also conditions such as hypoxia, mitochondrial uncoupling and loss of Δψm are 

known triggers for mitophagy in animal systems, but have not been studied extensively in 

plants.  

Posttranslational modification of proteins such as ubiquinylation, phosphorylation and 

acetylation seems to be important in the regulation of mitophagy levels in the eukaryotic cell 

(Eiyama and Okamoto, 2015, Shiba-Fukushima et al., 2012). It is already known that 

dephosphorylation of Arabidopsis ATG1 and ATG13 plays crucial role in the formation of the 

ATG1/13 complex (Suttangkakul et al., 2011), which is required for autophagosome formation 

(Box 1 Figure) (Ryabovol and Minibayeva, 2016, Thompson and Vierstra, 2005).  
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Figure 1.  Gene expression of ATG genes during dark-induced and developmental 
senescence. The transcripts of many genes encoding AuTophaGy related proteins are induced 
by senescence. The left data set represents dark induced senescence (columns represent 
number of days) (van der Graaff et al., 2006). The right dataset represents natural 
developmental senescence of whole plants (Breeze et al., 2011) sampled from day 19 to day 
39 of growth, either 7 h into the light period (AM) or 14 h into the light period (PM). Some 
ATG genes show very rapid induction (e.g. ATG8B), while others show more gradual induction 
patterns (e.g. ATG7). Some ATG genes also seem to display diurnal expression patterns (e.g. 
AtTSPO) Colour scale indicates fold change of mRNA expression relative to the first time point 
of the respective data set; grey fields indicate that the gene was not represented on the 
CATMA microarrays. 

Two starvation conditions are widely used as triggers in autophagy studies in plants: nitrogen 

starvation and carbon starvation (Aubert et al., 1996, Li et al., 2014). Nitrogen starvation 

seems to be a trigger for the induction of mitophagy in plants(Li et al., 2014) and yeast 

(Deffieu et al., 2013) .The carbon status and sugar levels may also play a role in plant 

autophagy. Environmental changes like the intensity of light, access to water and temperature 

influence the level of carbohydrate supply. Aubert et al. suggest that the supply of 

mitochondria with respiratory substrates, and not the decrease of sucrose and hexose 

phosphates, controls the induction of bulk autophagy in plant cells starved in carbohydrates 

(Aubert et al., 1996). Altogether, nutrient homeostasis of the cell and the respiratory status 
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of mitochondria are linked, and likely important in deciding between bulk autophagy and 

selective autophagic processes like mitophagy. 

Box 2 

Mitophagy has been studied as a mechanism to improve cell survival by removal of damaged 

component or recycling nutrients (Kubli and Gustafsson, 2012), but excessive levels of 

autophagy could tip the balance towards cell death (Catanzaro et al., 2015, Minina et al., 

2014). A key mechanism that affects autophagy appears to be mitochondrial fragmentation. 

A highly fragmented mitochondrial pool is more easily degraded by mitophagy, while a highly 

aggregated mitochondrial pool may be more resistant (Catanzaro et al., 2015). The fact that 

plant mitochondria aggregate early during cell death (Scott and Logan, 2008) may contribute 

to a failing of mitophagy to rescue the cell.  

The role of autophagy in plant PCD is however not very well understood. A recent study 

demonstrated that during developmental PCD of suspensor cells in Norway Spruce a 

metacaspase- and autophagy dependent pathway is used, but in their absence a 

mitochondrial PCD pathway was observed (Minina et al., 2013). However, in rice starchy 

endosperm PCD, mitochondrial membrane permeabilisation and caspase-like activity 

preceded cell death, suggesting mitochondrial PCD and autophagy are not necessarily 

mutually exclusive during plant developmental PCD (Kobayashi et al., 2013). Some studies 

even suggested that mitochondria undergoing permeability transition (MPT) become 

targeted for autophagy, so widespread MPT inside a cell following pro-death signals may 

trigger cell death by excessive removal of mitochondria by autophagy (Lemasters, 1998). 

Arabidopsis mutants in the mitochondrial protease Ftsh4 displayed increased senescence, 

PCD and autophagy. Crossing with atg5 or atg8 mutants reduced PCD levels, suggesting that 

autophagy stimulated the senescence PCD phenotype (Zhang et al., 2017). In agreement, 

many of the Arabidopsis ATG genes are transcriptionally regulated during leaf senescence 

(van der Graaff et al., 2006) (Figure 1 in Box 1).  Wertmann and colleagues described macro- 

and mega autophagy during lace plant PCD (Wertman et al., 2012). Many autophagic vesicles 

were being formed during early PCD stages. These vesicles contained organelle aggregates 

which often co-stained with mitochondria already during early stages of PCD stages. These 

aggregates migrated to the vacuole in late stage PCD, suggesting mitophagy is part of the PCD 

process. 
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Autophagy is necessary for PCD in developmental tracheary element formation in the xylem 

(Kwon et al., 2010). Mitophagy was observed during the first day of tracheary element 

induction with brassinolide/H3BO3, while a brassinosteroid-insensitive mutant did not show 

this process, indicating the involvement of phytohormones.  Finally, autophagy may also play 

a role in plant immunity and pathogen-induced PCD, a process potentially downstream of 

catalase function, linking ROS production with autophagy-dependent PCD (Hackenberg et al., 

2013, Munch et al., 2015, Teh and Hofius, 2014). It thus seems that in plants autophagy may 

be both a suppressor and stimulator of PCD processes. 
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Abstract 

Recent studies in Arabidopsis thaliana have reported conflicting roles in leaf senescence for 

ANAC017, a transcription factor regulating mitochondria-to-nuclear signalling, and its closest 

homolog ANAC016. By synchronising senescence in leaves of knock-out and overexpressing 

mutants from these contrasting studies, we demonstrate that elevated ANAC017 expression 

consistently causes accelerated senescence and cell death. A time-resolved transcriptome 

analysis revealed that senescence-associated pathways such as autophagy are not 

constitutively activated in ANAC017 overexpression lines, but require a senescence-stimulus 

to trigger accelerated induction. ANAC017 transcript and ANAC017-target genes are 

constitutively upregulated in ANAC017 overexpression lines, but surprisingly show a transient 

‘super-induction’ one day after senescence-induction. This induction of ANAC017 and its 

target genes is observed during the later stages of age-related senescence, indicating the 

ANAC017 pathway is also activated in natural senescence. Finally, our analyses show that 

ANAC016 likely acts downstream of and is transcriptionally controlled by ANAC017 in a feed-

forward loop during senescence. 
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Introduction 

Plants lead sessile lifestyles in their vegetative growth phase and must therefore continuously 

adapt to changes in the environment, including abiotic or biotic stresses. Complex networks 

of gene expression underlie these stress responses (Coolen et al., 2016), (Zhang et al., 2019). 

Intracellular signalling pathways are often divided into two main types: anterograde 

signalling, when information originates from the nucleus and is transferred to other 

compartments of the cell (e.g. chloroplasts or mitochondria); and retrograde signalling which 

originates in the autonomous organelles and is transferred to the nucleus (Woodson and 

Chory, 2008). This tight communication between organelles is important for proper 

maintenance of cellular homeostasis and stress responses (Jones, 2019, Kwasniak et al., 2013, 

Wu et al., 2019). To study such signalling pathways, researchers have used naturally-occurring 

triggers (e.g. light intensity) to induce specific responses, as well as chemical inhibitors and 

genetic approaches. Commonly used inhibitors that trigger chloroplast or mitochondrial 

retrograde signalling are paraquat, also known as methyl viologen, or antimycin A (AA), 

respectively.  

Such studies have led to the identification of transcription factors and other proteins that are 

involved in retrograde signalling. More specifically for plant mitochondria-to-nucleus or 

chloroplast-to-nucleus signalling, a group of NAC domain containing transcription factors, 

including ANAC017 and ANAC013, was shown to play an important role during chemical 

inhibition of mitochondrial and chloroplast function (De Clercq et al., 2013, Ng et al., 2013, 

Van Aken et al., 2016a). It was also determined that ANAC017 plays a role during 

developmentally controlled mitochondrial retrograde signalling (Van Aken et al., 2016b), (Ng 

et al., 2013).  ANAC017 is localised in the endoplasmic reticulum (ER) membrane, and upon 

treatment for example with antimycin A, the N-terminal end of ANAC017 is cleaved from the 

membrane and is thought to translocate to nucleus. There it recognizes a 

CT[T/C]GXXXXXCA[A/C]G-related motif (Ng et al., 2013, O'Malley et al., 2016) in promoters of 

stress responsive genes and regulates their expression (Ng et al., 2013). Knock-out mutants 

of ANAC017 show strongly repressed mitochondrial retrograde signalling, which can be 

compensated during later stages (starting around 9 hours post stress induction) by other 

transcription factors like ANAC013 (Ng et al., 2013, Van Aken et al., 2016a, Van Aken et al., 

2016b). A recent study showed that a nuclear protein, Resistant to Cell Death 1 (RCD1) 
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interacts with and represses ANAC013 and ANAC017, by which it is able to regulate both 

mitochondrial and chloroplast communication with the nuclear transcriptional apparatus 

(Shapiguzov et al., 2019). Interestingly, overexpression of ANAC017 in gain-of-function 

mutants leads to increased resistance to ER-stress (Chi et al., 2017).  

An involvement of ANAC017 in plant senescence has also been proposed, but its exact role 

and its connection to retrograde signalling of organelle function remains unclear. Two recent 

independent studies have reported opposing developmental senescence phenotypes of 

ANAC017 mutants. Kim et al. (Kim et al., 2018) showed that an ANAC017 overexpressing line 

displayed a slower rate of leaf senescence, while knock-out mutants exhibited a faster 

senescence phenotype, which suggests that ANAC017 is a negative regulator of natural 

senescence. On the contrary, overexpression of ANAC017 reported by Meng et al 2019 

resulted in faster leaf senescence than control plants, which suggests a positive role of 

ANAC017 in senescence. ANAC017 (At1g34190) is a neighbouring gene to ANAC016 

(At1g34180) and several studies have compared their contrasting role in dark-induced leaf 

senescence (Kim et al., 2013, Sakuraba et al., 2016, Sakuraba et al., 2015). ANAC016 was 

described as a positive regulator of leaf senescence based on dark-induced senescence assays 

of detached leaves, whereas anac016 knock-out mutants retained dark green colour and 

appeared to be healthy, while OE lines were heavily senescing after 4 days in darkness 

compared to WT (Kim et al., 2013). In the same study, dark induced senescence of the 

anac017 knock-out mutant showed the same rate of senescence as wild-type plants and it 

was reported that ANAC017 did not play a role in senescence (Kim et al., 2013). Thus far the 

ambiguity between these papers hasn’t been addressed and remains unresolved. Delayed 

senescence can result in higher crop yield, while premature senescence phenotypes have 

been shown to reduce the yield in crops (Borrill et al., 2019, Gregersen et al., 2013, Ma et al., 

2018). Therefore, unravelling the true role of ANAC017 in senescence could potentially be 

used in the selective breeding of crop plants. 

In this study, we used a different experimental approach to determine the role of ANAC017 

in plant senescence. By darkening only individual leaves, while keeping the rest of the plant 

in optimal conditions for plant growth, we analysed dark-induced senescence in a 

synchronised way, while maintaining systemic communication, mimicking partial shadowing 

by a neighbouring plant. By comparison of different ANAC017 mutants that were used in 
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multiple studies (this study, (Kim et al., 2018, Meng et al., 2019, Van Aken et al., 2016a), 

together with anac016-2 (Kim et al., 2013) we provide clear evidence that overexpression of 

ANAC017 positively regulates leaf senescence, and in fact regulates the expression of 

ANAC016. Using a time-course approach in individually darkened leaves (IDL) coupled with 

RNA-seq we are able to provide detailed information on the expression response of ANAC017 

targets and the rate of senescence in different lines.  

Results 

Overexpression of ANAC017 leads to increased senescence rate 

To resolve the disputed senescing phenotypes of different ANAC017 knock-out mutants and 

overexpressing lines we collected mutants from a number of studies, and produced additional 

independent lines (Fig. 1A-B). ANAC016 has been published previously as a positive regulator 

of senescence (Kim et al., 2013, Sakuraba et al., 2016, Sakuraba et al., 2015) The ANAC016 

gene (At1g34180) is located next to ANAC017 (At1g34190) on the Arabidopsis genome and is 

the closest paralog to ANAC017, with 71% sequence identity (Suppl. Fig. 1A). We therefore 

tested the role of ANAC016 during retrograde signalling responses. We used Antimycin A (AA) 

as a mitochondrial stress inducer on anac016 knock-out plants and tested the expression of 

Alternative Oxidase 1a (AOX1a), a classical marker for mitochondrial stress responses. We 

were able to show that retrograde signalling responses are no different in anac016 knock-out 

mutants compared to Col-0a plants, while the anac017EMS knock-out mutant displays almost 

complete abolishment (Suppl. Fig. 1B). 
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Figure 1. Overexpression of ANAC017 leads to accelerated senescence. A. Expression levels 
of ANAC017 and ANAC016 in a range of ANAC017 knock-out and overexpressing genotypes 
determined by qRT-PCR. B. Phenotype of analysed genotypes in individually darkened leaf 
senescence time-course at indicated time points. C. Chlorophyll measurements during 
senescence time-course at indicated time points. D. Ion leakage measurements taken during 
dark-induced senescence time-course. E. Starch levels presented as the glucose equivalents 
at end of day and end of night. n=6. Student’s t-test was used to simplify visualisation of 
statistical differences between WT and each genotype at a given time point. * p<0.1, ** 
p<0.05, ***p<0.01, full 2-way ANOVA results are shown in Suppl. Fig. 3. 
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We tested all lines used in the study for the gene expression levels of ANAC017 (Fig. 1A). 

Consistent with previously published findings, knock-out mutants of ANAC017 had less 

transcript, with higher significance in the anac017EMS mutant line compared to Col-0a plants. 

Interestingly, highest overexpression of ANAC017 was observed in OEb and OEc lines (20 and 

34 fold change, respectively), which display the same phenotype as OE2 and OE3 published 

by Meng et al. (2019). Since ANAC016 was previously published as a positive regulator of 

senescence, we also analysed its transcript level in 5-week-old plants. ANAC016 transcript 

was undetectable in anac016 mutant plants. Interestingly, overexpression of ANAC017 results 

in significantly increased expression of ANAC016 in all OE lines (Fig. 1A). 

We considered if the expression of ANAC016 could be regulated by ANAC017 or the other 

way around. The ANAC016 promoter region contains a putative ANAC017-binding motif (Ng 

et al., 2013, O'Malley et al., 2016) (Suppl. Fig. 2A) within 1.5 kb of the transcriptional start 

site. ANAC016 has been found to bind a nearly identical motif as ANAC017, 

C[TG]TGXXXXXCA[A/C]GXA , termed the mitochondrial dysfunction motif (MDM)(O'Malley et 

al., 2016) (Suppl. Fig. 2B). A different study identified ANAC016 to bind to a completely 

different binding motif (ANAC16BM)(Sakuraba et al., 2015), GATTGGAT[A/T]CA (Suppl. Fig. 

2C). Neither ANAC16BM nor clear MDM motifs are found in the promoter region of ANAC017. 

Thus, together with the increased expression of ANAC016 in ANAC017 overexpression lines, 

this suggests that ANAC016 probably is a target for expression regulation by ANAC017. 

We then analysed leaf senescence phenotype in individually darkened leaves 6 and 7 of 5-

week-old plants grown under long day (LD) conditions at day 0, 1, 2, 3 and 4 post treatment. 

It was obvious that three out of four ANAC017 overexpressing lines (OEa-OEc) displayed 

visible yellowing of leaves already at day 2 compared to both Col-0 controls (Fig. 1B). The 

ANAC017 OX (Kim et al., 2018) line displayed senescence a day later. All ANAC017 

overexpression lines had lost turgor by day 4. In contrast, both anac017 and anac016 knock-

out mutants remained green and retained turgor, with no visible differences to Col-0a and 

Col-0b plants over the full senescence time-course. To quantitatively characterize the 

differences in those lines, we analysed the level of chlorophyll and ion leakage across the cell 

membrane. 2-way ANOVA analysis showed time-dependent differences within all analysed 

genotypes, however no genotype-dependent difference between anac017EMS, anac017-1 

and anac016 knock-out mutants compared to wild-type plants (Fig. 1C). A genotype and 
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genotype:time effect was confirmed for all overexpressing lines compared to Col-0a and Col-

0b plants (Fig. 1C). Overexpression of ANAC017 resulted in a clear decrease in chlorophyll 

content in all overexpression lines by day 2, and this difference with Col-0 plants increased 

further at later stages of the senescence time-course (Fig. 1B-D). Consistent with the loss of 

chlorophyll and turgor, ion leakage of cell membranes increased dramatically in all four OE 

lines over the time course (Fig. 1D).  

As effects of ANAC017 or ANAC016 loss of function may not become clear until after day 4, 

we repeated the senescence assay and extended the time course until day 7 post senescence 

induction. Using a 2-way ANOVA analysis we found that there is no consistent genotype-

dependent difference between Col-0a and anac016 or both anac017 knock-outs used in the 

study (Suppl. Fig. 4), regarding visible senescence and chlorophyll loss. 

ANAC017 OE lines had previously been reported to contain lower levels of starch (Meng et 

al., 2019), but no quantitative data was provided in that study. It could be speculated that 

dysfunction in starch synthesis or degradation might affect senescence phenotypes in 

ANAC017-related genotypes. We tested the amount of starch in 5-week-old plants at the end 

of the day and end of night, which would reveal whether these genotypes have the same 

synthesis and degradation capability as Col-0 plants. Our results show that there is no 

difference in starch content between any of the lines at the end of the day (Fig. 1E), which 

indicates that they were all competent in starch synthesis. Also, all lines were able to degrade 

the majority of their starch during a night period which indicates that they were competent 

in starch degradation. Anac016 and anac017-1 knock-out and two out of four ANAC017 

overexpression plants had lower levels of starch at the end of the night than Col-0 (Fig. 1E), 

however, the accelerated senescence phenotype was not correlated with starch content or 

synthesis or degradation rate. 

Exploration of genome-wide transcriptional responses during leaf senescence 

To further analyse how knocking-out or overexpressing of ANAC017 influences transcriptional 

responses, we performed RNA-seq analyses. For this, leaf 6 and 7 were pooled together and 

analysed at day 0, 1 and 3 of the previously described senescence time-course for Col-0a, 

anac017-1 and two overexpressing lines OEa and OEc, chosen because they display 

contrasting developmental phenotypes but both show accelerated senescence. Generally, 
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transcript counts were mapped and a minimum of 21243 transcripts were detectable in each 

of the 36 samples (Suppl. table 1), with an average of about 24 million counts per sample 

(Suppl. table 2).  Exploration of the RNA-seq data revealed that the Col-0a and anac017-1 

transcriptomes were relatively similar to each other, as were both overexpressing lines (Fig. 

2A). By contrast, there was a much greater dissimilarity between the overexpressor and Col-

0a/anac017-1 groupings and this dissimilarity increased throughout the time-course (Fig. 2A). 

At day 0 of the senescence time-course, anac017-1 had in total 1205 differentially expressed 

genes compared to Col-0a, the majority of which (714) were downregulated (Fig. 2B). Much 

larger numbers of differentially expressed genes were obtained for OE lines compared to Col-

0a, 4178 and 4504 for OEa and OEc respectively (Fig. 2B). These numbers were similar to those 

obtained by (Meng et al., 2019), however they increase by almost 3 fold and 2 fold at day 1 

and day 3 of the senescence time-course, respectively.  
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Figure 2. Exploration of RNA-seq data from dark-induced senescence assay in Col-0a, 
anac017-1, ANAC017 OEa and OEc plants. A. RNA-seq multidimensional scaling plot of 
transcripts in 4 analysed genotypes at day 0, 1 and 3 of the senescence time-course. B. 
Number of significantly changed transcripts in the RNA-seq dataset at indicated days of the 
senescence time-course and indicated comparisons. 

We then determined if there are sets of genes that respond differently over time in the four 

tested genotypes. Based on the gene expression patterns, we divided the senescence 

responses into 4 types (Fig. 3): late responses, where transcripts were significantly up- or 

down-regulated only at day 3 post darkening; early responses, where transcripts were 

significantly elevated or decreased at day 1, with no further change at day 3 compared to day 

1; transient responses, where transcripts were up- or down-regulated at day 1, and at day 3 

post darkening the level of transcripts are recovering toward their original level; and finally 

sustained responses, where significantly changed transcripts were observed at day 1 post 

treatment, and continued in the same direction on day 3.  

Next, we focused our attention to genes where transcription was significantly changed in both 

overexpressing lines in the same way. Early type responses had the smallest number of genes 

with changed expression (313 genes). The majority of genes showed late type responses 

(1197), followed by transient (816) and sustained (812) responses. We then analysed whether 

products of differentially expressed genes (DEGs) in those 4 groups were targeted to specific 

subcellular locations (Fig. 3B). Large differences could be observed for transcripts encoding 

proteins located in the mitochondrion and plastid. Most of the DEGs encoding mitochondrial 

proteins belonged to late down and transient up groups, while DEGs encoding plastid proteins 

were mostly in the late down and sustained down responses.  

We then widened our search and looked at gene ontology (GO) enrichment in genotype-

specific groups (Suppl. table 3) and identified clusters of GO terms that were specific to 

transient or sustained responses occurring in both ANAC017 OE lines (Suppl. table 4). In 

transient responses GO term enrichment were found for ribosomal biogenesis RNA 

processing and mitochondrial function processes (mitochondrial transport and organisation, 

import into mitochondria) (Fig. 4A); these GO terms represented 68% of all transiently 

expressed genes, and contained mostly upregulated genes. Sustained response gene sets 

displayed GO term enrichment for catabolism of tetrapyrrole and chlorophyll, photosynthetic 

processes and organisation of chloroplasts (Fig. 4B), which is consistent with results from 
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subcellular localization studies and most of the genes in these groups showed sustained 

down-regulation.  

 

Figure 3. Time and localization-dependent transcriptional responses based on RNA-seq 
data. A. Four types of responses in RNA-seq dataset defined by padj value and fold change, 
presented on figures above appropriate Venn diagrams. Up-regulated transcripts (top pane, 
red), down-regulated transcripts (bottom pane, blue). B. Frequency of sub-cellular 
localization of DEG products within each type of response described above, common between 
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ANAC017 OEa and OEc. Asterisks represent statistical significance (Fisher’s exact test) *p<0.1, 
** p<0.05, ***p<0.01. 
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Figure 4. GO term enrichment in A. transient and B. sustained type responses that are 
common between ANAC017 OEa and OEc. For visualisation purposes (log2 transformed) fold 
change values represent mean of ANAC017 OEa and OEc fold change. 
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Autophagy and cell death-related genes become hyper-activated in ANAC017 OE lines after 

induction of senescence 

Interestingly, genes that show up-regulation in sustained responses were enriched in GO 

terms for autophagy related components and cell death. These results are in agreement with 

the senescence assay which shows that ANAC017 OE lines consistently senesce faster than 

Col-0, anac017 and anac016 lines. We therefore looked for further evidence of transcriptional 

induction of the autophagy pathway. We identified all the key components in regulation and 

formation of autophagosomes in our RNA-seq data, with the exception of 2 genes: LST8-2 

(At2g22040), expressed only in silique and seeds, and ATG8D (At2g05630). In contrast to 

previous findings (Meng et al., 2019), autophagy-related genes (ATGs) were not constitutively 

up-regulated in ANAC017 overexpressing lines before the induction of senescence (Day 0). 

However, they were induced much more strongly in both ANAC017 OE lines at day 1 and/or 

day 3 of the dark-treatment (Fig. 5, Suppl. table 1). In agreement, the GO category ‘pre-

autophagosomal structure’ was overrepresented among sustained UP genes in both 

ANAC017 OE lines (Suppl. table 3). In conclusion, the ANAC017 OE lines have normal 

expression of ATG-related genes, but after one day of darkening the ATG-pathway is strongly 

induced and continues to rise at day 3. 
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Figure 5. Heat map of DEGs that belong to autophagy pathway, during the dark-induced 
senescence assay in ANAC017-related genotypes. Lowest and highest expression values for 
each gene have been normalised between 0 and 1. 
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Hormone signalling is affected in ANAC017 mutants  

Previous reports identified differential expression of genes related to jasmonic and/or salicylic 

acid hormone signalling in ANAC017 mutant plants (Kim et al., 2018, Meng et al., 2019) which 

are known to induce senescence. We therefore screened our RNA-seq data of induced 

senescence for genes associated with metabolism and signal transduction of hormones which 

can induce (SA, JA, and ethylene) (He et al., 2002, Morris et al., 2000, Qiu et al., 2015) or 

restrain senescence (gibberellins, auxins, cytokinins) (Hu et al., 2017, Serova et al., 2019, Xiao 

et al., 2015).     Genes associated with metabolism and signal transduction of jasmonic acid, 

ethylene and salicylic acid were significantly up-regulated in ANAC017 OE lines compared to 

either Col-0a or anac017-1 lines (Suppl. Fig. 5A, Suppl. table 1). Negative regulation of 

senescence through cytokinins, auxins and/or gibberellins also seemed to be up-regulated in 

ANAC017 OE lines (Suppl. Fig. 5A, Suppl. table 1). Therefore, we further analysed genes found 

downstream of hormonal pathways and which were shown to be involved in senescence, 

including SAGs, YLS7, and YLS9, PAD4 (James et al., 2018, Jin et al., 2018, Vogelmann et al., 

2012, Yoshida et al., 2001). The majority of those genes were inducible over the senescence 

time-course either at day 1 or day 3 in both ANAC017 OE lines (Suppl. Fig. 5B, Suppl. table 1). 

This, together with the expression of genes associated with autophagy, cell death and 

metabolism of JA, SA and/or ethylene is in agreement with faster senescence in ANAC017 OE 

lines. 

Core ANAC017-regulated genes are transiently ‘super-induced’ during senescence in ANAC017 

OE lines 

Previous research of ANAC017-regulated genes focused on identification of genes that were 

positively regulated by ANAC017, and could no longer be induced by Antimycin A or in double 

mutant backgrounds of anac017 with mitochondrial function mutants (Ng et al., 2013, Van 

Aken et al., 2016b). It is also known that upon chemical induction, ANAC017 controlled genes 

are only highly expressed for a period of time and then return to their level in the original 

state (Ng et al., 2013, Van Aken et al., 2016b). We wanted to see whether we could identify 

these genes in one of the described types of dark-induced responses in ANAC017 

overexpressing lines. The vast majority of ANAC017 core genes previously identified were 

strongly and constitutively induced in both ANAC017 OE lines at day 0. Interestingly, despite 

these constitutively high expression levels, most of the ANAC017 core target genes (53% in 
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OE3.8 and 63% in OE9) were found in the transient up category (Fig. 6A, Suppl. table 1). This 

indicates that despite the already high expression levels of ANAC017-dependent genes at day 

0, a very transient senescence-triggered ‘super-induction’ is observed at day 1, which 

decreases again by day 3.  

 

Figure 6. Core ANAC017-regulated genes are differentially expressed in dark-induced and 
natural senescence. A. Expression of ANAC017, ANAC016 and core ANAC017-regulated genes 
during the dark-induced senescence assay. Lowest and highest expression values for each 
gene have been normalised between 0 and 1. B-C. Expression of ANAC016, ANAC017, 
representative ANAC017-controlled genes and core autophagy-related genes based on 
publically available microarray data (32). NS- natural senescence; expression in leaves with 
different stages of yellowing (expressed as percentage) during natural senescence; DIS- dark-
induced senescence on attached leaves; DET- dark-incubated detached leaves. Heat map 
colour scale represents fold changes normalised to the first time point within each sample 
group. 
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ANAC017 and ANAC017-regulated genes are induced during the later stages of natural 

senescence 

The accelerated senescence phenotype of the ANAC017 OE lines raises the question whether 

the ANAC017 pathway is also active during senescence in wild type plants. Our RNA-seq data 

set focused on the first three days after dark-induction of senescence, and at this stage the 

wild type plants are still not showing clear visual signs of senescence. As can be seen from Fig. 

6A, most of the ANAC017-regulon genes are not induced in Col-0a even at day 3 (Fig. 6A, 

Suppl. Fig. 6), with the exception of UGT74E2 and AOX1d that are starting to come up by day 

3. To assess whether the ANAC017-dependent genes are differentially expressed in wild type 

plants over longer senescence periods, we analysed their expression in a publicly-available 

microarray time course experiment covering natural senescence, prolonged dark-induced 

senescence on attached leaves, and dark-incubated detached leaves (Fig. 6B) (van der Graaff 

et al., 2006). In line with a positive role of ANAC017 during senescence, many of its classic 

target genes such as AOX1a, UGT74E2, OM66 and ANAC013 show a gradual increase in 

expression during natural and dark-induced senescence. During dark-induced senescence in 

attached leaves (the condition most similar to our experiments), ANAC017-target genes like 

AOX1a and ANAC013 are showing clear sustained induction from day 6 to 9, and some even 

earlier at day 2 to 4 (e.g. UGT74E2 and AOX1d). In dark-incubated detached leaves, the 

induction of many ANAC017-dependent genes can be observed as early as two days. Also 

during natural senescence, ANAC017-dependent genes are gradually but strongly induced, 

especially when leaf yellowing is becoming visible (Fig. 6B).  

Interestingly, ANAC017 and ANAC016 transcripts themselves are ’super-induced’ at Day 1 

during dark-induced senescence in the overexpression lines. (Fig. 6A). Moreover, ANAC017 

and ANAC016 are gradually induced during the later stages of natural senescence in wild type 

plants, peaking when chlorosis can be visually detected (Fig. 6C). It can thus be inferred that 

the ANAC017 pathway is naturally induced during the later stages of senescence.  
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Discussion 

Harmonising conflicting reports on ANAC016 and ANAC017 function during senescence 

Three previous studies have presented ANAC017 as having contrasting roles in senescence. 

Kim et al (Kim et al., 2013) concluded that ANAC017 plays no role in senescence but its closest 

homolog, ANAC016, is a positive regulator of senescence. In contrast, Kim et al. (Kim et al., 

2018) demonstrated that mutants lacking either ANAC017, ANAC082 or ANAC090 senesce 

faster during aging, which indicated that they were negative regulators of natural senescence. 

More recently, Meng et al (Meng et al., 2019) instead suggested that ANAC017 has a positive 

role in natural senescence because overexpressing ANAC017 accelerates developmental leaf 

aging. It is difficult to explain why different studies come to varying conclusions with regards 

to the role of ANAC017 during senescence; but differences in growth stages of plants, 

conditions of their growth and experimental treatments (e.g. detached leaves vs intact plants, 

dark induced senescence vs natural senescence) used in these studies are possible factors 

that contribute to differences in the observed mutant phenotypes (Suppl. Table 5).       

The relationship between the functions and binding sites of ANAC016 and ANAC017 during 

senescence and mitochondrial signalling has been unclear based on the available literature. 

As ANAC016 and ANAC017 are the most similar proteins in the Arabidopsis NAC transcription 

factor family based on sequence homology, it is likely that they operate in a similar way with 

regards to their protein activity and which promoters they bind on the genome. This is 

supported by the fact that ANAC013 and ANAC053 are more divergent in sequence to 

ANAC017 than ANAC016, and act redundantly to ANAC017 (De Clercq et al., 2013, Van Aken 

et al., 2016a). Notably, there is also a discrepancy in the literature concerning the DNA binding 

site preference of ANAC016. A previous study suggested the existence of a non-ANAC017 like 

binding motif (ANAC16BM; GATTGGATTCA) (Sakuraba et al., 2015). In contrast, ANAC016 was 

identified by a yeast one-hybrid screen using the same mitochondrial dysfunction motif 

(MDM, CTTGxxxxxCA(A/C)G) from the AOX1a and UGT74E2 promoters that identified 

ANAC017 and ANAC013 (De Clercq et al., 2013). Furthermore, a genome-wide chromatin 

immunopurification screen using ANAC016 as bait clearly identified many of the same 

promoters as ANAC017 and ANAC013, which are part of the ANAC017-controlled MDM 

regulon (O'Malley et al., 2016). The consensus motif for ANAC016 identified in this ChIP-seq 

experiment is also nearly identical to the ANAC017-binding motif identified by ChIP-seq 
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(O'Malley et al., 2016), which was independently confirmed by electromobility shift assays, 

yeast-one hybrids and ChIP-qPCR (De Clercq et al., 2013, Ng et al., 2013) . However the 

ANAC016BM (Sakuraba et al., 2015) was not found to be enriched in the genome-wide ChIP-

seq study (O'Malley et al., 2016). Overall, independent studies from two different labs have 

now shown that ANAC016 binds to the same MDM motif as ANAC017 and ANAC013 using a 

variety of experimental approaches, whereas ANAC16BM-binding has not been 

independently confirmed.  

With both ANAC016 and ANAC017 implicated in senescence, their individual roles now need 

to be clarified. Summarising our findings and others’, it seems clear that overexpression of 

ANAC016 or ANAC017 both result in similar fast-senescence phenotypes. In contrast, 

senescence phenotypes in the anac016 and anac017 knock-out plants are - at least in our 

hands - very subtle. Although ANAC016 and ANAC017 are very similar in amino acid sequence, 

there are significant differences in the regulation of their own transcripts. It was previously 

shown that ANAC017 transcripts are orders of magnitude more abundant in the cell than 

ANAC016 transcripts (Van Aken et al., 2016a) in young in vitro grown seedlings. This was also 

observed in the present RNA-seq data set, where ANAC017 transcripts are 46 times more 

abundant than ANAC016 transcripts at Day 0 in Col-0. Though ANAC017 transcript abundance 

is stable during mitochondrial dysfunction (Van Aken et al., 2016a), during natural senescence 

ANAC017 transcripts are clearly induced towards the later stages, when chlorosis is beginning 

to be observed. Also ANAC016 was identified as a senescence up-regulated gene with >three-

fold upregulation from day 31 after sowing onward (Breeze et al., 2011, Podzimska-Sroka et 

al., 2015). In our study, ANAC017 transcripts were stable during the 3 days in Col-0, while 

ANAC016 is in the late up category, being upregulated approx. 4.5-fold at Day 3 in Col-0. 

Interestingly, ANAC016 transcripts were already upregulated 5-9 fold in the ANAC017 OE lines 

at Day 0. Furthermore, ANAC016 and ANAC017 themselves show the same transient ‘super-

induction’ up to 50-60x at Day 1 and decline at Day 3, as observed for e.g. AOX1a and 

UGT74E2. The ANAC016 promoter contains a putative ANAC017 binding motif, suggesting 

that ANAC016 is in fact under the control of ANAC017, and perhaps even in a self-amplifying 

loop such as ANAC013 (De Clercq et al., 2013). During direct mitochondrial inhibition with 

Antimycin A, the retrograde induction of AOX1a is nearly completely abolished in anac017 

mutants, whereas anac016 mutants respond like wild type. This could be easily explained by 
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the much lower abundance of ANAC016 compared to ANAC017, suggesting that ANAC017 is 

the dominant protein active in the signalling pathway, with smaller contributions of ANAC013 

and ANAC016.  

Therefore, we propose a model where ANAC017 is activated transcriptionally and post-

translationally during the later stages of leaf senescence, thereby increasing the expression 

of ANAC013, ANAC016 and the other MDM regulon genes such as AOX1a and UGT74E2. Most 

likely the activation of ANAC017 is triggered by increasing stress on mitochondrial function 

during the late senescence process. This may also explain why anac017 and anac016 knock-

out lines have no or subtle visual phenotypes during senescence, as they only operate 

towards the end of senescence when leaf yellowing is already visible (Fig. 6B). Most likely, the 

transcript profiles of ANAC016 OE and ANAC017 OE lines are very similar as they are 

overexpressing nearly the same protein, and we strongly suspect that the MDM genes are 

also highly expressed in ANAC016 OE lines. Unfortunately, we were not able to obtain the 

previously-published ANAC016 OE lines (Kim et al., 2013) to verify this hypothesis. 

ANAC017 overexpression triggers time-dependent responses in mitochondrial and chloroplast 

functions 

Our RNA-seq analyses identified four different types of responses. Among sustained 

responses were genes involved in chloroplast biogenesis and function. It was previously 

shown that chloroplasts are first in line for degradation and recycling processes in order to 

maintain mitochondrial and, in general, cellular function (Avila-Ospina et al., 2014, Chrobok 

et al., 2016, Law et al., 2018, Peterson and Huffaker, 1975). In the anac017-1 mutant and Col-

0a plants chloroplast-related genes show early type responses, while in both overexpressing 

lines show a steady (sustained) decline in expression. That is consistent with the observed 

faster yellowing of leaves in the ANAC017 OE lines.  

An overrepresentation of genes encoding mitochondrial proteins shows a very different 

pattern. Several mitochondrial function categories are transiently upregulated in ANAC017 

OE lines, including mitochondrial organisation, transport and protein import. This indicates 

that the accelerated senescence is underpinned by a rapid boost in mitochondrial 

biogenesis/maintenance and activity, most likely to sustain the rapid recycling of nutrients 

observed in the following two days of the time course. Conversely, mitochondrial functions 
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are also overrepresented in the late down category, indicating that mitochondrial functions 

are among the last to be switched off during the final moments before complete senescence 

and cell death.   

As ANAC017 is a key regulator of mitochondrial function during stresses, and mitochondria 

are crucial to bring senescence and nutrient recycling to a good end, it is not surprising that 

the ANAC017 pathway is activated during the later stages of senescence. Presumably, this is 

needed to deal with the increasing stress that later-stage senescence may pose on plant 

mitochondria. Additionally, it was proposed previously that the ANAC017 pathway may be 

involved in the suppression of cell death (Van Aken and Pogson, 2017). It could thus be argued 

that the ANAC017 pathway initially delays cell death to allow maximum recovery of nutrients. 

One explanation for the accelerated senescence in ANAC017 OE lines could be that the high 

expression of the ANAC017 target genes, which also appears to occur during the latest 

moments of natural senescence, tips the balance towards death. Such careful balances 

between survival and cell death can also be seen for instance during other process such as 

autophagy (Das et al., 2012). How exactly overexpression of ANAC017 affects the cellular 

balance, ultimately leading to accelerated senescence will require extensive further work.  

Evidence for a link between ANAC017 function and autophagy 

A previous report observed transcriptional up-regulation of the autophagy pathway in 5-

week-old ANAC017 OE lines and described it as a constitutive up-regulation (Meng et al., 

2019). The controlled conditions and extensive time course in our data set allowed us to show 

that ATG genes are not-constitutively induced in ANAC017 OE lines. In contrast, they are 

increasing in expression in the ANAC017 OE lines only after a senescence-inducing trigger, 

leading to sustained up type responses in ANAC017 OE lines, and most likely contributing to 

the accelerated senescence and cell death. It will be very interesting to unravel how exactly 

the ANAC017 regulon can pre-dispose the plants to undergo such fast senescence.  The timing 

of induction of ANAC017-regulated genes during the later stages of senescence matches very 

closely to the transcriptional upregulation of many autophagy-related genes (Fig. 5, Fig. 6B) 

(Broda et al., 2018, van der Graaff et al., 2006). This further suggests that in a natural context 

the ANAC017 and autophagy signalling pathways are synchronised during senescence. 

Whether there are common signals underlying their activation, or whether one pathway 

induces the other, is currently unclear.  
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Conclusions 

In conclusion, our analyses suggest that activation of the ANAC017-pathway is a naturally-

occurring phenomenon during the later stage of senescence. From a regulatory perspective, 

it appears likely that ANAC017 is in fact an upstream regulator of ANAC016 during 

senescence. ANAC016 may then in turn co-activate the same genes as ANAC017, 

strengthening the induction as observed for ANAC013. As the DNA binding motifs and target 

genes of ANAC016 and ANAC017 appear to be very similar (De Clercq et al., 2013, O'Malley 

et al., 2016), the similarity of the fast-senescence phenotypes observed when either gene is 

overexpressed can easily be explained. Our results also show that overexpression of ANAC017 

and its target genes in itself is not sufficient to accelerate senescence, but that an additional 

senescence-inducing signal (dark-induction or developmental ageing) is needed to expedite 

senescence, autophagy, and ultimately cell death. It thus appears that ANAC017 activation 

predisposes or ‘primes’ plants for accelerated senescence. 
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Methods 

Plant material and growth conditions 

Arabidopsis thaliana, ecotype Col-0 from our lab was used as a control for all experiments 

and here named Col-0a to distinguish from Col-0 obtained from Kim H.J. et al. 2018 (14) and 

here named Col-0b. anac017EMS was previously published by Ng S. et al., 2013 (Ng et al., 

2013); OEa was previously published by Van Aken O. et al, 2016 (Van Aken et al., 2016a); 

anac017-1 and ANAC017 OX line were obtained from Kim H.J. et al. 2018 (Kim et al., 2018); 

anac016 (SALK_074316) was obtained from Arabidopsis Biological Resource Center. OEb and 

OEc were generated in Col-0a by floral dipping using 35S expression vector pB7WG2 (Karimi 

et al., 2002). 

All plants were stratified for 3 days in 4°C and grown for 5 weeks in soil consisting of soil, 

perlite and vermiculate mixture in 4:1:1 ratio under long day conditions (LD, 16h light, 8h 

darkness, 100 µmol m-2s-1) at 22°C. 

Antimycin A treatment 

Antimycin A treatment was performed as previously described (Broda and Van Aken, 2018). 

In general, 50 µM Antimycin A was used to spray 2-week old seedlings from a distance of 

about 20 cm using spray bottle. Samples were collected at indicated time-points, snap frozen 

in liquid nitrogen and stored at -80°C until use. 

RNA extraction, cDNA synthesis, qRT-PCR 

Tissue subjected for analysis were snap-frozen in liquid nitrogen and stored at -80°C until use. 

Tissue was then ground using a bead mill and total RNA was isolated using SpectrumTM Plant 

Total RNA kit (Sigma-Aldrich, STRN250-1KT) with On-Column DNase treatment (Sigma-

Aldrich, DNASE70) following the manufacturer’s instructions. 500 ng of total RNA was used 

for cDNA synthesis using iScript cDNA synthesis kit (Bio-rad, 1708890) (Broda and Van Aken, 

2018). cDNA was further diluted and used for quantitative real-time PCR using QuantiNova 

SYBR green PCR kit (Qiagen, 208056). A list of primers used for the qRT-PCR can be found in 

Suppl. table 6. Two housekeeping genes were used for normalization: UBQ10 and AKT2 

(Czechowski et al., 2005) and analysed using geometric averaging of multiple control genes 

(Vandesompele et al., 2002). 
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Senescence assay 

Plants were grown for 5 weeks in soil in standard long day growth conditions. Plants were 

randomized throughout the tray, shelf position and room position to compensate for 

environmental factors. Leaf 5 was collected for starch and ANAC017 and ANAC016 gene 

expression analysis. Leaf 6 and 7 was used for chlorophyll and ion leakage analysis. 

For starch analysis leaf 5 was collected at the end of day and end of night time point and 

tissue was snap frozen in liquid nitrogen and kept at -80°C until further use. Tissue was ground 

using a bead mill and incubated with 80% ethanol at 90°C for 3 min with maximum agitation. 

Samples were then centrifuged for 10 min at 20 000 g. This step was repeated 3 times. The 

pellet was then used for starch enzymatic assays, using a protocol described previously 

(O'Leary et al., 2017, Smith and Zeeman, 2006). 

Leaf 6 and 7 were covered with aluminium foil for dark induced senescence and harvested at 

indicated time points. On each day, pictures were taken of all leaves using the same camera 

objective and automatic exposure. For illustration purposes, representative leaves were 

selected using the Quick Selection tool in Photoshop and placed on a uniform black 

background. After pictures were taken, chlorophyll was measured using a SPAD meter (SPAD-

502Plus, Konica Minolta). Each leaf was measured multiple times in different positions on the 

leaf blade. Leaf 6 and 7 were then combined for ion leakage measurement. Ion leakage was 

described previously (Guo and Gan, 2006) and applied with minor changes. Leaves were 

cleaned of soil residues, placed in 50 mL falcon tube with 20 mL dH20, and placed on a rocker 

for 30 min with gentle rocking. Initial measurement was made using a HI98192 meter (Hanna 

Instruments). Leaves were then boiled and cooled down to room temperature and a second 

measurement was taken. Ion leakage is presented as a percentage of initial over the final 

measurement. 

RNA-seq library preparation and differential gene expression analysis 

Individually darkened leafs 6 and 7 from day 0, 1 and 3 were collected and pooled together 

from Col-0 a, anac017-1 (SALK), OE3.8 and OE9 from senescence assay for total RNA isolation 

using same procedure as described above.  

For RNA-seq library preparation, total RNA was treated with Ambion Turbo DNase 

(ThermoFisher Scientific, AM1907) and quantified using QubitTM RNA BR Assay Kit (Invitrogen, 
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Q10210). 500 ng of RNA was then used for library preparation using TruSeq Stranded Total 

RNA with Ribo-Zero Plant Kit (Illumina, RS-122-2401) and TruSeq RNA UD Indexes for up to 96 

samples (Illumina, 20022371). Samples were sequenced using a HiSeq1500 with SBS kit v3 for 

50 cycles (Illumina, FC-401-3002). Alignment of reads was performed against the TAIR10 

annotation using STAR (Dobin et al., 2013). On average 24 million reads per sample were 

mapped (Suppl. table 2). Counts were assigned to genes using summarizedOverlaps and 

analysis of differentially expressed genes was performed with the EdgeR package (McCarthy 

et al., 2012, Robinson et al., 2010). Transcripts were considered differentially expressed if FDR 

≤ 0.05 and FC ≥ 2 or FC ≤ -2. Raw RNA-seq data files are available from ArrayExpress with 

accession number E-MTAB-8478. 

Enrichment of gene ontology analysis was performed using AgriGO v2 (Tian et al., 2017). 

Graphical representation of GO terms was performed using the GOplot package in R (Walter 

et al., 2015). 

Accession numbers 

RNA-seq data files are available from ArrayExpress with accession number E-MTAB-8478. 
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Supplementary figures 

 

Supplementary figure 1. Functional comparison of ANAC017 and ANAC016 in mitochondrial 
retrograde signalling responses. A. Protein sequence alignment of ANAC017 and ANAC016. 
B. Expression of AOX1a, a marker for mitochondrial retrograde signalling, during Antimycin A 
time-course. Asterisks (*) represent a statistical significance of a genotype in comparison to 
its own 0 time point. Hash sign (#) represents statistical significance of genotype at indicated 
time point compared to same time point in Col-0. * or # p≤0.1, ** or ## p≤0.05, *** or ### 
p≤0.01 
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Supplementary figure 2. Binding motifs. A. ANAC017 binding motif based on Chip-Seq 
analyses (O'Malley et al., 2016). B. ANAC016 binding motif from Chip-seq analyses (O'Malley 
et al., 2016). C. ANAC016 binding motif as found by Sakuraba et al., 2015. Image taken from 
(Sakuraba et al., 2015). 
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Supplementary figure 3. 2-way ANOVA test significance in senescence assay. A. 2-way 
ANOVA significance of SPAD chlorophyll measurements taken over the course of 4 days of 
dark-induced senescence. B. 2-way ANOVA significance of ion leakage measurements taken 
over the course of 4 days of dark-induced senescence.  

 



113 

 

 
Supplementary figure 4. Extended dark-induced senescence time-course on Col-0a, 
anac017EMS, anac017-1 and anac016. A. Phenotype of analysed genotypes in individually 
darkened leaf senescence time-course at indicated time points. B. Chlorophyll level (top 
panel) and ion leakage (bottom panel) of leaves during extended senescence time-course at 
indicated time-points. * p≤0.1, ** p≤0.05, *** p≤0.01. 
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Supplementary figure 5. A heat map of A. DEGs involved in biosynthesis, degradation and 
signalling of ethylene, salicylic acid (SA), jasmonic acid (JA), gibberellins, auxins and cytokinins. 
B. DEGs previously published to be involved in senescence. 
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Supplementary figure 6. Expression of ANAC017 controlled genes over the dark-induced 
senescence time-course in Col-0a plants.  
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Supplementary tables 

Supplementary tables can be found in the folder supplied with this thesis. 

Supplementary table 1. RNA-seq data for Col-0a, anac017-1, ANAC017 OEa and OEc during 

dark-induced senescence time-course. 

Supplementary table 2. Sums of counts of technical replicates obtained for each of the 

biological samples analysed by RNA-seq. Supplementary table 3. GO Term analyses of DEGs 

in different types of time-dependent responses in dark-induced senescence time-course for 

Col-a, anac017-1 and commonly expressed genes between ANAC017 OEa and OEc. 

Supplementary table 4. GO Term analyses of DEGs in different types of time-dependent 

responses in dark-induced senescence time-course for commonly expressed genes between 

ANAC017 OEa and OEc. 

Supplementary table 5. A summary of experimental design used in this and previous studies 

concerning role of ANAC017 in senescence. 

Supplementary table 6. Primer sequences used in the qRT-PCR analyses.  
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Links between autophagy and retrograde 
signalling 
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Abstract 

Plant mitochondria must respond to stress applied from both within or outside of the cell in 

a timely manner. In response to stress, mitochondria trigger retrograde signalling, however 

the mechanism of action is not known, although several components have been identified. In 

this work, a novel aspect of mitochondrial retrograde signalling is presented, demonstrating 

that autophagy is involved in the signalling process. Increased expression of the mitochondrial 

retrograde regulation (MRR) component ANAC017 was shown previously to prime 

Arabidopsis for accelerated senescence. Here, we demonstrate that this senescing phenotype 

is very similar to the senescence phenotype in autophagy-deficient mutants. To confirm the 

role of autophagy in plant MRR, we show that genetic or chemical inhibition of the autophagy 

pathway results in the suppression of retrograde signalling in Arabidopsis. Conversely, 

induction of autophagy with ER stress stimulator tunicamycin results in an elevated 

mitochondrial retrograde response. ANAC017 has been shown to be anchored into the 

endoplasmic reticulum (ER) and needs to be released to allow transcriptional activation in the 

nucleus. As the involvement of autophagy in MRR has potential implications for the activation 

mechanism of ANAC017, we studied its ER membrane insertion topology. Results presented 

here demonstrate that both the N-terminal and C-terminal of ANAC017 are located in the ER 

lumen, in contrast to previous assumptions that the N-terminal transcription factor domain 

of ANAC017 is protruding into the cytosol. This work thus presents a new model for the 

activation mechanism of ANAC017 and a stimulating role for autophagy in mitochondrial 

signalling in plants.  
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Introduction 

Over the past three decades, cellular signalling has been widely studied in a variety of 

organisms including yeasts, worms, flies, animals and plants. The situation in plants is 

arguably more complicated due to the presence of additional autonomous organelles, 

plastids. In every cell, signalling can be divided in two main groups: extracellular and 

intracellular signalling, with the second one having two main subgroups, anterograde and 

retrograde signalling (De Clercq et al., 2013, Leister, 2012, Meng et al., 2019). Anterograde 

signalling can be defined by communication of the nucleus with other compartments of the 

cell, and retrograde signalling as a reverse process (Woodson and Chory, 2008). Plastid 

retrograde signalling is the most studied intracellular communication in the plants, whereas 

mitochondrial communication is not as well understood. Moreover, multiple studies have 

shown that communication of chloroplasts with mitochondria must occur as well, however 

this is even less understood (Li et al., 2017, Schwarzlander et al., 2012, Van Aken et al., 2016, 

Van Aken and Pogson, 2017). Some of the components involved in mitochondrial retrograde 

regulation (MRR) have been identified, yet the mechanism of action and how they interact 

with other cellular processes remains largely unknown. A good example is ANAC017, a 

transcription factor that was found during the screen for mutants that are impaired in 

mitochondrial retrograde signalling (Ng et al., 2013). It was shown that ANAC017 resides in 

the membrane of the endoplasmic reticulum (ER) and upon mitochondrial stress induction, 

the N-terminal end is cleaved from the membrane by suspected rhomboid proteases and 

translocates to the nucleus where it regulates the expression of mitochondrial stress 

responsive genes, AOX1a among them (Ng et al., 2013). It is not known how the stress from 

mitochondria is transferred to ER to cause the cleavage of ANAC017 from the membrane. It 

is also not known, what triggers rhomboid proteases to cleave the N-terminal end from ER. 

Therefore, there must be a barrier that safeguards ANAC017 from the action of proteases and 

also a mechanism that enables the triggering of this cleavage.  One of the cellular processes 

that may be involved in this regulation is autophagy and its use of ER membrane.  

Autophagy is a self-recycling process, more widely studied in response to poor nutrient 

availability. It involves vesicle-based transportation of cargo that can be specific, like 

mitochondria (mitophagy) (Broda et al., 2018), chloroplasts (chlorophagy) (Zhuang and Jiang, 

2019) or even ER (endophagy), (Nakatogawa, 2020) among others. It was also shown that the 
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endoplasmic reticulum can contribute its membrane for autophagosome formation (Chan 

and Tang, 2013). When autophagy is triggered, a pre-autophagosomal structure (PAS) is 

formed and draws cargo to the ATG8 protein, a receptor that decorates the membrane of 

autophagosomes. ATG8 recognises specific motifs in proteins present on the targeted 

organelle that are destined for degradation (Johansen and Lamark, 2019, Noda et al., 2010). 

Based on this it can be hypothesised that autophagy could contribute to either enabling of 

signal transduction or for the recovery of stress when an ER-based process is required for the 

signalling.  

Here we show that the senescence phenotypeof ANAC017 overexpressing lines shares 

similarity with autophagy-deficient mutants. We also show that, analyses of retrograde 

signalling responses in autophagy mutant plants, and chemically induced inhibition or 

stimulation of autophagy show that autophagy is an important process in mitochondrial 

retrograde signalling in plants. To explore the implications this may have on the activation 

mechanism of ANAC017, the topology of ANAC017 has also been analysed. Moreover, our 

analysis show for the very first time that both N- and C- terminal ends of ANAC017 face the 

ER lumen.  

Results 

Accelerated senescence phenotype in ANAC017 overexpression lines is similar to authophagy-

deficient mutants. 

Previous research identified that overexpression of ANAC017 primes plants for accelerated 

senescence (Chapter 3; Broda M. et al., 2019, under review). A faster senescence phenotype 

is also a characteristic for plants deficient in autophagy (Avila-Ospina et al., 2014, Yoshimoto 

et al., 2009). We therefore performed a senescence assay on ANAC017 overexpressing and 

knock-out lines in parallel with two representative autophagy deficient mutants, using 

detached leaves incubated on petri dish plates with wet Whatman paper, in complete 

darkness.  At indicated time-points, pictures were collected, and chlorophyll was measured 

using a SPAD meter. Leaves from each plate were then combined to assess ion leakage. In line 

with previously observed accelerated senescence in darkened attached leaves (Chapter 3), 

our results showed that ANAC017 overexpressing plants yellowed significantly faster than 

Col-0 leaves, yet similarly to autophagy deficient mutants (Figure 1A-B). We observed similar 
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rates of ion leaking in ANAC017 OE and autophagy deficient mutants using conductivity as a 

measure for cell integrity (Figure 1C). Moreover, 2-way ANOVA analysis revealed that 

ANAC017 OEa and atg7-2 are not statistically different to each other, especially at day 3  after 

dark treatment. 

 

Figure 1. ANAC017 overexpressing plants display accelerated senescence similar to 
autophagy-deficient mutants. A. Pictures of 4-week old leaves detached and incubated in 
complete darkness on wet Whatman paper. B. Chlorophyll level in detached dark induced 
senescing leaves. C. Conductivity of detached dark incubated leaves. Letters represent 2-way 
ANOVA statistical significance with Tukey post hoc test. 
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Autophagy-deficient mutants have reduced retrograde signalling capability 

To elucidate whether there is a link between autophagy and plant mitochondrial retrograde 

signalling, we assessed how dysfunction of the autophagy pathway affected the response to 

antimycin A (AA), an inhibitor of complex III of the ETC in mitochondria and inducer of MRR. 

Therefore, we monitored transcriptional responses of MRR target genes to treatment with 

50µM AA in a representative set of autophagy-deficient mutants with defects at different 

stages of autophagosome formation (Table 1). Samples were collected at indicated time-

points over a 12 h time course and analysed using qRT-PCR (Figure 2).  

Table 3. Collection of different autophagy-deficient mutants used in this study. 

AGI 
Encoded 
protein 

Involved in Mutant 
Previously 

published in 

At5g17920 ATG5 Extension of 
autophagosome 

atg5-1; SAIL_129_B07 (Yoshimoto et 
al., 2009) 

At5g45900 ATG7 Extension of 
autophagosome 

atg7-2; SALK_057605 (Zhang et al., 
2008) 

At4g16520 ATG8f Expansion of 
autophagosome 

atg8f; SALK NA 

At2g31260 ATG9 nucleation atg9-3; SALK_128991 (Shin et al., 
2014) 

At4g30790 ATG11 Initiation of 
autophagosome 
formation 

atg11-1; SAIL_1166_G10 (Li and Vierstra, 
2014) 

At3g62770 ATG18a Membrane 
elongation 

atg18-1; GABI_651D08 (Lai et al., 
2011) 

 

Our results suggest that autophagy-deficient mutants have reduced levels of induction of 

transcriptional responses to AA by about 30-50% compared to Col-0 plants, especially at the 

earlier at early stages of the time course (3-6 h) post AA treatment (Figure 2). The response 

was intermediate to Col-0 and anac017EMS plants, which are almost completely abolished in 
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the induction of transcription of mitochondrial dysfunction markers at the earlier time points 

(Figure 3). The observed slight expression induction of those genes at the late stages post AA 

treatment could be explained by the presence of other transcription factors, such as 

ANAC013, which acts downstream of ANAC017 and which can take over the role of missing 

ANAC017 (Figure 3, anac017EMS, 9-12h post antimycin A treatment) (De Clercq et al., 2013, 

Van Aken et al., 2016). The obtained results indicate the involvement of autophagy in 

mitochondrial retrograde signalling, especially at the early stages of induction.  
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Figure 2. Retrograde signalling responses in anac17EMS and autophagy-deficient mutants 
compared to Col-0, upon stimulation with Antimycin A and analysed using qRT-PCR. Student’s 
t-test was used to simplify visualisation of statistical differences. Hash indicates statistically 
significant change in the gene expression within Col-0 at a marked time-point compared to 
Col-0 0h; asterisks indicate statistically significant difference within analysed mutants 
compared to Col-0 at marked time-point. Error bars represent standard error. #p≤0.05, 
##p≤0.01, ###p≤0.001, *p≤0.05, **p≤0.01, ***≤0.001 
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The kinetics of mitochondrial retrograde signalling responses are affected upon chemical 

inhibition or induction of autophagy pathway 

To further confirm the results obtained from autophagy-deficient mutants, a chemical 

inhibition of autophagy using wortmannin was performed. Wortmannin is an inhibitor of PI 

3-kinase VPS34, involved in the autophagosome formation during nucleation process. 

Inhibition of VPS34 stops the recruitment of ATG proteins into the membrane and as a 

consequence maturation of autophagosomes. PSB-D cell cultures were pre-treated with 

30µM wortmannin for 3h, before the induction of retrograde signalling responses with 50µM 

antimycin A. DMSO was used as a control for the solvent utilized to dissolve wortmannin. 

Samples were collected at indicated time points and mitochondrial dysfunction stimulon 

(MDS) gene expression levels were analysed using qRT-PCR.  

Our results show that wortmannin reduced the ability of Arabidopsis cell cultures to respond 

to antimycin A (Figure 4, left panel) and results in similar expression levels as anac017EMS 

presented on Figure 2. This effect was very clearly observed in the MDS target genes, UPOX 

and UGT74E2. For AOX1a, wortmannin triggered a similar induction in the cell cultures as 

observed in DMSO + AA, indicating that the general cellular stress caused by wortmannin can 

already induce AOX1a expression, which is known to respond to a wide range of stresses 

beyond mitochondrial signals(Ho et al., 2008). This confirms previous results from atg 

mutants that autophagy is required for normal mitochondrial retrograde signalling in 

Arabidopsis (Figure 2). 
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Figure 3. Mitochondrial retrograde signalling responses in PSB-D cell cultures treated with 
wortmannin prior AA application. Relative MDS expression analyses in Arabidopsis PSB-D cell 
cultures pre-treated with 30µM wortmannin for 3h prior application of AA. Letters represent 
2-way ANOVA analyses with Tukey post-hoc test. Error bars represent standard error.  
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To assess whether induction of autophagy could conversely induce stronger or earlier 

transcriptional response to AA, we applied AA after 3h of pre-treatment of cell cultures with 

0.15 µg/ml tunicamycin, an inducer of ER stress and autophagy. Samples were collected 

before the treatment with tunicamycin (-3h), 3h post tunicamycin pre-treatment (0h) when 

AA was applied and every 3h post antimycin A application, for the duration of 12h. Transcripts 

were analysed using qRT-PCR analyses. Our results show that tunicamycin prompts faster 

and/or stronger responses to AA over the 12h time-course for AOX1a and UPOX at 2-3 h post 

AA treatment (Figure 4).  
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Figure 4. Kinetics of mitochondrial retrograde signalling responses induced with 50µM AA, 
after pre-treatment with tunicamycin. Letters represent 2-way ANOVA analyses with Tukey 
post-hoc test. Error bars represent standard error. 
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To determine if ANAC017 mutants showed any longer term phenotypes of resistance or 

susceptibility to the induction of autophagy, we assessed their growth in vitro on MS plates 

with 0.3 µg/ml of tunicamycin (Tm) (Liu et al., 2012). Our results suggest that both ANAC017 

overexpressing plants used, OEa and OEb respectively, are more resistant to tunicamycin than 

WT or autophagy mutants (Figure 5).  

 
Figure 5. ANAC017 overexpressing plants are more resistant to ER stress and autophagy 
inducer tunicamycin. Plant were grown in vitro for 3 weeks under long day conditions. 

 

The C- and N-terminal end of ANAC017 are located in the endoplasmic reticulum lumen 

The ANAC017 transcription factor has been previously shown to reside in the ER membrane 

and be cleaved upon stress to translocate to nucleus to regulate the expression of stress 
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responsive genes (Ng et al., 2013). However, the topology of ANAC017 in the ER membrane 

has not been studied and therefore how simple the cleavage and movement of ANOC017 to 

the nucleus is unclear. Bioinformatic analysis using ARAMEMNON (Schwacke et al., 2003) 

shows that ANAC017 is predicted to have one clear transmembrane helix that spans across 

the membrane (Figure 6A). As a consensus, ANAC017 is predicted to have its N-terminal end 

protruding into the ER lumen and C-terminal in the cytosol. To test this hypothesis, confocal 

microscopy-based ratiometric imaging analysis was performed using transgenic lines stably 

expressing roGFP2 fused to either end of ANAC017, as previously described  (Brach et al., 

2009, Schwarzlander et al., 2008).  This method allows for non-invasive analyses of protein 

topology, thereby preventing stress induction (e.g. during protoplast preparation or 

agrobacterium infiltration) which would otherwise have caused the translocation of the N-

terminal end to the nucleus. roGFP2 is a redox sensitive variant of GFP with GFP with two 

excitation peaks (at 405nm and 488nm) that reflect the nature of the two adjacent, surface-

exposed cysteine residues – a high 405/488nm fluorescence ratio corresponds to a highly 

oxidised state in which the two cysteine form a disulphide bridge, whereas a low 405/488nm 

fluorescence ratio corresponds to a highly reduced state in which the two cysteine remain 

reduced. It has been shown using roGFP that the ER lumen is more oxidising than the cytosol 

(Brach et al., 2009; Schwarzlander et al., 2008). By monitoring the oxidation state of 

ANAC017-roGFP2 and roGFP2—ANAC017 lines, it is possible to determine the topology of 

ANAC017 in ER in vivo.  

Roots of 14-day old transgenic seedlings were visualised under a confocal microscope. 

Consistent with previous findings in tobacco leaves (Brach et al., 2009), ratios  of fluorescence 

excited with 405nm to fluorescence gathered upon excitation with 488nm (ratio 405/488nm) 

for SEC22-roGFP and for roGFP-SEC22 measured in Arabidopsis roots a almost identical and 

here were used as controls for oxidized and reduced roGFP2 state (Figure 2B). Surprisingly, 

both ANAC017-roGPF2 and roGFP2-ANAC017 have high 405/488 ratios, very similar to SEC22-

roGFP2 control, indicating that both termini of ANAC017 are located in a relatively more 

oxidised environment, i.e. most likely in the ER lumen (Figure 6B). The simplest explanation 

of this is that ANAC017 contains two transmembrane helices and that the ANAC017 

transcription factor domain is located in the ER lumen. However, there is a lack of 

bioinformatic evidence supporting the presence of two transmembrane (Figure 6A). More 
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likely, ANAC017 is a monotopic membrane protein or a peripheral membrane protein in which 

the predicted “transmembrane” alpha-helix integrates into or interacts with the lumen side 

of the ER membrane. 

 

Figure 6. ANAC017 topology analysis in the endoplasmic reticulum. A. Bioinformatic analyses 
of ANAC017 membrane topology using ARAMEMNON (http://aramemnon.uni-koeln.de). 
Direction is described in relation to cell cytosol (“inside”) (Hofmann and Stoffel, 1993). B. 
Ratiometric imaging analyses of ANAC017 tagged with redox sensitive roGFP2. SEC22 was 
used as a known control as previously described (Brach et al., 2009). 

 

  

http://aramemnon.uni-koeln.de/
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Discussion 

In a previous study (Chapter 3, Broda M. et al., 2019, under review), analyses of senescence 

phenotypes in ANAC017 mutant plants have shown that overexpression of ANAC017 

accelerates senescence. Here, comparative analyses with autophagy-deficient mutants 

revealed that the accelerated senescence is very similar to atg mutants. In previous studies, 

the N-terminal end of ANAC017 was identified to be cleaved from the ER membrane by 

rhomboid proteases (Ng et al., 2013), but researchers have not yet experimentally 

determined the topology of ANAC017 in the ER membrane. Here, it was shown that both ends 

of ANAC017 are in an oxidising environment. All of the bioinformatic prediction tools for 

ANAC017 topology predict only one transmembrane domain. Therefore it can be argued that 

ANAC017 displays a monotopic protein characteristics (Allen et al., 2019). 

Building upon the topology of ANAC017 and the similarity of senescence phenotypes with 

autophagy-deficient mutants, it was hypothesized that autophagy is part of the process of 

retrograde signalling responses.  To test this, retrograde signalling responses were tested in 

three different scenarios: autophagy-deficient mutant plants, in cell cultures pre-treated with 

an autophagy inhibitor (wortmannin) and in cell cultures with chemically induced autophagy 

using tunicamycin.  

These experiments showed that inhibition of autophagy reduced the retrograde signalling 

responses by 30-50% in atg mutants (Figure 3) or even completely abolished them in 

wortmannin treated cell cultures (Figure 4). On the contrary, induction of autophagy in 

Arabidopsis cell cultures reversed that effect and showed a stronger and/or earlier retrograde 

response (Figure 6-7). Mutation in specific single genes encoding autophagy-related protein, 

causes complete lack of autophagosome formation (Thompson et al., 2005). Since autophagy 

deficiency in atg mutants only reduced the strength of the response to AA, but not completely 

eliminates it, we could speculate that autophagy is likely not the only component in the MRR 

induction.  

Previously, studies identified only transcription-related components that are involved in the 

signal transduction from mitochondria to nucleus, among which ANAC017 was identified. 

However, to date, no knowledge exists on the physical transduction of the signal. Most likely 

the rhomboid protease responsible for N-terminal cleavage of ANAC017 belongs to the 

secretory pathway and faces cytosol (Supplementary figure 1) and therefore, there is a need 
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for the N-terminus of ANAC017 to be exposed to cleavage. Furthermore, the cleaved TF 

domain of ANAC017 would need to be in the cytosol to allow it to migrate it to the nucleus. 

This would favour a membrane-based mechanism for that exposure. Results presented here 

suggest that autophagy might be the missing link. This would make a cellular process that has 

previously not been implicated in retrograde signalling, a part of the signalling mechanism. 

A model for autophagy involvement in mitochondrial retrograde signalling can be proposed 

based on available evidence (Figure 7). In normal conditions, ANAC017 resides in the ER 

membrane, with both of its ends facing the ER lumen (Figure 7A). Antimycin A treatment of 

plants induces mitochondrial stress which in turn triggers autophagy (Figure 7B) (Minibayeva 

et al., 2012). It has been shown before that the ER can be a membrane source for 

autophagosome formation (Chan and Tang, 2013), and therefore it is possible that 

autophagosome formation during mitochondrial stress responses allows for inversion of the 

membrane orientation and exposure of ANAC017 into the cytosol (Figure 7C).  This allows for 

the release of the ANAC017 N-terminus and its translocation into the nucleus (Figure 7D) 

where it recognizes genes of the MDS, binds to their promoters and induces their expression. 

A double membrane autophagosome then translocates to the vacuole, where it fuses with 

the tonoplast (Figure 7E) and becomes an autophagic body. During the last steps, degradation 

of the autophagic body occurs and allows for recycling of individual components, like amino 

acids and lipids back to the cytosol where they can be used in de novo synthesis of new 

proteins and compartments (Figure 7F-G). Such a turnover system would also explain how 

AA-induced gene expression peaks at 3-6h and then can completely revert to basal levels by 

12h. 
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Figure 7. Autophagy- a model mechanism for mitochondrial retrograde signalling. ANAC017 
contains 2 transmembrane domain, spanning ER membrane with both N- and C-terminal end 
of ANAC017 located in ER lumen. Induction of mitochondrial stress, e.g. by Antimycin A 
application triggers autophagosome formation, which allows for the N-terminal end of 
ANAC017 to be exposed to cytosol, which allows for its cleavage by rhomboid proteases and 
translocation to nucleus to regulate MDS gene expression. Remaining autophagosome 
translocates near vacuole where it fuses with tonoplast and becomes autophagic body. In the 
last step, degradation and recycling of individual components back to the cell occurs.  
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Future prospects 

The observation of autophagosome formation in plants treated with Antimycin A is 

interesting correlative data for a link between retrograde signalling and autophagy 

(Minibayeva et al., 2012, Rakhmatullina et al., 2016). However, proving the model of 

interaction of autophagy with mitochondrial retrograde signalling requires evidence that the 

two share space and time during stress responses. To confirm this, co-localization of ANAC017 

with autophagosomes upon AA treatment will have to be determined in the future. An 

alternative approach would be to study co-localization of ANAC017 with autophagosomes 

(currently underway). Moreover, future studies should include confirmation of ANAC017 

monotopic topology in the ER membrane, by carbonate extraction followed by western 

blotting as well as identification of rhomboid protease responsible for ANAC017 cleavage. 
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Materials and Methods 

Plant material 

Arabidopsis thaliana, ecotype Col-0 was used as a control for all experiments. anac017EMS 

was previously published by Ng S. et al., 2013 (Ng et al., 2013); OEa was previously published 

by Van Aken O. et al, 2016 (Van Aken et al., 2016), OEb and OEc were described in Chapter 3. 

All seeds were stratified for 3 days in 4°C and grown in vitro for 2 weeks on plates containing 

full strength MS media or for 4 weeks on soil consisting of soil, perlite and vermiculate mixture 

in 4:1:1 ratio for senescence assay. Plants were grown under long day conditions (LD, 16h 

light, 8h darkness, 100 µmol m-2s-1) at 22°C. 

PSB-D Arabidopsis thaliana suspension cell cultures (Menges and Murray, 2002) were 

subcultured weekly by transferring 20ml of 1-week old culture into new flask containing 

100ml modified MSMO media and grown in complete darkness with rotary shaking 200rpm 

for 3 days before use. MSMO media was modified by addition of 0.5g/l of MES.  

Senescence assay 

Leaf 6 and 7 of 4 week old plants grown under long day conditions were harvested and placed 

on petri dish with a wet Whatmann paper and placed in complete darkness. Leaf yellowing 

was monitored daily using SPAD meter measurements and ion leakage analysis.   

ANAC017 topology analyses- ratiometric imaging 

Constructs encoding for roGFP2-SEC22 (reduced control), SEC22-roGFP2 (oxidized control), 

roGFP2-ANAC017 (N-terminal) and ANAC017-roGFP2 (C-terminal) and containing attB sites 

were synthesized by IDT and cloned using Gateway cloning were stably transformed into 

Arabidopsis and plants were analysed by confocal microscopy. Topology analyses of ANAC017 

were performed using roGFP2 probe fused to N- or C-terminal end of ANAC017 as previously 

described by (Brach et al., 2009). roGFP2-SEC22 was used as a known reduced control, SEC22-

roGFP2 was used as an oxidized control. Images were collected using Nikon A1RMP confocal 

microscope with 60x WI objective. Image analyses were performed using Ratio Redox Analysis 

Software (Fricker, 2016). Assay as performed on roots in Arabidopsis stable transformants. 
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Tunicamycin resistance phenotyping 

Seeds were sown onto MS media containing 0.3µg/ml tunicamycin. Equal volume of DMSO 

was used as a solvent control. Seeds were stratified in darkness at 4°C for 3 days prior 

germination in LD growth conditions for 3 weeks.  

Retrograde signalling responses in Arabidopsis suspension cell cultures 

Arabidopsis suspension cell cultures were pre-treated with 30µM wortmannin or 0.3µg/ml 

tunicamycin for 3h prior application of Antimycin A. Samples were then collected at indicated 

time-points, centrifuged at max speed for 30sec, snap frozen in liquid nitrogen and stored at 

-80°C until use. 

Antimycin A treatment on Arabidopsis seedlings 

Antimycin A treatment on seedlings was performed as previously described (Broda and Van 

Aken, 2018). In general, 50 µM AA was used to spray 2-week old seedlings. Spray treatment 

was described in detail by (Van Moerkercke et al., 2019). Samples were collected at indicated 

time-points, snap frozen in liquid nitrogen and stored at -80°C until use. 

RNA isolation, cDNA synthesis and qRT-PCR analysis 

Tissue subjected for analysis was ground using bead mill and RNA was isolated using 

SpectrumTM Plant Total RNA kit (Sigma-Aldrich, STRN250-1KT) with On-Column DNase 

treatment (Sigma-Aldrich, DNASE70). cDNA synthesis was performed using iScript cDNA 

synthesis kit (Bio-rad, 1708890)  and further diluted prior qRT-PCR analysis using QuantiNova 

SYBR green PCR kit (Qiagen, 208056). UBQ10 was used as a housekeeping gene for data 

normalization (Czechowski et al., 2005).   
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Supplementary figures 

 
Supplementary figure 1. Arabidopsis rhomboid proteases in secretory pathway. RBL15, 
RBL13 and RBL7 predicted with active proteolytic activity (Adamiec et al., 2017) and their 
consensus topology within the membrane based on ARAMEMNON bioinformatic analyses 
(http://aramemnon.uni-koeln.de) (Schwacke et al., 2003). 
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Chapter 5 

General discussion
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Throughout this thesis, mitochondrial retrograde signalling is considered a process with an 

underlying mechanism that to this day remained largely elusive. In the literature, it is 

commonly described as a process of conveying a message from mitochondria to the nucleus. 

Sending such a message requires both specificity and movement in the cell, from one place 

to another. Further identification of components involved in sending this message is one step 

forward in the studies of the mechanism. A mechanism involves a set of components that 

work together, but the presence of each component isn’t enough. There is a need for a set of 

relays that allow for the components to work together and move the message within the cell. 

Rather than to only continue to look for specific molecular components, I have chosen to 

investigate how cellular processes like senescence and autophagy can be part of this 

mechanism. In so doing I attempt to further integrate retrograde signalling into what we know 

about the cascading interactions of plant mitochondrial biogenesis, autophagy, and 

maintenance during developmental processes like senescence and plant growth 

performance.  

Retrograde signalling in organelle biogenesis 

It is believed that retrograde signalling plays a role not only in stress recovery, but also in 

biogenesis of organelles. In plants, a large set of biogenesis-related processes is triggered in 

seeds upon imbibition. In a classical view, mitochondria and chloroplasts need to be formed 

from their respective proto-organelles present in seeds. Since a lot of components of mature 

mitochondria need to be synthesised de novo, premitochondria are required to inform the 

nucleus about their current state and what genes need to be transcribed (Law et al., 2014, 

Leister, 2012). However, very recent studies concerning the topic of metabolic activation in 

seeds consider the basic levels of ATP, redox and metabolites (Nietzel et al., 2020) and reveal 

that it may not be the case that a pool of functional mitochondria need to be already present 

in seeds, but that biogenic processes are very rapid and driven by the wider redox status of 

the seed (Nietzel et al., 2020, Paszkiewicz et al., 2017, Raveneau et al., 2017).  

Autophagy- a regulatory pathway of mitochondrial composition 

In mammalian cells, mitochondrial biogenesis has been linked to autophagy. Lack of the 

autophagy pathway was shown to reduce the mitochondrial composition of the cell, most 

likely due to insufficient biogenesis of mitochondria (Liu et al., 2019). In plants, induction of 
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autophagosome formation by AA (Minibayeva et al., 2012) hints toward the role of autophagy 

in organelle function and a potential link to retrograde signalling. Two main types of 

autophagy are present in cells: selective and non-selective (Kissova et al., 2007, Li and 

Vierstra, 2012). For selective autophagy, a recognition of a targeted cargo is required. 

Comparative analyses of autophagy-linked proteins throughout different species show lack of 

many homologs in Arabidopsis, at least at the level of sequence similarity. However, 

functional homologs are possible. For example, it was shown that prohibitin 2 in mammalian 

inner mitochondrial membrane can be a receptor for ATG8 interaction (Wei et al., 2017). 

Based on sequence homology between mammalian prohibitin 2 and prohibitins from 

Arabidopsis, it is possible that they are functional homologs (Chapter 2, (Broda et al., 2018)). 

With mitophagy being the security guard between survival and cell death, identification of 

possible targets for selective mitophagy in plants, could have a great potential in future 

applications of nutrient assimilation and increasing yield in crops (Broda et al., 2018, Kellner 

et al., 2017). 

Autophagy deficiency, can lead to increased levels of senescence, which in plants, can be 

observed by visible yellowing of the leaf. Senescence is regulated on multiple levels, which 

includes regulation of gene expression (Woo et al., 2016), and leads to programmed cell death 

as the last step. Identification of the components involved in this process is therefore very 

important.  

Due to programmed cell death being tightly linked to mitochondrial function, the role of 

mitochondria in plant senescence needs to be considered. Many studies identified 

mitochondria to remain active in senescing cells until very late stages (Keech et al., 2007, 

Ruberti et al., 2014, Zottini et al., 2006). Since senescence is a process that occurs within the 

whole cell and leaf tissue, cellular compartments need to be considered as well. It was shown 

in senescing leaves that chloroplasts are the first source of nutrients to be recycled into other 

organelles, specifically their components are delivered to energy producing organelles, 

peroxisomes and mitochondria, which leads to metabolic reprogramming to maintain energy 

homeostasis and essential organellar function for as long as possible in senescing tissues 

(Chrobok et al., 2016, Ruberti et al., 2014). Even though eventually the number of 

mitochondria starts to decrease, respiration rate remains stable in senescing leaves (Chrobok 

et al., 2016) or can even increase (Collier and Thibodeau, 1995). This major reprogramming 
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of metabolism requires signalling to the nucleus to regulate gene expression and initiate a 

metabolic switch. Analysis of transcription factors and their role in senescence is thus of 

significant importance to understand this signalling event. 

Emerging link between transcriptional regulation of retrograde signalling, senescence and 

autophagy 

Several studies have been published analysing transcription factors belonging to the NAC 

family (Bengoa Luoni et al., 2019, Kim et al., 2018, Kim et al., 2013, Li et al., 2018) with the 

majority of the studies recognizing accelerated leaf senescence by the ectopic presence of 

the transcription factor in question (Bengoa Luoni et al., 2019). Due to a number of studies 

with contradictory results on the role of ANAC017 in plant senescence (Kim et al., 2018, Kim 

et al., 2013, Meng et al., 2019), I have carried out comparative studies of mutants from 

different sources to resolve its true role. I showed that accelerated senescence was linked to 

overexpression of ANAC017 in four independent lines, by predisposing plants to accelerated 

senescence (Chapter 3, Figure 1). However, the lack of ANAC017 in Arabidopsis plants did not 

markedly delay senescence. This might be due to functional compensation by other 

transcription factors. ANAC016 is the transcription factor with the highest sequence similarity 

to ANAC017 (Chapter 3, Supplementary Figure 1A) and was shown to be a positive regulator 

of senescence (Kim et al., 2013, Sakuraba et al., 2016, Sakuraba et al., 2015). My analyses of 

the ANAC016 promoter region showed that ANAC017 has the potential to regulate ANAC016 

expression (Chapter 3, Supplementary Figure 2), but it is very likely that ANAC017 is not the 

only regulator responsible for senescence. In the absence of ANAC017, senescence can still 

be regulated by other transcription factors, such as ANAC016. It could be speculated that 

transcriptional activation of senescence was pre-existing in ANAC017 OE lines, allowing for a 

much faster starting point of senescence.  It is also likely, that accelerated senescence caused 

by overexpression of ANAC017 has an underlying metabolome changes. Slightly lower levels 

of starch in analysed mutants at the end of night time-point presented here (Chapter 3, Figure 

3E) could indicate metabolic switch, in which branched-chain amino acids could be a source 

for ATP production as previously observed by (Law et al., 2018). However, further 

metabolome analyses would be required to confirm this hypothesis. 

Overexpression of ANAC017 leads not only to accelerated senescence. RNA-seq analyses 

revealed that stimulation of the expression of genes involved in both mitochondrial and 
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chloroplast biogenesis at the early stages of senescence occurred in both OE lines analysed 

(Chapter 3, Figure 3A). Moreover, the expression of mitochondrial function genes was 

downregulated at later stages of senescence (Chapter 3, Figure 3B), which is in agreement 

with available literature stating that mitochondria are the last to be recycled during 

senescence (Chrobok et al., 2016, Law et al., 2018). It is believed that mitochondria are 

degraded during the last stages of senescence (Peterson and Huffaker, 1975) due to their 

being the last line of defence in cells before they go down a pathway of programmed cell 

death. Since overexpression of ANAC017 accelerates recycling processes, such as autophagy, 

it can be argued that ANAC017 signalling delays premature cell death in plants (Van Aken and 

Pogson, 2017). 

Accelerated senescence phenotypes in ANAC017 OE lines were also shown be to be very 

similar to those observed in autophagy-deficient mutants (Chapter 4, Figure 1), indicating a 

potential link between retrograde signalling and autophagy. Additional evidence supporting 

this link comes from our RNA-seq analyses, which showed high induction of autophagy at late 

stages of induced senescence in OE lines (Chapter 3, Figure 5, Figure 6B). This led to more 

detailed study of the possible role of autophagy in mitochondrial retrograde signalling. 

Indications regarding the involvement of autophagy in retrograde signalling are already 

known from the literature. AA or MV, classical inducers of retrograde signalling, have been 

shown to induce autophagosome formation (Minibayeva et al., 2012), hinting at this role; 

however this was not investigated in the context of retrograde signalling. Moreover, studies 

showing autophagosome formation look at autophagosomes formed after several hours post-

induction, without monitoring autophagosome formation over time (Li et al., 2014, 

Minibayeva et al., 2012). From data presented in this thesis, it is clear that autophagy 

deficiency leads to a partial block of the retrograde response to antimycin A (Chapter 4, Figure 

3-4). Given the unexpected luminal orientation of ANAC017 in the ER (Chapter 4, Figure 6), 

release of ANAC017 into the cytosol requires a membrane-based mechanism. Autophagy may 

play a dual role in the process. On one hand autophagy might bring an answer as to how 

ANAC017 is released into the cytosol (Chapter 4, Figure 7), on the other, since it is a recycling 

process, perhaps it aids the cell with stress recovery and prevention of excessive signalling to 

the nucleus. 
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Finally, retrograde signalling processes are important not only for functioning of the organelle 

in question, but for the overall performance of the whole plant. It was previously shown that 

ANAC017 can be responsible for response to both chemical stimulation of retrograde 

signalling as well as during retrograde signalling triggered by genetic defects (Van Aken et al., 

2016). Lack of retrograde responses can lead to reduced biomass, especially at later stages of 

plant development (Van Aken et al., 2016), or susceptibility to environmental stresses (Wang 

et al., 2018). Overexpression of WRKY15, a transcription factor that acts as a repressor of 

mitochondrial retrograde signalling, can lead to a reduced salt stress tolerance in Arabidopsis 

(Vanderauwera et al., 2012). Deficiency in mitochondrial retrograde signalling usually results 

in the lack of induction of AOX expression (Dojcinovic et al., 2005, Selinski et al., 2018, 

Wanniarachchi et al., 2018) which can lead to decreased drought and biotic stress 

susceptibility (Dahal et al., 2017, Vanlerberghe, 2013). Interestingly, reduced levels of AOXs 

decrease photosynthetic activity in plants (Vanlerberghe et al., 2016), which further shows 

the importance of retrograde signalling in overall plant performance. 

Future directions 

In my proposed model for mitochondrial retrograde signalling (Chapter 4 figure 7), induction 

of retrograde signalling and autophagosome formation can lead to recycling of components 

or organelles neighbouring the induction site. This may involve targeted engulfment of 

mitochondria, preventing “over-signalling” to the nucleus under non-induced conditions and 

removing a portion of possibly damaged mitochondria from the cell. In the future studies, 

analysis of possible mitochondrial targets that interact with ATG8 presented here (Chapter 2, 

Table 2) will be of big importance. Information acquired from this could potentially lead to 

targeted applications for induction of mitophagy and downstream effects, such as faster 

stress recovery.  

Crucial to resolving the model of retrograde signalling will be observation how soon after 

application of AA, autophagosomes start to form and whether the co-localization of 

autophagosomes can be observed together with ANAC017. My attempt using previously 

published microscopy staining of autophagosomes, LysoTracker Red (Minibayeva et al., 2012) 

or monodansylcadaverine (MDC) (Contento et al., 2005) of RFP-ANAC017-GFP or GFP-ATG8a 

plants have proved to be ineffective in nitrogen starved plants, a known condition for 

autophagosome formation induction (data not shown). Therefore, a new approach consisting 
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of either another fluorescent protein compatible with both RFP and GFP or western blot 

analysis would be of great importance. 

Moreover, future studies will involve analyses of metabolome changes in ANAC017 

overexpressing plants undergoing accelerated senescence over time-course to understand 

the underlying cause of accelerated senescence in those plants.  
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