Mitophagy: a mechanism for plant growth and survival
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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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Glossary

ATG: AuTophaGy-related proteins
Autophagosome: a double layer membrane structure involved in macroautophagy, the
intracellular degradation system for cytoplasmic contents.
Chlorophagy: the selective degradation of chloroplasts by autophagy.
Isolation membrane: synonym for phagophore.
Mitophagy: the selective degradation of mitochondria by autophagy.
Non-selective autophagy: bulk autophagy to degrade various cellular components without
specificity.
PAS: pre-autophagosomal structure, the putative site for autophagosome formation
PCD: Programmed cell death
Phagophore: a double membrane that encloses and isolates the cytoplasmic components
during macroautophagy, also called isolation membrane
Retrograde signaling: cellular signaling from mitochondria or chloroplasts to the cellular
nucleus, triggering changes in nuclear gene expression.
Selective autophagy: the selective autophagy of specific organelles or cellular structures
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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 [1], but its rate can drastically be
increased under a variety of stress conditions, senescence and cell death [2-4]. 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) [5].
Many cellular organelles have been described to undergo autophagy, including the
endoplasmic reticulum (ER), the nucleus, mitochondria (mitophagy) and chloroplasts
(chlorophagy) [6-8]. 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 [9-11]. 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 [12]. Moreover,
dysfunctional mitochondria consume cytosolic ATP, resulting in energy losses [13]. 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 [14, 15].
Moderate rates of autophagy thus promote cell survival, while excessive autophagy can lead to
cell death in most organisms, including in plants [16-18]. In plants, mitochondria and
chloroplasts are both subject to autophagy, and several AuTophaGy (ATG) genes have been
implicated in these processes [7, 8, 19]. However, the molecular mechanisms of mitophagy in
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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 [20]. 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 megaautophagy 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 [20, 21]. 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 [22]. Interestingly, chloroplasts have also been reported to
perform autophagic tasks by engulfing portions of the cytoplasm and degrading this content
inside the chloroplast [23, 24].

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)
[25]. 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 [26]. Wertman and colleagues reported
that aggregates of mitochondria can be observed inside the vacuole during later stages of
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developmental PCD in the lace plant (Aponogeton fenestralis) [27]. A study characterising
accelerated cell death 5 mutants reported mitochondrial ROS formation and the presence of
mitochondria in autophagosomes [28]. Also Minibayeva and colleagues demonstrated both
intact and partly degraded mitochondria in the vacuole after methyl viologen treatment of
wheat roots [2]. However, another study criticized this claim and suggests the authors were not
observing mitophagy, but rather mitochondria in cytoplasmic strands [20]. 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) [19].
Studies of mitochondrial protein degradation rate have been performed in arabidopsis cell
cultures [29] and arabidopsis plants [30], and both reveal a basal rate of mitochondrial protein
removal from plants cells of approximately 5-10% per day, analogous to the rates of
mitochondrial turnover in some yeast and mammalian cells [31, 32]. 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 [33].
Chloroplasts have even been observed to invaginate mitochondria to degrade them internally,
as an alternative means of mitophagy [34], 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
6

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).

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 [35, 36]. 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 [37, 38]. Together with the core ATG proteins, the ATG32-ATG11 complex
generates the isolation membrane to engulf a mitochondrion [6]. In yeast, ATG11 is part of the
ATG1/13 complex along with ATG101, ATG17 and the yeast specific proteins ATG29 and
ATG32 [39, 40].
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 [41]. 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 Δψ m -dependent manner. There, PINK1 is degraded by pre-senilin
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associated rhomboid-like protease PARL [42]. In damaged mitochondria where Δψ m 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 [43], 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 [44]. 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 [45, 46], 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 [47-50]. In mammalian systems, ERmitochondria contact sites may be of key importance for autophagosome formation during
starvation, involving recruitment of ATG14 and ATG5 proteins. Mitophagy is observed at ERmitochondria contact sites via mitochondria-associated membranes (MAMs) that derive from
the ER [51, 52]. 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 [52]. These ER-mitochondria contact sites are
maintained, for example by the ER-mitochondria encounter structure (ERMES) complex in
yeast [53]. It was shown that under starvation conditions mitochondrial and autophagosomal
membranes becomes continuous [48], 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 [54].

Plants
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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 [16, 55], 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 [19, 56]. 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 [19]. 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
[19]. ATG11 is also thought to be involved in the dynamic turnover of the ATG1/ATG13
kinase complex during nutrient starvation [57][19].
Also ATG7 is important during senescence-induced mitophagy [19]. 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
[58]. The ATG5-ATG12-ATG16L complex (an E3-like enzyme) is responsible for lipidation
of ATG8 by PE [39, 59]. 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
[39, 58, 60].
With regards to autophagosome membrane formation, ATG5 and ATG8 are recruited during
phagophore formation in close association with the endoplasmic reticulum (ER) [61]. Recently,
the autophagy protein ATG9 has been shown to be important in the regulation of
9

autophagosome membrane progression from the ER [62]. 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 [63].

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 [64], a core
protein of autophagy machinery. Based on the set of experimentally-determined OMM proteins
in arabidopsis [65], 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 [42].
Furthermore, VDAC1 ubiquitination by Parkin is a crucial step in marking mitochondria for
autophagy [43] in animals, and also hexokinase plays an autophagy-promoting role via the
TOR pathway [66], potentially explaining these proteins being in the predicted ATG8interacting protein set.
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Prohibitin 2 was identified as an IMM receptor in animal systems, which interacts with
LC3/ATG8 [67]. This interaction requires the rupture of the OMM first, which occurs during
Parkin-mediated autophagy [67, 68]. Amongst arabidopsis IMM proteins (213 IMM proteins
based on SUBA4 [69] and Uniprot [70]) 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 [71], mitochondrial calcium uniporters MCU1/6
[72], 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 [73-75].

Role for rhomboid and other proteases
Rhomboid proteases are a specific group of conserved sequence-specific intramembrane
proteases [76]. 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 [77]. It is also involved in
suppressing mitophagy by cleaving PINK1 [76]. 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 [78, 79]. Chloroplast rhomboids may be
involved in maturation of Tic40 import component [80]. 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 [81]. Thus, no significant evidence exists that chloroplast or
mitochondrial rhomboid proteases play an active role in plant autophagy or PCD.
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Park13/Omi/HtrA (a substrate of autophagy-activator PINK1) has been reported to have a role
in thermotolerance [82]. 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 [83]. In arabidopsis, loss of mitochondrial protease Ftsh4 caused severe leaf
senescence, cell death, and increased autophagy levels [71]. 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) [84-87]. 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 [10]. 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 [88].
One possibility in the case of mitochondria is the ROS-dependent induction of the unfolded
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protein response (UPR mt ), which has been studied in non-plant systems [89]. The precise
mechanisms of UPRmt in plants are only beginning to be understood [90], 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 [91, 92]. 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 (UPR ER ) and can activate formation of autophagosomes in plants [51,
93, 94]. ER and mitochondria interact through junctions on the ER membrane [54], and
significant evidence exists that autophagosomal membranes can be derived from both ER [47,
62] and mitochondria (at least in non-plant systems, as discussed above) [47]. 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 [15]. The role of
mitochondria in oxidative stress-induced autophagy in plants has been previously reviewed [2],
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 [16]. However, lack of
autophagy often results in accelerated senescence in arabidopsis [8, 19, 95, 96]. Furthermore,
dark induced senescence causes chlorophagy, which requires ATG4, although no abnormal
whole-plant senescent phenotypes were observed in atg4a4b-1 arabidopsis mutants [96].
Chlorophagy is of major importance for nitrogen recycling as 80% of cellular nitrogen is held
in the chloroplasts [96], as well as during recovery from UV-induced damage [97].
Chloroplasts are degraded much earlier than mitochondria during senescence. Mitochondria
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are possibly retained longer for recycling nitrogen via NH 4 + by glutamate dehydrogenase [95].
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 [95,
98, 99]. A recent study showed that during dark-induced senescence concentrations of most
amino acids increased, but this was less pronounced in atg mutants [100]. 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 [100]
After one day of dark-induced senescence a significant increase in ROS production by
mitochondria and peroxisomes has been observed that lasted throughout senescence [101],
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 [102]. 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 [102] and maintain their function [103] 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 [103] (Figure 2). When the time for cell death in
plants 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
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to maintain cellular viability. One explanation for the observed accelerated senescence
phenotype in plant mitophagy mutants atg11 [19] 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).
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, [104]. Also
in animals, it is thought that a decline in mitophagy and thus mitochondrial quality control may
contribute to aging [15, 105].

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
[5, 18, 19]. 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
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such as superoxide may be a signal that triggers autophagy to remove organelles that are
engaged in excessive ROS production [2].
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 [106, 107]. 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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Figure legends

Figure 1. A putative model of the mechanisms of mitophagy in plants. Upon the 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, together with ATG11 and ATG101, which is 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
the degradation of mitochondria in the plant vacuole.

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 [108]. Images for senescent leaf and
lightning were obtained freely from www.freepik.com.

Box 1 Figure I. 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)[109]. The right data set represents natural developmental senescence of whole plants
[110] sampled from day 19 to day 39 of growth, either 7h into the light period (AM) or 14h
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.
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Table 1. Conservation of mitophagy components in plants with yeast and animals.
Yeast
ATG1
ATG5
ATG7
ATG8

Animals
ULK1/ATG1
ATG5
ATG7
ATG8/LC3

Arabidopsis thaliana
AtATG1a-d
AtATG5 (At5g17290)
AtATG7 (At5g45900)
9 proteins AtATG8a-i

ATG11
ATG13
ATG14
ATG29
ATG32
ATG33
MMM1
MDM10
MDM12
MDM34
UBQ/HEL1

ATG11
ATG13
ATG14
PARKIN

AtATG11 (At4g30790)
ATG13a-b
UBQ/ARIADNE

?

PINK1

?

-

FUNDC1

-

PCP1

PARL

AtRBL10/12

Nma111
(nuclear)

BNIP3/DCT-1

-

Omi/HTRA2/PARK13 AtPARK13 (At5g27660)
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Comment
Core ATG protein
Core ATG protein
Core ATG protein
Core ATG protein
AtATG11 contains traces of ATG11 and ATG17
domains
Core ATG protein
ATG protein
ATG protein required for mitophagy
receptor for mitophagy
required for mitophagy
ERMES-complex
ERMES-complex
ERMES-complex
ERMES-complex
E3 ubiquitin ligase
conservation in MAPKKK protein, only +- 100
aminoacids of 581
very low similarity to AtWHY3 ssDNA-binding protein
(E-value 1.3)
rhomboid-like proteases (AtRBL12 is mitochondrial,
AtRBL10 is plastidic)
receptor for mitophagy, involved in cell death and
mitochondrial biogenesis
mitochondrial serine protease

Table 2. Arabidopsis mitochondrial proteins containing an ATG8-interacting motif in.
Numbers in brackets are the start position of the ATG8-interacting motif in each protein sequence.
Proteins marked in bold are briefly discussed in the text.

Outer mitochondrial proteins
AGI
At2g01460

Description
P-Loop containing AAA+ ATPase with uridine kinase
domain

At5g22350

Elongated Mitochondria ELM1 protein of unknown
function (DUF1022)
DGD1 SUPPRESSOR 1, DGS1, galactoglycerolipid
biosyntheis
TraB family protein
Hexokinase AtHXK1

At5g12290
At1g05270
At4g29130

At5g67500
At5g17770
At5g20520
At2g38280
At1g27390
At3g27080
At3g20000

VDAC2 voltage dependant anion channel
NADH:Cytochrome B5 Reductase 1 AtCBR1
Wavy-growth WAV2 prolyl oligopeptidase
Adenosine 5'-monophosphate deaminase AtAMPD
FAC1
Translocase of the outer mitochondrial membrane
TOM20-2
Translocase of the outer mitochondrial membrane
TOM20-3
Translocase of the outer mitochondrial membrane
TOM40

ATG8-interacting motif
HDDFSSL(570)
TLDFDAL(108)
RNDFDPV(695)
HDEFAAL(248)
TDEWDLV(558)
GEDFVHI(18)
DELFNFI(141)
KQEFEEV(123)
TLDFESL(301)
DDIYFCL(49)
NVTYDDI(191)
NLIYEDI(51)
MSEWDQL(521)
TADFERL(5)
ETEFDRI(4)
PVPYEEL(31)

Inner mitochondrial proteins
AGI
AT1G07180
AT2G20800
AT2G29990
AT2G43400
AT4G05020

AT5G52840
AT1G17530
AT1G20350
AT1G72750
AT2G26140

Description
Internal alternative NAD(P)H-ubiquinone
oxidoreductase A1; NDA1
External alternative NAD(P)H-ubiquinone
oxidoreductase B4; NDB4
Internal alternative NAD(P)H-ubiquinone
oxidoreductase A2; NDA2
Electron transfer flavoprotein-ubiquinone
oxidoreductase; ETFQO
External alternative NAD(P)H-ubiquinone
oxidoreductase B2; NDB2
NADH-ubiquinone oxidoreductase-related
translocase of inner mitochondrial membrane 23;
TIM23-1
translocase of inner mitochondrial membrane 17-1;
TIM17-1
translocase of inner mitochondrial membrane 23-2;
TIM23-2
ATP-dependent zinc metalloprotease FTSH 4
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ATG8-interacting motif
IDEWMRV (365-371)
TDEWLRV (359-365)
DMDYDIL (164-170)
IDEWMRV (363-369)
YEEFQKL (364-370)
SIEYDVL (97-103)
TDEWLRV (354-360)
DYDYLVI (162-168)
SVDYDYL (160-166)
EEDWEMI (71-77)
DDVWTSV (135-141)
EDPWNSI (87-93)
DDVWTSV (136-142)
EETFGGL (138-144)

AT2G37410

AT5G25450
AT5G53170

Translocase of inner mitochondrial membrane 17-2;
TIM17-2
Mitochondrial ADP/ATP carrier; AAC1
Translocase of inner mitochondrial membrane 17-3;
TIM17-3
Cytochrome bd ubiquinol to cytochrome c oxidase
ATP-dependent zinc metalloprotease FTSH 11

AT1G14560
AT2G07698
AT2G47690
AT3G52300
AT4G02580
AT5G56450
AT5G66380
ATMG01190
AT5G08740

CoA transporter
ATPase F1 complex, alpha subunit protein
NADH-ubiquinone oxidoreductase-related
ATP synthase D chain, mitochondrial; ATPQ
NADH-ubiquinone oxidoreductase
metabolite transporter, substrate carrier
folate transporter 1; FOLT1
ATP synthase subunit 1
Alternative NAD(P)H-ubiquinone oxidoreductase C1

AT5G66510
AT1G19580
AT2G02050
AT2G33040

Gamma carbonic anhydrase 3; GAMMA CA3
Gamma carbonic anhydrase 1; GAMMA CA1
NADH-ubiquinone oxidoreductase B18 subunit
Gamma subunit of mitochondrial ATP synthase;
ATP3
NADH Coenzyme Q oxidoreductase; complex 1
subunit; CI51; NDUFV1
External alternative NAD(P)H-ubiquinone
oxidoreductase B3; NDB3
Calcium uniporter protein 1; MCU1
Phosphatidylserine decarboxylase proenzyme 1; PSD1
Succinate dehydrogenase subunit 5; SDH5
Mitochondrial import inner membrane translocase
subunit PAM16 like 2 (AtPAM16)
Calcium uniporter protein MCU6
ABC transporter B family member 25; ABC25

AT3G08580
AT5G11690

AT5G08530
AT4G21490
AT1G09575
AT4G16700
AT1G47420
AT3G59280
AT5G66650
AT5G58270
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EEMFVGV (297-303)
EDPWNSI (87-93)
DEGFGSL (137-143)
EDPWNSI (87-93)
DDLYDPL (36-42)
EEMFVGV (432-438)
VMEWEWL (158-164)
LLEYETL (769-775)
FYIYEEL (209-215)
LIIYDDL (538-544)
RTIFDEV (12-18)
RRAFDEV (41-47)
YNYFEDV (195-201)
LVFYDEV (315-321)
FTAYEEL (183-189)
LIIYDDL (268-274)
EYDWLVL (192-198)
KIEYDWL (190196)
DTEYDSV (249-255)
VIEFEKV (224-230)
KCEYELV (60-66)
NVEFDAL (190-196)
LMDFDAL (359-365)
TDEWLRV (352-358)
DVDYDYL (158-164)
KEEFNKL (148-154)
LEEYTSL (166-172)
VEEFGGI (154-160)
KTSWEEI (67-73)
RQEFEQL (198-204)
NIEFENV (478-484)

Box 1: Control and initiation of mitophagy in plants
As mitochondria are a significant source of ROS in plants, they are likely to be targets of
autophagy in stress conditions [12]. 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 [18, 71, 111]. Oxidative stress triggered by ETC inhibitors such as
antimycin A (AA) or methyl viologen (MV) was found to induce high levels of plant autophagy
[2]. 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 [112] as reported by
Minibayeva and colleagues in plants [2]. However, Deffieu and co-workers [112] claimed that
AA and KCN induced non-specific 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 [113]. 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 Δψ m are all known triggers
for mitophagy in animal systems [114] , but have not been studied extensively in plants.
Posttranslational modification of proteins such as ubiquinylation, phosphorylation and
acetylation are important in the regulation of mitophagy levels in the eukaryotic cell [115, 116].
It is already known that dephosphorylation of ATG1 and ATG13 plays crucial role in the
nutrient starvation-induced activation of the ATG1/13 complex, which is required for
autophagosome formation, in yeast [117], and potentially in plants [57] . In animals, the
phosphoregulation of the ATG1/ATG13 complex appears to be more complex [118, 119]
(Figure 1) .
Two starvation conditions are widely used as triggers in autophagy studies in plants: nitrogen
starvation and carbon starvation [19, 120]. Nitrogen starvation seems to be a trigger for the
induction of mitophagy in plants [19] and yeast [112]. The carbon status and sugar levels may
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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
[120]. Altogether, nutrient homeostasis of the cell and the respiratory status of mitochondria
are linked, and both are likely to be important in deciding between bulk autophagy and selective
autophagic processes like mitophagy.
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Box 2: Role of mitophagy in deciding between survival and death
Mitophagy has been studied as a mechanism to improve cell survival by removal of damaged
component or recycling nutrients [121], but excessive levels of autophagy could tip the balance
towards cell death [5, 122](Figure 2). 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 [122]. The
fact that plant mitochondria aggregate early during cell death [123] may contribute to a failing
of mitophagy to rescue the cell.
The role of mitochondria in PCD has been studied for some time [124, 125] but the role of
autophagy in plant PCD is not very well understood, with a few notable exceptions. 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 [17]. 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 [126].
Some studies have 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 [127]. Arabidopsis
mutants in the mitochondrial protease Ftsh4 displayed increased senescence, PCD and
autophagy. Crossing with atg5 or atg8 mutants reduced PCD levels and reversed early leaf
senescence, suggesting that autophagy stimulated both leaf senescence and PCD in this
protease mutant [71]. In agreement, many of the Arabidopsis ATG genes are transcriptionally
regulated during leaf senescence [109] (Box 1 Figure I). Wertmann and colleagues described
macro- and mega autophagy during lace plant PCD [27]. Many autophagic vesicles were being
formed during early PCD stages. These vesicles contained organelle aggregates which often
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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.
Autophagy is necessary for PCD in developmental tracheary element formation in the xylem
[26] and mitochondria have a role in triggering PCD during tracheary element formation [128].
Mitophagy has been observed during the first day of tracheary element induction with
brassinolide/H 3 BO 3 , while a brassinosteroid-insensitive mutant did not show this process,
indicating the involvement of phytohormones [26]. 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 [129-131]. In summary, it
seems that in plants autophagy may be both a suppressor and stimulator of PCD processes.
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