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1 | INTRODUCTION

Mitochondria are a major metabolic organelle with
key roles in ATP generation, metabolic biosynthesis
and catabolism, redox homeostasis and cell signalling."?
Homeostatic maintenance of functional mitochondrial

| Pengwei Wang® |
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Abstract

The degradation and turnover of mitochondria is fundamental to Eukaryotes
and is a key homeostatic mechanism for maintaining functional mitochondrial
populations. Autophagy is an important pathway by which mitochondria are
degraded, involving their sequestration into membrane-bound autophagosomes
and targeting to lytic endosomal compartments (the lysosome in animals, the
vacuole in plants and yeast). Selective targeting of mitochondria for autophagy,
also known as mitophagy, distinguishes mitochondria from other cell compo-
nents for degradation and is necessary for the regulation of mitochondria-specific
cell processes. In mammals and yeast, mitophagy has been well characterised
and is regulated by numerous pathways with diverse and important functions in
the regulation of cell homeostasis, metabolism and responses to specific stresses.
In contrast, we are only just beginning to understand the importance and func-
tions of mitophagy in plants, chiefly as the proteins that target mitochondria
for autophagy in plants are only recently emerging. Here, we discuss the cur-
rent progress of our understanding of mitophagy in plants, the importance of
mitophagy for plant life and the regulatory autophagy proteins involved in mito-
chondrial degradation. In particular, we will discuss the recent emergence of
mitophagy receptor proteins that selectively target mitochondria for autophagy,
and discuss the missing links in our knowledge of mitophagy-regulatory proteins
in plants compared to animals and yeast.
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populations is fundamental to Eukaryotic life, and removal
and degradation of mitochondria is an important cellu-
lar mechanism for mitochondrial quality control. Across
Eukaryotes, it has been documented that mitochondrial
degradation has diverse and important functions includ-
ing the turnover of damaged mitochondria during stress,
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the control of metabolism during cell development and
differentiation, immune responses and the prevention of
paternal mtDNA inheritance.’

A major route for the degradation of subcellular compo-
nents (including mitochondria) is the autophagy pathway,
in which cargos destined for degradation are encapsulated
in a membrane-bound autophagosome and targeted to the
vacuole (in plants and yeast) or lysosome (in animals).
Autophagy is a tightly regulated process coordinated by
a large number of autophagy-regulatory proteins, which
control the progression of autophagy over a series of key
stages, including (i) the initiation of a pre-autophagosome
membrane structure, or ‘phagophore’, (ii) the recognition
and binding of selected cargo to the phagophore mem-
brane, (iii) the expansion of the phagophore membrane
to engulf and sequester cargo in the autophagosome and,
(iv) targeting and fusion of the autophagosome to the
vacuole. The specific targeting of certain subcellular com-
ponents for autophagic degradation is known as selective
autophagy and is inherent to the regulation of specific
subcellular processes or appropriate responses to specific
stresses. The discernment of mitochondria for selective
autophagic degradation (referred to as mitophagy) is well
understood in yeast and animal model systems as the pro-
tein regulators that target mitochondria for autophagic
degradation have been widely characterised.’ However, in
plants the mechanisms that regulate mitophagy and their
importance to plant life present a gap in our knowledge, as
the protein regulators of plant mitophagy have remained
elusive until recently.

We will discuss the emerging field of mitophagy in
plants, its importance, mechanisms of regulation and the
proteins that selectively target mitochondria for encap-
sulation within autophagosomal membranes (Figure 1).
We will discuss the gaps in our understanding of plant
mitophagy in comparison to animals and yeast and spec-
ulate upon potential plant protein regulators that may fill
these missing links.

2 | THE EVIDENCE FOR MITOPHAGY
IN PLANTS AND ITS IMPORTANCE TO
PLANT LIFE

Early indicators of the existence of mitophagy in plants
has been derived from ultrastructural cell analysis, in
which mitochondria have been observed encapsulated in
autophagosome-like double membrane structures, and the
presence of mitochondria in the vacuole.*”” Further evi-
dence for the autophagic degradation of mitochondria can
be drawn from the colocalisation of fluorescently labelled
mitochondria with markers of autophagy-regulatory
proteins in live cells. For example, mitochondria have

been seen to colocalise with members of the ATGS
family of autophagy cargo recruitment proteins, and the
autophagy scaffolding protein, ATGI1, in Arabidopsis.”'?
Moreover, mitochondria internalised into the vacuole
can be seen to colocalise with ATGS8-labelled autophago-
somes, indicating a link between vacuolar degradation of
mitochondria and the autophagy pathway.”'’ Evidence
for mitophagy in plants has been decisively demonstrated
using autophagy-defective mutants, in which targeting
of mitochondria to the vacuole and their degradation is
impaired, underscoring the dependence of mitochondrial
degradation on the autophagy pathway.”10:3

It is becoming increasingly clear that mitophagy has
diverse functions in plants. As in animal and yeast
model systems, a major role for mitophagy in plants is
homeostatic mitochondrial quality control, through the
clearance and recycling of damaged mitochondria to main-
tain ‘healthy’ populations of functional mitochondria.
Under nonstressed conditions, plants undergo a basal level
of mitophagy to maintain mitochondrial homeostasis’!’
but the importance of mitophagy is particularly evident
in the responses of plants to environmental stresses that
cause mitochondrial damage. For example, mitochondrial
stress induced through pharmacological mitochondrial
depolarisation (including 2,4-dinitrophenol; DNP, or
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone;
FCCP) results in the increased autophagic degradation
of mitochondria. In autophagy and mitophagy-defective
mutant lines however, vacuolar degradation of mito-
chondria is impaired resulting in the accumulation of
damaged mitochondria in the cytoplasm.”' As a result,
mitophagy-defective mutants show reduced recovery
following mitochondrial stress treatments, stemming from
their inability to recycle nonfunctional mitochondria.'”
Mitophagy has been proposed to recycle mitochondria
damaged during high UV-B stress.” Autophagy-defective
mutants are hypersensitive to UV-B treatment and accu-
mulate large numbers of damaged mitochondria.”'* Inter-
estingly, while Dundar et al. (2020) and Nakamura et al.
(2021) observed accumulation of damaged mitochondria
following UV-B treatment, Kacprzak and Van Aken (2022)
demonstrated mitochondrial degradation was not induced
by UV-B treatment. These authors have highlighted
that broader stresses including nitrogen starvation, heat
shock and hypoxia are not triggers for mitophagy, instead
reporting that mitophagy is triggered by mitochondrial-
specific stresses. These mitochondrial stresses included
pharmacological treatments that induce mitochondrial
depolarisation (DNP, FCCP), impair mitochondrial protein
import (MitoBlockCK-6; MB) and mitochondrial transla-
tion (doxycycline; Dox). Kacprzak and Van Aken (2022)"
suggest clearing of damaged mitochondria by mitophagy
is important for plant responses to carbon starvation
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FIGURE 1 Mitophagy: the selective targeting of mitochondria for autophagic degradation. (A) The autophagy-regulatory protein, ATGS,

recognises cargo for degradation. Mitophagy receptor proteins recruit ATGS8 to the mitochondrial membrane. Recruitment of the autophagy

machinery to the membrane drives the expansion of the mitophagosome and the encapsulation of mitochondria in a membrane-bound

autophagosome. (B) Targeting of mitochondria for autophagy in mammals. In ubiquitin-dependent mitophagy (in response to oxidative
stress, or mitochondrial depolarisation), Parkin activates PINK, which polyubiquitinates (Ub) mitochondrial membrane proteins resulting in
the recruitment of p62 and LC3. In receptor-mediated mitophagy, several mitophagy receptor proteins recruit LC3 in response to various cell

stresses. (C) Mechanisms of mitophagy in plants. (i) ATGS is recruited to the outer membrane of damaged mitochondria by TraB-family

proteins to drive autophagosome biogenesis. At ER-Mitochondrial Contact Sites, TraB proteins also interact with VAP27, which may drive

mitophagosome biogenesis. (ii) Putative mitophagy receptors in Arabidopsis may interact with and recruit ATG8 through ATG8-Interacting
Motif (AIM) domains, likely to regulate mitophagy in response to specific stresses. The mitochondrial organising protein, FRIENDLY, may
link mitophagy to mitochondrial dynamics through yet-unknown mechanisms.

through a homeostatic metabolic balancing mechanism.
During the daytime photosynthetic period, cellular energy
and ATP are generated chiefly in the chloroplasts, but
during dark photosynthetic periods the function of ATP
production is carried out through mitochondrial respira-
tion. Therefore, increased levels of mitophagy likely serve
to maintain maximal mitochondrial quality and increases
capacity for mitochondrial energy production.”” From
current observations, it seems a major role for mitophagy
during stress is the homeostasis of mitochondrial quality.
Autophagic degradation of mitochondria plays impor-
tant roles in several aspects of plant development.

Mitophagy is important for spermeogenesis in the liver-
wort Marchantia polymorpha and achieves developmen-
tally programmed reduction of mitochondrial populations
necessary to generate functional spermatozoids.”® It has
been reported that mitophagy is important for male fertil-
ity and reproduction in Arabidopsis, and likely serves to
maintain functional populations of mitochondria to meet
the energy demands of rapidly growing pollen tubes.'” A
role for mitophagy in plant development appears likely and
various regulators of mitophagy are linked to plant growth.
Mutants defective in mitophagy such as vap27 and TRB1
dominant negative mutants exhibit defects in plant growth
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and development.'>!! In maize, autophagy is important
for endosperm development and functions to clear dys-
functional mitochondria, maintain redox homeostasis,
and support cell metabolism.'® Additionally, mitophagy
appears to function during plant senescence.®'>'” Whereas
organelles such as chloroplasts are degraded and recycled
early during senescence, mitochondria are preserved to
assist in the recycling of nutrients. It is hypothesised that
mitophagy maintains mitochondrial function through-
out senescence to maximise mitochondrial support of
metabolic recycling.”

Mitophagy also appears to be important in the regu-
lation of plant metabolism; and mutants of TraB-family
mitophagy proteins exhibit defects in starch metabolism
and ATP synthesis.'>!" It remains to be determined if
these metabolic defects are linked to the impairment of
mitophagy and loss of homeostatic mitochondrial quality
control.

3 | PROTEIN REGULATORS OF PLANT
MITOPHAGY

As a specialised form of autophagy, plant mitophagy
is, unsurprisingly, dependent on much of the core
autophagy machinery that regulates nonspecific (‘or
bulk’) autophagy. Induction of bulk autophagy using
AZD8055, an inhibitor of the autophagy-repressing
protein, TOR, resulted in constitutive mitophagy and
enhanced degradation of mitochondria under nonstressed
conditions.”® Much of these core autophagy regulators
are conserved across Eukaryotes and are implicitly nec-
essary for the initiation, biogenesis and transport of the
autophagosome. The ATG1/ATGI13 kinase complex is a
sensor of upstream signals that promote autophagosome
biogenesis.'®!” ATG1/ATGI13 interact with the scaffolding
protein, ATG11, which is proposed to recruit ATGI to the
pre-autophagosome structure, is important for targeting of
mitochondria to the vacuole.®'>! It is currently unknown
exactly how the ATG1/ATG11/ATG13 complex regulates
the targeting of mitochondria to the vacuole in plants, as
their exact functions in autophagosome biogenesis and
vacuole-targeting remain to be elucidated. However, it
appears that at least one likely role of the complex is the
encapsulation of mitochondria in the autophagosome, as
mutants of atgl and atgl3 are impaired in the closure of the
autophagic vesicle body.'® Regulators of autophagosome
biogenesis, ATG5, ATG7 and ATGI12,'%%° are important
for the autophagic degradation of mitochondria.”!0:1516
ATGS5, ATG7 and ATG12 are important for the lipidation of
ATGS proteins and their embedding into the autophago-
some membrane, where they bind cargo for degradation
and drive autophagosome biogenesis.'®?°??> Recogni-

tion of mitochondrial proteins by ATGS8 is important to
promote its recruitment to the outer mitochondrial mem-
brane (OMM) and target mitochondria for autophagic
degradation.'’

The specificity of mitochondrial degradation during
mitophagy requires mechanisms to specifically target
mitochondria to the autophagosome separately from
other cell components. Protein regulators that specify
mitochondria for selective autophagic degradation have
long remained elusive in plants. Recently however, the
TraB-family proteins, TRB1 and TRB2, have emerged as
plant mitophagy receptors. TRBI specifically localises to
the OMM and recruits ATG8 to drive the encapsula-
tion of mitochondria in the autophagosome membranes
(Figure 2).'%!! Similarly, TRB2 also localises to the OMM
and interacts with ATGS8, and therefore likely also func-
tions to recruit ATGS8 to the OMM.!° Interestingly, TRB2
also localises to the cytosolic face of the ER; however,
its function here remains to be explored.'” TraB proteins
likely have dual functions in the regulation of mitophagy,
through their roles as ER-Mitochondrial Contact Site
(EMCS) proteins. TraB proteins regulate EMCS through
interaction with ER-integral, VAP27. In plants, VAP27 reg-
ulates autophagosome biogenesis in complex with the
actin-regulatory protein EH1/Panl, T-PLATE and clathrin
endocytic machinery.”* A potential role for TraB proteins
could be to engage the mitochondria with this autophagic
machinery at the ER membrane to facilitate their encapsu-
lation in autophagosome membranes. In animal and yeast
model systems, EMCS are also important in the regula-
tion of mitophagy, likely serving as a membrane source for
the developing mitophagosome.?* It is possible that ER-
mitochondrial tethering by TraB proteins and VAP27 may
facilitate lipid transfer to the mitophagosome in plants.

Mitochondrial positioning and organisation may also
be important for mitophagy. In mutants of FRIENDLY,
mitochondria are abnormally distributed in the cyto-
plasm and form large clusters,”?® and friendly mutants
are impaired in mitophagy.”?’ Currently, it is not clear
whether FRIENDLY has a direct role in promoting
mitophagy through regulating mitochondrial organisa-
tion, or whether observed defects in mitophagy are
an indirect consequence of abnormal mitochondrial
clustering.

4 | MISSING LINKS: THE GAPS IN OUR
UNDERSTANDING OF MITOPHAGY IN
PLANTS

Our understanding of the regulation of mitophagy in
plants lags behind that of mammalian model systems,
as many of the plant-equivalent protein regulators of
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FIGURE 2

B)RFP-TRB1 GFP-ATG8a
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TRBI1 is a mitophagy receptor protein in plants. (A) TRBI recruits ATG8a to the mitochondrial outer membrane, resulting in

the encapsulation of mitochondria in the autophagosome. Time course image of Arabidopsis stable transgenic lines co-expressing RFP-TRB1

and GFP-ATG8a under mitochondrial stress conditions (mitochondrial depolarisation induced by 2,4-dinitrophenol treatment). Over time,

ATGS8-labelled autophagosome membranes envelop the TRBI-labelled mitochondria, resulting in its encapsulation. (B) Selection of
mitochondria for autophagic degradation by TRB1. Colocalisation of TRB1-labelled mitochondria and ATG8a-labelled autophagosomes
indicates targeting of mitochondria for degradation by autophagy, and their encapsulation in autophagosome vesicles. TRB1 functions to
promote the recruitment of ATG8 proteins to the mitochondrial membranes to target them for degradation. Images modified from Li et al.

(2022).° Scale bars = 10 um.

mitophagy have not been characterised, or are not present
in plants. In mammals, mitophagy is initiated at the
OMM by the ubiquitination-dependent, PINK1-PARKIN
pathway. Upon mitochondrial depolarisation (induced by
oxidative stress or pharmacological treatment), PTEN-
Induced Kinase 1 (PINK1) recruits and activates the E3
ubiquitin-ligase, PARKIN, through phosphorylation. Sub-
sequent ubiquitination of OMM proteins by PARKIN facil-
itates the recruitment of the autophagy adaptor protein,
p62, which interacts with ATG8-family proteins to tar-
get mitochondria to the autophagosome.?®? Presently, no
equivalent regulators of ubiquitin-dependent mitophagy
have been identified in Arabidopsis,’' and it remains to
be determined if this strategy is used to clear damaged
mitochondria in plants.

Mammals and yeast also employ numerous OMM
mitophagy receptor proteins, which interact with ATG8-
family proteins (referred to as LC3; Microtubule Associ-
ated Protein Light Chain 3 in animals) through cytoso-
lic AIM domains. Mammalian OMM-integral BCL2-
INTERACTING PROTEIN 3 (BNIP3) and BNIP3-LIKE
(BNIP3L)/NIX interact with LC3 under control of phos-
phorylation of their AIM domains. Recruitment of LC3
to the OMM by BNIP3 and BNIP3L promotes mitophagy
in order to control apoptosis.*>* Likewise, the OMM-
integral FUN14 Domain Containing Protein 1 (FUNDC1)
interacts with LC3 in a phosphorylation-dependent man-
ner, and is important for hypoxia-induced mitophagy.>
OMM-localised FKBPS8 (FK506-Binding Protein 8) recruits
LC3 to the mitochondria following mitochondrial dam-
age, dependent on the FKBPS AIM domain.’** Mam-
malian Bcl2-Like-Protein 13 (Bcl2-L-13) is conserved
with the yeast mitophagy receptor protein, ATG32, and
can rescue starvation-induced mitophagy in yeast atg32
mutants. Bcl2-L-13 recruits both LC3 and ULK1 autophagy-
regulatory proteins to the OMM to target mitochondria

for selective autophagy.’’ Studies on mammalian systems
demonstrate diverse mechanisms of mitophagy to control
different cellular functions, and considerable complexity
in the cell signalling pathways that regulate mitophagy
receptors though phosphorylation. Future investigation of
mitophagy receptors in plants is likely to identify diverse
mechanisms regulating mitophagy to coordinate cell func-
tion during plant development and stress responses. As the
first plant mitophagy receptors are only recently becoming
characterised, it remains to be determined whether their
activity is controlled by posttranslational modification
during stress.

In addition to TraB mitophagy receptors, putative AIM
domains have been identified in 11 further Arabidop-
sis OMM proteins, indicating their potential roles as
mitophagy receptors.® Their future investigation is likely
to advance our understanding of how mitophagy is reg-
ulated and the functions of mitophagy in plants. Broda
et al. have noted AIM domains to be present in several sub-
units of the mitochondrial TOM (Translocase of the Outer
Membrane) protein importer complex, including TOM40,
TOM20-2, TOM20-3 and DGS1 (DGD SUPPRESSOR 1).
DSG1 functions in mitochondrial lipid homeostasis, and
it is possible that this complex may link mitochondrial
turnover to cell nutrient signalling.*® Mitochondrial ATGS-
interacting FLZ (FCS-Like Zinc Finger) proteins may also
link mitophagy to cell energy sensing. FLZ proteins repress
the energy-sensing SnRK1 kinase complex, and are likely
degraded by mitophagy during carbon starvation. Their
degradation during nutrient stress results in the release
of SnRK1 signalling from inhibition.* It is possible that
FLZ proteins may regulate mitophagy in response to nutri-
ent starvation in relationship with SnRK1, however this
possibility remains to be explored. VOLTAGE DEPEN-
DENT ANION CHANNEL 2 (VDAC2) calcium channels
also contain predicted AIM domains® and have roles in
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mitochondrial ROS signalling and homeostasis.*’ During
oxidative stress, OMM-localised VDAC2 may be involved
in initiating mitophagy in response to mitochondrial depo-
larisation to clear damaged mitochondria. The putative
AIM-containing protein ELONGATED MITOCHONDRIA
1(ELM1) also has intriguing implications in the regulation
of mitophagy, potentially linking mitochondrial degrada-
tion to the dynamics of mitochondria fission. ELM recruits
mitochondrial scission proteins DYNAMIN-RELATED
PROTEIN 3A (DRP3A) and DRP3B to the OMM to medi-
ate mitochondrial fission.* In mammals, mitochondrial
fission mediated by DRP proteins is widely speculated to
be an important step in mitophagy through mechanisms
that are not completely understood. For example, it has
been hypothesised that mitochondrial fragmentation facil-
itates encapsulation of mitochondrial components into
autophagosome membranes*>* or conversely, may pro-
tect mitochondria from autophagy through preventing the
accumulation of Parkin.** It is possible that in plants,
ELM1 may function to link mitophagy to mitochondrial
dynamics with yet-unknown functions.

5 | CONCLUSION

It has long been understood that mitophagy is an impor-
tant mechanism of mitochondrial degradation and quality
control in mammals and yeast. In contrast, mitophagy has
remained poorly understood in plants until recently. It
is becoming apparent that plant mitophagy is an impor-
tant mechanism of mitochondrial homeostasis to recy-
cle damaged mitochondria during stress and maintain
mitochondrial function to support cell growth and plant
development.

Plant mitophagy has remained enigmatic as the pro-
tein regulators that target mitochondria for degrada-
tion are only recently emerging. Plant mitophagy is
driven by the core autophagy machinery including
the ATG1/ATG13 complex, ATGIl, ATG5, ATG7 and
ATGS8. Selective targeting of mitochondria for degrada-
tion is regulated by mitophagy-specific proteins. Recently,
the first plant mitophagy receptor proteins have been
characterised,' advancing our understanding of the regu-
lation of mitophagy and its importance in plants. Putative
mitophagy receptors may link the regulation of mitophagy
to several cell processes including mitochondrial organ-
isation and dynamics, ER-mitochondrial interactions, as
well as nutrient and ROS homeostasis. Future character-
isation of plant mitophagy receptors and regulators will
advance our understanding of how plants regulate mito-
chondrial function and quality control, and the importance
of mitophagy to plant life.
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