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Autophagy, or self-eating, is a conservative process that occurs in yeast, animal, and plant cells, and primarily
involves the degradation of cytoplasmic fragments along with organelles, protein complexes, and other
macromolecules. In plants, autophagy participates in the circulation of cell components and acts as a quality

control mechanism.

ATG proteins autophagy macropexophagy peroxisome peroxins

| 1. Introduction

Despite the fact that autophagy has been known since the 1960s, it was thought until recently that this is a process
during which various cell components are degraded in a non-selective manner. Studies from recent years have
provided a lot of physiological and molecular information indicating the functioning of selective kinds of autophagy
in plant cells. The first data on selective autophagy in plant cells are from 2006 and concern the degradation of
protein complexes [, and the first evidence for the occurrence of autophagic degradation of peroxisomes

(pexophagy) in plant cells appeared in the literature at the turn of 2013 and 2014 [ZIEBI4IE],
2. Developmentally and LON2 Protease/Chaperone Dysfunction-Induced Pexophagy

The occurrence of selective, autophagic degradation of peroxisomes for their recycling is indispensable for the
proper development of plant organisms B, from the germination phase of seeds to the maintenance of
homeostasis in mature individuals. Degradation of peroxisomes or some proteins in peroxisomes is very important
because during seed germination and seedling growth peroxisomes, also called glyoxysomes, participate in the
breakdown of storage lipid (b-oxidation of fatty acids and the glyoxylate cycle), while in the photosynthetic tissues
of older plants they are involved in photorespiration. Such peroxisomes are then called leaf peroxisomes. Under
such circumstances, some enzymes are no longer needed, and they must be degraded 8. Experiments performed
on Arabidopsis thaliana atg5-1 and atg7-2 mutants showed increased accumulation of CFP-SKL (a peroxisomal
marker) in hypocotyls of developing seedlings in comparison to wild-type seedlings, and additionally, this
peroxisomal marker was localized in the vacuole of wild-type hypocotyls but not in vacuoles of the atg7-2 mutant.
This observation suggested a role of autophagy in the degradation of peroxisomal proteins. It was confirmed for
isocitrate lyase and malate synthase, two marker enzymes of the glyoxylate cycle. The degradation of these two
enzymes in hypocotyls of atg mutants was clearly delayed compared to the degradation in the wild-type seedlings.
However, the inhibition of isocitrate lyase and malate synthase degradation in the hypocotyls of mutants was only

transient, suggesting the occurrence of degrading processes other than autophagy, for example proteolytic
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degradation by peroxisomal matrix proteases 2. Pexophagy in plants is also tissue-dependent. In Arabidopsis

thaliana, pexophagy was observed in the hypocotyl B and leaves [ but not in the cotyledons B! and roots &,

During the functional transition of glyoxysomes into leaf peroxisomes, obsolete enzymes are degraded inside
peroxisomes by LON2 protease, while newly synthesized enzymes are transported into the peroxisome 8. LON2
protease is a peripheral membrane protein, which associates with the membrane from the matrix side [ and
degrades various peroxisomal proteins, including isocitrate lyase, malate synthase (glyoxylate cycle), and thiolase
b-oxidation of fatty acids) 2, |t has been shown that in Arabidopsis thaliana peroxisomes with nonfunctional
LON2 protease undergo pexophagy. In wild-type plants, when peroxisomes during plant development change their
function, isocitrate lyase and malate synthase disappeared and the content of thiolase was significantly reduced. In
the lon2 mutant lacking a functional LON2 protease, it was found that the above-mentioned three enzymes also
disappeared, not however due to the LON2 protease activity, but whole peroxisomes were degraded by autophagy.
However, in the lon2atg double mutant, in which autophagy does not occur, the above-mentioned enzymes were
maintained at a constant level. These data suggest that LON2 protease facilitates matrix protein degradation
during peroxisome content remodeling, provide evidence for the existence of pexophagy in plant cells, and
indicates that peroxisome destruction via autophagy is enhanced when LON2 is absent [&. The Arabidopsis
thaliana apem10 mutant (impaired in LON2 activity) displayed enlargement of peroxisome size, as well as
acceleration of peroxisome degradation, leading to a considerably reduced number of peroxisomes. In the
apeml10/peupl double mutant (peroxisome unusual positioning 1), in which peroxisome degradation is arrested
due to the defect of ATG2, the peroxisome number increased compared with apem10. Additionally, the aggregation
of peroxisomes was frequently observed in apem10/peupl 4. Peroxisome aggregation is typical for peupl and is
caused by oxidative damage of peroxisomal matrix proteins . These results demonstrate that the decrease in
peroxisome number is caused by accelerated peroxisome degradation via autophagy . Analyzing the content of
isocitrate lyase, malate synthase, and thiolase the authors of this study concluded that glyoxysomal proteins are
degraded by two independent pathways. One is the LON2-dependent, and the second is the autophagy-dependent
pathway. In contrast to isocitrate lyase and malate synthase, thiolase was not degraded in the peupl mutant,
indicating that thiolase is not a substrate of LON2 protease, but it is degraded by autophagy during the peroxisomal
functional transition 4. It was also shown that LON2 protein acts as a chaperone. The chaperone function of LON2
suppresses peroxisome degradation by autophagy, but the proteolytic function interferes with the suppression,
indicating that modulation between the proteolytic and chaperone functions of LON2 regulates the degradation of
peroxisomes by autophagy . If the chaperone function of LON2 can suppress pexophagy, it suggests that
misfolded or aggregated matrix proteins may be signals for pexophagy. How peroxisomes with absent or impaired
LON2 protease/chaperone are marked for autophagic turnover is not yet clear in plants, but such a signal would

presumably traverse the peroxisome membrane to be recognized by a cytosolic pexophagy machinery [,
3. Sugar Starvation-Induced Pexophagy

Pexophagy has been observed in the suspension of BY-2 tobacco (Nicotiana tabacum) cells. It was found that a
significant peroxisome pool undergoes autophagic degradation under sucrose starvation conditions, and the

accumulation of peroxisomes was observed in cells treated with the autophagy inhibitor 3-methyladenine.
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Additionally, 3-methyladenine caused an increase in peroxisomal proteins and cellular peroxisome numbers in
rapidly dividing tobacco cells under nutrient-rich conditions. These data demonstrate that a large fraction of the
peroxisome pool is subject to extensive autophagy-mediated turnover under both nutrient starvation and optimal
growth conditions [, It is also assumed that pexophagy may occur in cells of sugar-starved embryonic axes of
germinating seeds of various species of lupin (Lupinus) 2ALIA2] The main storage compound in lupin seeds is
protein, but these seeds may also contain a large amount of lipid (up to 50% of seed dry matter 13)) in the
decomposition of which the peroxisomes are involved during seed germination. Under artificially induced sugar
starvation, the embryonic axes of lupin contain much more lipid than axes fed with sucrose. This indicates the
limitation in lipid breakdown under carbon starvation conditions L3 At the same time, the observations of the
ultrastructure of the cells of these organs showed that the autophagic bodies inside the vacuole contain organelles,

which may be more or less uniquely identified as peroxisomes 121,
4. Oxidative Damage-Induced Pexophagy

Peroxisomes have intensive oxidative/antioxidative metabolism. Reactive oxygen species (ROS) are generated in
these organelles and simultaneously they are detoxified by antioxidant enzymes such as catalase 1413][16]17]
Such intensive oxidative/antioxidative metabolism causes the peroxisomal proteins to undergo oxidative damage,
and they must be continuously removed from peroxisomes. ROS accumulation and oxidative damage require the
whole peroxisomes to be degraded via pexophagy, which in plant cells is a part of the peroxisome quality control
system MBEIL8ILANE0 |n Arabidopsis thaliana peupl, peup2, and peup4 mutants can increase in the number of
peroxisomes and a tendency of the peroxisome to form aggregates has been observed. It was also found that the
above-mentioned mutants are identical to the Arabidopsis thaliana mutants with impaired autophagy (atg2, atg18a,
and atg7, respectively). The increase in the number of peroxisomes in the peupl mutant clearly proves that the
autophagic degradation of these organelles is impaired. At the same time, aggregated peroxisomes showed an
increase in the inactive catalase content, which caused the peroxisomes in the mutants to contain more ROS, and
their components were significantly more oxidized than in the wild-type plants. Similar aggregation of peroxisomes
can also be induced in wild-type plants by exogenous application of H,O,. Aggregated peroxisomes also appeared
in the Arabidopsis thaliana mutant cat? with decreased catalase activity 4. There was also observed (using
fluorescence techniques) frequent coexistence of aggregated peroxisomes and ATG8 (a marker of
autophagosomes). The above-mentioned data clearly prove that the peroxisomes damaged by H,O, are
selectively degraded by autophagy in plant cells [4]. A team of other researchers [ also came to identical
conclusions, performing research on a different set of Arabidopsis thaliana mutants (atg2, atg5, atg7, and atg9).
Considering that peroxisomes with components damaged by ROS undergo pexophagy, it may be assumed that
H,0, generated inside the peroxisomes is the signal triggering the sequence of events leading to the utilization of
these organelles in the vacuole 29, Aggregation of peroxisomes was also observed in tobacco BY-2 suspension

cells, where the activity of catalase was artificially inhibited by aminotriazole 211,

5. Peroxisome Receptor/Adaptor and Scaffold Proteins
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Although pexophagy has been evidenced in plant cells, little is known about receptor/adaptor proteins of
peroxisomes targeted for pexophagy in plants. Additionally, little is known about other proteins recruited in
autophagic machinery during plant pexophagy. To date, several hypotheses have been formulated, mainly based
on knowledge concerning yeasts and mammals. Figure 1 shows the summarized data on macropexophagic
machinery in plant cells.
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Figure 1. Hypothetical working model of macropexophagic apparatus in plant cells 22, The receptors/adaptors, as
well as scaffold proteins, involved in the pexophagy in plant cells are still not known. It is postulated that plant
NBR1, Joka2 (a hybrid homolog of mammalian NBR1 and p62), and DSK2 can play the role of receptor/adaptor
during pexophagy. The signals coming from the surface or from the matrix of the plant peroxisome are also not
known; however, based mainly on the data concerning yeasts and mammals, the following proteins are taken into
consideration: peroxisomal membrane proteins PEX3 and PEX14, peroxisomal membrane proteins with the
identified Atg8-interacting motif (AIM), PEX6 and PEX10, ubiquitinated PEX5, peroxisomal membrane proteins with
RING-finger domain PEX2 and PEX12, and oxidized or aggregated matrix proteins. Additionally, ATG8 can be
considered as a receptor that may first recognize the target, bind to peroxisomal membrane proteins by AIM, and
then bind to phosphatidylethanolamine in the growing phagophore. Among scaffold proteins, only ATG11 is
suggested to be involved in plant pexophagy, but it is not known which peroxisome receptor/adaptor it could

interact with.

In plants, the NBR1 homolog was identified in Arabidopsis thaliana. NBR1 is accumulated in Arabidopsis thaliana
mutants lacking autophagy 281 and recognizes ubiquitinated cargo. Plant NBR1 is implicated in autophagic
degradation of ubiquitinated protein aggregates during heat stress 241231 and in limiting viral infection by targeting
cauliflower mosaic virus capsid proteins 28 and turnip mosaic virus silencing the suppressor HCpro [ for
autophagic degradation. However, NBR1 is not involved in autophagic degradation of proteasomes in Arabidopsis
thaliana 28!, In plants, Joka2 protein was also found. This is a hybrid homolog of animal NBR1 and p62, which may
be involved in selective autophagy in tobacco BY-2 suspension cells 212339 Nevertheless, there is no clear
evidence that NBR1 and Joka2 are peroxisome receptors/adaptors during plant pexophagy. It is rather probable
that NBR1 is not necessary for pexophagy in plant cells because it was shown that overexpression of NBR1 in the
Arabidopsis thaliana lon2 mutant is not sufficient to trigger autophagy of seedling peroxisomes, indicating that in

this plant species an NBR1-independent mechanism to target peroxisomes for autophagic degradation exists 311,

It is suggested that a marker of peroxisomes targeted for pexophagy in plant cells may be ATG8, because the
coexistence of ATG8 and peroxisomes, particularly aggregated peroxisomes, has been observed in Arabidopsis
thaliana B4R, This finding supports the model of selective autophagy, in which ATGS first recognizes a target by
direct interaction with an ATG8-family-interacting motif (AIM) and then is conjugated to phosphatidylethanolamine
to recruit and expand the phagophore in the proximity of the target . Such data constitute strong grounds for
recognizing ATG8 as a marker of peroxisome, which is targeted for autophagic degradation in plant cells, but it is
not known to which peroxisomal protein (or proteins) ATG8 can bind BI4IBII9 However, it is known that most of the
proteins that are specifically turned over by selective autophagy are recognized by the presence of short AIMs that
facilitate their association with the autophagy apparatus. Applying bioinformatics methods it was possible to predict
in silico AIMs in AIM-containing proteins on a genome-wide scale in various organisms. Such analysis identified
nine peroxisomal PEX proteins in Arabidopsis thaliana that contain AIMs, among which AtPEX1, AtPEX6, and
AtPEX10 possess evolutionarily conserved AlMs. Bimolecular fluorescence complementation results verified that
AtPEX6 and AtPEX10 indeed interact with ATG8 in plants, suggesting that they could drive pexophagy 2. If ATG8

would bind directly to peroxisomal membrane proteins, a bridging receptor/adaptor would not be necessary.
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The ubiquitin-binding protein DSK2 (dominant suppressor of KAR2) is another pexophagy receptor/adaptor
candidate in plants. DSK2 is a member of the ubiquitin receptor family known to function as shuttle factors ferrying
polyubiquitinated substrates to the proteasome for degradation 3. Arabidopsis thaliana DSK2 binds to the
transcription factor BES1 (BRI1-EMS Suppressor 1), which functions as a master regulator in the brassinosteroid
pathway that promotes plant growth. BES1 interacts with the ubiquitin receptor protein DSK2 and is targeted to the
autophagy pathway during stress via the interaction of DSK2 with ATG8 through AIMs 4. DSK2 also interacts with
two peroxisomal membrane proteins, PEX2 and PEX12, through the RING (really interesting new gene) finger
domain. These results suggest that Arabidopsis thaliana peroxins containing the RING domain can act together
with DSK2 in the peroxisomal membrane-associated protein degradation system 23, However, the involvement of
DSK2 in plant pexophagy has not been confirmed yet.
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