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Abstract

Peroxisomes are dynamic, vital organelles that sequester a variety of oxidative reactions and their 

toxic byproducts from the remainder of the cell. The oxidative nature of peroxisomal metabolism 

predisposes the organelle to self-inflicted damage, highlighting the need for a mechanism to 

dispose of damaged peroxisomes. In addition, the metabolic requirements of plant peroxisomes 

change during development, and obsolete peroxisomal proteins are degraded. Although 

pexophagy, the selective autophagy of peroxisomes, is an obvious mechanism for executing such 

degradation, pexophagy has only recently been described in plants. Several recent studies in the 

reference plant Arabidopsis thaliana implicate pexophagy in the turnover of peroxisomal proteins, 

both for quality control and during functional transitions of peroxisomal content. In this review, 

we describe our current understanding of the occurrence, roles, and mechanisms of pexophagy in 

plants.
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1. Introduction

Plant peroxisomes are essential for embryonic and seedling development. Plant peroxisomes 

house various oxidative reactions including the glyoxylate cycle, several steps in 

photorespiration, and β-oxidation of fatty acids and hormone precursors [reviewed in 1]. 

Many peroxisomal enzymes produce hydrogen peroxide (H2O2) as a byproduct, and 

peroxisomes also house catalase and other enzymes that eliminate H2O2. Unlike in 

mammals, where β-oxidation occurs in mitochondria as well as peroxisomes, peroxisomes 

are the sole site of β-oxidation in plants and fungi [reviewed in 2]. Plants with defective 

peroxisomes – and therefore impaired fatty acid β-oxidation – often require an exogenous 

fixed carbon source (e.g., sucrose) during seedling development when seed stores of 

triacylglycerol are normally catabolized. Plant peroxisomes also use β-oxidation to convert 

the auxin precursor indole-3-butyric acid (IBA) to the active auxin indole-3-acetic acid 

(IAA) [reviewed in 3]. Mutant plants with defective peroxisomes are often resistant to IBA 

because they inefficiently convert IBA into IAA [reviewed in 4].

Peroxin (PEX) proteins facilitate peroxisome biogenesis or protein import [Fig. 1; reviewed 

in 1, 5]. Peroxisomal membrane proteins (PMPs) can be recognized by PEX19, a receptor 

that docks with PEX3 in the membrane to allow PMP insertion (Fig. 1A). Proteins delivered 

to the peroxisome matrix usually have one of two peroxisomal targeting signals: PTS1 or 

PTS2 (Fig. 1B). The PTS1 is a C-terminal, 3-amino-acid sequence recognized by PEX5; the 

PTS2 is a 9-amino-acid sequence near the N-terminus recognized by PEX7. In mammals 

and plants, PEX5 and PEX7 along with their respective cargos form a complex that docks 

with the PEX13 and PEX14 PMPs, allowing import of fully-folded proteins into the 

peroxisome matrix [reviewed in 1]. Once a PTS2 protein enters the peroxisome, the PTS2 

region is removed to yield a mature form in plants [6, 7] and mammals [8]. The resulting 

difference in molecular mass between precursor PTS2 proteins and mature proteins can be 

visualized by immunoblotting, providing a useful assay for characterizing plant peroxisomal 

mutants [reviewed in 4], which often accumulate the precursor protein.

After cargo delivery, PEX5 in the peroxisomal membrane can be ubiquitinated through the 

action of peroxisomal ubiquitin-protein ligases (PEX2, PEX10, and PEX12) and PEX4, a 

peroxisome-tethered ubiquitin-conjugating enzyme (Fig. 1B). Ubiquitinated PEX5 is 

exported by a heterohexamer of PEX1 and PEX6 and can be degraded or de-ubiquitinated 

for use in further rounds of import [reviewed in 9]. The peroxins involved in PEX5 

recycling are similar to the enzymes acting in endoplasmic reticulum (ER)-associated 

protein degradation [10, 11], and matrix proteins are stabilized in mutants defective in these 

peroxins [12–15]. These finding have prompted speculation that the PEX5-recycling 

peroxins might also act in targeting peroxisomal matrix proteins for degradation during 

developmental organelle remodeling.
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Autophagy is a conserved bulk degradation process whereby proteins and even entire 

organelles are broken down to recycle their constituent materials [reviewed in 16]. 

Macroautophagy, hereafter referred to as autophagy, utilizes a double membrane known as 

an isolation membrane (Fig. 1C) to surround substrates to be degraded, forming an 

autophagosome (Fig. 1D, E). The autophagosome fuses with the lysosome (in animals) or 

vacuole (in plants and yeast) (Fig. 1F). Once in the vacuole, the complex, now referred to as 

an autophagic body, is lysed, the substrates are degraded, and the nutrients are exported to 

the cytosol for reuse (Fig. 1F). Over 30 autophagy-related (ATG) proteins have been 

identified, and a core set of these proteins are conserved in plants [reviewed in 16]. The 

ubiquitin-like protein ATG8 (known as microtubule-associated protein 1 light chain 3 [LC3] 

in mammals) decorates the isolation membrane and autophagosome (Fig. 1C–E) and is 

generally used as a docking site for receptors that target substrates to the isolation membrane 

(Fig. 1D).

Autophagy functions in stress responses, nutrient recycling, and protein quality control in 

plants. Because autophagy is not required for viability in Arabidopsis thaliana [17], null 

alleles lacking core autophagy components can be used to query the range of processes 

impacted by autophagy during plant growth and development. Arabidopsis atg mutants are 

hypersensitive to biotic stressors such as fungal infection [18] and abiotic stressors, 

including heat stress [19], drought stress [20], salt stress [20], and oxidative stress [21]. 

Arabidopsis atg mutants also exhibit premature senescence, which is attributed to salicylic 

acid accumulation [22]. Furthermore, autophagy is induced in Arabidopsis plants during 

nutrient starvation [23], and atg mutants are typically hypersensitive to carbon or nitrogen 

starvation [17], supporting a role for autophagy in nutrient recycling. Autophagy also serves 

a quality control function in Arabidopsis. For instance, autophagy clears inactivated 

proteasomes [24] and is induced following treatment with tunicamycin, which induces ER 

stress via the unfolded protein response [25]. In addition to nonselective autophagy, which 

appears to promote survival under stress conditions, there is growing evidence for selective 

autophagy whereby specific proteins, protein complexes, infectious agents, or organelles are 

targeted for autophagy [reviewed in 16].

Pexophagy is specialized autophagy that degrades excess and damaged peroxisomes. 

Pexophagy is well-documented in yeast and mammals [reviewed in 26] and has long been 

postulated to exist in plants as well. A single EM image of a peroxisome surrounded by a 

double membrane in a castor bean endosperm [27] hinted at the possible occurrence of 

pexophagy in plants, but definitive evidence of pexophagy in plants only emerged very 

recently [28–31]. In this review, we discuss the physiological relevance of pexophagy and 

our current understanding of this fundamental pathway in plants.

2. Pexophagy is involved in peroxisome remodeling in seedlings

The functional requirements of peroxisomes change as seedlings mature. Germinating 

oilseed plants, such as Arabidopsis, initially depend on fatty acid β-oxidation and the 

glyoxylate cycle to convert stored lipids into carbohydrates [reviewed in 2]. Early seedling 

peroxisomes, formerly called glyoxysomes [32], contain two glyoxylate cycle enzymes, 

isocitrate lyase (ICL) and malate synthase (MLS), in addition to enzymes involved in β-
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oxidation [reviewed in 1]. The glyoxylate cycle allows the acetyl-CoA generated by fatty 

acid β-oxidation to be used to synthesize sugars. As seedlings mature and establish 

photosynthesis, the glyoxylate cycle becomes obsolete, and ICL and MLS are degraded [12, 

13]. This developmental progression from seedling peroxisomes harboring glyoxylate cycle 

enzymes to leaf-type peroxisomes harboring photorespiration enzymes provides model 

substrates with which to study peroxisome and peroxisome matrix protein degradation. 

Three basic models of peroxisome remodeling during early seedling development have been 

put forward: the two-population model, the one-population model, and the continuous 

turnover model [reviewed in 33].

In the two-population model, peroxisomes harboring glyoxylate cycle enzymes are degraded 

in the vacuole via autophagy, and peroxisomes housing photorespiration enzymes are 

synthesized de novo from the ER. However, autophagy mutants barely stabilize ICL and 

MLS [28, 29], failing to support a basic prediction of the two-population model.

In the one-population model, glyoxylate cycle enzymes exist together with photorespiration 

enzymes in the same peroxisomes, and a protease degrades ICL and MLS as seedlings 

transition to photosynthesis. Immunolabeling experiments using greening cucurbit 

cotyledons reveal both glyoxylate cycle and photorespiration enzymes in the same 

peroxisomes [34–36], supporting the one-population model. Moreover, in vitro-synthesized 

MLS is stable when imported into peroxisomes purified from dark-grown seedlings or 

mature leaves but unstable when imported into transitional peroxisomes [37], suggesting 

that a peroxisomal protease is activated during the remodeling period. Reverse-genetic 

analyses of several Arabidopsis peroxisomal proteases failed to implicate a protease in this 

process [38]; however, additional peroxisomal proteases [reviewed in 39] remain to be 

tested. Rather than degradation by resident peroxisomal proteases, proteins might be 

retrotranslocated out of the peroxisome, polyubiquitinated, and degraded by the proteasome 

[12–15]. However, this idea has proven difficult to definitively test because mutants 

defective in the PEX5-recycling peroxins implicated in ubiquitination and retrotranslocation 

(Fig. 1B) also have defects in matrix protein import [14, 15], and efficient peroxisomal 

import is a prerequisite for efficient degradation of tested matrix proteins [13, 14].

In the continuous turnover model, peroxisomes are continuously formed de novo from the 

ER and degraded via autophagy. This model is based on the observation that peroxisomes 

associate with lipid bodies during germination, with lipid bodies and plastids during the 

transition period, and with plastids following depletion of lipid bodies [40]. This model 

received relatively little historical attention compared to the one- and two-population models 

but fits well with current findings.

Recent research has begun to solve the mystery of peroxisome remodeling by uncovering 

roles for both pexophagy and a peroxisomal protease in the process. LON2 is a peroxisomal 

protease that is positioned to degrade glyoxylate cycle enzymes. However, lon2 mutants fail 

to stabilize ICL or MLS [14, 38]. A suppressor screen revealed that disabling autophagy 

genes in lon2 mutants results in dramatic stabilization of ICL and MLS, indicating that 

autophagy is involved in degrading peroxisomal proteins when LON2 is nonfunctional [28]. 

This finding provided an early indication of the existence of pexophagy in plants [28, 41] 
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and supports the idea that a basal level of pexophagy continuously turns over peroxisomes in 

plant cells.

3. Pexophagy is involved in quality control of plant peroxisomes

In addition to developmental remodeling, pexophagy is important for peroxisome quality 

control in plants. H2O2 is produced as a byproduct of β-oxidation, photorespiration, and 

other oxidative reactions housed in peroxisomes; this H2O2 subjects peroxisomal matrix 

proteins to oxidative damage [42–45]. Catalase detoxifies H2O2 by converting it to water 

and molecular oxygen [46], but catalase is itself susceptible to damage from H2O2 [47]. 

Autophagy-deficient seedlings accumulate peroxisomal aggregates of inactive catalase [30, 

31], implying that pexophagy actively clears damaged peroxisomes. Furthermore, atg2 

mutants exhibit clustered peroxisomes [Fig. 2A; 30], consistent with the possibility that the 

clustered peroxisomes are marked for degradation and gathered around the incompletely 

developed autophagy machinery that remains when ATG2 is absent.

Consistent with the notion that pexophagy mediates constant turnover of peroxisomes, 

pexophagy limits plant peroxisome abundance even in non-stress conditions. For example, 

Arabidopsis atg mutants have more peroxisomes than wild type [Fig. 2A; 29, 30], and a 

maize atg mutant displays increased levels of the PEX14 PMP [48]. Moreover, both carbon-

starved and rapidly dividing tobacco cells display increased peroxisome abundance when 

treated with an autophagy inhibitor [49]. These findings are all consistent with the 

possibility that pexophagy clears damaged peroxisomes at a basal rate in the absence of 

stresses typically associated with inducing autophagy.

Pexophagy appears to occur at a higher basal rate than other types of selective autophagy, 

evidenced by the increased turnover of peroxisomal proteins relative to other organellar 

proteins. For example, leaves of atg5 mutants display increased levels of peroxisomal 

proteins but wild-type levels of selected Golgi, ER, mitochondrial, and chloroplast proteins 

[31], hinting that pexophagy may be more prevalent than autophagy of other organelles in 

seedling aerial tissue. Similarly, inhibiting autophagy in rapidly dividing tobacco cells 

heightens accumulation of peroxisomal marker proteins compared to plastidic or 

mitochondrial marker proteins [49].

Basal pexophagy rates appear to differ among various plant tissues. Arabidopsis atg mutants 

display increased peroxisome abundance and heightened peroxisomal protein levels in 

hypocotyls and leaves but not roots [29, 31]. A screen for mutants that stabilize GFP-ICL 

driven by the endogenous ICL promoter [14] recovered several atg7 and atg2 alleles, but 

these mutants show only weak and inconsistent stabilization of GFP-ICL in immunoblotting 

analysis of whole seedlings [50]. The primary screen was performed by microscopic 

examination of hypocotyls of EMS-mutagenized M2 seedlings [14], suggesting that GFP-

ICL stabilization might occur preferentially in hypocotyls. Indeed, ICL and MLS 

stabilization in atg5 and atg7 mutants is more apparent in extracts prepared from hypocotyls 

than in extracts prepared from entire seedlings [29].

Perhaps increased oxidative damage is responsible for the prevalence of pexophagy in aerial 

tissue. The peroxisomal enzyme glycolate oxidase, which converts glycolate into glyoxylate 
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during photorespiration, generates H2O2 as a byproduct [45], and photorespiration occurs in 

aerial tissue but not in roots. Intriguingly, elevated CO2 suppresses the enlarged peroxisome 

phenotype displayed in lon2 mutants [51]. This suppression is presumably due to decreased 

photorespiration (and in turn reduced H2O2 production), consistent with a role for 

photorespiration in promoting oxidative damage of peroxisomes. It will be interesting to 

learn whether this CO2-mediated suppression is light-dependent, which would be expected if 

photorespiration is required for the large-peroxisome phenotype observed in lon2 leaves. 

Together, available data suggest that increased oxidative damage necessitates more 

peroxisome turnover via pexophagy, particularly in aerial tissues.

4. The LON2 peroxisomal protease inhibits pexophagy

LON proteins are a conserved family of homo-oligomeric ATPases with both chaperone and 

protease activities that are involved in protein quality control [52, 53]. LON monomers are 

typically composed of an AAA (ATPase Associated with diverse cellular Activities) 

domain, which contains canonical Walker A and Walker B motifs as well as an arginine 

finger, and a protease domain, which contains a Ser-Lys catalytic dyad [52, 54]. LON 

proteases are thought to act as chaperones that attempt to recover misfolded proteins and as 

proteases for misfolded proteins that cannot be recovered [55, 56]. Eukaryotic LON 

isoforms are localized to organelles. In Arabidopsis, LON isoforms are targeted to 

mitochondria, chloroplasts, and peroxisomes [39]. LON1 [57] and LON4 [58] are dually 

localized to mitochondria and chloroplasts, and LON3 appears to be a pseudogene [58]. 

LON2 contains a canonical PTS1 and is localized to peroxisomes [58, 59].

LON2 plays an important but ill-defined role in preventing pexophagy. As a peroxisomal 

protease, LON2 is positioned to degrade obsolete glyoxylate cycle proteins. However, lon2 

mutants fail to stabilize ICL or MLS [14, 28, 38]. A critical role for LON2 in peroxisome 

physiology is indicated by the peroxisome-defective phenotypes exhibited by lon2 mutants 

(Fig. 2): IBA resistance (inefficient β-oxidation of IBA into IAA), PTS2-processing defects, 

reduced matrix protein import, and enlarged peroxisomes [28, 38, 51]. Interestingly, these 

defects worsen as cells mature [38], consistent with the possibility that lon2 peroxisomes are 

functional in recently divided cells (e.g., in young cotyledons and root tips) but are degraded 

at an increased rate compared to wild type as cells mature. A lon2 suppressor screen 

revealed that preventing autophagy restores all four of the peroxisome-related phenotypes 

observed in lon2 mutants [Fig. 2; 28]. Furthermore, lon2 atg double mutants stabilize 

obsolete glyoxylate cycle proteins [Fig. 2C; 28], prompting the hypothesis that pexophagy is 

induced when LON2 is nonfunctional.

Expressing variants of LON2 with an inactive AAA domain or an inactive protease domain 

reveals distinct roles for LON2 domains in peroxisome maintenance [51]. Expressing 

protease-deficient, AAA-active lon2 in a lon2 null mutant prevents the rampant pexophagy 

that typifies lon2 mutants [51], suggesting that the AAA domain of LON2 normally prevents 

excessive pexophagy, perhaps by acting as a chaperone. Indeed, expressing AAA-deficient, 

protease-active lon2 in a lon2 null mutant fails to prevent excess pexophagy [51]. 

Intriguingly, glyoxylate cycle enzymes are stabilized when the protease-deficient, AAA-

active lon2 is expressed in a lon2 mutant [51], implicating the protease domain in matrix 
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protein turnover. Moreover, peroxisomes in lon2 mutants expressing protease-deficient lon2 

are clustered and more abundant than in wild type, resembling peroxisomes in an atg2 

mutant [51], suggesting that impeding the protease domain of LON2 inhibits pexophagy. 

Thus it appears that the AAA domain of LON2 restrains pexophagy regardless of the 

activity of the protease domain, and the protease activity of LON2 promotes pexophagy but 

only when the AAA domain is present [51].

The molecules that target peroxisomes for pexophagy in lon2 mutants remain unidentified. 

Immuno-electron microscopy analysis of a lon2 mutant reveals enlarged, irregularly-shaped 

peroxisomes harboring electron-dense regions containing nonfunctional catalase [51], 

suggesting that aggregated catalase might trigger pexophagy in lon2 mutants. Similarly, 

peroxisomes in the fungus Penicillium chrysogenum lacking peroxisomal Lon accumulate 

nonfunctional catalase-peroxidase [55]. However, although the fate of peroxisomes in plants 

lacking both LON2 and catalase has not been reported, catalase is not necessary for the 

peroxisome clustering that is observed in atg2 mutants [30], suggesting that catalase 

aggregates might be a symptom of peroxisome dysfunction rather than a signal for 

pexophagy.

Intriguingly, a mitochondrial Lon isoform regulates mitophagy (selective autophagy of 

mitochondria) in Drosophila [60]. The serine/threonine kinase PINK1 (PTEN-induced 

putative kinase 1) and the ubiquitin-protein ligase Parkin are central to mitophagy. 

Depolarized mitochondria accumulate PINK1 on the outer membrane, where it 

phosphorylates Ser65 of ubiquitin, which activates Parkin to ubiquitinate outer 

mitochondrial membrane proteins [61–65]. This ubiquitination provides additional PINK1 

substrates, forming a positive feedback loop, and also marks the damaged mitochondria for 

degradation via mitophagy [66]. In Drosophila, healthy mitochondria avoid mitophagy by 

constitutively degrading PINK1, and several proteases have been implicated in this 

degradation, including mitochondrial Lon [60]. When mitochondrial membrane potential is 

disrupted, these proteases are rendered nonfunctional, allowing PINK1 to accumulate and 

trigger mitophagy [60, 67]. Although the Arabidopsis mitochondrial isoforms LON1 and 

LON4 have not been directly implicated in mitophagy, lon1 mutants display enlarged 

mitochondria [68], reminiscent of the large peroxisomes in lon2 mutants [Fig. 2A; 28, 38, 

51]. It is tempting to speculate that Arabidopsis LON2 plays a role in plant peroxisomes 

analogous to the role that Drosophila Lon plays in mitochondria by degrading or 

disaggregating pexophagy-promoting factors in peroxisomes.

5. Plant pexophagy receptors remain to be identified

Selective autophagy utilizes receptors to target substrates for degradation (Fig. 1D). In yeast, 

Atg30 and Atg36 are pexophagy receptors [69, 70], but homologs of these proteins are not 

found in plants. In mammals, Neighbor of BRCA1 gene 1 (NBR1) is involved in selective 

autophagy [71]. NBR1 contains an LC3-Interacting Region (LIR) and a Ubiquitin-

Associated (UBA) domain. The LIR binds to ATG8/LC3, and the UBA domain binds to the 

ubiquitin on a ubiquitinated substrate [72]. In mammals, NBR1 is necessary and sufficient 

for pexophagy and acts synergistically with p62, a similar selective autophagy receptor [73].
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As the only characterized pexophagy receptor from other organisms with a plant homolog 

[74, 75], NBR1 is an attractive plant pexophagy receptor candidate. Consistent with a role 

for NBR1 as a selective autophagy receptor, Arabidopsis nbr1 mutants exhibit only a subset 

of atg mutant phenotypes. For example, both nbr1 and atg mutants are susceptible to heat, 

drought, salt, and oxidative stresses and accumulate ubiquitinated substrates during heat 

stress [19]. However, atg mutants exhibit heightened age- and dark-induced senescence and 

fungal susceptibility, but nbr1 mutants do not [19]. Peroxisomes are likely essential for fatty 

acid β-oxidation during age- and dark-induced senescence [76], and some of the oxidative 

reactions in peroxisomes, including jasmonate biosynthesis, are critical for resistance to 

fungal infection [77], suggesting that peroxisomes may need to avoid pexophagy during 

certain stresses that increase general autophagy. Intriguingly, quantitative proteomic analysis 

identified several peroxisomal matrix proteins among the proteins that over-accumulate in 

nbr1 mutants during heat stress [78], consistent with the possibility that NBR1 promotes 

pexophagy during heat stress. However, no direct evidence has connected NBR1 to 

pexophagy in plants. Considering the variety of pexophagy receptors in different organisms, 

it would not be surprising if plants have novel pexophagy receptors.

6. How do plant peroxisomes signal for their destruction?

The signals that mark peroxisomes for pexophagy are not identified in plants. Although 

nonfunctional catalase accumulates in atg2 mutants, atg2 cat2 cat3 triple mutants, which 

lack detectable catalase, still exhibit the clustered peroxisome phenotype associated with 

atg2 mutants [30]. This result indicates that aggregated catalase is not a necessary signal for 

pexophagy. The observation that expressing lon2 with a functional AAA domain and a 

nonfunctional protease domain prevents the excessive pexophagy of lon2 mutants [51] 

suggests that the chaperone function of LON2 suppresses pexophagy. This suppression 

supports a hypothesis that misfolded or aggregated matrix protein(s) may signal for 

pexophagy (Fig. 1D). Such a signal would presumably need to traverse the peroxisome 

membrane to be recognized by a cytosolic pexophagy receptor. Moreover, the pexophagy 

receptor may require the PEX4 ubiquitin conjugating enzyme and the PEX2/PEX10/PEX12 

ubiquitin-protein ligases to ubiquitinate the misfolded or aggregated protein prior to 

recognition.

Other candidates for pexophagy receptor targets include peroxins (Fig. 1D). PEX5 is 

ubiquitinated in yeast and mammals as it is recycled back into the cytosol for further import 

rounds [9], making ubiquitinated PEX5 an attractive candidate pexophagy signal. Indeed, 

preventing efficient retrotranslocation of PEX5 by addition of a bulky C-terminal tag can 

trigger peroxisome degradation via autophagy in a mammalian cell line [79]. In addition, 

knockdown of the docking protein PEX14 reduces pexophagy in mammals [73], which 

might indicate that mammalian PEX14 is directly required to bind a pexophagy receptor or 

that PEX14 is indirectly required because it is needed to import the actual pexophagy signal, 

be it ubiquitinated PEX5, a PEX5-dependent matrix protein, or a PEX5-dependent process 

(e.g., oxidative damage). A direct role for PEX14 in pexophagy is suggested in Pichia, 

where the pexophagy receptor Atg30 interacts with phosphorylated Pex14 [69]. Moreover, 

the Pichia Atg30 receptor also interacts with Pex3 [69, 80], as does the Saccharomyces 

pexophagy receptor Atg36 [70]. However, homologs of Atg30 and Atg36 are not found in 
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plants, and no connection between specific peroxins and pexophagy has been established in 

plants.

7. Conclusions and future prospects

The core autophagy machinery is conserved across kingdoms. Plants, fungi, and metazoans 

all utilize autophagy to maintain intracellular quality, recycle nutrients, and respond to 

stress. The oxidative nature of peroxisomes is also conserved and necessitates a mechanism 

to turn over these vital organelles, and pexophagy performs this function not only in fungi 

and animals but also in plants.

Considering the conservation of autophagic pathways, the similarities between pexophagy in 

plants and other organisms likely outweigh the differences. Although pexophagy receptors 

are often unique to particular organisms, all examined systems are unified in utilizing a 

receptor protein to link condemned peroxisomes to the autophagy machinery. It will be 

exciting to discover the molecular components executing pexophagy in plants as well as the 

triggers that promote pexophagy in response to environmental and developmental changes. 

Moreover, it will be interesting to apply the knowledge gained from the study of plant 

peroxisomes, such as the role of the LON2 peroxisomal protease in preventing pexophagy, 

to other organisms.
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Abbreviations

AAA ATPase associated with diverse cellular activities

ATG autophagy related

ER endoplasmic reticulum

IAA indole-3-acetic acid

IBA indole-3-butyric acid

ICL isocitrate lyase

LIR LC3-interacting region

MLS malate synthase

NBR1 Neighbor of BRCA1 gene 1

PEX peroxin

PINK1 PTEN-induced putative kinase 1

PMDH peroxisomal malate dehydrogenase
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PMP peroxisomal membrane protein

PTS peroxisomal targeting signals

Ub ubiquitin

UBA ubiquitin associated
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Highlights

• Selective autophagy helps maintain a healthy population of peroxisomes.

• Pexophagy degrades peroxisomes when the LON2 peroxisomal protease is 

dysfunctional.

• Both autophagy and LON2 aid in efficient degradation of peroxisomal proteins.
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Fig. 1. Working model for Arabidopsis peroxisome biogenesis and destruction via pexophagy
A) Peroxisomes can be generated de novo from the ER. PEX3, PEX16, and PEX19 facilitate 

insertion of peroxisomal membrane proteins (PMPs) into membranes, which is necessary for 

budding of pre-peroxisomes from the ER.

B) Peroxisome matrix proteins are imported using a suite of peroxins (numbered ovals). 

Proteins bearing either a C-terminal peroxisomal-targeting sequence 1 (PTS1) or an N-

terminal PTS2 bind to PEX5 or PEX7, respectively. The resulting complex docks with 

PEX13 and PEX14, allowing cargo import. Following import, membrane-associated PEX5 

is ubiquitinated via the PEX4 ubiquitin (Ub)-conjugating enzyme and the complex of Ub-

protein ligases (PEX2, PEX10, and PEX12). Ubiquitinated PEX5 is removed from the 

peroxisomal membrane by a heterohexameric AAA-ATPase complex of PEX1 and PEX6, 

and de-ubiquitinated PEX5 can facilitate further rounds of import. Alternatively, 

polyubiquitinated PEX5 undergoes proteasomal degradation. Inside the peroxisome, the 

protease DEG15 removes the N-terminal PTS2 region of PTS2 proteins, and the protease 

LON2 is positioned to degrade obsolete or damaged matrix proteins (marked with a white 

asterisk).

C) During early stages of autophagy, a double membrane referred to as an isolation 

membrane forms. The ubiquitin-like protein ATG8 is conjugated to 

phosphatidylethanolamine, allowing its localization to the isolation membrane.
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D) During pexophagy, condemned peroxisomes are selectively recruited to expanding 

isolation membranes. A selective autophagy receptor (brown ovals) is postulated to bind to 

the peroxisome and to ATG8, connecting the condemned organelle to the autophagy 

machinery. The signal on plant peroxisomes that is recognized by the selective autophagy 

receptor to mark the peroxisome for degradation has not been identified, but candidates 

include ubiquitinated proteins, such as PEX5 or a matrix protein; PMPs, such as PEX3 and 

PEX14; and oxidized or aggregated matrix proteins (marked with white X).

E) The isolation membrane completely encloses its cargo, forming an autophagosome.

F) The autophagosome merges with the vacuole, forming an autophagic body, and the 

contents of the autophagic body are degraded into their constitutive nutrients (e.g., amino 

acids and lipids) and released into the cytosol for reuse.
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Fig. 2. The peroxisomal protease LON2 inhibits pexophagy in Arabidopsis
A) Preventing autophagy suppresses protein import defects and the large puncta phenotype 

of lon2-2. Cotyledon mesophyll cells in 8-d-old seedlings of the indicated genotypes 

expressing 35S:PTS2-GFP [81] were imaged for fluorescence using confocal microscopy. 

PTS2-GFP bears an N-terminal PTS2 that localizes GFP (green) to peroxisomes in wild-

type Columbia-0 (Wt), atg2-4 and lon2-2 atg2-3. PTS2-GFP is partially cytosolic (diffuse 

fluorescence) in lon2-2. Peroxisomes are enlarged in lon2-2 and clustered in atg2-4 and 

lon2-2 atg2-3. Chlorophyll autofluorescence (magenta) marks chloroplasts. Scale bar = 10 

μm.

B) Preventing autophagy suppresses the IBA resistance of lon2-2. Wild-type Columbia-0 

(Wt), lon2-2 [38], atg2-4 [28], and lon2-2 atg2-3 [28] seeds were plated on medium 

containing 0.5% sucrose (mock) and grown for 4 days. Half of the seedlings were then 

transferred to medium supplemented with 0.5% sucrose and 10 μM IBA, and seedlings were 

grown for an additional 4 days before measuring lateral root formation. Error bars represent 

standard deviation of the means (n ≥ 10).

C) Preventing autophagy suppresses the PTS2-processing defect of lon2-2, and obsolete 

matrix proteins are stabilized in lon2-2 atg2-3 double mutants. Extracts from 6-day-old 

light-grown seedlings of the indicated genotypes were processed for immunoblotting in 

duplicate, and membranes were serially probed with antibodies recognizing the peroxisome 

matrix proteins thiolase [13] or malate dehydrogenase [PMDH; 82], shown in the upper 

panel, or malate synthase [MLS; 83], shown in the lower panel. Thiolase and PMDH are 

Young and Bartel Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PTS2 proteins synthesized as precursors (p) in the cytosol and cleaved to mature forms (m) 

lacking the PTS2 region in the peroxisome. Protein loading was monitored by probing with 

an antibody recognizing HSC70 (SPA-817; StressGen Bioreagents).
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