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Abstract

Cadmium treatment induces transient peroxisome proliferation in Arabidopsis leaves. To
determine whether this process is regulated by pexophagy and to identify the mechanisms
involved, we analyzed time course-dependent changes in ATGS, an autophagy marker, as
well as the accumulation of peroxisomal marker PEX14a. After 3 h of Cd exposure, the
transcript levels of ATG8h, ATGS8¢c, a and i, were slightly up-regulated and then returned to
normal. ATG8 protein levels also increased after 3 h of Cd treatment, while an opposite
pattern was observed in PEX14. Arabidopsis lines expressing GFP-ATG8a and CFP-SKL
enabled us to demonstrate the presence of pexophagic processes in leaves. The Cd-dependent
induction of pexophagy was demonstrated by the accumulation of peroxisomes in autophagy
(ATG)-related Arabidopsis knockout mutants atg5 and atg7. We show that ATGS8a co-
localizes with catalase and NBR1 in the electron-dense peroxisomal core, thus suggesting
that NBR1 may be an autophagic receptor for peroxisomes, with catalase being possibly
involved in targeting pexophagy. Protein carbonylation and peroxisomal redox state suggest
that protein oxidation may trigger pexophagy. Cathepsine B, legumain and caspase 6 may
also be mvolved in the regulation of pexophagy. Our results suggest that pexophagy could be

an important step in rapid cell responses to cadmium.

Key words: ATG8, cadmium, caspase, catalase, cathepsin, legumain, NBR1, peroxisomes,

pexophagy, ROS

Summary statement: The molecular mechanisms governing pexophagy have been elusive.
The data presented in this study show that pexophagy takes place in response to Cd toxicity
to regulate peroxisomal populations and quality and is regulated by H202, and peroxisomal
oxidation. NBR1 may be an autophagic receptor for peroxisome and cathepsin B, legumain

and caspase 6 could be involved in the regulation of pexophagy.

Abbreviations: ATG, autophagy gene; CAT, catalase; CFP, cyan fluorescent protein; DNPH,
Dinitrophenylhydrazine; GFP, green fluorescent protein; NBR1, Neighbor of Brcal gene 1;

PEX, peroxine; ROS, reactive oxygen species
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Introduction

Peroxisomes, which are organelles surrounded by a single membrane, contain catalase and
hydrogen peroxide (H20:2)-producing flavin oxidases and are present in almost all eukaryotic
cells. They are involved in metabolic pathways such as fatty acid f-oxidation, the glyoxylate
cycle, photorespiration, ureide metabolism and biosynthesis of plant hormones including
jasmonic acid, salicylic acid and auxin; they are also a highly important source of reactive
oxygen (ROS) and nitrogen species (RNS) (Sandalio, Rodriguez-Serrano, Romero-Puertas &
del Rio, 2013). Peroxisomal ROS production is mainly associated with photorespiration, fatty
acid B-oxidation and ureide metabolism (Sandalio & Romero-Puertas, 2015). Although ROS
accumulation induces oxidative damage, these organelles contain a battery of antioxidants,
including superoxide dismutase, which detoxifies the O~ radical catalase (CAT), and
ascorbate-glutathione cycle enzymes, which remove H>O: (Sandalio & Romero-Puertas,
2015). Peroxisomes therefore have the capacity to rapidly produce and scavenge H>O; and
027, which facilitates the regulation of dynamic changes in ROS and cellular redox status

(Sandalio & Romero-Puertas, 2015).

Plant peroxisomes are highly dynamic organelles that adapt to environmental changes by
altering their populations, although the molecular basis of plant peroxisome proliferation is
notfully. understood. The proliferation of peroxisomes involves a three-step process:
peroxisome elongation, constriction and fission (Hu, 2010; Hu et al., 2012). Peroxisome
proliferation in plants can be triggered by H20», Cd, Clofibrate, ozone, UV, salinity and light
(Hu, 2010; Rodriguez-Serrano, Romero-Puertas, Sanz-Fernandez, Hu & Sandalio, 2016;
Sandalio et al., 2013). As an excessive amount of peroxisomes can produce severe
disturbances in redox homeostasis (Nila et al., 2006; Sandalio & Romero-Puertas, 2015), the
cell requires a mechanism to control the peroxisome population.

Autophagy is a conserved process which degrades and recycles unwanted cytoplasmic
components such as biomolecules and organelles. It was first described in yeast and later in
all eukaryotic organisms including plants (Li & Vierstra, 2012; Ohsumi, 2014). Although
studies of autophagy in plants are less advanced than those in animals, its essential
components and basic developmental machinery have been conserved (Avin-Wittenberg et
al., 2018; Li & Vierstra, 2012; Liu & Bassham, 2012). There are three major autophagy
pathways: macroautophagy, microautophagy and selective autophagy (Michaeli & Galili,
2014). In-macroautophagy, the most studied type of autophagy, unwanted material is first
engulfed by a double membrane structure called the phagophore, which eventually forms
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double membrane vesicles, or autophagosomes, to transfer these materials to vacuoles where
proteins and organelles are degraded (Avin-Wittenberg et al., 2018; Michaeli & Galili, 2014).
In' plants, macroautophagy plays an important role during crucial plant processes such as
development, senescence, innate immunity, programmed cell death as well as biotic and
abiotic stress responses (Avin-Wittenberg et al., 2018; Michali & Galili, 2014). In
microautophagy, the tonoplast forms an invagination which directly engulfs the cargo to form
an autophagic body which is degraded inside the vacuole (Li, Li & Bao, 2012; Michaeli et al.,
2016; Van Doorn & Papini, 2013). Selective autophagy involves specific degradation and
recycling processes for the following organelles: peroxisomes by pexophagy, mitochondria
by-mitophagy, the endoplasmic reticulum by reticulophagy and chloroplasts by chlorophagy
(Kim et al., 2013; Li, Chung & Vierstra, 2014; Liu et al., 2012; Xie, Michaeli, Peled-Zehavi
& Galili, 2015).

Autophagy (ATG) genes are required for the precisely regulated process of autophagy. In
plants, these genes have been characterized in Arabidopsis thaliana (Doelling, Walker,
Friedman, Thompson & Vierstra, 2002). ATG8, whose isoforms play an important role in
autophagosome formation and functioning in all plant species studied, is a ubiquitin-like
protein which is crucial at the early stages of autophagy (Michaeli et al., 2016). ATGS8
proteins are initially localized on both sides of the phagophore, whose structure is initiated by
the concurrence of ATG1 and ATG13 (Avin-Wittenberg et al., 2018; Li & Vierstra, 2012).
The insertion of ATGS8 into the phagophore membrane is mediated by different ligase-like
proteins: ATG7, ATG3 and the ATG12-ATG5-ATG16 complex (Avin-Wittenberg et al.,
2018; Li & \Vierstra, 2012). The biogenesis of autophagosomes requires
phosphatidylethanolamine (PE) conjugation to ATG8 proteins and previous post-translational
processing of ATG8 by the cysteine protease ATG4 at the conserved C-terminal glycine
(Gly) residue (Woo, Park & Dinesh-Kumar, 2014; Yoshimoto et al., 2004). Lipidated ATGS8
interacts with cargo receptors to collect unwanted material which is then delivered to the
vacuole for degradation (Avin-Wittenberg et al., 2018; Woo et al., 2014; Yoshimoto et al.,
2004). The ATG4 protease is also necessary for the reverse de-conjugation step to remove
ATG8-PE from the outer autophagosome membrane for ATG8 recycling and autophagosome
completion (Woo et al., 2014). Plants contain multigene ATG8 and ATG4 families, which
suggests that different functions depend on different conditions and tissues where autophagy
is required or functional redundancy occurs (Kellner, De la Concepcion, Magbool, Kamoun
& Dagdas, 2017; Woo et al.,, 2014). Arabidopsis plants contain nine ATG8 isoforms
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(ATG8a-ATG8i) and two ATG4s (ATG4a-ATG4b) (Kellner et al., 2017; Woo et al., 2014).
Peroxisomes in different organisms can be degraded by a selective autophagic process called
pexophagy, with both micro- and macro-autophagy processes also reported in plant tissues
(Shibata et al., 2013; Till, Lakhani, Burnett & Subramani, 2012; Young & Bartel, 2016).
Selective autophagic degradation of peroxisomes has recently been demonstrated by
pharmacological and genetic experiments (Kim et al., 2013). Peroxisomes are selectively
degraded by pexophagy during the functional transition of glyoxysomes to leaf peroxisomes
(Kimet al., 2013). Oxidized peroxisomes have also been shown to be removed by pexophagy
(Shibata et al., 2013; Yoshimoto et al., 2014). Shibata et al. (2013) have shown that
peroxisomes appear to be aggregated and separated from chloroplasts and mitochondria in the
leaves of Arabidopsis knockout atg2, atg7 and atgl8a mutants. These aggregated
peroxisomes showed inactive catalase accumulations, suggesting that the oxidation of
peroxisomal proteins can target peroxisomes for further degradation by pexophagy (Shibata
et al.;»2013). This finding is corroborated by the co-localization of ATG8 with aggregated
peroxisomes (Yoshimoto et al., 2014). In a forward genetic screen for Arabidopsis mutants
with altered peroxisomal positioning, evidence suggests that pexophagy is crucial for quality
control mechanisms in Arabidopsis (Kim et al. 2013; Shibata et al., 2013; Yoshimoto et al.,
2014). Evidence of peroxisomal degradation by bulk autophagy during carbohydrate
starvation has been reported in tobacco BY-2 suspension culture cells (Voitsekhovskaja,
Schiermeyer & Reumann, 2014). Interestingly, the subcellular localization of these
peroxisomes changes positioning around the nucleus. The number of peroxisomes also
decreases due to pexophagy during carbohydrate starvation up to the fourth day of starvation
(Voitsekhovskaja et al., 2014).

Selective degradation of peroxisomes involves ATG8 and adaptor proteins which interact
with both ATG8 and cargos. In plants, NBR1 (Neighbor of BRCA1 gene 1) and ATI1
(ATGS8-interacting proteinl) proteins interact with ATG8 and may play an important role as
adaptors, thereby facilitating delivery of captured autophagy cargos to autophagosomes for
degradation (Masclaux-Daubresse, Chen & Havé, 2017). However, the autophagic adaptor
protein linking ATG8 to damaged or obsolete peroxisomes has not yet been identified. In
mammalian cells, it has been suggested that polyubiquitination of some peroxisomal
membrane proteins mobilizes p62 and NBR1 which act as autophagic adaptors to bind ATGS8
(Oku & Sakai, 2010). In Arabidopsis plants, NBR1, a p62/NBR1 ortholog, targets ubiquitin-
tagged proteins (Zhou et al., 2013). However, the role played by NBR1 as a plant pexophagy
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receptor remains unclear; nbrl mutants, though not subject to early senescence, are highly
sensitive to oxidative stress (Zhou et al., 2013), while no ubiquitinated proteins have been

detected in peroxisomes (Yoshimoto et al., 2014).

The toxic heavy metal cadmium (Cd), which is present in the environment mainly due to
anthropogenic activities such as metalworking industries, cement factories, smelting plants,
refineries and phosphate fertilizer production, is then transferred to the food chain (Clemens
et -al., 2006). Cadmium inhibits plant growth as a consequence of alterations in the
photosynthesis rate, macro- and micro-nutrient uptake and distribution and disturbances in
antioxidant defenses (Rodriguez-Serrano et al, 2009; Romero-Puertas et al., 2018). In a
previous study, we demonstrated that Cd induces peroxisome proliferation after three hours
of treatment (Rodriguez-Serrano et al., 2016). The aim of this study is to determine whether
this transient increase in peroxisomal populations under Cd treatment conditions is regulated
by pexophagy and to identify the mechanisms involved in this process. We thus analyzed
time course-dependent changes in the expression and protein accumulation of ATG8s, as well
as the accumulation of PEX14 used as a peroxisomal marker. Through protein
immunolocalization, we also evaluated the role of NBR1 as an autophagy receptor for
peroxisomes. To identify the signal involved in triggering autophagy/pexophagy under these
conditions, we studied total protein carbonylation and the redox state of peroxisomes by
imaging H-20: in these organelles. The contribution of ROS from NADPH oxidase (RBOH)
and glycolate oxidase (GOX) in promoting pexophagy has also been analyzed in Arabidopsis
rbohC and gox2 mutants. The possible role played by the different proteases was also
analyzed. Our results suggest that pexophagy plays a significant role in rapid cell responses
to cadmium to regulate peroxisomal populations, a process which could be regulated by

NBR1 and triggered by oxidation of peroxisomal proteins such as catalase.

MATERIALS AND METHODS
Plant Material, Growth Conditions and Treatments

Arabidopsis thaliana ecotype Columbia-0 (Col-0) constitutes the genetic background for all
wild-type plants used in this study, except for atg7 mutants, which were obtained with a
Wassilewskija (Ws) background. Wild type plants expressing GFP-ATG8a, as well as
Arabidopsis T-DNA disruption mutants affecting atg5 and atg7 were kindly supplied by Dr.
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Vierstra (Washington University, St Louis, USA) and Henri Batoko (University of Louvain,
Belgium), respectively. We selected atg5 and atg7, as they are among the best characterized
autophagy-deficient mutants in Arabidopsis and are encoded by a unique gene. Arabidopsis
lines rbohC and gox2 were obtained from the SALK and NASC collections. Arabidopsis
lines, simultaneously expressing peroxisomal markers CFP-SKL and GFP-ATGS8a, were
obtained by cross-pollinating px-ck Arabidopsis lines (Nelson, Cai & Nebenfiuihr, 2007) with
GFP-ATG8a lines (Thompson, Doelling, Suttangkakul & Vierstra, 2005) and by selecting
double homozygous lines (Fig. S1). The presence of CFP in peroxisomes was checked in
leaves with the aid of a fluorescence microscope. Genomic DNA from leaf discs was then
extracted, and PCR screening was carried out using primers specific to the CaMV 35S
promoter and ATG8a (Table S1). Arabidopsis seeds were surface-sterilized and stratified for
48 h at 4°C and then sown on Murashige & Skoog (MS) 0.5x solid medium (Murashige &
Skoog, 1962) containing 3% sucrose (w/v) and 0.8%, phytoagar (w/v). The plants were then
grown at 22°C in 16 h light and 8 h darkness for 10 d, transferred to Petri dishes with 0.5x
liqguid MS medium containing sucrose and then grown for 24 h. They were treated with 100
MM CdCl; at different times (0.5 h, 3 h, 6 h, 9 h, 15 h and 24 h), with untreated plants (0 h)

used as control.
gRT-PCR analysis of gene expression

Total RNA was isolated from whole 10 day-old seedlings using the acid guanidine
thiocyanate-phenol-chloroform method, as described by Chomczynski and Sacchi (1987),
and the RNeasy Plant Mini Kit (Quiagen) for gene expression analyses. RNA was reverse
transcribed using an oligo (dT) primer and the Invitrogen SuperScript First-Strand Synthesis
System for RT-PCR (Life Technologies) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed on an iCycler iQ5 (Bio-Rad, Hercules, CA, USA).
Each 20 pl reaction contained either 1ul o cDNA or a dilution, 200 nM of each primer and iQ
SyBrGreen Supermix (BioRad). Control PCR reactions of the RNA samples not treated with
reverse transcriptase were also carried out to confirm the absence of contaminating genomic
DNA. The samples were initially denatured by heating at 95° C for 3 min followed by 45-
cycle amplification and a quantification program (95° C for 30 s, 55° C for 30 s, 60° C for 1
min and 72° C for 45 s). A melting curve was conducted to ensure amplification of a single
product. Amplification efficiency was calculated using the formula E = [10 (1/a) -1] x 100,
where a is the slope of the standard curve. The relative expression of each gene was

normalized to that of TUB2 or UBQ10, and the results were analyzed using the method
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described by Pfaffl (2001). The primers used are described in Table S1. Any increase of over

1.5 was considered to constitute up-regulation.
Western blot analysis

Whole 10-day-old seedlings were homogenized in liquid nitrogen in Eppendorf tubes with a
micro pestle using different protein extraction buffers and centrifuge conditions depending on

the protein of interest.

For ATGS8a identification, whole plants (100-200 mg) were homogenized in 100 mM Tris-
HCI, pH 7.5, 400 mM sucrose, 1 mM EDTA, 10 mg mL-1 sodium deoxycholate, 0.1 mM
phenylmethylsulfonyl fluoride, 10 mg mL-1 pepstatin A and 4 % [v/v] protease inhibitor
cocktail [Roche] centrifuged at 500 g for 10 min to obtain the supernatant fraction as
described previously (Alvarez et al., 2012). For immunoblot analysis, 40-60 g of leaf protein
extracts was electrophoresed on 15 % acrylamide gels. For PEX14, the same buffer, but
without pepstatin A, was used in a 1:2 (w/v) ratio. The extract was centrifuged at 15890 g for
30 min at 4 °C, and 40-60 pg of proteins from the extracts were loaded for SDS-PAGE (10%
polyacrylamide).

The electrophoresed proteins were then transferred to a polyvinylidene fluoride membrane
(Millipore Co., Bedford, MA, USA) in a Bio-Rad Semi-Dry Transfer Cell (Bio-Rad,
Hercules, CA, USA). The membranes were incubated for 1 h in blocking buffer containing 3
% milk powder (w/v) prepared in TBS containing 0.1 % Tween 20 (v/v). Antibodies were
diluted in blocking buffer; anti-At-ATG8 (Abcam, Cambridge, UK) was diluted 1:2000 and
anti-PEX14 (Agrisera) 1:10000. Membranes were washed with TBS and incubated with goat
anti-rabbit 1gG conjugated with HRP (Agrisera; 1:20000-1:50000 in blocking buffer). After
washing with TBS, bands were visualized by the ECL Western blot detection system (GE).
The immunodetected protein bands were quantified relative to the Ponceau or SYPRO Ruby-

stained membrane using ImageJ software.

Protein concentration in the extracts was measured by means of the Bradford protein assay

(Bio-Rad) using bovine serum albumin (BSA) as standard.
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Immunochemical detection of carbonylated proteins

According to the method described by Romero-Puertas, Palma, Gomez, Del Rio and Sandalio
(2002), carbonyls were detected by protein derivatization with dinitrophenylhydrazine
(DNPH, Sigma; Suppl. Material and Methods)

Confocal microscopic analyses
ATG8 and peroxisome detection

To avoid GFP fluorescence loss during confocal microscopy analysis, the seedlings were
incubated in liquid MS medium (with 3% sucrose) containing 0.5 uM concanamycin A
(Santa Cruz Biotechnology) for 16 h at room temperature in the dark before treatment with
cadmium. Arabidopsis plants expressing GFP-ATG8a (Exc/Em: 488/508 nm) were examined
using a Nikon Clconfocal laser scanning microscope to monitor autophagy after 30 min, 3 h,
6 hrand 9. h CdCl; (100 uM) treatments. Images of cadmium-treated plants, which were
obtained as 20-25 z-steps in 0.4 um intervals by confocal microscopy, were combined using
maximum: intensity projection. An optimal pinhole of 1 Airy disk size was used and a 488 nm

excitation laser and 590/50 nm detector were used. Gain was adjusted to avoid saturation.

To analyze pexophagy, seedlings simultaneously expressing CFP-SKL (Exc/Em: 434/476
nm) as peroxisome marker and GFP-ATG8a (Exc/Em: 488/508 nm) as autophagy marker
were used. A Leica sp5 spectral confocal microscope was used for this purpose. For CFP, a
405 nm diode was used for detection, with excitation set to 467 and emission to 490 nm. For
GFP, a 496 nm diode was used with excitation at 505 and emission at 529 nm. An optimal

pinhole of 1 Airy disk size was used.

H202 accumulation in peroxisomes: image acquisition and processing

To image H»0> accumulation in peroxisomes, Arabidopsis lines expressing the H.O>
biosensor HyPer in these organelles were used (seeds supplied by Dr. A. Costa; Costa et al.,
2010). All.analyses were carried out on leaves from untreated plants (control) and from plants
treated with 100 uM CdClI; for 4 h. For image acquisition, a Nikon A1Si confocal microscope
equipped with a 40x lens was used. Intensity ratio image data were obtained with the aid of
one-way sequential line scans of two excitation lines. To measure the effect of Cd treatments

on HyPer oxidation (indicated by an increased 488/455 nm excitation ratio), the 488/405-nm
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laser power ratio was kept constant at 1:3 and emission was collected with a detector at
540/530 nm, with a photomultiplier tube gain of 90-120 AU. No offset was used, and pinhole
size was set at between 1.2 and 2 times the Airy disk size of the objective used depending on
signal strength. Chloroplast autofluorescence was imaged with excitation at 640 nm and
emission at 670—720 nm.

The images were analyzed according to the method described by Mishina et al. (2013).
Briefly, images were smoothed using a Gaussian filter, and pixels containing the biosensor
signal were separated from the background according to Otsu’s method (Otsu, 1979). A ratio
image, which was created by dividing the 488 nm image by the 405 nm image pixel by pixel,
was displayed using false colors.

Plant tissue processing for transmission electron microscopy and immunolabeling

Leaves were fixed in 4% formaldehyde and 0.25% glutaraldehyde with 50 mM cacodylate
buffer (pH 7.2) at 4°C for 3 h. For proper fixative penetration, vacuum was applied 3 times
for 10 min, fresh fixative was added, and samples were continuously shaken at 4°C
overnight. After fixation, all samples were washed in 50 mM cacodylate buffer, pre-
embedded in 0.8% low melting agarose, dehydrated in ethanol series and embedded in
Unicryl. After resin polymerization, ultrathin sections were obtained. Catalase was localized
using a specific anti-catalase antibody (Agrisera, Sweden), diluted 1/500 in PBS pH 7.4
containing 0.1% BSA and 0.005% Tween 20 (1 h incubation). NBR1 and ATG8a were
immuno-labelled using antibodies against NBR1 (1/1000 dilution; Agrisera, Sweden) and
anti-At-ATG8a (1/1000 dilution; Abcam, Cambridge, UK), respectively (1 h incubation);
goat anti-rabbit 19gG conjugated to 15 nm gold particles was used as a secondary antibody
(1/50 dilution) (Sandalio, Lépez-Huertas, Bueno & del Rio, 1997). Double immunogold
labelling of catalase and ATGS, as well as ATG8 and NBR1, was carried out using goat-anti-
rabbit 1gG conjugated to 5 and 15 nm gold particles to identify individual proteins. Sections
were post-stained for 20 min in 2% (w/v) uranyl acetate and were then examined with the aid

of a JEOL JEM-1011 transmission electron microscope.
Peroxisome cytochemistry and microscopy analysis

The method used was essentially that reported by Nila et al. (2006). Pieces of leaves (1 mm?)
were vacuum-infiltrated for 10 min three times with 0.5% (v/v) glutaraldehyde in 50 mM

phosphate buffer, pH 6.8, and incubated for 3 h at room temperature. Leaf samples were then

This article is protected by copyright. All rights reserved.



washed three times with buffer and incubated at 37 °C with a solution containing 3,3’-
diaminobenzidine (DAB, 2 mg/mL) in 50 mm Tris-HCI buffer, pH 9, in the dark for 1.5 h.
The tissue was then incubated for 3 h in the DAB solution supplemented with 0.02% (v/v)
H20>. After staining, leaf samples were washed with 50 mM phosphate buffer, pH 6.8, and
stained with 1% (w/v) OsOs. Leaf samples were then dehydrated in a graded ethanol series
(30-100%; v/v), embedded in Embed 812 resin series (25-100%; w/v) (Electron Microscopy
Sciences, Hatfield, PA, USA) and cut into thin (0.5-0.7 mm) or ultra-thin (50-70 nm)
sections for further optical and electron microscopy analysis. The sections were not stained
for optical microscopy analysis, but were post-stained with uranyl acetate for electron

microscopy analyses. The plants used were Arabidopsis Col 0 (WT), atg5, WS and atg?7.
Protease activity of Arabidopsis protein extracts after treatment with CdCl:

Protease activity was quantified in untreated (C) Arabidopsis whole plants and after treatment
with-CdCl; for 30 min, 3 h, 6 h, 9 h 15 h and 24 h. Plants were collected and frozen (-20°C)
until needed. Total protein extracts from the Arabidopsis seedlings were ground and
resuspended in 0.15 M NaCl sodium phosphate (pH 6.0) and 2 mM EDTA using sand and
centrifuged at 15890 g for 5 min; the supernatants were pooled to obtain soluble protein
extracts for enzymatic activity assays. For assays, 20 pg of plant protein extract was used,
and the corresponding substrate was added to a final concentration of 0.25 mM for cathepsins
and caspases and 0.8 mM for legumains. Cathepsin B-,L-like and legumain cysteine
proteases and caspase 1 and 6 activities were assayed using Z-RR-AMC (Bachem), ZFR-
AMC (Bachem), ZAAN-AMC (Bachem), Ac-YVAD-AMC (Enzo) and Ac-VEID-AMC
(Enzo) substrates, respectively. The reactions were incubated in a buffer containing 100 mM
sodium phosphate (pH 6.0), 10mM L-cysteine, 10 mM EDTA and 0.01% (v/v) Brij 35 for
cysteine proteases (cathepsin B-, L-like and legumain) and 50 mM HEPES (pH 7.0), 0.5 mM
DTT, 0.1% CHAPS, 50 uM PMSF and 5 uM pepstatin A for caspase 1 and 6. For legumain
assays, the buffer contained 1mM DTT. Fluorescence was measured using 365 nm excitation
and-465-nm emission filters (Tecan GeniusPro). The system was calibrated with known
amounts of AMC hydrolysis product in a standard reaction mixture. Specific enzymatic
activity was calculated as moles of substrate hydrolyzed/min/mg protein. All assays were
carried out five times, and blanks were used to account for spontaneous breakdown of

substrates.
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Statistical analysis

The mean values in the experiments described above were obtained from at least three
replicates from three independent experiments. Statistical analyses were performed using an
ANOVA test with the aid of Statistic 8 software. Mean values for the different treatments
were compared using Tukey’s multiple comparison test (p< 0.05) and Dunn's Method (*p <
0.001) and the T Student test (*p < 0.05; **p< 0.01; *** p< 0.001).

RESULTS
Cadmium induces oxidative stress and selective autophagy

Although cadmium is a non-essential element it can be easily taken up by plants through
essential nutrients transporters such as Fe, Zn, and calcium (Ca; Clemens, 2006). The best-
studied transporters associated with Cd entrance, include IRT1, a member of the large ZIP
(for Zinc-regulated transporter 1/IRT1-like Protein) family, which is the main entry vehicle
for Fe?* in Arabidopsis roots (Grotz and Guerinot, 2006) and the Nramp (natural resistance-
associated macrophageprotein) family (Clemens and Ma, 2016; Loix et al., 2017). In
particular, AINRAMP3 and AtNRAMP4 function in the release of metals, including Fe and
Cd, from the vacuole having a critical role under Cd and oxidative stresses (Nevo and
Nelson, 2006; Molins et al., 2013). To understand the temporal kinetics of events linked to
Cd-stress responses we have analysed the expression level of IRT1 and NRAMP3 which
showed differential responses to the metal, with up-regulation of IRT1 only occurring after 3
h of treatment, while no significant changes were observed in NRAMP3 expression levels
(Figure 1A). To determine the effect of Cd on ROS metabolism, we analysed oxidative
markers after 3 and 15 h of cadmium treatment (100 uM), which showed a significant
increase in GST expression levels after 3 h of Cd treatment. No changes were observed after
15 h, with neither of these time periods showing any change in CAT2 expression (Fig 1 B).

In"a previous study (Rodriguez-Serrano et al., 2016), we observed that Cd induces
peroxisome proliferation in Arabidopsis leaves after 3 h of treatment, although the number of
peroxisomes was similar to that in control plants after 24 h. To determine whether Cd induces
autophagic processes to regulate peroxisomal populations, we first carried out a time course
analysis of autophagic markers in whole Arabidopsis seedlings between 30 min and 24 h of
Cd treatment. We analysed the transcript levels of the autophagy-related gene 8 (ATGS)
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family composed of 9 members (ATG8a to 8i) (Slavikova et al., 2005). After 3 h of exposure
to Cd, the transcript levels of ATG8h, followed by ATG8c, a and i, were slightly up-regulated
and returned to normal after further exposure to Cd (15 h) (Fig. 2). To demonstrate the
induction of autophagy, ATG8a protein levels were analysed by immunoblot analysis using
an ATG8a-specific antibody, and the time course analyses were also extended from 6h to 9h
of treatment. Like gene expression, ATG8 protein levels increased after 3 h of Cd treatment,
with the highest levels observed after 6 h of exposure (Fig. 3A). However, analysis of the
expression levels of the other autophagy marker, ATG7, showed no significant changes
between 0.5 h and 9 h of Cd treatment (Figure S2).

To determine whether autophagy selectively affects peroxisomes, we analysed changes in the
accumulation of peroxine 14 (PEX14), a protein associated with the peroxisomal membrane.
Time course analysis showed increased PEX14 protein accumulation after 3 hours of Cd
treatment (Fig. 3B), which is in line with the increase in the peroxisomal population observed
by confocal analysis in a previous study (Rodriguez-Serrano et al., 2016). PEX14 content
subsequently decreased at between 6 and 9 h of treatment and then increased at between 15
and 24 h of exposure (Fig. 3B), a pattern opposite to that observed for ATG8 accumulation
(Fig- 3A), which could explain the reduction in peroxisomes in leaves after longer Cd
exposure.. The reduction in PEX14 at between 6 and 9 h of treatment was considerably
attenuated in Arabidopsis lines gox2 (Fig. 3C) and rbohC (Fig. 3D), which showed
disturbances in H>O> production in response to Cd associated with peroxisomes (unpublished
results) and the plasma membrane (Rodriguez-Serrano et al., 2016; Gupta et al., 2017),

respectively.

To clearly demonstrate pexophagy, we obtained Arabidopsis lines constitutively expressing
both ATG8a-GFP and CFP-labelled peroxisomes (GFP-SKL). Using confocal microscopy,
we imaged the formation of phagophores and peroxisomes in leaves from plants treated with
concanamicine A for 16 h to avoid GFP degradation in the vacuoles (Thompson et al., 2005)
before treatment with 100 uM Cd. As shown in Fig. 4 B, after 6 h of Cd treatment, a 30% of
peroxisomes (number of pictures=29) showed colocalization with phagophores, while no
significant' colocalization (less than 4%) was detected in control plants (Fig 4A), thus

demonstrating that Cd induces pexophagic degradation of specific peroxisomes.

ATG8a was also immunogold-localized in cross sections of leaves from plants treated with

Cd for 6 h and analysed using electron microscopy (Fig. 5 A, B and D). To identify
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peroxisomes, we used catalase antibodies (Fig. 5 A). ATG8a colocalized with catalase
present in the peroxisomal core (Fig. 5 A) and was also localized in peroxisomes close to the
electron-dense core associated with electron-lucent spaces surrounding the peroxisome (Fig.
5B) identified as the autophagosome (Yoshimoto et al., 2014). With regard to the identity of
proteins which recognize peroxisomes, immuno-localized NBR1 and gold particles
associated with electron-lucent spaces surrounding the peroxisome were located close to the
peroxisomal membrane (Fig. 5 C). Given that NBR1 has been shown to interact with ATGS,
we also immuno-localized both NBR1 and ATGS8a in Arabidopsis leaves and observed co-
localization of both proteins mainly close to the electron-dense core inside the peroxisome
(Fig. 5 D, D’). These results suggest that NBR1 might interacts with ATG8 and an, as yet,
unidentified peroxisomal protein, which would enable the peroxisomes to be degraded during
stress caused by cadmium treatment to be recognized. Given the localization of ATG8 close
to the electron-dense core and co-localization with catalase in these cores (Fig. 5 A), oxidized
catalase could be a peroxisomal target of pexophagy. However, physical interactions between
catalase and NBR1 or catalase and ATG8a are unlikely, and an intermediary peroxisomal
membrane protein, as yet undetermined, is probably involved in recognizing the peroxisomes

to be degraded.

To.distinguish between macrophagy and microphagy, peroxisomal accumulation in
Arabidopsis mutants deficient in ATG5 was analysed. Thus, peroxisomes were stained with
DAB and imaged by light and electron microscopy after 15 h of Cd treatment. As shown in
Figure 6 (A, B and 1), after 15 h of Cd treatment no significant changes were observed in the
total number of peroxisomes or in the pattern of peroxisome accumulation in WT Col 0
plants (Fig. S3). However, under control conditions, accumulation of peroxisomes was
observed in atg5 Arabidopsis mutants as compared to WT plants (Fig 6 E-F; Fig S3), while
the number of total peroxisomes increased considerably in atg5 mutants after 15 h of Cd
treatment parallel to changes in the pattern of peroxisomal aggregation (Fig. 6 G-H, J; Fig
S3). The number of peroxisomes in atg7 mutants after 15 h of Cd treatment (Fig. S4 A), as
well as peroxisome aggregation (Fig S4B), increased significantly, while a slight reduction in
peroxisomes was observed in WS plants under the same conditions (Fig S 4A). These results
demonstrate that selective autophagy is induced by Cd in order to regulate peroxisomal
populations. Peroxisomes, which were more pleomorphic in Cd-treated atg5 lines (Fig. 6 F),
were of different sizes, although mean area was slightly greater than in untreated WT.

Another characteristic of peroxisomes in atg5 under Cd treatment conditions was the
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presence of polar electron-dense structures and small spots surrounding the surface of the

organelle (Fig. 6 H), possibly due to excess H>O>, which also reacts with DAB.
Oxidized proteins induce autophagy and pexophagy

The signal involved in autophagy induction in plants has not been precisely identified. Given
that ROS and oxidative protein modifications have been shown to induce autophagy, we
analysed oxidized proteins at different Cd treatment times using DNPH and specific anti-
DNP antibodies. Cd promotes protein oxidation after 3 h of treatment, with maximum
oxidation observed after 9 h of exposure (Fig. 7A and B). To determine whether peroxisomal
oxidation targets these organelles for pexophagic degradation, we analyzed H>0>
accumulation in peroxisomes by using Arabidopsis lines constitutively expressing the
biosensor HyPer in these organelles. This biosensor, which allows monitoring changes in
H20> levels specifically in peroxisomes, is a marker of peroxisomal redox state. Under
control conditions, although fluorescence associated with HyPer was mainly observed in
peroxisomes, a weak signal was also detected in the cytosol (Fig. 8A). After 4 h of Cd
treatment, a significant increase in the number of peroxisomes was observed (Fig. 8 B),
which is in line with previously reported results (Rodriguez-Serrano et al., 2016) and with the
increase in PEX14 accumulation observed after 3 h of treatment in this study. A significant
increase in H202-accumulating peroxisomes and H20- content was observed as compared to
untreated plants (Fig. 8 C-E). The images also show H20> accumulation in specific micro-
domains of the peroxisomal matrix. The cytosol also showed an increase, though non-
significant, in H20- in response to Cd (Fig. 8E). These results demonstrate that Cd induces
peroxisomal oxidation and suggest that a specific oxidized peroxisomal protein could be

targeted by NBR1 and ATGS in order to promote pexophagy.
Proteolysis is involved in cadmium-induced autophagy

In"addition to autophagy, several proteases could be involved in regulating protein content
and quality under stress conditions. To determine the role of these proteases in response to
Cd, we analyzed the major proteolytic activity profiles using specific substrates. Caspase 6-
like protease activity increased between 3 and 6 h of Cd treatment, while caspase 1-like
protease activity remained virtually unchanged (Fig. 9). Although cathepsin L was
unaffected, a reduction in cathepsin B activity was observed during Cd treatment (Fig. 9). An

increase in legumain activity was observed after 9 and 15h of Cd treatment (Fig 9). These
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results demonstrate that proteolysis could play an important role during the Cd treatment

periods analyzed, with changes observed in the pattern of different proteases.
Discussion

Cadmium causes severe plant growth inhibition and even cell death in various plant species
(lakimova, Woltering, Kapchina-Toteva, Harren & Cristescu, 2008). It also produces
alterations in the membrane, photosynthesis rates, plant/water balance and in macro- and
micro-nutrient distribution (Gupta et al., 2017; Sandalio et al., 2013; Zhang & Chen, 2011).
Biochemical and molecular analyses carried out under Cd stress conditions suggest that
oxidative stress is one of the primary effects of exposure to Cd, which promotes lipid
peroxidation and protein oxidation (Djebali et al., 2008; Paradiso et al., 2008; Pérez-Chaca et
al., 2014; Sandalio, Dalurzo, Gobmez, Romero-Puertas & del Rio, 2001). In addition to their
harmful effect on molecules, ROS, particularly H2O>, also regulate cell responses to Cd
(Romero-Puertas, Ortega-Galisteo, Rodriguez-Serrano & Sandalio, 2012). However, although
considerable information exists on Cd toxicity in plants exposed to long periods of Cd
treatment, less is known about the effect of short periods of treatment. In this study, we
observed that Cd promotes rapid IRT1 up-regulation which could increase Cd up-take during
the first hours of treatment. Parallel to IRT1, GST upregulation was also observed, thus

demonstrating Cd-dependent of oxidative stress conditions.

Information on the involvement of selective and non-selective autophagy in Cd toxicity is
particularly scarce. On the other hand, the induction of autophagy in plants has been shown to
occur during nutrient starvation and under abiotic stress conditions including heat, salinity,
drought and oxidative stress (Avin-Wittenberg et al., 2018; Cheng et al., 2016; Liu, Xiong &
Bassham, 2009; Pérez-Pérez, Lemaire & Crespo, 2012). In this study, we analyzed the effect
of Cd on the selective autophagy of peroxisomes (pexophagy) in response to short periods of
treatment. Arabidopsis plants contain nine different ATG8 isoforms (a-i; Kellner et al., 2017).
Time course analyses of the expression of all ATG8 genes present in Arabidopsis plants,
which are regarded as the principal markers of autophagy, have shown transient up-
regulation of several ATG8s, mainly ATG8h, followed by ATGS8c, a and i, after 3 h of Cd
treatment, while longer treatment periods (15 and 24 h) left their expression unchanged.
Differential regulation of ATG8 expression under nitrogen starvation conditions has been
reported in Arabidopsis plants, with ATG8i being the most prominent, followed by ATG8d,
ATG8c, ATG8a and ATG8e (Yoshimoto et al., 2004). We also confirmed that ATGS8 protein
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accumulation increased between 3 to 9 h of Cd treatment. However, the expression of ATG7
did not change significantly in the first 9 h of treatment. Differences in ATG7 and ATG8a
expression have been also observed in Arabidopsis plants exposed to high temperatures (Zou
et al., 2013). However, we cannot rule out the possibility that the ATG7 protein is regulated
by post-translational modifications (PTMs), as has been reported for ATG4 which is
regulated by redox reactions (Pérez-Pérez et al., 2014). However, no information is available
on specific PTMs of ATG?7, although ATG7 and ATG5 have been reported to be regulated by
acetylation in mammalian cells (Béanréti, et al., 2013). Although ATG8 diversification in
plants is not fully understood, it has been suggested that individual ATG8 family members in
Arabidopsis plants function under specific developmental conditions or in response to
specific stimuli to target specific cargos for degradation, as ATG8 genes are differentially
expressed.-in organs, tissues and cell types under different stress conditions (Kellner et al.,
2017; Yoshimoto et al., 2004; Woo et al., 2014).

Using LysoTracker Green DND-26 as a marker of autophagosome-related structures, Cd has
been reported to induce cell death through autophagy in Arabidopsis plants, although more
specific autophagy markers have not been analysed (Zhang & Chen, 2011). Cadmium
induces autophagy in mammalian cells, which produces ROS, although the molecular
mechanism involved is unclear (Liu et al., 2016; Son et al., 2011). In a previous study, we
demonstrated that peroxisomes can act as sensors of Cd-induced H2O>, which causes changes
in the dynamics of these organelles (Rodriguez-Serrano et al., 2016). Thus, after 30 minutes
of Cd treatment, the organelles produce dynamic extensions, called peroxules, which are
involved in regulating H.O> accumulation and ROS-dependent signalling transduction
(Rodriguez-Serrano et al., 2016). The formation of these structures is transient and is
followed by elongation and further peroxisome proliferation. However, after 24 h of
treatment, peroxisome populations were similar to those observed in control plants, while
their velocity of movement increased (Rodriguez-Serrano et al., 2009; Rodriguez-Serrano et
al., 2016). These changes in peroxisomal dynamics have been reported to be related to the
regulation of rapid cell responses to environmental cues (Rodriguez-Serrano et al., 2016). As
excess peroxisomes can produce severe disturbances in redox homeostasis (Nila et al., 2006;
Sandalio & Romero-Puertas, 2015), cells require a mechanism to maintain peroxisome
populations under control. It has been suggested that autophagy plays an important role in
controlling peroxisomal quality in plants through selective degradation of oxidized

peroxisomes (Kim et al., 2013; Shibata et al., 2014). Using different Arabidopsis atg mutants,
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peroxisomes have been observed to accumulate in hypocotyls and leaves, though not in roots,
suggesting that a specific type of pexophagy is present in these tissues, probably due to the
greater extent of oxidative damage detected in green tissues, where [-oxidation and
photorespiration play a prominent role in ROS production (Shibata et al. 2013; Yoshimoto et
al. 2014; Young & Bartel, 2016). To understand how cells regulate the abundance of
peroxisomes under Cd toxicity conditions, we obtained Arabidopsis mutants expressing GFP-
ATG8a and CFP-SKL; by imaging autophagosomes and peroxisomes simultaneously, we
observed that Cd treatment promotes the formation of phagophores surrounding certain
peroxisomes, which are thus subject to a specific type of pexophagic degradation. Using
electron microscopy, we also observed electron-lucent spaces surrounding some
peroxisomes, identified as phagophores in a previous study (Yoshimoto et al., 2014; Fig 5 B,
C). Time course analysis of peroxisomal marker PEX14 showed a pattern opposite to that
observed for the ATG8 protein, with PEX14 increasing after 3 h of Cd treatment and
decreasing after 6-15 h of exposure. These results corroborate the time-dependent Cd-induced
pexophagic degradation of peroxisomes. Significant levels of peroxisome accumulation and
clustering in Cd-treated atg5 and atg7 Arabidopsis mutants as compared to untreated WT,
atg5 and atg7 mutants clearly demonstrate that Cd induces peroxisome proliferation and that
cells are capable of regulating excess peroxisomes through selective autophagy. Neither the
pexophagy-specific components in plants nor the peroxisomal targets involved in pexophagy
induction, which is a major milestone in this field of research, have been clearly identified. In
Arabidopsis atg mutants, Yoshimoto et al. (2014) observed an increase in peroxisomes and
electron-dense regions inside organelles containing inactive insoluble catalase and
immunolocalized ATGS in electron-lucent structures identified as the seeds of isolation
membranes close to the peroxisomal electron-dense core (Yoshimoto et al., 2014). For our
part, we detected ATG8 immunogold signals associated with peroxisomes, mainly close to
the electron-dense structures. Substantial evidence indicates that NBR1 acts as an ATG8-
linked adaptor protein (Kalvari et al., 2014; Xie et al., 2016). In tobacco leaves infiltrated by
Agrobacterium tumefaciens, ATGS8 interacts with NBR1 through bimolecular fluorescence
complementation (BiFC), while autophagy-deficient nbrl plants have been found to be more
sensitive to oxidative stress (Zhou et al., 2013). A double NBR1 mutant (nbrl-1) unable to
bind ATG8 in vitro or in vivo is compromised in terms of heat tolerance, indicating that
interactions between ATG8a and NBR1 are necessary for autophagy to occur (Zhou et al.,
2013). Our results corroborate the interaction of ATG8 and NBR1, which co-localize mainly

in the area close to the electron-dense core of peroxisomes. Our findings suggest that
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pexophagy involves ATG8a and NBR1. As putative mechanism, NBR1 could recognise
ubiquitinated peroxisomal proteins as cargo, binds ATGS8 through its conserved LIR motif
(Waters et al., 2009, Svenning et al., 2011), thus selecting peroxisomes for degradation
during Cd-induced stressful condition. It has been suggested that non-functional catalase,
which accumulates in atg2 mutants, is the target of peroxisomes to be degraded (Kim et al.,
2013). Catalase aggregates are preferentially accumulated in Arabidopsis nbrl mutants which
support possible NBR1/catalase interactions (Zou et al., 2013). However, one study of atg2
cat2 cat3 triple mutants, with no detectable catalase, has reported the presence of peroxisome
clusters (Shibata et al., 2013). On the other hand, our results indicate that catalase may be a
target for pexophagy, although other proteins present in the peroxisomal electron-dense core
or in the peroxisomal membrane close to these cores could be involved in targeting
peroxisomes for autophagy. Recently, nine Arabidopsis PEX proteins containing short
ATG8 interacting motifs (AIMs) have been identified, while bimolecular fluorescence
complementation (BiFC) studies have confirmed that AtPEX6 and AtPEX10 interact with
ATG8 (Xie et al.,, 2016). Direct interactions between ATG proteins and peroxisomal
receptors without the participation of NBR1 cannot therefore be ruled out. In mammalian
tissues, ROS-induced pexophagy is regulated by the ATM-dependent phosphorylation of
peroxine PEX5 at Ser 141, which promotes PEX5 mono-ubiquitylation recognized by the
autophagy adaptor protein p62 (Zhang et al., 2015). These putative PEX proteins, possibly

involved in targeting pexophagy in plants, therefore require more in-depth study.

Although the signalling events that trigger plant pexophagy pathways have not yet been
characterized, considerable evidence from different organisms points to oxidative changes as
a key factor (Pérez-Pérez et al., 2012; Yoshimoto et al., 2014; Zhang et al., 2015). After
analyzing carbonylated proteins during different treatment periods, we observed that the
pattern of protein oxidation coincides with that for ATG8 and the peroxisomal marker; as
previously reported in plants, humans and Chlamydomonas, this demonstrates that redox
changes in cellular protein oxidation are involved in autophagy induction (Pérez-Pérez et al.,
2012). In Arabidopsis leaves, exogenous applications of H2O induce oxidative damage to
peroxisomes which are selectively degraded by autophagy (Shibata et al., 2013). In this
study, using a specific H.O> biosensor, we demonstrate that Cd induces a significant increase
in H202 accumulation after 4 h of treatment. Judging by the results observed in gox2 mutants,
glycolate oxidase could be an important peroxisomal source of H2Oz involved in peroxisome

proliferation and degradation in response to Cd. In pea leaf peroxisomes, Cd induces
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glycolate oxidase activity as well as H202 accumulation (McCarthy et al., 2001). In
mammalian cells, peroxisomal ROS induced by clofibrate treatment caused pexophagy
(Zhang et al., 2015), although other sources, such as NADPH oxidases, could also be
involved. In our study Arabidopsis rbohC mutants were found to slow down degradation of
peroxisomes, while NADPH oxidases have been reported to be needed to regulate autophagy
induced by starvation and salinity (Liu et al., 2009). Under control conditions, Yoshimoto et
al. (2014) have reported that the redox status of some peroxisomes in Arabidopsis atg5
mutants is disturbed, resulting in a more oxidized state than that of wild type mutants. In our
study, electron-dense spots were found on the surface of peroxisomes in atgb mutants, which
is compatible with H2O. accumulation, which is in line with the findings of Yoshimoto et al.
(2014), suggesting the presence of a non-active oxidized catalase in atg5 mutants.
Interestingly, using HyPer, we found that not all peroxisomes have similar H20>
accumulation rates, and a H.O> gradient was observed inside the peroxisomes (Fig. 8). In a
previous study of Cd-treated pea plants, using CeCls cytochemistry, a similar H.O> gradient
was observed in these organelles (Romero-Puertas et al., 2004). The presence of H>O>
gradients ' inside peroxisomes suggests a functional distribution of H20.-producing
peroxisomal proteins and antioxidants, although we were unable to determine the cause of

this specific distribution.

Recent studies show that there is a link between autophagy and proteolytic systems in plants
(Baréany et al., 2018; Bozhkov & Jansson, 2007; Hofius, Munch, Bressendorff, Mundy &
Petersen, 2011; Minina et al., 2013). Cathepsin B and autophagy are involved in regulating
hypersensitive cell death induced by pathogens (Hofius et al., 2011). PCD in Arabidopsis
cathepsin B triple mutants has been shown to decrease sharply due to ultraviolet (UV),
oxidative stress (H2.02, methyl viologen), endoplasmic reticulum stress and hypersensitive
cell death (Ge et al., 2016). A correlation between cathepsin activity and autophagy has been
reported after microspore embryogenesis was triggered in barley, although the connections
between these two processes require further analysis (Barany et al., 2018). Unlike plant
responses to pathogens, our results show an opposite pattern for cathepsin B activity and
ATG8 protein accumulation, suggesting that autophagy and cathepsin B degradation played
an antagonistic role under our experimental conditions, although more in-depth studies will
be needed to establish the molecular mechanisms involved. A recent proteomic study
revealed an accumulation of cathepsin B3 in atgs mutants under both low and high nitrogen

growth conditions as compared to control (Havé et al., 2018)
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Legumains are a family of plant Asn-specific cysteine proteinases involved in Asn-specific
propolypeptide processing and protein degradation in the vacuole. Their activity is controlled
by the conformational state of their substrates, which undergo development- and
environment-dependent changes (Mintz & Shutov, 2002). These proteases exhibit tertiary
homology to caspases and are characterized by legumain and caspase proteolytic activity
(Julian, Gandullo, Santos-Silva, Diaz & Martinez, 2013). Legumains are associated with PCD
during different steps of plant development (Li et al., 2012; Linnestad et al., 1998);
hypersensitive responses (HRs) to pathogens (Rojo et al., 2004) and during compatible
interactions between Arabidopsis and various pathogens (Misas-Villamil et al., 2012; Rojo et
al.; 2004). The pattern of legumain activity observed in this study suggest that this protease
could be involved in processing autophagic proteins, although the relationship between these
proteases and general or selective autophagy is not fully understood. However, cysteine
proteases, especially papain-like cysteine proteases, associated with cytosols and vacuoles,
are specifically accumulated in atgb mutants (Haveé et al., 2018). Caspase 6, which is also
involved in the regulation of cell responses to Cd, follows a similar pattern to that of ATG8a
protein accumulation. Caspase/metacaspase activity in plants is associated with cell death
under different developmental and stress conditions; oxidative stress-induced PCD is an
example of a metacaspase-dependent process conserved from protozoa in plants (Fagundes et
al,, 2015). Metacaspase-dependent autophagy has been described as a bona fide mechanism
responsible for cell disassembly during vacuolar cell death in Norway spruce embryos
(Minina et al., 2013). In tomato cell cultures, although Cd-induced cell death is abolished by
caspase inhibitors (lakimova et al., 2008), the, as yet unidentified, specific link between

caspase activity and pexophagy requires further study.

The only well-established relationship between proteases and pexophagy has been reported in
relation to peroxisomal LON2 proteases. LON2 proteins are a conserved family of homo-
oligomeric ATPases, with both chaperone and protease activities being involved in protein
quality control in peroxisomes. Recently, LON2 has been reported to play an important,
though ill-defined role, in preventing pexophagy. Expressing protease-deficient, AAA-active
LON2 in a lon2 null mutant prevents pexophagy in lon2-deficient mutants, which suggests
that the AAA domain of LON2 prevents excessive pexophagy (Goto-Yamada et al., 2014).
Further research is required to clarify the contribution of proteases to the regulation of

autophagy and pexophagy.
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Conclusion

Our findings suggest that pexophagy is crucially involved in rapid cell responses to Cd stress
by regulating peroxisomal populations and their quality in order to avoid disturbances in the
cell redox balance. This mechanism could involve finely tuned regulation of dynamic
changes in peroxisomal populations and peroxisome-dependent signalling events. We also
found that NBR1 may be involved in recognizing peroxisomes to be degraded and that
peroxisomal H>O> accumulation probably triggers pexophagy through oxidation of an as yet
unidentified peroxisomal membrane protein, which acts as an NBR1 cargo receptor.
However, given catalase-ATG8 co-localization, in our view, catalase could act as a cargo,
although the involvement of other proteins in this process cannot be ruled out. Finally, we
show that cathepsin B, legumain and caspase 6 may be involved in the regulation of
pexophagy. The scheme in Figure 10, which was adapted from that described by Rodriguez-
Serrano et al. (2016), illustrates time course-dependent Cd-induced changes in peroxisomal
dynamics beginning with peroxule formation after 30 min of Cd treatment to regulate ROS
accumulation and signal transduction followed by further peroxisome proliferation after 3 h
of Cd treatment. However, given that peroxisomal homeostasis is highly regulated (Baker &
Paudyal, 2014; Reumann & Bartel, 2016) in order to avoid excessive ROS production
(Sandalio. & Romero-Puertas, 2015), we found that the number of peroxisomes under Cd
stress is regulated by pexophagy combined with cathepsin-, legumain- and caspase 6-induced
proteolysis. Further study is required to characterize the different peroxisomal receptors and
molecular mechanisms involved in protease-regulated pexophagy. Another important issue
requiring further in-depth study is the role played by pexophagy in regulating peroxisomal

ROS-dependent signal transduction in response to different stress conditions.
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Figure 1. Effect of cadmium on metal transporters and oxidative stress markers. Arabidopsis
plants were exposed to 100 uM CdCl> for 3 and 15 h. Analyses were carried out on whole
seedlings. A) Expression of metal transporters NRAMP3 and IRT1 genes. B) Expression of

antioxidant genes CAT2 and GST. Histograms represent means £SEM. (*) p <0,05.
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Figure 2. Time course analysis of ATG8 gene family expression in response to treatment
with 100 uM CdCl,. Analyses were carried out on whole seedlings. Histograms represent
means +SEM. (*) p < 0,05 (T student test).
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Figure 3. Time course analysis of ATG8a and PEX14 accumulation in Arabidopsis plants
treated with 100 uM CdCl.. Analyses were carried out on whole seedlings. A) Representative
image of Western blot immunodetection of ATG8a in WT plants. B) Representative image of

Western blot immunodetection of PEX14 proteins in WT, C) gox2 and D) rboh C plants.
Histograms show protein quantification in each treatment relative to loading control. Value 1

was assigned to the smallest value. The results are representative of three different
experiments. Histograms represent means +SEM. Values followed by different letters are

a-PEX14
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a-PEX14

Ponceau
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Ponceau
staining

statistically significant. (*) p < 0,05.
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Figure 4. Imaging of pexophagy in Arabidopsis leaves after treatment with 100 uM CdCl..
A) Confocal image of leaves from untreated seedlings and B) seedlings treated with cadmium
(6.h) simultaneously expressing GFP-ATG8a (green), as a marker of autophagy, and CFP-
SKL (blue) to image peroxisomes. Plants were treated with concanamycin A for 16 h to avoid
GFP degradation. Arrows indicate phagophores (green) in contact with peroxisomes (blue).
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mmunolocalization of potential pexophagy components in Arabidopsis leaves. A)
ouble immunolocalization of ATG8 (15 nm gold particles) and catalase (5 nm gold
using electron microscopy in Arabidopsis leaves from plants treated with Cd for 6
arrows point to 15 nm gold particles (ATG8a) and black arrowheads point to 5 nm
catalase). B) ATG8 immunolocalization in electro-lucent vesicles surrounding

Wdense core of a peroxisome. C) Immunolocalization of NBR1 (white arrowheads,

th
1 particles). D) Immunolocalization of ATG8 (15 nm gold particles) and NBR1 (5
n article) using electron microscopy. D’) Magnification of peroxisome observed in
ous image. Black arrows point to 15 nm gold particles (ATG8a) and white arrowheads

previ
E ) point to 5 nm gold particles (NBR1).
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Figure 6. Effect of Cd treatment on peroxisomal distribution in WT and atg5 Arabidopsis
plants. Peroxisomes were imaged by DAB cytochemistry in untreated WT (A and C), Cd-
treated WT plants (B and D), in untreated atg5 plants (E and G) and Cd-treated atg5 plants
(F and H). Arrows in panel F show peroxisome aggregates. Arrowheads in panel H show
electro-dense spots inside peroxisomes or close to the peroxisomal membrane. Histograms
represent means £SEM peroxisomal area (1) and number of peroxisomes per cell (J). P< 0.05
(*); P<0.01 (**); P<0.001 (***) (T student test).

This article is protected by copyright. All rights reserved.



kDa 0 05 3 6 9 15 24
250—
130— Fe ™ oo
100— !
70— o .-
55— =
2 "™ oy a-DNP
35—
25—
Ponceau
staining
B
3
25
2
e 2
2
£ 15
2
3 1
4
0.5 I I
0 i
6 9 15 24

0 05 3
Hours

Figure 7. Time course analysis of protein oxidation after treatment with 100 uM CdCl,. A)
Immunochemical detection of carbonylated proteins in cadmium-treated seedlings using anti-
DNP antibody. B) Histogram shows total oxidated protein quantification in each treatment
relative to loading control. Value 1 was assigned to untreated plants (O hours). Picture and
histograms are representative of two experiments.
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Figure 8. Cd-related redox changes in Arabidopsis peroxisomes. A) HyPer is localized in the
peroxisome and cytosol in the stable Arabidopsis line. B) Cd induces peroxisome
proliferation after 4 h of Cd treatment. *p = 0.002 (t test). Comparison of 2-week-old
Arabidopsis plants treated with Cd (C) and control (D) expressing HyPer in peroxisomes and
cytosols shows a significant Cd-related H.O-dependent redox changes in Arabidopsis
peroxisomes. Scale bars, 50 um (all panels). The false color scale applies to all ratio images
in the figures. The white rectangle insert shows peroxisomes in detail (enlarged area).
Regions of interest (ROIs) of similar size were defined to calculate the HyPer ratio shown in
graph (), n=1059 (Cd) or 390 (ctrl) ROIs in 4-6 images from 2 individual plants. Boxes,
lower/upper quartile; whiskers, 5th/95th percentile. (*) p < 0.001 (Dunn's Method).

This article is protected by copyright. All rights reserved.



1.2 Cathepsin L
a

b ab
a
ab
0.8 b ab b
0.4 I
0

09 Cathepsin B

Specific enzymatic
activity (nmol/min/mg)

0.8

o
)

Specific enzymatic
activity (nmol/min/mg)
o
N

o
o
[a]

bc
bc cii

Legumain

a a
ab
abc I

Caspase 1

a d
a
. a 2
0.04 I
0

0.2 ab

© o
8 8 ¢o
= (9] o

Specific enzymatic
activity (nmol/min/mg)
o
3
@

W
o
(2]

o o
g8 8
fard =
gk
g
-

o o
= =
L8] [o)]

[+§]
{+%]

Specific enzymatic
activity (nmol/min/mg)
o
o
oo

Caspase 6

abc ab
0.15
bed cd
01 {cd
0.05 I
O & A &

d
G RS
O W5 AW

Specific enzymatic
activity (nmol/min/mg)

Figure 9: Specific proteolytic activities of cathepsin L- and B-like cysteine protease genes,
legumain and caspase 1 and 6 in A. thaliana after Cd treatment for 0, 30 min, 3 h, 6 h, 9 h, 15
h and 24 h. Data expressed as nmoles/min/mg are means of 5 replicates £ SEM of duplicate
measurements of each sample. Different letters indicate significant differences (one-way
ANOVA followed by Tukey’s test; p<0.05).
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Figure 10. Hypothetical scheme showing changes in peroxisomal dynamics and their
regulation in response to Cd treatment (adapted from Rodriguez-Serrano et al., 2016). Cd
induces the generation of ROS, which promotes peroxule formation to regulate ROS
accumulation and ROS-dependent gene expression. Peroxule formation is followed by
elongation, beading and proliferation of peroxisomes. The number of peroxisomes is
regulated by pexophagy. Peroxisomes to be degraded could be marked by oxidation of
peroxisomal proteins such as catalase, while NBR1 could act as receptor. Legumain,
cathepsin B and caspase 6 proteolysis could contribute to the regulation of homeostasis in

peroxisomal populations.
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