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ABSTRACT

Nitric oxide (NO) and nitrosylated derivatives are produced in peroxisomes, but the
impact of NO metabolism on organelle functions remains largely uncharacterised.
Double and triple NO-related mutants expressing cyan florescent protein (CFP)-SKL
(nox1 x px-ck and nial nia2 x px-ck) were generated to determine whether NO regulates
peroxisomal dynamics in response to cadmium (Cd) stress using confocal microscopy.
Peroxule production was compromised in the nial nia? mutants, which had lower NO
levels than the wild type plants. These findings show that NO is produced early in the
response to Cd stress and was involved in peroxule production. Cd-induced peroxisomal
proliferation was analysed using electron microscopy and by the accumulation of the
peroxisomal marker PEX14. Peroxisomal proliferation was inhibited in the nial nia2
mutants. However, the phenotype was recovered by exogenous NO treatment. The
number of peroxisomes and oxidative metabolism were changed in the NO-related
mutant cells. Furthermore, the pattern of oxidative modification and S-nitrosylation of
the catalase (CAT) protein was changed in the NO-related mutants in both the absence
and presence of Cd stress. Peroxisome-dependent signalling was also affected in the
NO-related mutants. Taken together, these results show that NO metabolism plays an

important role in peroxisome functions and signalling.
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INTRODUCTION

Peroxisomes are single membrane-bound organelles that generate reactive
oxygen species as by-products of normal cellular metabolism (Hu et al. 2012). The
morphology, number and metabolism of these dynamic organelles adapt to the tissue,
organs and nutritional state of the plant. In plants, peroxisomes play a crucial role in
different biochemical pathways, including photorespiration, fatty acid P-oxidation,
glyoxylate metabolism, amino-acid catabolism, polyamine oxidation and hormone
biosynthesis (Reumann & Bartel 2016). While their metabolic processes are remarkable
in their variety and plasticity, using omics techniques, recent studies have uncovered
new functions in these plant peroxisomes (Reumann & Bartel 2016). Peroxisomes are
also a key source of reactive oxygen and nitrogen species (ROS/RNS), whose
accumulation is regulated by a wide range of antioxidant defences (Sandalio &
Romero-Puertas 2015). Overproduction of ROS and RNS, which act as signals to
regulate developmental processes and stress responses at low level, can cause severe
cellular oxidative and nitrosative stress (Marinho, Real, Cyrne, Soares & Antunes 2014;
Mittler 2017; Castillo, Coego, Costa-Broseta & Ledn 2018). In addition, peroxisomes
play an important role in cellular redox homeostasis, which, in turn, is crucial for the
regulation of cellular metabolic pathways (Foyer & Noctor 2003; Yun, Spoel & Loake
2012). ROS also regulate rapid changes in peroxisomal metabolism and dynamics
caused by the environment (Rodriguez-Serrano et al. 2009; Sinclair, Trobacher,
Mathur, Greenwood & Mathur 2009; Hu et al. 2012; Kao, Gonzalez & Bartel 2018),
suggesting that these organelles may be involved in important cellular decision-making
platforms (Sandalio & Romero-Puertas 2015).

We previously showed that the toxic heavy metal cadmium (Cd), which causes

major environmental and health concerns worldwide, produces time course-dependent
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changes in peroxisomal dynamics. Specifically, peroxisomal membrane extensions
(peroxules) were initially observed, followed by peroxisome proliferation, with
peroxisome numbers finally returning to those recorded under control conditions
together with an increase in their speed of movement (Rodriguez-Serrano, Romero-
Puertas, Sanz-Fernandez, Hu & Sandalio 2016). While these changes are mainly
regulated by NADPH oxidase (C and F)-related ROS production, peroxin 1la
(PEX11a) was found to be essential for peroxule production (Rodriguez-Serrano et al.
2016). The results for PEX11la mutants suggested that peroxules are involved in
regulating ROS accumulation and ROS-dependent gene expression in response to
stress. These findings demonstrate that PEX11a and peroxule formation play a key role
in regulating stress perception and rapid cell responses to environmental cues
(Rodriguez-Serrano ef al. 2016; Fransen, Lismont & Walton 2017).

The free radical nitric oxide (NO) acts as a ubiquitous inter- and intra-cellular
signalling molecule involved in the regulation of plant stress responses and plant
development (Yu, Lamattina, Spoel & Loake 2014; Sanz et al. 2015; Ledn, Costa &
Castillo 2016). NO has the capacity to regulate processes, such as hormonal metabolism
and signalling, directly through protein post-translational modifications (PTMs),
including S-nitrosylation (nitrosation) and nitration, which affect protein function,
stability and localization (Martinez-Ruiz, Cadenas & Lamas 2011; Kovacs &
Lindermayr 2013; Romero-Puertas & Sandalio 2016). In addition, NO reacts rapidly
with reactive oxygen species (ROS) and also regulates ROS production and removal
through the protein post-translational modification of enzymatic sources and
antioxidant systems, respectively (Lindermayr & Durner 2015; Romero-Puertas &
Sandalio 2016). NO also regulates peroxisomal proteins, antioxidants and ROS-

producing compounds under both normal and stressful conditions caused by heavy
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metals such as Cd (Gupta & Sandalio 2012; Ortega-Galisteo et al. 2012; Sandalio,
Gotor, Romero & Romero-Puertas 2019).

Although NO has recently been found to be involved in plant responses to Cd
and to provide overall stress protection, the mechanisms underlying its endogenous
production in plants remain unclear (Romero-Puertas, Terron-Camero, Peldez-Vico,
Olmedilla & Sandalio 2019). The overall tendency for endogenous NO production to
increase in plant responses following short-term treatments changes following long-
term treatment (Terron-Camero, Pelaez-Vico, Del Val, Sandalio & Romero-Puertas
2019). It has been suggested that NO is linked to certain functions in plant responses to
Cd, with transcriptomic analysis indicating that modulations in NO levels during plant
responses to Cd stress are specifically involved in regulating root growth, nitrogen
assimilation, iron homeostasis and metabolic proteolysis (Besson-Bard et al. 2009;
Romero-Puertas et al. 2019). However, little is known about the role of nitric oxide in
peroxisomal metabolism and dynamics during plant responses to Cd stress.

Using genetic and biochemical techniques, as well as NO donors and
scavengers, we analysed peroxisomal metabolism and dynamics in plant responses to
Cd stress. Two previously characterized mutants were used in this study: a mutant,
whose NO production is impaired in nitrate reductases (NR1/NIAland NR2/NIA2; nial
nia2), which have been reported to play a role in NO biosynthesis (Yamasaki &
Sakihama 2000; Rockel, Strube, Rockel, Wildt & Kaiser 2002; Desikan, Griffiths,
Hancock & Neill 2002; Guo, Okamoto & Crawford 2003; Modolo, Augusto, Almeida,
Magalhaes & Salgado 2005; Moreau, Lee, Wang, Crane & Klessig 2008); and a NO-
overproducing mutant impaired in a chloroplast phosphoenolpyruvate/phosphate
translocator (nox1/cuel; Streatfield et al. 1999; He et al. 2004). Our results suggest that

NO regulates peroxule production and peroxisome proliferation in cell responses to Cd
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120  stress. Peroxisome numbers and peroxisomal ROS-related metabolism were also
121  affected by changes in NO levels in the plant.

122 MATERIALS AND METHODS

123 Plant material and growth conditions

124 Arabidopsis thaliana (Col-0) was the genetic background used in this study.
125  Arabidopsis seeds (WT, px-ck, nial nia2, nial nia2 x px-ck, noxI and noxI x px-ck)
126  were surface sterilized and stratified for 48 hours at 4°C and then sown on Hoagland
127  solid medium (0.5x) with a pH of 5.6 (Hoagland & Arnon 1950). The seeds were grown
128  at 22°C, an irradiance of 100 puE and 60-65% relative humidity under 16/8 h light/dark
129  conditions for 14 d. The seedlings were then transferred to Petri dishes with 9 ml of
130 liquid Hoagland (0.5x) medium, and the roots of 15 seedlings were submerged for 24 h
131  under hydroponic conditions. Subsequently, the initial Hoagland (0,5x) medium was
132 replaced by 9 ml of liquid Hoagland medium containing 100 uM CdCl, and the
133 seedlings were harvested at 30 min, 1 h and 3 h, weighed and processed or frozen when
134 necessary. S-nitrosoglutathione (GSNO; 1 mM and 0,25 mM) as NO donor and 2-(4-
135  Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) potassium salt
136 (0.5 mM) as NO scavenger were freshly prepared and added to the medium when
137  indicated.

138 Generation of double and triple mutants with altered NO levels and peroxisome-
139  targeted CFP

140 Emasculated flowers from nial nia2 (Wilkinson & Crawford 1993) and nox/
141  (He et al. 2004) were crossed with pollen from px-ck containing a peroxisome-targeted
142 cyan fluorescent protein (CFP) (Nelson, Cai & Nebenfiihr 2007). Emasculated flowers
143 from px-ck, which were also crossed with pollen from nial nia2 or noxlI, produced

144  similar results. F1 plants were self-pollinated, and double (nox/ x px-ck) and triple
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mutants (nial nia2 x px-ck) were selected from F2 and F3 plants using fluorescence
microscopy and then genotyped by PCR. The primers for nial nia2 selection are
described by Lozano-Juste & Leon 2010, the CUE! gene was deleted in nox/ mutant
and homozygous plants were selected as described elsewhere (He et al. 2004).
Confocal Microscopy Analyses

The leaves, all the same age, in the experiments belonged to plants grown under
similar conditions. Arabidopsis leaves were sliced and mounted in 30:70% (v/v)
PBS/glycerol as described elsewhere (Rodriguez-Serrano et al. 2016). The abaxial
sections were examined using a TCS SP5 confocal laser scanning microscope (Leica
Microsystems, Wetzlar, Germany). A minimum of seven confocal images were taken of
one leaf of each plant, with at least five plants being used per experiment. Five
independent experiments were carried out. At least 125 images per treatment were
analyzed, meaning that thousands of peroxisomes were examined. The videos were
generated by sequential images, with 15 frames being taken in the X, y, and t
dimensions, and the number of peroxisomes and peroxules was analyzed using Leica
Lite software (Leica Microsystems; Rodriguez-Serrano ef al. 2016).
Gene Expression by qRT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen), and DNase was used
according to the manufacturer’s protocol (Ambion DNA-free). 1 ug RNA was reverse
transcribed with 5x PrimeScript RT Master Mix (Takara) as described elsewhere
(Rodriguez-Serrano et al. 2016). Quantitative real-time PCR was performed on an
iCycler 1Q5 (Bio-Rad, Hercules, CA) using TB Green Premix Ex Taq (Takara).
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 TUB4, and the results were analyzed using the method described
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by Pfaffl (2001). The TUB4 gene was selected for normalization by the GrayNorm
algorithm (Remans et al. 2014) from five candidate reference genes as described
previously (Terron-Camero, Del Val, Sandalio & Romero-Puertas 2019). The stability
of TUB4 was checked under our conditions in all backgrounds (Suppl. Fig. S1). The
primers used in this study are described in Suppl. Tables S1 and S2.
Enzymatic and Western blot analyses

Whole seedlings were homogenized as described elsewhere (Rodriguez-Serrano
et al. 2016). Proteins were quantified using Bradford Protein Assay (Bio-Rad) and
bovine serum albumin (BSA) was used in the standard curve. Extracts were used to
measure catalase (CAT; EC 1.11.1.6) activity as described elsewhere (Aebi 1984). For
the detection of carbonylated catalase, immunoprecipitation of derivatized proteins with
dinitrophenyl hydrazine (DNPH) using an anti-DNPH antibody (1:40000 dilution) and
subsequent immune detection with an anti-catalase antibody (1:5000; Agrisera) were
performed (Romero-Puertas, Palma, Gomez, Del Rio & Sandalio 2002). The biotin
switch method was used to detect S-nitrosylated catalase (Romero-Puertas et al. 2007).
The anti-biotin antibody (1:10,000; Sigma-Aldrich) was used to immunoprecipitate S-
nitrosylated proteins followed by identification of CAT with an anti-catalase antibody
(1:5000; Agrisera). An anti-PEX14 antibody (1:10.000; Agrisera) was used as a marker
of peroxisomal accumulation (Calero-Mufioz et al. 2019).
H,0, and NO detection

To detect nitric oxide, the seedling roots were incubated with 10 uM 4,5-
diaminofluorescein diacetate (DAF-2 DA) as described previously (Terrén-Camero,
Molina-Moya, Sanz-Fernandez, Sandalio & Romero-Puertas 2018). The specificity of
the reaction was checked by pre-incubating samples with the NO scavenger cPTIO (500

uM). Aminoguanidine (AG; 0.5 mM) and tungstate (TUNG; 0.5 mM) were used as
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inhibitors of NOS-like and nitrate reductase activities, respectively, to identify the
possible NO source. GSNO (1 mM) was used as a NO donor when described. Hydrogen
peroxide (H,0,) was measured by fluorimetry using homovanillic acid (excitation: 315
nm; emission: 425 nm) and horseradish peroxidase in 50 mM HEPES pH 7.5 (Romero-
Puertas et al. 2004). A standard curve of commercial H,O, was used to quantify the
samples. For NO detection, the seedling extracts were incubated with 20 pM DAF-2 for
2h at 37°C (excitation: 495; emission: 515; Nakatsubo et al. 1998).
Cytochemical identification of peroxisomes

Cytochemical localization of peroxisomes was carried out as described
elsewhere (Calero-Mufoz ef al. 2019). All the leaves from the different genotypes were
15 days old and nox! x px-ck leaves were slightly smaller than px-ck leaves at this stage.
Briefly, Arabidopsis leaves from px-ck; nial nia2 x px-ck and noxI x px-ck seedlings
were cut into pieces of approximately 1 mm? and initially fixed with 0.5%
glutaraldehyde (v/v), prepared in 50 mM potassium phosphate buffer, pH 6.8, for 2.5
hours at RT. The pieces were then washed with the same buffer. The samples were
incubated in DAB solution (2 mg/ml) prepared in 50 mM Tris-HCI, pH 9.0 for 1.5
hours. The samples were then incubated in a freshly prepared solution of DAB and
0.02% H,0, at 37 °C for 3 h. Samples were subsequently washed with 50% potassium
phosphate buffer, pH 6.8, and stained with 1% (w/v) OsO,4. The samples were then
dehydrated in a stepped ethanol series from 30 to 100%. Once the samples were
embedded in Spurr resin, semithin and ultrathin sections were obtained and contrasted
for the analysis of the structure and ultrastructure by a light or transmission electron
microscope (Zeiss ME 10C). The images were analyzed using Image-J (Fiji) software.

Statistical Analyses
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Mean values for the quantitative experiments described above were obtained
from at least three independent experiments with no less than three independent samples
per experiment. Statistical analyses were performed using a one- or two-way ANOVA
test when necessary followed by a Student’s t-test (p-value < 0.05) or Tukey multiple
comparison test (p-value < 0.05), respectively. Analyses were carried out using IBM
SPPS Statistic 24 and GraphPad Prism 6. Error bars representing standard error (SEM),
as well as whiskers (maximum and minimum), are shown in the figures.

RESULTS
Peroxule production in response to Cd in NO-related mutants

Cd has recently been shown to induce peroxisomal membrane extensions,
(peroxules) very soon after treatment, followed by peroxisome elongation, with
constriction, beading and fragmentation into new peroxisomes giving rise to peroxisome
proliferation at 3 h (Rodriguez-Serrano et al. 2016). To assess the possible involvement
of nitric oxide (NO) in the morphological changes observed in peroxisomes in response
to Cd, we first analysed the production of NO at the time these changes occurred (0-3
h). We observed a roughly 1.8-fold increase in NO in WT seedlings after 30 min. and a
1.5-increase after 3h of treatment with respect to control samples (Fig. 1). We also
observed a significant increase in NO production in response to Cd stress in NO-related
mutants nial nia2, which affected nitrate reductases (NR1/NIA1 and NR2/NIA2) and
the NO overproducer, noxI/cuel (henceforth nox1I; Fig. 1), although nial nia2 showed
lower and nox/ higher NO levels as compared to WT plants (Fig. 1). These results
suggest that nitrate reductase (NR) may not be the only source involved in increasing
NO in the response of seedlings to Cd, although NO levels were highly compromised in

nial nia2 mutants. Furthermore, we used the NOS-I inhibitor aminoguanidine to

10

Page 10 of 49



Page 11 of 49

243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

267

Plant, Cell & Environment

decrease NO production in seedling roots in response to Cd and the NR inhibitor
tungstate to increase NO production in response to Cd (Suppl. Fig. S2).

To monitor peroxisomal dynamics, we crossed nial nia? and noxI with the
peroxisomal marker line px-ck, giving rise to the triple nial nia2 x px-ck and double
noxl x px-ck mutants, respectively. The px-ck line showed a slight increase in
fluorescence respect to WT, which may be due to the CFP protein (Suppl. Fig. S3A).
All the px-ck lines showed an increase in NO production in response to Cd (30 min),
similar to that observed in the non-px-ck lines (Suppl. Fig. S3B) and the trend in NO in
plant responses to Cd remained unchanged. We then observed peroxule production in
all px-ck lines at 30 min (Fig. 2A), when Arabidopsis showed a higher percentage of
peroxule-producing peroxisomes following Cd stress (Rodriguez-Serrano et al., 2016),
which matches the increase in NO production observed in Fig. 1. To determine whether
NO is involved in peroxule formation, we treated Arabidopsis plants with the NO
scavenger carboxy-2-phenyl-4,4,5,5-tetramethy-limidaziline-1-oxyl-3-oxide (cPTIO),
which has previously been shown to decrease NO accumulation in response to Cd
(Besson-Bard et al. 2009). The cPTIO scavenger caused a decrease of 75% in the
number of peroxule-extending peroxisomes in response to Cd (Fig. 2B). Interestingly,
peroxule formation decreased sharply by approximately 75% in response to Cd in nial
nia2 x px-ck as compared to px-ck mutants (Fig. 2A and C; Suppl. Videos S4 and S5),
with peroxule-producing peroxisomes (in green) accounting for only 5% of the total
(Fig. 2A, 2C and Suppl. Video S5). No significant level of peroxule production was
found in any of the backgrounds analysed under control conditions (Suppl. Videos S1-
S3). Furthermore, the percentage of peroxule-producing peroxisomes increased to 18%
when nial nia2 x px-ck plants were simultaneously incubated with Cd and the NO

donor GSNO (Fig. 2C; Suppl. Video S6), similar to the percentage of peroxules in px-ck

11
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under Cd stress (Fig. 2C). Other NO donors, such as N-Acetyl-3-(nitrosothio)-DL-
valine and S-Nitroso-N-acetylpenicillamine (SNAP), were also able to induce peroxule
production (data non shown). No increase in peroxule production was observed in WT
incubated with GSNO and Cd simultaneously (Fig. 2C; Suppl. Video S5), suggesting
that a minimum amount of NO is needed to reach the percentage of peroxule production
required in response to Cd and that an excess of NO does not increase peroxule
production. In fact, the level of peroxule production in nox! x px-ck mutants, with their
increased levels of NO, did not differ significantly from that observed in px-ck mutants
(Fig. 2A, 2C and Suppl. Video S8). We then checked peroxin 11a (PEX]/a) expression,
which has been shown to regulate peroxule production (Rodriguez-Serrano et al. 2016).
Cd treatment was found to induce PEX/7/a in WT seedlings, which also occurred in px-
ck mutants, suggesting that CFP does not alter PEX11a-dependent signalling (Suppl.
Fig. S4). However, no significant changes in the PEX//a transcript were observed in
nial nia2 or noxI seedlings (Fig. 3), indicating that gene induction is not essential for
peroxule production.
Peroxisome proliferation in plant responses to Cd in NO-related mutants

To assess whether peroxisome proliferation in response to Cd is also affected by
NO, we used DAB histochemistry (Castillo, Sandalio, del Rio & Le6n 2008) and light
microscopy to image and count the peroxisomes in cross sections of nial nia2 x px-ck,
noxl x px-ck and px-ck leaves (Suppl. Fig. S5). An increase in the number of
peroxisomes per cell slice was observed in response to Cd in px-ck and nox! x px-ck
mutants but not in nial nia2 x px-ck mutants (Fig. 4A). We then treated nial nia2
mutants simultaneously with the NO donor GSNO and Cd and analysed the protein
accumulation of peroxin 14 (PEX14), used as a marker of peroxisome accumulation,

which was observed to increase after 3 h of Cd treatment (Calero-Mufioz et al. 2019).

12
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PEX14 protein accumulation increased in nial nia2 mutants after treatment with Cd and
GSNO (3 h; Fig. 4B, Suppl. Fig. S6), which restored the WT phenotype.

Interestingly, the number of peroxisomes per cell slice under normal conditions
was lower in nox/ X px-ck mutants than in px-ck mutants (Fig. 4A). The distribution of
peroxisomes per cell slice was also altered in nox/ x px-ck mutants, with a 1.7-fold
increase observed in the number of cells containing one peroxisome as compared to px-
ck mutants; the number of cells containing three peroxisomes was 0.5-fold higher in
noxI x px-ck mutants (Fig. 4C), and few cells contained more than three peroxisomes
(Fig. 4C). The number of peroxisomes per cell was altered in nial nia2 x px-ck mutants,
with an increase observed in cells containing one peroxisome, while those containing
two peroxisomes decreased with respect to px-ck mutants (Fig. 4C).

Peroxisome morphology in mutants with altered NO-metabolism

Given that the number of peroxisomes per cell was different in mutants with
altered NO-metabolism, we used electron microscopy to examine peroxisome
morphology (Fig. 5A-F). Although nox! x px-ck leaves are slightly smaller than px-ck
leaves, we observed no significant differences in peroxisome size in any of the NO-
dependent mutants as compared to px-ck mutants (Fig. 5A, B, C and G). The area of
peroxisomes in px-ck mutants is approximately 0.4-0.5 pm?, which is similar to WT
plants, showing that the presence of CFP does not affect the size of peroxisomes
(Castillo et al., 2008). Circularity is lower under control conditions, in nial nia2 x px-ck
than in px-ck, and slightly, but not significantly, higher in nox/ x px-ck lines (Fig. 5A,
B, C and H). We also observed a 7-fold increase in the number of px-ck peroxisomes
with precipitates following Cd treatment (Fig. 5A, D and I), which, as reported
elsewhere, is associated with CAT (Shibata et al. 2013) and/or H,0, oxidization

(Romero-Puertas et al. 2004). Interestingly, 25% of peroxisomes in nial nia2 x px-ck
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mutants and 60% of those in nox! x px-ck mutants contained these precipitates under
control conditions (Fig. 5A, B, C and I), suggesting that oxidative metabolism may be
affected in both mutants. An increase in the number of peroxisomes containing
precipitates was observed in both these mutants following Cd treatment, being similar to
px-ck under the same conditions in nial nia2 x px-ck and double in nox! x px-ck (Fig.
5D, E and I).
Oxidative metabolism in NO-related mutants under Cd stress

Although H,0, content did not change significantly in WT seedlings, it was
found to decrease sharply in nox/ after 1 h of treatment, while control levels recovered
after 3 h (Fig. 6A). Similarly, in nial nia2 mutants, a slight, but significant, decrease
was observed after 1 h of Cd treatment, which was sustained for up to 3 h (Fig. 6A). In
addition, GST expression, a gene marker of H,O,-dependent signalling, was induced in
WT seedlings following Cd treatment (3 h) but not in nox/ mutants (Fig. 6B). GST was
induced in nial nia2 mutants from the very beginning of treatment, with a significant
down-regulation of GST expression observed in these mutants as compared to WT
seedlings under control conditions (Fig. 6B). We then examined the peroxisomal
enzyme catalase (CAT), which maintains H,O, homeostasis. While a decrease in CAT
activity was observed in WT in response to Cd stress (Fig. 6C), CAT2 gene expression
remained unchanged (Fig. 6D). CAT activity was also observed to decrease in the nox/
mutants following Cd treatment but recovered significantly after 30 minutes (Fig. 6C),
which was probably due to the initial induction of CAT2 gene (Fig. 6D). Under control
conditions however, CAT activity in nox/ mutants was half that in WT seedlings.
Interestingly, in nial nia2 mutants, CAT activity and CAT2 expression were double the
levels observed in WT under control conditions (Fig. 6C-D). Though found to decrease

in nial nia2 mutants after Cd treatment, CAT activity was similar to that observed in
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WT seedlings under control conditions (Fig. 6C). In addition, CAT2 expression in px-ck
lines was not found to differ from that in WT plants in the plant response to Cd,
suggesting that the differences observed in NO-related mutants are due to their genotype
and not to the presence of CFP (Suppl. Fig. S4). Similar results were observed for
glycolate oxidase, one of the principal peroxisomal enzymes involved in H,0O,
production (Suppl. Fig. S4).
Post-translational modifications of catalase in mutants with altered NO
metabolism

A decrease in CAT activity was observed, especially after 30 minutes of Cd
treatment, which does not appear to be due to any differences in CA72 expression in
WT plants. As CAT has been shown to be highly regulated by post-translational
modifications (PTMs), we analysed the oxidized and S-nitrosylated patterns of this
protein under control and Cd treatment conditions. We observed an increase in the
carbonylation of catalase, which is used as a marker of protein oxidation status, while
the pattern of S-nitrosylation did not change significantly under Cd treatment conditions
in WT seedlings as compared to non-treated seedlings (Fig. 7A and B). Interestingly,
given the highly oxidized and S-nitrosylated activity of CAT in nial nia2 under control
conditions, a decrease in both these PTMs was observed in response to Cd treatment
(Fig. 7A and B). In nox/ mutants however, the basal levels of S-nitrosylation, which
were maintained after Cd treatment, were higher than those observed in WT seedlings
(Fig. 7B), while, contrary to the behaviour of WT, oxidation status decreased (Fig. 7A).
CAT content remained unchanged after 30 minutes of Cd treatment in all Arabidopsis
backgrounds, although CAT content in nial nia2 mutants was higher than that in WT
and nox/ mutants (Suppl. Fig. S7).

Peroxisome-dependent signalling in response to Cd
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As altered peroxisomal dynamics in mutants disrupt peroxisomal ROS-
dependent signalling (Rodriguez-Serrano et al. 2016), we needed to determine whether
peroxisome-dependent signalling is modified in NO-related mutants. We examined two
genes, which are specifically up-regulated following peroxisomal H,0O, production
(Sewelam et al. 2014) and associated with protein folding and repair: the heat shock
protein 20-like (HSP20-like) gene and the Arabidopsis orthologs gene of the human
Hsp70-binding protein (FESIA). The very early responses of these genes were found to
be affected in both mutants as opposed to WT, which could be due to altered
peroxisomal ROS metabolism rather than peroxule production (Fig. 8). Interestingly,
although gene induction in nial nia2 mutants after 3 hours of treatment was similar to
that in WT, it was significantly lower in nox/ mutants (Fig. 8).

DISCUSSION

Peroxisomes, which are essential organelles widely found in organisms ranging
from yeast to mammals and particularly in plants, are involved in responses to different
stresses (Baker & Paudyal 2014; Fransen ef al. 2017; Mathur, Shaikh & Mathur 2018).
Although the signalling molecule NO is involved in plant responses to Cd (Besson-Bard
et al. 2009; Rodriguez-Serrano et al. 2009) and while peroxisomes are intimately
related to NO metabolism (Sandalio & Romero-Puertas 2015), little is known about NO
function in peroxisomal metabolism and dynamics under control and stress conditions.
NO regulates peroxule production in plant responses to Cd stress

We observed an increase in NO production in early responses (30 min to 3 h) to
Cd in Arabidopsis seedlings (Fig. 1). This finding is in line with most studies of the
response of NO production to short-term Cd treatment in a wide-range of plant species,
although NO tends to decrease after long-term Cd treatments (Bartha, Kolbert & Erdei

2005; Groppa, Zawoznik, Tomaro & Benavides 2008; Besson-Bard et al. 2009;
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Romero-Puertas et al. 2019; Terron-Camero et al. 2020). We also observed an increase
in NO in response to Cd in nial nia2 mutants, whose NO production however is highly
compromised with respect to WT seedlings (Fig. 1), with NR observed to be partly
involved in the induction of NO in WT. Other sources may also be involved in NO
induction following Cd treatment, after which incubation with the arginine competitor,
aminoguanidine (AG), was found to diminish NO production (Suppl. Fig. S2). Results
obtained with different species point to crosstalk between different NO sources in plant
responses to Cd (Besson-Bard et al. 2009; Rodriguez-Serrano et al. 2009; Pérez-Chaca
et al. 2014; Chen et al. 2018; Terron-Camero et al. 2020; Terron-Camero et al. 2019).
Unlike nial nia? mutants, nox! mutants showed higher levels of NO during Cd
treatment (Fig. 1). He et al. (2004) found that nox/ mutants increase the NOS-I arginine
substrate, suggesting that the arginine-dependent pathway is also involved in increasing
NO production under Cd stress conditions in these mutants (Fig. 1 and Suppl. Fig. S2).
Interestingly, we observed a sharp decline in peroxule production in response to
Cd in px-ck seedlings incubated with the NO scavenger cPTIO, and also in nial nia2 x
px-ck seedlings, which produce less NO (Fig. 2B and 2C). The phenotype observed in
nial nia2 x px-ck was restored when supplied with NO (Fig. 2C). Taken together, these
data suggest that the signalling molecule NO, a positive regulator of peroxule
production in plant responses to Cd stress, is involved in the complex network which
regulates early responses to Cd. Although the energy costs of producing peroxules and
the existence of different peroxisomal populations with specific functions may explain
why an excess of NO does not increase the number of peroxule-producing peroxisomes,
this issue needs further in-depth analysis. To our knowledge, peroxule production is
associated with ROS production through exogenous applications of H,O, (Sinclair et al.

2009; Barton, Mathur & Mathur 2013) and endogenous RBOH-dependent ROS
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production in response to Cd stress (Rodriguez-Serrano et al. 2016). The molecular
events involved in peroxule extensions, such as the peroxine PEX11a, are not well
understood (Rodriguez-Serrano et al. 2016). PEX11a was found to be induced in WT
seedlings in response to Cd as described elsewhere (Rodriguez-Serrano et al. 2016),
although no changes in its expression were observed in the NO-related mutants; this
suggests that gene induction may not be necessary to produce peroxules and that redox-
dependent PTMs could be involved. In fact, the activation of yeast peroxine Pex11p
depends on redox changes in its cysteins (Knoblach & Rachubinski 2010; Schrader,
Bonekamp & Islinger 2012). Other PTMs can not be ruled out however, as PEX11a has
been identified as a putative target of phosphorylation in Arabidopsis (Kataya, Muench
& Moorhead 2019; Sandalio ef al. 2019). Further proteomic analysis is required to
clarify the PTM dependence of PEX11a on the rapid regulation of peroxule formation
and the possible involvement of NO.
NO regulation of peroxisome proliferation

Peroxisome proliferation is associated with ROS accumulation and stress
(Lopez-Huertas, Charlton, Johnson, Graham & Baker 2000; Palma, Garrido, Rodriguez-
Garcia & del Rio 1991; Oksanen, Héikio, Sober & Karnosky 2003; Nila, Sandalio,
Lopez, del Rio & Gomez-Lim 2006; Castillo et al. 2008; Mitsuya et al. 2010),
particularly in plant responses to Cd (Romero-Puertas et al. 1999; Rodriguez-Serrano et
al. 2016; Calero-Muioz et al. 2019). In this study, we show that NO regulates
peroxisome proliferation in response to Cd (Fig. 4A and B) and also appears to be a
positive regulator of peroxule production. Only phytochrome A (phy A), the bZIP
transcription factor HY5 homolog (HYH) and the peroxin PEX11b are involved in
upstream peroxisome proliferation signalling during seedling photo-morphogenesis

(Desai & Hu 2008). On the other hand, jasmonic acid (JA) appears to be a negative
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regulator of peroxisome proliferation in Arabidopsis mesophyll cells (Castillo et al.
2008). The interesting antagonistic relationship that exists between NO and JA in
peroxisome proliferation requires further study in order to gain a deeper insight into the
mechanisms involved.

Interestingly, although peroxisome proliferation appears to be unaffected in
nox1 x px-ck mutants, the number of peroxisomes per cell is always lower than in px-ck
mutants (Fig. 4C), which does not seem to be associated with PEX/la expression.
Peroxisome size and numbers were found to increase in potato treated with high
concentrations of JA (Ulloa, Raices, MacIntosh, Maldonado & T¢llez-Ifidon 2002), while
the number of enlarged peroxisomes was found to decrease in Arabidopsis leaves
treated with JA (Castillo et al. 2008). Although the mechanisms involved in the
regulation of peroxisome proliferation and elongation under JA treatment conditions
remain unclear, they do not appear to depend on either PEX71 or DRP3A4 (Castillo et al.
2008).

NO regulation of ROS metabolism in peroxisomes

We observed an increase in the number of peroxisomes containing precipitates
in px-ck after 3 h of Cd treatment (Fig. 5D and I), which could be associated with H,O,
and/or CAT activity (Romero-Puertas et al. 2004; Shibata et al. 2013). H,O, has
previously been shown to increase in response to Cd stress in pea leaf peroxisomes
(Romero-Puertas et al. 1999) and in Arabidopsis seedlings expressing the H,0O,
biosensor HyPer in peroxisomes (Calero-Mufioz et al. 2019). It is interesting to note
that these precipitates in nial nia2 x px-ck and especially in nox! x px-ck mutants were
observed under control conditions, suggesting that peroxisomal H,O, metabolism is
altered in these mutants (Fig. 5B, C and I). Other organelles, such as mitochondria and

chloroplasts, have been reported to be affected in nox/ mutants (Voll et al. 2003;
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Hourton-Cabassa et al. 1998; Bona, Marsano, Cavaletto & Berta 2007; Voll et al. 2003;
Hu et al. 2014).

Interestingly, H,O, content was found to decease significantly in both NO-
related mutants, a process which was maintained in nial nia? mutants (Fig. 6A),
although no changes were observed in WT. As described elsewhere, GST transcripts
were observed to increase after 3 h of Cd treatment (Calero-Mufioz et al. 2019), with a
similar result observed in mulberry plants (Xu et al. 2019). Although nial nia2 mutants
behaved in a similar way to WT, no changes in GST expression were noted in nox/
seedlings (Fig. 6 B). This suggests that NO modifies H,O, content and its dependent
signalling. The exogenous addition of NO donors is well known to increase antioxidant
activities such as GST after treatment with paraquat, As or Cd (Nahar et al. 2016;
Hasanuzzaman et al. 2018; Souri, Karimi, Farooq & Sandalio 2020), while an excess of
endogenous NO may inhibit antioxidant activity under Cd stress conditions (Terron-
Camero et al. 2020).

The results obtained for CAT activity and CAT2 expression, as well as protein
PTMs, in NO-related mutants as compared to WT show that peroxisomal oxidative
metabolism is regulated by NO. The decrease in CAT activity observed in WT under Cd
stress could be explained by its increased oxidation status. CAT has previously been
shown to be carbonylated and S-nitrosylated in pea plants in response to Cd, leading to
an inhibition in CAT activity (Romero-Puertas ef al. 2002; Ortega-Galisteo et al. 2012),
while CAT is subject to oxidation in the presence of H,O, in multiple sites (Nguyen &
Donaldson 2005; Anand, Kwak, Simha & Donaldson 2009). CAT activity was also
affected by increased NO and O, production in peroxisomes from Arabidopsis plants
treated with Pb (Corpas & Barroso 2017). Interestingly, CAT is more oxidized under

control conditions in nial nia2 mutants than in WT; the oxidation status of CAT, unlike
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in WT, was observed to decrease in both NO-related mutants in response to Cd,
probably due, in part, to the decrease observed in H,O, content. S-nitrosylated CAT
activity increases under control conditions in NO-related mutants as compared to WT
seedlings, suggesting that CAT is protected from oxidation by S-nitrosylation.
Similarly, in sorghum leaves, salt stress promotes opposite patterns of carbonylation and
S-nitrosylation of C4 phosphoenolpyruvate carboxylase (PEPCase; Baena, Feria,
Echeverria, Monreal & Garcia-Maurifio 2017); in addition, specific patterns of
carbonylation and S-nitrosylation under salt stress conditions are essential for citrus
plant vigour (Tanou et al. 2014). It has also been suggested that S-nitrosylation of
antioxidant enzymes prevents irreversible protein carbonylation during recalcitrant seed
desiccation tolerance in Antiaris toxicaria (Bai et al. 2011). Although CAT was more
oxidized and S-nitrosylated in nial nia2 mutants under control conditions, an increase
in CAT2 expression and protein content, and thus also in CAT activity, was observed.
Peroxisome-dependent signalling in response to Cd is altered in NO-related
mutants

ROS secondary messengers activate a signal transduction pathway culminating
in the regulation of gene expression, which is critical for plant subsistence (Foyer &
Noctor 2003; Suzuki, Shimazu & Tanaka 2012; Mittler 2017; Baxter et al. 2014).
Peroxisomal H,0,; induce transcripts, such as FESIA and the HSP20-like chaperone,
involved in protein repair responses, leading to stress tolerance and plant survival under
stressful conditions (Sewelam ef al. 2014; Zhang et al. 2010). Both NO-related mutants
were found to affect very early responses to Cd, with FES/A and HSP20-like expression
observed to be significantly lower than in WT (Fig. 8). Both mutants showed a decrease
in H,O, in response to Cd as compared to WT, which could explain the lower

expression of the repair genes. After three hours of Cd treatment, gene induction was
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restored in nial nia2 mutants in a manner similar to that in WT, while nox/ mutants
remained affected, suggesting that an excess of NO partly disrupts peroxisome-
dependent signaling.

In summary, NO affects peroxisomal distribution, metabolism and dynamics,
which impact organelle functionality and peroxisome-dependent signalling in plant
responses to Cd stress (Fig. 9). The level of NO was observed to be lower in nial nia2
mutants than in WT, which is essential for peroxule production and peroxisome
proliferation. Peroxisomal oxidative metabolism is disturbed in NO-related mutants,
with CAT being one of the antioxidants altered at the transcriptional and post-
translational level. Peroxisome-dependent signalling in plant responses to Cd stress is
also affected in NO-related mutants (Fig. 9). Although further research on the molecular
mechanisms underlying the role of NO in peroxisomes is required, this study shows that
NO needs to be tightly regulated in order to optimize peroxisome function and
signalling.
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Figure 1: Effect of cadmium on NO accumulation in Arabidopsis seedlings.

Total NO content determined by DAF2-DA fluorescence under control (0 h) and Cd
conditions in nial nia2, nox] and WT seedlings. Data are mean and standard errors
(error bars) of at least three independent experiments. Different letters denote significant
differences between Cd treatment time points within the same genotype (WT: lower
case; nial nia2: upper case and noxI: italics), obtained using Tukey multiple
comparison tests (p-value <0.05). Asterisks denote significant differences between nial
nia2 or nox! and WT within a time point according to the Student’s t-test (p-value <
0.05).

Figure 2: Effect of cadmium on peroxule formation in Arabidopsis seedlings.

(A) Representative images of peroxisomes (in green) under control conditions and after
Cd treatment (30 min), producing peroxules (arrows). (B) Effect of cPTIO (0.5 mM), a
NO scavenger, on peroxule formation induced in px-ck seedlings after Cd treatment (30
min.). (C) Peroxule formation in px-ck, nial nia2 x px-ck and noxI x px-ck seedlings
after Cd treatment and effect of NO donor GSNO (0.5 mM) on peroxule formation in
px-ck and nial nia2 x px-ck after Cd treatment (30 min.). Data are means, distributions
and whiskers (maximum and minimum) of at least three independent experiments.
Different letters denote significant differences between different treatments according to
the Student’s t-test (p-value < 0.05) in (B); and between different treatments and
genotypes according to the Tukey multiple comparison tests (p-value <0.05) in (C).
Figure 3: Effect of cadmium on PEX11a expression in Arabidopsis seedlings.

Time course analysis of PEXIIa expression by qRT-PCR under control (0 h) and Cd
conditions in nial nia2, noxI and WT seedlings. Data are mean and standard errors
(error bars) of at least three independent experiments. Different letters denote significant

differences between Cd treatment time points within the same genotype obtained using
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Tukey multiple comparison tests (p-value <0.05). The absence of letters denote no
significant changes within the genotype following Cd treatment. Asterisks denote
significant differences between nial nia2 or nox! and WT within a time point according
to the Student’s t-test (p-value < 0.05).

Figure 4: Effect of cadmium on peroxisome proliferation.

(A) Number of peroxisomes per cell slice under control conditions and after Cd
treatment (3 h) in nial nia2 x px-ck, noxI x px-ck and px-ck seedlings, analysed by
cytochemistry and optical microscopy (from thin leaf sections shown in Suppl. Fig. S5).
(B) Quantification of peroxisome accumulation analysed by the marker protein peroxin
14 (PEX14) in WT, noxl, and nial nia2 after Cd treatment (3 h) and nial nia2
supplemented with the NO donor, GSNO (0.5 mM). (C) Distribution of peroxisomes by
number of these organelles in each cell slice analysed by cytochemistry and optical
microscopy. The percentage of cells containing from 1 to 10 peroxisomes is shown.
Data represent distribution and whiskers (maximum and minimum) in A), and mean and
standard error (error bars) in B) and C), of at least three independent experiments. In A)
and C), different letters denote significant differences between Cd treatment and control
within the same genotype according to the Student’s t-test (p-value < 0.05). Asterisks
denote significant differences between nial nia? x px-ck or noxI x px-ck and px-ck
within a time point according to the Student’s t-test (p-value < 0.05). In B), asterisks
denote significant differences between Cd or Cd+GSNO treatments and control within
the same genotype according to the Student’s t-test (p-value < 0.05); and the letter
denotes significant differences between Cd+GSNO and Cd treatments in nial nia2
mutants according to the Student’s t-test (p-value < 0.05).

Figure 5: Peroxisome ultrastructure in Arabidopsis seedlings under control and

Cd treatment conditions.
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Representative micrographs of leaf sections from px-ck, nial nia2 x px-ck and noxI x
px-ck seedlings, treated (D, E, F) or not (A, B, C) with Cd (3 h), analyzed by electron
microscopy (scale bar 1 pum). (G) Area, (H) circularity and (I) percentage of
peroxisomes with precipitates. At least 600 cells were analyzed per treatment, meaning
that thousands of peroxisomes were examined. Data are mean and standard error (error
bars) of at least three independent experiments. Different letters denote significant
differences between Cd treatment and control within the same genotype (px-ck: lower
case; nial nia2 x px-ck: upper case and noxI X px-ck: italics), obtained using the
Student’s t-test (p-value <0.05). Asterisks denote significant differences between nial
nia2 x px-ck or noxI x px-ck and px-ck within a time point according to the Student’s t-
test (p-value < 0.05). Abbreviations: ch, chloroplasts; m, mitochondria; p, peroxisome;
v, vacuole; s, starch. Arrows indicate precipitates inside the peroxisomes.

Figure 6: H,O, metabolism in Arabidopsis seedlings under Cd stress.

(A) H,O, content determined by fluorimetry, (B) expression of GST by qRT-PCR (C)
catalase activity and (E) CAT2 expression by qR-TPCR in WT, nialnia and noxI
seedlings under Cd treatment (0-3 h). Data are mean and standard error (error bars) of at
least three independent experiments. Different letters denote significant differences
between time points of Cd treatment within the same genotype (WT: lower-case; nial
nia2: upper case and nox!: italics), obtained by Tukey multiple comparison tests (p-
value <0.05). The absence of letters denote no significant differences within the
genotype following Cd treatment. Asterisks denote significant differences between nial
nia2 or noxI] and WT within a time point according to the Student’s t-test (p-value <
0.05).

Figure 7: Effect of cadmium on catalase post-transcriptional modifications in

Arabidopsis seedlings.
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(A) Representative Western blot with oxidation pattern of CAT following Cd treatment
(30 min.) in WT, nial nia2 and noxI seedlings and quantification. Protein extracts from
seedlings were subjected to derivatization with DNPH, immunoprecipitated with anti-
DNPH (oxidized proteins) and CAT was then identified by a specific antibody. Non-
derivatized samples from nial nia? were used as negative control. (B) Representative
Western blot with S-nitrosylation pattern of CAT following Cd treatment (30 min.) in
WT, nial nia2 and noxI seedlings and quantification. Protein extracts from seedlings
were subjected to the biotin-switch method. S-nitrosylated proteins were then purified
by an anti-biotin antibody and subjected to Western blot analysis with an anti-CAT
antibody. Non-biotinylated samples from nial nia2 were used as negative control. Data
represent mean and standard error (error bars) of at least three independent experiments.
Different letters (WT: lower-case; nial nia2: upper case and noxl: italics) denote
significant differences between Cd treatment and control within the same genotype
according to the Student’s t-test (p-value < 0.05). The absence of letters mean no
significant differences with Cd treatment within a genotype. Asterisks denote significant
differences between nial nia2 or nox! and WT within a time point according to the
Student’s t-test (p-value < 0.05).

Figure 8: Effect of cadmium on HSP20-like and FESIA gene expression. HSP20-
like (A) and FESIA (B) gene expression by qRT-PCR in WT, nial nia2 and
noxIseedlings under Cd treatment (0-3 h). Data represent mean and standard error (error
bars) of at least three independent experiments. Different letters denote significant
differences between Cd treatment time points within the same genotype (WT: lower-
case; nial nia2: upper case and noxI: italics), obtained using Tukey multiple

comparison tests (p-value <0.05). Asterisks denote significant differences between nial
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nia2 or noxI and WT within a time point according to the Student’s t-test (p-value <
0.05).

Figure 9: Model for NO function in peroxisomal dynamics in the early plant
response to Cd treatment.

Cd induces ROS and NO production, with nial nia2 mutants showing lower overall
levels of NO. Thus, peroxule production and peroxisome proliferation in nial nia2
mutants, whose phenotype is restored by addition of NO. Altered levels of NO
following Cd treatment (30 min) partly inhibit peroxisome-dependent signalling, which
is inhibited by an excess of NO after 3h. Peroxisomal ROS metabolism is also altered in
NO-related mutants, with CAT levels and activity found to be higher in nial nia2

mutants than in WT plants.
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A tight regulation of NO is required for optimal peroxisomal function and dependent
signalling. NO is essential for peroxule production and peroxisome proliferation
occurring in plant response to Cd. Additionally, peroxisome number and distribution as
well as the oxidative metabolism of the organelle are altered by different levels of NO
under control and stress conditions.
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