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Summary

The antioxidative enzyme monodehydroascorbate reductase (MDHAR) is represented by five genes
in Arabidopsis, including four that encode cytosolic and peroxisomal proteins. The in planta
importance of these specific isoforms during oxidative stress remain to be characterized. T-DNA
mutants for MDAR genes encoding cytosolic and peroxisomal isoforms were studied. To examine
their roles in conditions of intracellular oxidative stress, mutants were crossed with a cat2 line
lacking the major leaf catalase. Enzyme assays in mdar mutants and of recombinant MDHARSs suggest
that peroxisomal MDHAR1 and cytosolic MDHAR2 are major players in leaf NADH- and NADPH-
dependent activities, respectively. All mutants showed a wild-type phenotype when grown in
standard conditions. In the cat2 background, loss of peroxisomal MDHAR functions decreased
growth whereas loss of the cytosolic MDHAR2 function had no effect on growth but annulled a large
part of transcriptomic and phenotypic responses to oxidative stress. The effects of the mdar2
mutation included decreased salicylic acid accumulation and enhanced glutathione oxidation, and
were reverted by complementation with the MDAR2 sequence. Together, the data show that the
cytosolic MDHAR?2 is dispensable in optimal conditions but essential to promote biotic defence

responses triggered by oxidative stress.
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Introduction

Ascorbate is an essential compound in plants with several functions as an antioxidant and enzyme
co-factor (Dowdle et al., 2007; Conklin et al., 2024). As an antioxidant, ascorbate reacts chemically
with certain reactive oxygen species (ROS) and is a reductant for ascorbate peroxidase (APX; Conklin
et al., 2024; Foyer & Kunert, 2024). APX is one of a battery of plant enzymes that counter excessive
accumulation of H,0, and avoid formation of its more reactive derivatives: others include various

other types of peroxidases as well as catalase (Davletova et al., 2005; Mhamdi et al., 2010b).

Continued function of APX requires effective regeneration of ascorbate from its oxidized forms. The
first oxidation product is monodehydroascorbate (MDHA), an unstable free radical that can be
directly reduced back to ascorbate (Foyer & Kunert, 2024). A second fate is chemical dismutation, in
which two MDHA molecules produce one molecule each of ascorbate and dehydroascorbate (DHA),
a form that is both more oxidized and more stable than MDHA. While ascorbate and DHA can be
readily quantified in tissue extracts, specialized equipment is required to detect MDHA and very little
guantitative data are available. However, it has been reported that MDHA signals are enhanced in
response to oxidative stress (Veljovic-Jovanovic et al., 1998) and kinetic modelling of the response to
increased H,0; concentrations suggests that MDHA will increase as ascorbate oxidation accelerates

(Tuzet et al., 2019).

Reductases that can convert MDHA and DHA to ascorbate have been known for many years. While
DHA reductase (DHAR) uses glutathione as reductant, MDHA reductase (MDHAR) is a flavoprotein
that functions with NADH or NADPH as a co-factor (Foyer & Halliwell, 1977; Hossain & Asada, 1984,
1985; Hossain et al., 1984; Sano et al., 1995). Both enzymes are encoded by several genes in plants.
Recent studies have examined the roles of specific DHAR isoforms using loss-of-function Arabidopsis
mutants (Noshi et al., 2017; Rahantaniaina et al., 2017; Terai et al., 2020; Hamada et al., 2023). One
observation is that knocking out both cytosolic DHAR isoforms abolishes a large part of the
glutathione oxidation triggered by oxidative stress in cat2, an effect accompanied by compromised
induction of the salicylic acid (SA) pathway (Rahantaniana et al., 2017). Compared to DHAR, less
information is available for specific mutants for MDAR. Engineering altered expression of MDAR has
been reported to influence both ascorbate contents and stress tolerance (El Airaj et al., 2013; Gest et
al., 2013), but systematic comparisons of the roles of the different isoforms in response to oxidative

stress are lacking.
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In Arabidopsis, five MDAR genes encode MDHAR proteins located in various compartments. While
MDAR1 and MDAR4 encode proteins associated with peroxisomes, MDAR2 and MDAR3 encode
cytosolic enzymes (Lisenbee et al., 2005; Eastmond, 2007). A single gene, MDAR5/6, codes for
proteins that are addressed to both mitochondria and chloroplasts (Chew et al., 2003). As well as
activities located in these compartments, several other systems can also reduce MDHA to ascorbate.
These include ferredoxin in the chloroplast, an MDHAR activity located at the plasma membrane, a
tonoplast ascorbate-dependent type b cytochrome, and 12-oxo-phytodieonic acid reductase 3

(Miyake & Asada, 1994; Bérczi & Mgller, 1998; Maynard et al., 2020; Gradagna et al., 2023).

Given the presence of these numerous MDHA-reducing systems, questions remain concerning the
importance of each in given conditions. The peroxisome-associated MDHAR4 has been shown to be
required for optimal post-germinative growth, probably linked to metabolism of H,0, produced
during metabolism of seed storage lipids (Eastmond, 2007). In contrast to this classical antioxidant
function, the mitochondrial MDHARS has been implicated in sensitizing plants to the xenobiotic TNT,
and evidence was presented that this occurs through catalysis of ROS production (Johnston et al.,
2015). This last observation is a striking example of the possible pro-oxidant functions that so-called

recognized antioxidative enzymes might exert in certain conditions (Noctor, 2015).

Loss-of-function mutants for the five Arabidopsis MDAR genes do not show a marked phenotype
relative to the wild-type when grown in standard conditions (Tanaka et al., 2021). This is in line with
many other studies of genes encoding antioxidative enzymes, and highlights the redundancy built in
to the complex ROS-processing network. In the present report, we confirm these observations for
mdar mutants grown in our conditions, but we also analyse the roles of MDHARs under conditions
where increased H,0; availability causes ascorbate metabolism to turn over more rapidly. For this,
we introduced mutations for the peroxisomal and cytosolic isoforms into a catalase-deficient
background (cat2; Yang et al., 2019). The interest of the cat2 system is that increased H,0,
availability occurs through the photorespiratory pathway and can be sustained inside the cell, placing
an increased load on antioxidative pathways and mimicking environmentally induced oxidative stress
(Mhamdi et al., 2010a; Tuzet et al., 2019). Our findings reveal an important role for the cytosolic
MDHAR?2 in these conditions. Intriguingly, disabling the expression of this enzyme weakens rather
than aggravates downstream responses triggered by the cat2 mutation. This suggests that in addition

to its antioxidant function, MDHAR2 can promote certain outcomes of oxidative stress.
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Materials & Methods

Plant materials and growth

Arabidopsis mutants used in this study were in the Columbia genetic background, and all seeds were

obtained from the Nottingham Arabidopsis Stock Centre (http://nasc.nott.ac.uk ). Lines carrying T-

DNA insertions in the MDAR1, MDAR2, MDAR3, and MDAR4 genes were identified using insertion

mutant information obtained from the SIGnAL Web site (http://signal.salk.edu). For further

information, see Supporting Information Figure S1a. The cat2 mutant was cat2-1 (Queval et al.,
2009). Double mutants were produced by crossing. After verification of heterozygotes in F1 plants by

PCR, double homozygotes were identified similarly in the F2 generation (Fig. S1b).

Seeds were firstly germinated in 0.5 MS medium containing 1% sucrose. After seven days, plants
were transferred to soil (Tref terreau P1, Jiffy France SARL, Trevoux, France) and grown in a
controlled-environment growth chamber in a 16 h photoperiod and an irradiance of 200 umol. m™
s!at leaf level, 20 °C/18 °C, 65 % humidity, and given nutrient solution twice per week (Plant-prod
14-12-32, 280 g/L and Fertiligo 4.35 mL/L). Unless otherwise stated, plants were sampled after three
weeks growth. Samples were rapidly frozen in liquid nitrogen and stored at -80 °C until analysis. All
data are means + SE of at least three biological replicates obtained from different plants, and

experiments were repeated at least twice.

Plasmid constructs and plant transformation

The full-length cDNA of Arabidopsis MDAR2 was amplified on total cDNA from Col-0 and GFP and
T35S sequences were amplified on the pH7FWG2 plasmid using the primers in Supporting
Information Table S1. Then, the three fragments and pH7FWG2 plasmid opened with Spel and Xbal
restriction enzymes were assembled using the HiFi DNA Assembly Master Mix (New England Biolabs)
according to the manufacturer’s instructions. Two constructs were done, to obtain MDAR2 fused to
GFP in N-terminal or C-terminal, driven by the 35S promoter of the Cauliflower mosaic virus. Purified
plasmids were analyzed and sequenced to confirm successful fusion constructs. Agrobacterium
tumefaciens strain GV3101 pMP90 (Koncz & Schell, 1986) was transformed with confirmed binary
vector constructs (Hofgen & Willmitzer, 1988) and used to transform developing floral tissues of cat2

mdar2 by the floral dip method (Clough & Bent, 1998).

Recombinant protein production and purification
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MDAR1 and MDAR2 cDNA sequences were amplified from total cDNA from Col-0 with the primers in
Supporting Information Table S1, and then cloned into the pGENI vector (Bohrer et al., 2012) opened
with Ncol and Xhol restriction enzymes, using the HiFi DNA Assembly Master Mix (New England
BioLabs). Recombinant protein production and strep tag-based purification were performed as
described in detail by Vanacker et al. (2018). Purity and molecular mass of the proteins were checked
by SDS-PAGE with Coomassie blue staining. Protein concentrations were determined
spectrophotometrically at 450 nm, corresponding to the flavin adenine nucleotide (FAD) absorption
peak, using a molar extinction coefficient of 11.3 mM™ cm™ (Aliverti et al., 1999). The purified

protein was stored at -80°C until use.

Transcriptomic analysis

For RNA sequencing, three biological replicates were used, each consisting of 100 mg leaf tissue from
different plants. Samples were extracted using Spectrum™ Plant Total RNA Kit (SIGMA, Germany),
and treated with DNase during RNA purification. Library preparation and sequencing were performed
at the Nucleomics Core (VIB, Leuven, Belgium), using TruSeq Stranded mRNA Library Preparation Kit
(Hlumina). Samples were sequenced on llluminaNextseq 500 (75-bp single-end reads), and reads
were aligned to the Arabidopsis genome by STAR (v 2.5.2b) (Dobin et al., 2013) using the Araportl1
annotation (Cheng et al., 2017). The number of reads per gene was quantified with the
featureCounts function as implemented in the Subread package v 1.6.2 (Liao et al., 2014). Genes with
less than 5 reads in at least three samples were excluded for further analysis. Differentially expressed
genes (DEGs) determination was conducted using the DiCoExpress (Lambert et al., 2020) with
FDR<0.01 and a |log2FC|>1 as threshold. Hierarchical clustering was performed on DEGs using the
hclust function using “ward.D2” method with a distance matrix based on Pearson correlation
coefficients (R Core Team, 2021). The heatmap was generated using ComplexHeatmap package v
2.12.1 (Gu et al., 2016). The Gene Ontology enrichment analysis for the 4 clusters was performed
using clusterProfiler v 4.4.4 with a p-value<0.05 cutoff (Xu et al., 2024). A list of DEGs is presented in

Supporting Information Table S2.

Subcellular localization and genetic complementation

Seedlings of the cat2 mdar2 mutant were selected for stable transformation with GFP-MDAR2 or

MDAR2-GFP. Transformed T1 seeds were germinated on agar and identified based on their

resistance to hygromycin or screened using a Leica (Deerfield, IL) dissecting microscope equipped
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with a mercury lamp and epifluorescence filter set (Karimi et al., 2002). Resistant and PCR-positive
transgenic plants were transferred to a growth chamber and maintained up to the T2 generation,
when segregation analysis was performed on complemented cat2 mdar2 lines. Two independent
complemented lines were selected and used for analysis. Confocal microscopy was performed as in
Rahantaniaina et al. (2017). For immunoblotting, proteins from complementation lines were
extracted using TBS 1x buffer with added protease inhibitor, as previously described, with 500 uL per
extract. Protein quantification was performed using the Bradford assay. A TGX stain-free gel and
PVDF membrane system were used (BIO-RAD). To detect the GFP-MDHAR2 fusion protein, the PVDF
membrane was incubated in a primary anti-GFP antibody (rabbit, diluted 1:5000) from Abcam for
over-night at 4°C, followed by a secondary anti-rabbit antibody (diluted 1:10000) incubation for two

hours at room temperature.

Immunoprecipitation—-mass spectrometry (IP-MS) analysis

IP-MS analysis of cat2 mdar2 MDAR2-GFP lines was performed using three biological triplicates as
previously described (Wendrich et al., 2017) and cat2 as a background control. Briefly, around three
grams of leaf material were ground in liquid nitrogen and homogenised in extraction buffer
containing 50 mM Tris—HCI, pH 7.5, 0.15M NacCl, 1 protease inhibitor tablet/50 ml (Roche) and 1%
(v/v) NP40. Protein extracts were sonicated, diluted to remove excess of NP40, and then centrifuged
twice for 15 min at 42 000 g. Extracts were incubated for 2 h with anti-GFP-coated microbeads
(ULMACS; Miltenyi), applied on the pColumns (UMACS; Miltenyi), washed and eluted with preheated
ammonium bicarbonate buffer. To prepare samples for MS analysis, the 50 L eluent was reduced
with dithiothreitol, alkylated with iodoacetamide and digested with sequencing-grade Trypsin. The
digested samples were purified using the Bond Elut OMIX tips (Agilent Technologies) and analysed by
liguid chromatography—-tandem mass spectrometry with a UltiMate™ 3000 RSLCnano System
connected to LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The resulting raw
data were analysed in label-free quantification mode using MaxQuant software (1.6.9.0) as reported
by He et al. (2021). “ProteinGroups” file from MaxQuant was further analysed using an in house R-
script based tool to perform statistical analyses as described in Schippers et al. (2024). The list of
identified proteins, enrichment ratios and statistics are given in Supporting Information Table S3. In
silico subcellular localisation of immunoprecipitated proteins was determined using SUBA5

(https://suba.live/; Hooper et al., 2022). Based on the known subcellular localization of MDHAR?2,

annotated mitochondrial, plastidial, and apoplastic proteins were omitted from further analysis. The
candidate interacting proteins were filtered for an enrichment ratio >25 and an adjusted p-

value<0.05. Biological process was assigned to each protein based on its annotation on Thalemine
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(https://bar.utoronto.ca/thalemine/; Pasha et al., 2020). The interaction networks were generated

using Cytoscape 3.10.2 (Shannon et al., 2003) and the application "Autoannotate"

(https://apps.cytoscape.org/apps/autoannotate).

Transcript quantification by RT-gPCR

Total RNA was extracted with the NucleoSpin RNA Plant and Fungi kit (Macherey-Nagel) following
the manufacturer’s instructions. RNA quality was determined by gel electrophoresis and
concentration estimated using a nanodrop spectrophotometer at 260 nm. Reverse transcription and
first-strand cDNA synthesis were performed using the ImProm-1I™ Reverse Transcriptase (Promega).
gPCR was performed according to Queval et al. (2009). Transcripts were quantified relative to those
of ACTIN2 and PP2A or ACTIN2 and UBIQUITIN. Primer sequences are listed in Supporting

Information Table S1.

Other analyses

MDHAR activities were measured according to protocols detailed in Noctor et al. (2016), by
monitoring oxidation of NADH or NADPH in the presence of ascorbate and ascorbate oxidase at 340
nm. Oxidized and reduced forms of glutathione and ascorbate were measured by plate-reader assay
as described by Queval & Noctor (2007). Briefly, ascorbate was measured as the removal of Azsgin
the presence of ascorbate oxidase and glutathione was measured as the NADPH- and GR-dependent
increase in A47 as a result of reduction of DTNB. A detailed procedure has been recently published
(Noctor and Mhamdi, 2022). Total SA was measured by HPLC-fluorescence, according to the protocol
of Chaouch et al. (2010). Percentage lesion area on rosette leaves was quantified using Image)

software.


https://bar.utoronto.ca/thalemine/
https://apps.cytoscape.org/apps/autoannotate

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

Results

As a first step to exploring the roles of MDHAR isoforms in Arabidopsis, we characterised gene-
specific mutants for the two cytosolic (MDHAR2 and MDHARS3) and two peroxisome-associated
(MDHAR1 and MDHAR4) enzymes. Transcript abundance analysis showed that all four mutants were
knockouts or severe knockdowns and that effects were specific to each gene (Fig. 1a). However, with
the exception of some delayed early growth in mdar4 that could be overcome by germinating plants
on agar medium containing sucrose (Eastmond, 2007), all plants showed a phenotype similar to wild-
type, with little effect on rosette size (Fig. S2). Enzyme assays revealed that total extractable leaf
NADH-dependent MDHAR activity was substantially decreased in mdarl but not in mdar2, mdar3, or
mdar4 (Fig. 1b). The NADPH-dependent activity was decreased in mdarl and mdar2, but unaffected
in the other two lines (Fig. 1b). None of the mutations had a detectable impact on leaf ascorbate or
glutathione status, both of which remained largely reduced (Fig. 1c,d). This suggests that, in standard
conditions, where the ascorbate-glutathione pathway is turning over relatively slowly, none of the

MDHAR isoforms are irreplaceable for growth and development.

Based on the activities observed in the mutants, MDHAR1 and MDHAR2 are the major players in
leaves, albeit with different contributions to the NADH- and NADPH-dependent activities. To
investigate this point further, the two enzymes were purified as recombinant proteins and their
affinities for the two reductant cofactors were determined. Examples of kinetic curves are shown in
Supporting Information Figure S3 and the data are summarized in Table 1. While both enzymes
showed a greater catalytic efficiency for NADH compared to NADPH, the difference was much less
marked for MDHAR2. While Kc.: was over 100-fold greater for NADH compared with NADPH in the
case of MDHAR1, the difference was only 6-fold for MDHAR2 (Table 1; Fig. S3).

As a first step to analysing the importance of the different MDHARs in oxidative stress conditions, we
compared how their expression was modified in the oxidative stress line, cat2, in which catalase
deficiency places an enhanced demand on reductive pathways of H,0, metabolism. A survey of the
enzymes involved in major H,0,-metabolising pathways (Fig. S4) revealed (1) that CAT1 and CAT3
showed little compensatory effect in response to CAT2 deficiency; (2) that genes encoding cytosolic
proteins were most strongly induced, with those encoding enzymes found in the peroxisomes or
chloroplast being less or not at all affected; and (3) that cytosolic enzymes of the ascorbate-
glutathione pathway (APX1, MDHAR2, MDHAR3, DHAR2, GR1) were up-regulated alongside cytosolic
peroxiredoxins and several glutathione peroxidase-like enzymes (Fig. S4). We further analysed the

responses of the four MDAR genes to oxidative stress using RT-qPCR. This analysis largely confirmed
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the inducibility of the cytosolic isoforms in response to intracellular oxidative stress (Fig. 2a).
Induction of these two forms was accompanied by enhanced MDHAR activity in cat2, an effect that

was stronger with NADPH than NADH (Fig. 2b).

To examine the role of the different MDHARs in oxidative stress conditions more directly, each of the
mutations was introduced into the cat2 background to produce double mutants that lacked both
most of the leaf catalase activity and one of the MDHAR isoforms. The mutations produced similar
effects on the expression of the different MDARs in the cat2 background to those observed in the
Col-0 background (Fig. S5); ie, each mutation had a strong specific effect on the respective transcript
without producing accompanying or compensatory effects on expression of the other MDAR genes.
Neither mdar3 nor mdar4 affected the cat2-enhanced MDHAR activity. Most of the NADPH-
dependent activity was removed by mdar2 (Fig. 3a) while the NADH-dependent activity was
decreased in both mdar1 and, to a lesser extent, mdar2 (Fig. 3a). Assays of ascorbate and glutathione
in the cat2 background revealed that mdar2 produced significant effects on these antioxidant pools:
while the effect on reduced ascorbate was slight (Fig. 3b), a larger impact on glutathione was
observed, with the mdar2 mutation further increasing the accumulation of total and oxidized

glutathione observed in cat2 (Fig. 3c).

The cat2 mutation triggers two phenotypic effects. First, rosette growth is decreased compared to
Col-0. Second, lesions that are similar to those observed in the hypersensitive response to pathogens
appear spontaneously on the leaves (Chaouch et al., 2010). Phenotypic analysis of growth in the
double mutants revealed differential effects of the mdar mutations on these two effects: while the
cat2-triggered decrease in growth was exacerbated in cat2 mdarl and cat2 mdar4, cat2 mdar2
showed much fewer lesions than cat2 and the other double mutants (Fig. 4a,b). Since the cat2 lesion
phenotype is associated with and dependent on SA accumulation (Chaouch et al., 2010), this
phytohormone was quantified, revealing (1) that the single mdar2 mutants showed similarly low SA
contents to those observed in the wild-type and (2) that the enhanced SA contents in cat2 were
largely abolished in cat2 mdar2 (Fig. 4c). Analyses of the expression of SA marker genes (PR1, PR2,
PR5) and ICS1, encoding a key enzyme in SA synthesis, produced a similar pattern; ie, induction of the
SA markers in cat2 was strongly decreased by the presence of the mdar2 mutation but less so by loss

of the other MDAR functions (Fig. 4d).

The effects of the mdar2 mutation on cat2-triggered SA signalling recall those reported in previous
studies in which other components of the ascorbate-glutathione pathway were disabled, notably

observations in a cat2 dharl dhar2 dhar3 quadruple mutant, in which all three DHAR-encoding gene
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functions are lost (Rahantaniaina et al., 2017). Transcriptomic analysis was performed to investigate
the effect of the mdar2 mutation on cat2 responses in more detail, and the cat2 dhar1 dhar2 dhar3
line was included for comparison (Fig. 5). Approximately 1500 genes were differentially expressed
between Col-0 and cat2 (Table S2). The transcriptomic signature of the cat2 mutation was generally
attenuated by the presence of additional mutations in MDAR2 or the three DHARs (Fig. 5). The
modulating effect of the additional mutations was particularly evident for genes that were induced in
cat2 compared to Col-0, with the clearest effects being observed in cluster 4 (Fig. 5a, C4), which was
enriched in genes involved in cell death, systemic acquired resistance, SA responses, and related
processes. Analysis of the expression levels of the most strongly induced genes in cat2 revealed that
loss of function of MDAR?2 or the three DHARs produced a similar dampening effect on these genes
(Fig. 5b). For example, the transcription factor WRKY31 was the most strongly compromised by the
dhar and mdar2 mutations. The defence-related FMO1 and NHL10 also showed a dampened

expression in cat2 dhar123 or cat2 mdar2 compared to cat2.

Together with the data in Figure 4, this expression analysis provides evidence that a functional
MDHAR?2 is required to mediate some of the downstream signalling responses triggered by oxidative
stress in cat2. To confirm this point, we sought to increase MDHAR activity in the cat2 mdar2 line by
introducing the wild-type MDHAR?2 linked to GFP in C- or N-terminal. Fluorescence analyses
confirmed the cytosolic localisation of MDHAR?2 (Fig. 6a). Based on anti-GFP antibody tests and
MDAR2 transcript analyses, one line of each construct was selected in which MDAR2 expression was
restored to at least the level observed in cat2 (Fig. 6b,c). In these lines, the NADH-dependent MDHAR
activity was similar to or somewhat higher than in cat2 mdar2 (Fig. 6d, left). A clearer effect was seen
on the NADPH-dependent activity, which was induced in cat2, undetectable in cat2 mdar2, and
restored to the cat2 level or above in the complemented lines (Fig. 6d, right). While ascorbate
contents were similar in all lines (Fig. 6e), the increased MDHAR activity in the complemented lines
reversed the very high glutathione contents and oxidation state observed in cat2 mdar2. The
restoration of MDAR2 expression decreased glutathione accumulation and oxidation to levels
comparable or below those observed in cat2 (Fig. 6f), effects that correlated with the increased

extractable NADPH-dependent MDHAR activity (Fig. 6d).

In the two complemented lines, leaf lesions were also restored to the cat2 level (Fig.7a,b). This effect
was accompanied by increased SA contents (Fig. 7c) and SA marker transcripts (Fig. 7d). We also
examined three genes associated with JA signaling: although effects were less clear compared to the
SA pathway, PFD1.2 and VSP2 were both induced in cat2, much less in cat2 mdar2, and restored in

the complemented lines (Fig. 7e).
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An anti-GFP pulldown strategy was implemented to identify proteins that might be part of an
interacting network involving MDHAR?2. For this, the strategy described in Wendrich et al. (2017) was
used by expressing an MDAR2-GFP fusion in the cat2 mdar2 mutant background. This analysis
identified more than 100 proteins that could be grouped into different functional categories (Table
S3; Fig. 8). Among potential interactants were proteins involved in regulating gene expression as well
as enzymes involved in primary metabolism, including photorespiration and glycolysis (Fig. 8). These
proteins included glycolytic glyceraldehyde 3-phosphate dehydrogenase, NADP-malic enzyme 2
(NADP-MEZ2), and isocitrate dehydrogenase (NADP-ICDH), cytosolic enzymes involved in NADH or
NADPH production. Other notable groups of potential interactants included other redox-related

proteins and several proteins involved in biotic stress responses (Fig. 8).
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Discussion

Our aim in this study was to assess the roles of specific MDHARs in optimal and oxidative stress
conditions. Observations in single mdar mutants grown in our conditions are consistent with a
previous report, notably in showing that none of the enzymes appears to be necessary for plant
growth (Tanaka et al., 2021). However, when introduced into an oxidative stress background, the
importance of certain MDHARs becomes more apparent. First, loss of the peroxisomal functions
somewhat exacerbated the cat2 dwarf phenotype. This is perhaps not surprising since the major role
of CAT2 is to metabolise photorespiratory H,0,, which is predominantly produced in the peroxisomes
(Yang et al., 2019). It is noteworthy, however, that the mdarl and mdar4 mutations were not
associated with altered ascorbate or glutathione status, either in the single mutants relative to Col-0
or in the double mutants relative to cat2. Only the mdar2 mutation produced a significant effect on
these pools (in cat2 mdar2) and it was this mutation that, in removing most of the leaf lesions
triggered by catalase deficiency, produced the most interesting effect: rather than exacerbating
transcriptomes and phenotypes triggered by oxidative stress, loss of this secondary antioxidative
function acted to oppose them. Below we discuss some of the conclusions that can be drawn from

this study.

The cytosolic ascorbate-glutathione pathway is important in linking oxidative stress to

phytohormone signalling

We previously reported that loss-of-function mutants for other cytosolic enzymes of the ascorbate-
glutathione pathway (GR1, DHAR1, DHAR2) showed a wild-type phenotype but modulated the
response to oxidative stress observed in response to catalase deficiency (Mhamdi et al., 2010b;
Rahantaniaina et al., 2017). However, unequivocal conclusions on the importance of
compartmentation were difficult to draw from these earlier analyses because a small part of the GR1
activity is associated with the peroxisomes (Kataya & Reumann, 2010) and it is not clear whether or
not the peroxisomes contain DHAR. In the present study, we have been able to compare the
importance of MDHARs located specifically in the two compartments in oxidative stress responses.
Although loss of the peroxisomal MDAR1 and MDAR4 functions somewhat exacerbated the dwarf
phenotype associated with the cat2 mutation, it is the mdar2 mutation that most influenced the cat2
lesion phenotype, and this was associated with markedly decreased activation of the SA pathway.
Thus, the cytosolic ascorbate-glutathione pathway appears to be a key player in transmission of

oxidative stress signals that originate in other compartments. This is consistent with gene expression
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patterns in cat2, where the cytosolic but not the peroxisomal isoforms of MDHAR were up-regulated

(Fig. 2; Fig. S4).

An important role for the cytosol in governing the outcome of oxidative stress is consistent with
previous reports on apx1 mutants (Davletova et al., 2005; Vanderauwera et al., 2011). It should be
noted that although CAT2 is mainly located in peroxisomes, the protein can also be located in other
compartments, including the nucleus (Al-Hajaya et al., 2022), although the extent of ROS production
in this compartment compared to the peroxisomes is unclear (Dard et al., 2024). It is likely that in the
absence of CAT2, some H,0, can move from these compartments into the cytosol, where it can be
metabolised by APX, engaging downstream cytosolic enzymes such as MDHAR, DHAR, and GR
(Mhamdi et al., 2010a). This is consistent with the observations of Ugalde et al. (2021), who reported
that a cytosolic H,0, probe remained more oxidized in cat2 compared to the wild-type background

after addition of H,0, to young Arabidopsis seedlings.

Cytosolic MDHAR?2 is the major contributor to NADPH-dependent MDHAR activity in Arabidopsis

leaves

In agreement with previous data (Tanaka et al., 2021), our analyses suggest that peroxisomal
MDHAR1 and cytosolic MDHAR2 are major isoforms in Arabidopsis leaves. MDHAR activity can be
supported by either NADH or NADPH, and insight into co-factor preference is important to situate
the enzymes within their metabolic context. Both total extractable leaf MDHAR and recombinant
MDHAR activities are higher with NADH than NADPH. However, in addition to their differences in
subcellular localization, the data show that MDHAR1 and MDHAR2 make different contributions to
the activities with the two reductants (Fig. 1, Fig. 3, Table 1). The activity assays performed on
recombinant proteins suggest that MDHAR1 will mainly use NADH in vivo, as the catalytic efficiency
with NADPH is much lower. The preference of MDHAR?2 is less clear. The K values for the two co-
factors were much more similar than for MDHAR1 and well below the concentrations used in our
standard assays of extractable leaf activity (250 uM). This suggests that the mdar2 mutation should
have a similar effect on the NADH- and NADPH-dependent activities measured in vitro, at saturating
co-factor concentrations. Our data are consistent with this: in the Col-0 background, the mdar2
mutation decreased the extractable NADPH-dependent activity by about 10 nmol.mg2prot.min?,
which corresponds to about 50% of the total activity with this co-factor (Fig. 1b). Against the
background of the much higher total activities of NADH-dependent activity, a decrease of this
magnitude is harder to detect. In fact, decreases in NADH-dependent activity of this order were

observed in mdar2 but were found to be statistically insignificant against the background values,



411 which were much higher than for the NADPH-dependent activity (Fig. 1b). In the cat2 background,
412 where MDAR2 is induced at the transcript level and total extractable activities are increased, the
413 mdar2 mutation affects both extractable activities, decreasing the NADPH-dependent activity by
414  about 40 nmol.mg!prot.min! and the NADH-dependent activity by a similar or greater value (Fig. 3).
415  Again, the higher total extractable activity of NADH-dependent activity makes the proportional

416 impact of the mdar2 mutation on the NADPH-dependent activity more evident (Fig. 3).

417

418 A key point for placing these observations in their physiological context. Accurate determination of
419 reduced NAD(P) in different compartments is difficult, both from a technical and interpretative

420 viewpoint. In the cytosol, the NAD pool is substantially more oxidized than the NADP pool (Heineke
421 et al., 1991; Igamberdiev and Gardestrom, 2003). Based on direct assays following rapid fractionation
422 of pea leaf protoplasts, cytosolic NADH was estimated to be between 18 and 55 uM (Igamberdiev
423 and Gardestrom, 2003). However, these assays detected total NADH. Since a high proportion of this
424  total pool is likely to be bound to enzyme active sites at any given time, the free pool could be much
425 lower (Igamberdiev and Gardestrom, 2003). Indeed, indirect estimates of cytosolic NADH

426 concentrations based on equilibrating metabolite pools produced values as low as 1 uM or less

427  (Heineke et al., 1991). In any case, our assays of extractable MDHAR activities at 250 uM NADH are
428 likely to be strongly over-estimating the cytosolic NADH-dependent activity in vivo. If so, the

429  enhanced engagement of the ascorbate-glutathione pathway in cat2 might draw mainly on cytosolic
430 NADPH, which was estimated to be present at concentrations 3.5 to 8-fold higher than NADH in this
431  compartment (Igamberdiev and Gardestrém, 2003). As well as supporting MDHAR2, the cytosolic
432 NADPH pool would be important to sustain GR activities previously shown to be important in

433 oxidative stress responses (Mhamdi et al., 2010b). The refinement of fluorescent probes that can
434  measure concentrations of these key cofactors in situ could throw further light on these issues (Smith
435  etal., 2022).

436

437  Observations from the GFP pulldown experiments suggest that networking with other proteins might
438  also be part of the biological functions of MDHAR?2. In addition to proteins whose functional

439 connections to MDHAR2 remain to be elucidated, several enzymes were identified that are linked in
440  terms of antioxidant or other redox function. Notably, cytosolic enzymes involved in glycolysis (PGK,
441  GAPC) or NADPH production (NADP-ME2, cICDH) were identified as players within a potential

442 network that includes MDHAR?2 (Fig. 8). The importance of some of these enzymes have previously
443 been examined in the cat2 background (Mhamdi et al., 2010c; Li et al., 2013), and indeed loss of
444  nadp-icdh function modulates cat2-triggered biotic stress responses, although much less strongly

445  than the mdar2 mutant examined in this study. Several of these NAD(P)H-generating proteins are
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commonly found to be enriched proteins within other GFP pulldown experiments, possibly reflecting
their abundance and importance in cytosolic metabolism (Supporting Information Table S3). Among
them, NADP-ME2 has been less commonly found than the other NAD(P)H-generating systems in
previous analyses, perhaps pointing to a particularly important functional association with MDHAR2.
Indeed, NADP-ME2 has been implicated in pathogenesis-related responses, which was interpreted in
terms of providing reductant for NADPH oxidase activity (Voll et al., 2012). Our data suggest that this

enzyme might also influence biotic stress responses by supplying NADPH for MDHAR?2.

Decreased MDHAR capacity affects glutathione but not ascorbate status during oxidative stress

It is striking that none of the mutations produced marked effects on the ascorbate pool and redox
status, at least as measured globally in leaf extracts. The only significant effect was in cat2 mdar2, in
which a modest decrease in ascorbate was sometimes but not consistently observed (Fig. 3b, Fig. 5e).
Maintenance of the ascorbate pool, even when both CAT2 and MDHAR?2 functions are lost, probably
reflects the numerous pathways by which this molecule can be regenerated from both MDHA and
DHA in plants, as well as the relatively positive redox potential of ascorbate compared to more
powerful reductants such as glutathione, NAD(P)H, glutaredoxins, and thioredoxins (Foyer & Noctor,

2016).

In contrast to the stability of the ascorbate pool, a consistent and specific effect of MDAR2
expression level and activity on glutathione was observed (Fig. 3c, Fig.6f). This is probably explainable
by two effects. First, MDHAR capacity is inversely correlated with the formation of DHA, the main
driver for glutathione oxidation (Rahantaniaina et al., 2017; Tuzet et al., 2019), and so decreased
MDHAR activity is predicted to accelerate DHA formation, driving faster oxidation of GSH and
accumulation of GSSG (Fig. 9). Second, a substantial part of the GSSG that accumulates in cat2 is
located in the vacuole, where it is protected from immediate re-reduction, making glutathione a

more informative marker of sustained oxidative stress than ascorbate (Queval et al., 2011).

Possible mechanisms to explain the influence of MDHAR2

While other pathways exist in plants, catalase and the ascorbate-glutathione pathway can be
considered as important H,0,-processing systems acting in parallel. Given this, perhaps the most
striking of our observations is that loss of cytosolic MDAR2 function does not exacerbate cat2

phenotypes but instead partly reverts them. This is not the first observation of this kind. In both
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tobacco and Arabidopsis, decreasing APX and catalase expression produced phenotypes that were
less severe than in plants lacking only one of the enzymes (Rizshsky et al., 2002; Vanderauwera et al.,
2011). While differences in experimental protocols and growth regimes make it difficult to compare
our studies with these previous ones, some of the mechanisms could be partly shared. In Arabidopsis
lines doubly deficient in catalase and APX, an ameliorated phenotype was associated with induction
of a DNA repair pathway that was not activated in plants lacking only one of the enzymes
(Vanderauwera et al., 2011). Hence, we queried our transcriptomics data for the response of genes
involved in such DNA repair pathways. However, they provide little evidence that this can explain the
effect of mdar2 on cat2-triggered responses in the growth conditions of moderate irradiance we

have used here.

What is the nature of the MDHAR-related signal that seems to be important to link oxidative stress to
downstream signalling? One possibility is that the MDHAR2 protein acts as a sensor of H,0; or
oxidative stress signals, although we do not have any direct evidence for such a role. Indirect effects
in signalling cannot be ruled out. For example, some cytosolic peroxiredoxins are induced alongside
APX1 and cytosolic MDARs in cat2 (Supplemental Figure S4). Through intermediate GRX activity,
these peroxiredoxins can oxidize glutathione (Bréhélin et al., 2003), an influential player in
pathogenesis-related responses (Noctor et al., 2024). However, whether glutathione oxidation occurs
solely as shown in Figure 9 or additionally through other pathways, our data provide little evidence
for a simple role of glutathione status in linking oxidative stress and induction of the SA pathway.
This is because the dhar and mdar mutations produced strikingly overlapping effects on pathways
related to biotic stress (Fig. 5), whereas they have opposite effects on glutathione; ie, dhar mutations
antagonize both cat2-triggered glutathione oxidation and SA accumulation (Rahantaniana et al.,
2017) while the mdar2 mutation antagonizes SA accumulation but promotes glutathione oxidation
(Figs 3, 4 and 6). We cannot exclude the possibility that altered glutathione status affects the
GSNO/GSNO reductase system, which plays a role in oxidative stress responses in cat2 (Zhang et al.,
2020). MDHAR2 might also act to catalyse ROS production in a secondary reaction, in a similar way to
the mitochondrial MDHARS, which promotes sensitivity to certain xenobiotics in this way (Johnston
et al., 2015). Based on available knowledge, this could require a sensitizing redox-cycling metabolite,
with which MDHAR2 would interact, to accumulate during oxidative stress. In this connection, it
should be noted that we have previously used different techniques to attempt to quantify ROS,
including H,0,, in cat2 and derived lines. However, signals were consistently found to be variable and
not greatly different from the wild-type, even under conditions in which cat2 plants are clearly
undergoing oxidative stress (Queval et al., 2008; Mhamdi et al., 2010b; Yang et al., 2019). Similarly,

we have invested considerable effort in developing mutant lines that express roGFP and related
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probes, but gene silencing in mutant backgrounds and the difficulty of measuring signals in the

mesophyll cells of mature leaves have prevented progress with these measurements.

Finally, given the similarity of the effects of the mdar2 and dhar mutations on oxidative stress-
triggered responses (Fig. 5), one other hypothesis is that accumulation of oxidized forms of ascorbate
in the cytosol might interlink with key regulators in phytohormone or other signalling pathways.
Ascorbate-deficient mutants show some spontaneous activation of SA-related pathogenesis-related
pathways (Pastori et al., 2003; Pavet et al., 2005) and attention has been drawn to the potential
importance of ascorbate oxidase (which produces MDHA) in influencing defence and phytohormone
signalling (Pignocci et al., 2006). Such observations are often interpreted in terms of the roles of
ascorbate as a redox buffer or indirect effects on ROS contents. However, plants with decreased
ascorbate might be expected to have lower MDHA and DHA (by adjustment of the equilibrium
between ascorbate, DHA, and MDHA). Similarly, loss of DHAR function might also boost MDHA
concentrations as a secondary effect. If either of the two oxidized forms of ascorbate is capable of
binding to signal transduction proteins to interfere with biotic stress responses, such interactions
might explain some of our observations in this work and those previously reported in other plants
with alterations in ascorbate contents or metabolism. While this notion remains hypothetical, such
effects would add greater subtlety to the influence of the ascorbate-glutathione pathway on cellular
function: cell signalling could be impacted not only by the capacity of the pathway to remove ROS

themselves but also by ROS-mediated effects on the concentrations of pathway intermediates.
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Figure legends

Figure 1. Effects of specific mdar mutations on expression, extractable activities, and contents of
ascorbate and glutathione. a. gqRT-PCR analysis of MDAR expression in the different lines, normalised
to ACTIN2 and PP2A as reference genes. b. Effects of mutations on NADH and NADPH-dependent
activities. c. Ascorbate contents. d. Glutathione contents. For c and d, numbers above the columns
indicate percentage reduced (100 x reduced form/total content). Data are means * SE of three
biological replicates from different plants. Student’s t-test, * Indicates significant differences

compared to Col-0 at P < 0.05. FW: fresh weight. White bars: ASC or GSH, black bars: DHA or GSSG.

Figure 2. Response of MDAR expression and MDHAR activities to intracellular oxidative stress in cat2.
a. Transcripts measured by qRT-PCR. Data were quantified relative to ACTIN2 and PP2A as reference
genes, and then normalised to the Col-0 value. b. NADH- and NADPH-dependent MDHAR activities.
Data are means * SE of three biological replicates from different plants. Student’s t-test, * Indicates

significant difference compared to Col-0 at P < 0.05.

Figure 3. Effects of mdar mutations on MDHAR activities and contents of ascorbate and glutathione
in the cat2 background. a. NADH- and NADPH-dependent MDHAR activities. b. Ascorbate contents. c.
Glutathione contents. Data are means + SE of three biological replicates from different plants.
*Significant difference compared to Col-0 at P < 0.05; *significant differences between double
mutants and cat2 at P < 0.05. Numbers above the columns indicate percentage reduced (100 x
reduced form/total content). For b and c, white bars: ASC or GSH, black bars: DHA or GSSG.
3Significant differences in reduced forms between double mutants and cat2 at P < 0.05. "Significant

differences in oxidized forms between double mutant and cat2 at P < 0.05.

Figure 4. Effect of mdar mutations on the cat2 phenotype and the SA pathway. a. Photographs of
rosettes. b. Fresh weight and lesion quantification. Data are means + SE of the values for 10
individual plants. c. SA contents. d. PR gene expression. Data are means + SE of three biological
replicates from different plants. Student’s t-test, *Significant difference compared to Col-0 at P <
0.05. *Significant differences of double mutants compared with cat2 at P < 0.05. Bars = 1 cm. ND: not

detected.

Figure 5. Transcriptomic analysis of cat2, cat2 mdar2, and cat2 dharl dhar2 dhar3. a. Heatmap
showing normalized expression (Z-score of CPM) of the 1521 differentially expressed genes between

Col-0 and cat2 (FDR<0.01 & |log,FC|>1). The top 10 of Biological Process GO enrichment for each of



the 4 clusters is displayed on the right (p-adjust<0.05). The circle size corresponds to the number of
DEGs responsible for the enrichment. A joining line indicates a link between GO terms.

b. Effects of secondary mutations in ascorbate regeneration on the 20 genes with the highest fold
change for cat2 compared to Col-0. The fold change is calculated using mean CPM and Col-0 as

reference.

Figure 6. Complementation of cat2 mdar2 with GFP-MDAR2. a. GFP analysis of subcellular
localisation of MDHAR2. The bar indicates 10 um. b. Verification of MDAR2 expression in the
complemented lines using an anti-GFP antibody. c. Verification of complemented MDAR2 transcripts.
d. Effects on MDHAR activities. e. Effects on ascorbate contents. Numbers above the bars indicate %
reduction. f. Effects on glutathione contents. Numbers above the bars indicate % reduction. Data are
means * SE of three biological replicates from different plants. *Significant difference compared to
cat2 at P < 0.05. *Significant differences of complemented lines compared with cat2 mdar2 at P <
0.05. For c and d, the white columns represent untransformed lines, the grey column represents the
C-terminal transformed line, and the black column represents the N-terminal transformed line. ND:
not detected. In e and f,  indicates significant differences of oxidized forms in the double mutant
compared with cat2 at P < 0.05 and € indicates significant differences in oxidized forms of MDAR2

complemented lines compared with cat2 mdar2 at P < 0.05.

Figure 7. Complementation of cat2 mdar2 with GFP-MDAR?2 restores the cat2 lesion phenotype and
pathogenesis-related pathways. a. Phenotypes of complemented lines. b. Leaf lesion area
guantification. c. SA contents. d. SA-related gene expression. e. JA-related gene expression. The
white columns represent untransformed lines, the grey column represents the C-terminal
transformed line, and the black column represents the N-terminal transformed line. *Significant
difference compared to cat2 at P < 0.05. *Significant differences of complemented lines compared

with cat2 mdar2 at P < 0.05.

Figure 8. Overview of immunoprecipitation—mass spectrometry (IP-MS) search for protein
interactants in cat2 mdar2 MDAR2-GFP. The interactants shown have an enrichment ratio >25 and a
p-value < 0.05. Proteins are grouped by biological processes. The box colour corresponds to the
log(enrichment ratio) with MDAR2 protein. For more details on proteins, see Supporting

Information Table S3.

Figure 9. Impact of oxidative stress and MDHAR capacity on measured glutathione status. In

conditions where H,0, can be largely removed by catalase (a), flux through the ascorbate and



glutathione pools is low and glutathione remains highly reduced. When catalase is decreased (b), flux
through the ascorbate pool is increased, causing accelerated formation of both MDHA and DHA, with
the latter engaging the glutathione pool, leading to GSSG accumulation. When flux is high and
MDHAR is decreased (c), conversion of MDHA to DHA is increased compared to b and the glutathione
pool is further engaged, leading to even higher GSSG accumulation. Note that the pathway is shown

in simplified form and that reactions are not shown stoichiometrically.



Table 1. Kinetic constants for recombinant MDHAR1 and MDHAR2 with NADH or NADPH as

co-factor.

MDHAR1 MDHAR2

NADH NADPH NADH NADPH
Vimax (umol.min"*mg ! prot) 3426 + 82 1119 £ 59 2074 +£211 906 + 45
Km (LM) 8.23+0.71 217+18 3.5+0.34 9.49+0.2
Specific activity (Vmax/Km) 684 4 593 96

Data and standard errors are means of values obtained with three different curves (Fig. S4).

Similar results were obtained with different protein preparations.
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Figure 1. Effects of specific mdar mutations on expression, extractable activities, and contents of ascorbate and
glutathione. a. gRT-PCR analysis of MDAR expression in the different lines, normalised to ACTIN2 and PP2A as
reference genes. b. Effects of mutations on NADH and NADPH-dependent activities. c. Ascorbate contents. d.
Glutathione contents. For c and d, Numbers above the columns indicate percentage reduced (100 x reduced
form/total content). Data are means + SE of three biological replicates. Student’s t-test, * Indicates significant

differences compared to Col-0 at P < 0.05. FW: fresh weight. White bars: ASC or GSH, black bars: DHA or GSSG.
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Figure 2. Response of MDAR expression and MDHAR activities to intracellular oxidative stress in
cat2. a. Transcripts measured by qRT-PCR. Data were quantified relative to ACTIN2 and PP2A as
reference genes, and then normalised to the Col-0 value. b. NADH- and NADPH-dependent
MDHAR activities. Data are means + SE of three biological replicates. Student’s t-test, * Indicates

significant difference compared to Col-0 at P < 0.05.
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Figure 3. Effects of mdar mutations on MDHAR activities and contents of ascorbate and glutathione in the
cat2 background. a. NADH- and NADPH-dependent MDHAR activities. b. Ascorbate contents. c. Glutathione
contents. Data are means + SE of three biological replicates. * indicates significant difference compared to
Col-0 at P < 0.05; + indicates significant differences between double mutants and cat2 at P < 0.05. Numbers
above the columns indicate percentage reduced (100 x reduced form/total content). For b and ¢, White bars:
ASC or GSH, black bars: DHA or GSSG. aSignificant differences in reduced forms between double mutants and

cat2 at P < 0.05. bSignificant differences in oxidized forms between double mutant and cat2 at P < 0.05.
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Figure 4. Effect of mdar mutations on the cat2 phenotype and the SA pathway. a. Photographs of

rosettes. b. Fresh weight and lesion quantification. Data are means * SE of 10 plants. c. SA contents.

d. PR gene expression. Data are means * SE of three biological replicates. Student’s t-test,

*Significant difference compared to Col-0 at P < 0.05. *Significant differences of double mutants

compared with cat2 at P < 0.05. Bars = 1 cm. ND: not detected.
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Figure 5. Transcriptomic analysis of cat2, cat2 mdar2, and cat2 dhar1 dhar2 dhar3. a. Heatmap showing
normalized expression (Z-score of CPM) of the 1521 differentially expressed genes between Col-0 and cat2
(FDR<0.01 & |log,FC|>1). The top 10 of Biological Process GO enrichment for each of the 4 clusters is
displayed on the right (p-adjust<0.05). The circle size corresponds to the number of DEGs responsible for the
enrichment. A joining line indicates a link between GO terms. b. Effects of secondary mutations in ascorbate
regeneration on the 20 genes with the highest fold change for cat2 compared to Col-0. The fold change is

calculated using mean CPM and Col-0 as reference.
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Figure 6. Complementation of cat2 mdar2 with GFP-MDARZ2. a. GFP analysis of subcellular localisation of
MDHAR2. The bar indicates 10 um. b. Verification of MDAR2 expression in the complemented lines using an
anti-GFP antibody. c. Verification of complemented MDAR2 transcripts. d. Effects on MDHAR activities. e.
Effects on ascorbate contents. Numbers above the bars indicate % reduction. f. Effects on glutathione contents.
Numbers above the bars indicate % reduction. Data are means + SE of three biological replicates. *Significant
difference compared to cat2 at P < 0.05. *Significant differences of complemented lines compared with cat2
mdar2 at P < 0.05. For c and d, the white columns represent untransformed lines, the grey column represents
the C-terminal transformed line, and the black column represents the N-terminal transformed line. ND: not
detected. In e and f, © indicates significant differences of oxidized forms in the double mutant compared with
cat2 at P < 0.05 and ¢ indicates significant differences in oxidized forms of MDAR2 complemented lines

compared with cat2 mdar2 at P < 0.05.
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Figure 7. Complementation of cat2 mdar2 with GFP-MDAR?2 restores the cat2 lesion phenotype and
pathogenesis-related pathways. a. Phenotypes of complemented lines. b. Leaf lesion area quantification. c.
SA contents. d. SA-related gene expression. e. JA-related gene expression. The white columns represent
untransformed lines, the grey column represents the C-terminal transformed line, and the black column
represents the N-terminal transformed line. *Significant difference compared to cat2 at P < 0.05. *Significant

differences of complemented lines compared with cat2 mdar2 at P < 0.05.
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Figure 8. Overview of immunoprecipitation—mass spectrometry (IP-MS) search for protein interactants in
cat2 mdar2 MDAR2-GFP. The interactants shown have an enrichment ratio >25 and a p-value < 0.05.
Proteins are grouped by biological processes. The box colour corresponds to the log,(enrichment ratio) with

MDAR?2 protein. For more details on proteins, see Supporting Information Table S3.
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in simplified form and that reactions are not shown stoichiometrically.

a. No oxidative stress
(eg, Col-0)

Low GSSG

b. Oxidative stress
(eg, cat2)

Higher GSSG

c. Oxidative stress, low MDHAR
(eg, cat2 mdar2)
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Figure 9. Impact of oxidative stress and MDHAR capacity on measured glutathione status. In
conditions where H,0, can be largely removed by catalase (a), flux through the ascorbate and
glutathione pools is low and glutathione remains highly reduced. When catalase is decreased (b), flux
through the ascorbate pool is increased, causing accelerated formation of both MDHA and DHA, with
the latter engaging the glutathione pool, leading to GSSG accumulation. When flux is high and
MDHAR is decreased (c), conversion of MDHA to DHA is increased compared to b and the glutathione

pool is further engaged, leading to even higher GSSG accumulation. Note that the pathway is shown



Supporting Information Figure S1. Gene maps (a) and genotyping (b) of mdar and cat2 mdar mutants.
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Supporting Information Figure S2. Effect of mdar mutations on plant growth in standard conditions. a.
Photographs of mdar mutants. b. Rosette fresh weights. Data are means + SE of 10 plants. Student’s t-test *

indicates significant differences of mutants compared with Col-0 at P < 0.05.
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Supporting Information Figure S3. Enzyme parameters for MDHAR recombinant proteins. a. Principle of the
MDHAR assay. b. Kinetic curves for MDHAR activity of recombinant proteins. c. An example of a Lineweaver-

Burk plot for MDHAR.
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Supporting Information Figure S4. Effect of the cat2 mutation on expression of some of the major H,0,
metabolizing pathways in Arabidopsis. Data are shown for genes encoding catalases (CAT), members of the
ascorbate-glutathione pathway (MDAR, DHAR, GR), peroxiredoxins (PRXS) and glutathione peroxidase-like
proteins (GPX). The heatmap display log,(foldchange) of the mean of CPM comparing cat2 and Col-0. Only
gene that could be quantified in both genotype are included. The major subcellular localisation is indicated
according to SUBAS consensus localisation and annotation from literature. Statistically significant differences
between Col-0 and cat2 at P < 0.01 are indicated as a “Yes”. Cyt, cytosol. ER, endoplasmic reticulum. Mit,
mitochondrion. Nuc, nucleus. Per, peroxisome. Plast, plastid. PM, plasma membrane
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Supporting Information Figure S5. transcripts analysis of MDAR gene in cat2 background,
using ACTIN2 and PP2A are reference genes. Data are means  SE of three biological

replicates. Studient’s t-test, + indicates significant differences of double mutants compared

with cat2 at P < 0.05
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