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Highlight:

The Oxidation Resistance family protein AtOXR2 from Arabidopsis thaliana is involved in
resistance to oxidative stress and its overexpression increases plant biomass, seed production and

photosynthetic performance.

ABSTRACT

The study described here demonstrates the existence of the OXidation Resistance (OXR) protein
family in plants. There are six OXR members in Arabidopsis that contain the highly conserved
TLDc domain that is characteristic of this eukaryotic protein family. AtOXR2 is a mitochondrial
protein able to alleviate the stress sensitivity of a yeast oxrl mutant. AtOXR2 is induced by
oxidative stress. AtOXR2 overexpression in Arabidopsis (0eOXR2) increases leaf ascorbate,
photosynthesis, biomass and seed production, as well as conferring tolerance to methyl viologen,
antimycin A and high light intensities. The 0eOXR2 plants also show higher ABA content,
changes in ABA sensitivity and modified expression of ABA- and stress-regulated genes. While
the oxr2 mutants have a similar shoot phenotype to the wild type, they exhibit increased
sensitivity to stress. We propose that by influencing the levels of reactive oxygen species (ROS)
AtOXR2 improves the efficiency of photosynthesis and elicits basal tolerance to environmental
challenges that increase oxidative stress, allowing improved plant growth and biomass

production.
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Abbreviations:

AA, Antimycin; CLSM, confocal laser scanning microscopy; DAS, days after sowing; DAB,
3,3'-diaminobenzidine; ETR, electron transport rate; GUS, B-glucuronidase; HL, high light; LD,
long day; MV, methylviologen; mRFP, monomeric red fluorescent protein; mt-GFP, GFP in
mitochondria; OMM, mitochondrial outer membrane; PPFD, photosynthetically active photon
flux density; ROS, reactive oxygen species; RT-gPCR, reverse transcription quantitative real-
time PCR; PS, Photosystem; SAA, systemic acquired acclimation; WT, wild-type.
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Introduction

In addition to energy, normal aerobic metabolism in eukaryotic cells generates reactive oxygen
species (ROS). At homeostatic levels, ROS act as signalling molecules responsible to orchestrate
numerous cellular activities related to posttranslational protein modifications, gene expression,
and hormonal regulation (Foyer et al., 2017; Mittler, 2017). When ROS levels surpass the
cellular buffering ability, they become dangerous compounds due to their enormous reactivity
and potential to generate protein, lipid and DNA damage (Czarnocka and Karpinski, 2018). As
cells evolved into aerobic metabolism, they also strengthened defence mechanisms to avoid or
alleviate the consequences of oxidative damage caused by excess ROS (Noctor et al., 2017). Due
to respiratory activity and electron flow, mainly through complexes 1, Il and I of the electron
transport chain, mitochondria are one of the main sites of ROS generation (Gleason et al., 2011;
Jardim-Messeder et al., 2015). In plant mitochondria, there are energy decoupling systems
represented by the alternative oxidase (Vanlerberghe, 2013) and the uncoupling proteins
(Vercesi et al., 2006). Plant mitochondria also acquired numerous antioxidant pathways based on
proteins with thioredoxin, glutaredoxin, peroxiredoxin and superoxide dismutase (SOD)
activities (Navrot et al., 2007; Cvetkovska et al., 2012; Foyer and Noctor, 2016; Dietz et al.,
2016; Liebthal et al., 2017).

Among the efforts to elucidate the defence lines used by human cells to counteract oxidative
damage and its consequences, a new family of eukaryotic proteins called OXR (Oxidation
Resistance) was identified (Volkert et al., 2000). The most highly conserved region of OXR
proteins across species is the carboxyl-terminal half, which contains a TLDc (TBC
(Tre2/Bub2/Cdc16), LysM (Lysine Motif), Domain catalytic) domain (IPR006571, PF07534,
SMO00584). This is a novel protein domain that was predicted to have enzymatic properties
(Doerks et al., 2002) and, according to X-ray crystallographic studies of the TLDc domain of
OXR2 from zebrafish, adopts an overall globular shape that shares no similarity with other
known structures (Blaise et al., 2012).

There are studies of OXR proteins in yeast (Elliott and VVolkert, 2004), D. melanogaster (Stowers
et al., 1999; Wang et al., 2012; 2013), Anopheles (Jaramillo-Gutierrez et al., 2010), mouse
(Fischer et al., 2001; Natoli et al., 2008; Oliver et al., 2011; Wu et al., 2016), zebrafish (Laroche
et al., 2013; Kobayashi et al., 2014), C. elegans (Sanada et al., 2014), silkworms (Su et al.,
2017) and humans (Volkert et al., 2000; Elliott and Volkert, 2004; Durand et al., 2007; Shkolnik
et al., 2008; Yang et al., 2014; Liu et al., 2015; Finelli et al., 2016). Although the mechanism by
which OXR proteins exert their action is still unknown, the TLDc domain was implicated in the
prevention of oxidative DNA damage (Elliott and Volkert, 2004; Durand et al., 2007) and in the
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induction of antioxidant enzymes (Jaramillo-Gutierrez et al., 2010; Su et al., 2017). Disruption
of TLDc-encoding genes originates a decrease in lifespan in mice (Oliver et al., 2011,
Drosophila (Fischer et al., 2001), nematodes (Sanada et al., 2014) and mosquitoes (Jaramillo-
Gutierrez et al., 2010), or causes severe neurological disorders in humans (Finelli et al., 2016;
Wu et al., 2016). Mutations in the TLDc domain of the human gene TBC1C24 affect brain
development and generate DOORS (Deafness, Onychodystrophy, Osteodystrophy, mental
Retardation and Seizures) syndrome (Campeau et al., 2014).

There is scarce evidence about the role of TLDc domain-containing proteins in plants. Only a
study by Lin and co-workers (2012) showed that IbTLD from sweet potato is one of the targets
of the wounding-induced microRNA miR828, which regulates the expression of antioxidant
enzymes and defence responses against abiotic stress. Due to the relevance of different TLDc-
containing proteins in several eukaryotic organisms (Finelli et al., 2016), we decided to analyse
the presence and role of proteins belonging to the OXR family in Arabidopsis. In this work, we
identified six genes that encode members of the OXR family in Arabidopsis and characterised
AtOXR2 (At2905590) in more detail. We observed that AtOXR2 is a mitochondrial protein that
can functionally replace its yeast Oxrlp homologue. When AtOXR?2 is absent it generates a plant
phenotype of decreased tolerance to oxidative stress conditions. Besides, plants that overexpress
AtOXR2 show improved photosynthesis, increased biomass and changes in oxidative stress

tolerance and ABA sensitivity.

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana (Col-0) was used throughout this study unless otherwise specified. The
AtOXR2 T-DNA insertion mutant line SK17762 and Flag_513D06 (ecotype WS) were used.
Plants were grown on soil at 22-24°C under long-day (LD) conditions at intensity of 100 pmol
m™ s Plant phenotypic characterization was performed according to the parameters established

by Boyes et al. (2001), using ten individual plants of each genotype per biological triplicate.

Gene cloning and generation of transgenic Arabidopsis lines for plant transformation

To obtain plants expressing a fusion of AtOXR2 to mRFP or GFP, a 912-bp Bglll/Xhol fragment
was amplified from a cDNA clone (RAFL06-07-C06) using specific oligonucleotides (Table S1)
and transferred to the destination binary vectors pGWB554 (Nakagawa et al., 2007) or
pEarleyGate103 (Earley et al., 2006). To obtain plants that constitutively overexpress AtOXR2
under the control of the CaMV 35S promoter (0eOXR2 plants), a 912-bp BamHI/Xhol fragment
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was transferred into destination vector pEarleyGatel00 (Earley et al., 2006). To obtain
Arabidopsis plants expressing AtOXR2 promoter:GUS fusions, a fragment spanning nucleotides
-1157 to +95 relative to the transcription start site was cloned into binary vector pBI101.3. B-
glucuronidase (GUS) activity in protein extracts was measured as described by Jefferson et al.
(1987). For plant transformation, Agrobacterium tumefaciens strain LBA4404 transformed with
the respective constructs was used to obtain transgenic Arabidopsis plants by the floral dip
procedure (Clough and Bent, 1998). Fifteen positive independent lines for each construct were
used to select homozygous T3 and T4 plants in order to analyse phenotypes and expression

levels.

Complementation of an oxrl yeast mutant with AtOXR2

For complementation of the S. cerevisiae oxrl mutant, a fragment comprising the entire AtOXR2
coding sequence was amplified from cDNA clone RAFL06-07-C06, fused to a fragment
encoding the mitochondrial targeting sequence (MTS) of yeast Sod2p (Elliott and Volkert, 2004)
and cloned into yeast expression vector pMV611 (Wang et al., 2004). Constructs with the insert
and the empty plasmid were introduced into the yeast oxrl strain BY4742/oxrl by using the
standard lithium acetate transformation method. Sensitivity to H,O, was assayed as described by
Elliott and VVolkert (2004).

Confocal Laser Scanning Microscopy (CLSM)

For CLSM, roots and leaves of 15-day-old plants containing the 35S:AtOXR2-mRFP construct
in the mt-gk background (Nelson et al., 2007) were imaged with a Leica TCS SP8 or a Zeiss
LSM880 confocal laser scanning microscope with excitation at 488 nm and detection at 498-531
nm for GFP. The excitation of mRFP was accomplished with the 561-nm laser line, and the
emission was detected between 587 and 620 nm. Chlorophyll and presence of chloroplast were
recorded at 633-nm laser excitation line with emission at 650 to 600 nm. Parameters were set
according to Wagner et al., (2015). For colocalisation analysis, intensity-scatter plots were
generated with the “Coloc 2” and “Colocalisation Threshold” plugins of the Fiji software

(Schindelin et al., 2012).

Analysis of AtOXR2 localization by Western blot

Analysis of AtOXR2 mitochondrial localization by Western blot was performed according to

Steinebrunner et al. (2011) with slight modifications. Mitochondria enriched proteins extracts

and subcellular fractions were prepared from aerial parts of 20-day-old fully expanded rosette

leaves of Arabidopsis plants carrying the 35S:AtOXR2-GFP construct. Briefly, leaf
5
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homogenates were first centrifuged at 2500 g for 5 min to obtain a fraction enriched in
chloroplasts (fraction 1). The supernatant was then centrifuged at 15000 g for 15 min. The pellet
was resuspended and the procedure described above was repeated to obtain a fraction enriched in
mitochondria. The supernatant of this centrifugation, containing soluble proteins and small
vesicles, is referred to as fraction Il. For Western blot analysis, protein fractions were loaded in a
15% SDS gels and transferred to a PVDF membrane (GE Healthcare). Blots were incubated with
polyclonal rabbit antibodies against GFP (Abcam #ab290) at a dilution of 1:5000, cytochrome ¢
oxidase subunit 2 (COX2, Agrisera #AS04 053A), plastocyanin (a gift of Dr. Marinus Pilon,
Colorado State University) at a dilution of 1:500, and actin (Agrisera #AS132640) at 1:10000
dilution. Reactions were developed with 1:20000 Goat anti-Rabbit 1gG (H&L), HRP conjugated
(Agrisera, #AS09 602) using the Agrisera ECL kit (AS16 ECL-SN).

Stress treatments

For UV-B (5 mW/cm?; UVP 34-0042-01 lamp) and high light (HL) (600 pmol m™ s™) exposure,
whole rosettes of 3-week-old plants grown on soil were used. For 3-aminotriazol (3-AT)
treatments, detached leaves were placed on a 4 mM 3-AT solution. Photosynthetic parameters of
plants exposed to HL were measured on full expanded leaves after 24-72 hours of treatment. For
methylviologen (MV) treatments, seedlings were grown on MS-agar medium supplemented with
0.1 uM MV. Plates were vertically set and root length was recorded every day. For Antimycin A
(AA) treatment, 2-week-old seedlings were transferred to MS medium supplemented with 50
MM AA and harvested in biological triplicate at 1 and 3 h after treatment. For analysis of gene

expression, samples were immediately frozen in liquid nitrogen and stored at -80°C until use.

RNA isolation and analysis

RNA samples were prepared with TRIZOL RNA Isolation Reagent (Life Technologies). RT-
gPCR analysis was performed according to O’Connell (2002). Quantitative PCR was performed
on an aliquot of the cDNA with specific primers (Table S1) using the StepOnePlus® Real-Time
PCR System (Czechowski, 2005). For microarray analysis, RNA obtained from wild-type (WT)
and 0eOXR2 rosettes were hybridized in Agilent Arabidopsis (v4) Gene Expression 4x44K
Microarrays using two-color reciprocal labeling. Further processing of probe intensities was
performed with the R statistical programming environment (R Development Core Team, 2013)
and the Limma package from the Bioconductor project (Gentleman et al., 2004). Analyses of
enriched biological process gene ontology (GO) terms were made using the MRCM tool (Multi-
Reference Contrast Method; Fresno et al., 2012). The data were deposited in NCBI's Gene
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Expression Omnibus (Edgar, 2002) and are accessible through GEO Series accession number
GSE114689 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114689).

Measurement of photosynthetic parameters

Leaf photosynthetic parameters were measured using a LICOR 6400-XT portable photosynthetic
system (LI-COR Inc.). Analysis was made on the 4" 5" and 6™ leaf pairs. Prior to
measurements, each leaf was adapted for 10 min to darkness and ten measurements were made
using different plants for each genotype. Chlorophyll fluorescence parameters were calculated
according to Maxwell and Johnson (2000) and Baker (2008).

Histology and microscopy

Histological sections of Arabidopsis stems were obtained according to Moreno-Piovano et al.
(2017). For microscopic visualization we used an Eclipse E200 Microscope (Nikon) equipped
with a Nikon Coolpix L810 camera.

ABA identification and quantification by liquid chromatography-electrospray ionization
tandem mass spectrometry (LC-ESI/MS-MS)

Abscisic acid (ABA) was extracted from 200 mg (dry weight) plant material as described by
Durgbanshi et al. (2005). ABA was separated from plant tissues by reversed-phase HPLC, using
an Alliance 2695 separation module (Waters; Milford, MA, USA) equipped with a Restek Ultra
C18 3 um column (100%3.0 mm). ABA was identified and quantified using a quadruple tandem
mass spectrometer (Quattro Ultima, Micromass; Manchester, UK) fitted with an electrospray ion
(ESI) source, in multiple reactions monitoring mode (MRM) using precursor ions and their
transitions (m/z) to ABA (m/z 263/153) and D6-ABA (m/z 269/159). The collision energies used
were 15 eV (electron volts). The cone voltage was 35V. The MassLynx spectrometry software
program V. 4.1 (Waters) was used for data analysis.

Analysis of stomatal aperture

Rosette leaves were incubated under moderate light intensity (180 umol m?s™) for 3 h. ABA
was added at a final concentration of 5 uM for 1 additional hour. Then, leaf epidermal prints
were obtained and placed on a slide containing 50 pL of 0.1% toluidine blue. The stomatal

aperture index (SAI) was calculated as the ratio of stomata length to width (Eisele et al., 2016).

Determination of lipid peroxidation
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Malondialdehyde equivalents were calculated according to Hodges et al. (1999).

Downloaded from https://academic.oup.com/jxb/advance-article-abstract/doi/10.1093/jxb/erz147/5427669 by Bukkyo University Library user on 04 April 2019



Detection of endogenous H,0,

Intracellular ROS levels were determined by 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA; Molecular Probes) staining. Leaf discs were incubated for 10 min in the dark in a
solution containing the probe (1 uM, pH 7.2) and washed tree times with HEPES 20 nM pH 7.2.
Discs where placed on a multiwell plate and ROS levels were quantified by measuring the

emitted fluorescence (538 nm) using a Thermo Scientific Fluoroskan Ascent™.

Anthocyanin and ascorbic acid measurement

Total anthocyanins were estimated following Lee et al. (2005) on 100 mg of leaves from plants
cultivated under normal growth conditions or after exposure to HL during 3 days. Ascorbic acid
content was measured in full expanded leaves of 21-day-old plants using a microplate-adapted
colorimetric assay described by Gillespie and Ainsworth (2007). The results represent the

meanzSE of five independent samples.

Sequence alignment and phylogenetic tree analysis

Arabidopsis OXR family members were identified using the Blastp tool (Boratyn et al., 2013)
and human and yeast OXR1 as query sequences. Sequence similarity (Table S2) was calculated
using the Clustal Omega tool (Sievers et al., 2014). Plant TLDc containing proteins were
identified using the Arabidopsis family members AtOXR1 to AtOXR5 as queries. Sequences
with an E-value lower than 10 (Table S3) were downloaded from Phytozome 12 (Goodstein et
al., 2012) and Gymno PLAZA. Sequence alignment was made using default parameters
established in the WebPRANK alignment server (Loytynoja and Goldman, 2010). Phylogenetic
trees were built using the Seaview 4.5.0 software and the PhyML-aLRT-SH-LIKE algorithm
(Gouy et al., 2010) with maximum likelihood tree reconstruction. A model of the amino acid
substitution ~matrix was chosen through the Datamonkey bioinformatic server
(www.datamonkey.org; Delpor et al., 2010), which showed the WAG model. The resulting tree
was represented using iTOL (http://itol.embl.de/itol.cgi; Letunic and Bork, 2016) showing
branches with bootstraps higher than 70%.

Homology modeling

The AtOXR2 TLDc domain homology model was generated using the Swiss-model server
(Kiefer et al., 2009) using the structure of the zebrafish OXR2 (A9JTHS8) TLDc domain as a
reference (PDB: 4acj; Blaise et al., 2012).
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Statistical analysis
Data were analysed by one-way ANOVA and the means were compared by Tukey or Fisher
(LSD) tests. Statistical analysis was performed using InfoStat Version 2013 for Windows

(http://www.infostat.com.ar).

RESULTS
Identification and evolutionary analysis of OXR family proteins in plants.

A survey of sequences in the Arabidopsis genome with similarity to OXR proteins from yeast
and humans allowed us to identify five genes coding for OXR family members: At4g39870,
At2g05590, At5g06260, At1g32520 and At5g39590, which were arbitrarily named by numbers
from one to five: AtOXR1, AtOXR2, AtOXR3, AtOXR4 andAtOXRS5, respectively (Fig. 1A). The
presence of a TLDc domain in the five proteins was confirmed by searches in the Pfam database
(El-Gebali et al., 2019). Notably, the TLDc domain of AtOXR4 is shorter and appears to be
truncated (Fig. 1A). In addition, a sixth protein with high identity to AtOXR3, but with a
truncated TLDc domain, was identified. This protein is encoded by gene At4g34070 and was
named AtOXR6. The TLDc domain is present in the carboxy-terminal half of the identified
proteins (Fig. 1A), as previously found in family members from other organisms (Finelli et al.,
2016). AtOXR3 and AtOXR6 contain EF-hand calcium-binding motifs characteristic of the
penta-EF hand (EFh) protein family (Maki et al., 2002). Using a multiple sequence alignment
(Sievers et al., 2014), we obtained a percentage identity matrix of the Arabidopsis family
members and the yeast and human OXR proteins (Table S2). The highest sequence identity with
the human and yeast proteins was observed for AtOXR1 and AtOXR2 (26-31% for the complete
proteins and 32-42% for the TLDc domains; Table S2). We used AtOXR family members to
identify OXR protein sequences in different plant species that were used to build a phylogenetic
tree (Table S3; Fig. 1B). The tree shows the presence of three clades (OXR1/2, OXR3/6 and
OXR4) containing proteins representative from different lineages, from algae to flowering
plants. A fourth clade (OXR5) contains proteins from land plants, but not from algae (Fig. 1B),
suggesting that this clade may have originated by a duplication that took place early during land
plant evolution. The OXR1 and OXR2 clades probably evolved later, since OXR1 and OXR2
proteins share more similarity among themselves than with the other clades. In addition, the
OXR1 and OXR2 clades cannot be recognized in algae, which instead contain a more divergent
clade that seems to be the ancestor of OXR1 and OXR2 (Fig. 1B; Table S4). Since proteins from
P. patens and S. moellendorffii cluster together with OXR1, it is likely that the duplication that
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originated OXR1and OXR2 took place during land plant evolution (Fig. 1B). OXR proteins from
yeast and humans cluster together with the clade containing AtOXR1, AtOXR2 and their
ancestors (Fig. 1B), in agreement with the highest similarity found between these proteins.
Finally, a very recent duplication probably generated the AtOXR6 family member from AtOXR3
protein only in Arabidopsis.

Analysis of OXR2 phylogeny and structure of the TLDc domain

As a first step to evaluate the role of OXR proteins in plants, we chose AtOXR2 due to its higher
sequence similarity to proteins previously identified in humans and yeast (Table S2) (Volkert et
al., 2000; Elliott and Volkert, 2004). First, we built a tree only with OXR2 protein sequences
(Fig. S1). OXR2 proteins are present in conifers and in Amborella trichopoda, the most primitive
angiosperm. There are representative members in monocot and dicot plants of economic impact
(Fig. S1). The structure of the tree closely follows the evolution of the different species,
suggesting that these proteins arise from a common ancestor. More than one OXR2 protein is
present in some species, probably arising from recent duplications (Fig. S1). The AtOXR2 TLDc
domain shares 40.7%, 38.8%, 35.2% and 28.4% sequence identity with human HsOXR1,
zebrafish DreOXR2, drosophila DmMOXR1 and yeast Oxrlp (ScCOXR1), respectively (Fig. 1C),
suggesting that the overall structure of its TLDc domain is conserved. Relevant amino acid
residues (Gly-93, Gly-174 and Glu-216; numbering based on the human Nuclear receptor
coactivator 7 (Ncoa7B) TLDc-containing protein sequence; Finelli et al., 2016) are conserved in
AtOXR2 (arrowheads in Fig. 1C). The Gly-93 and -174 residues would be important for
maintaining the structural integrity of the TLDc domain, while Glu-216 is essential for the
neuroprotective function of HSOXRL1 (Finelli and Oliver, 2017).

We used data provided by Blaise and co-workers (2012) related to the crystal structure of the
TLDc domain of OXR2 from Danio rerio (DreOXR2; Uniprot: A9JTH8) to deduce the structure
of the AtOXR2 TLDc domain. The DreOXR2 domain is composed of four a-helices that
surround a globular core conformed by ten -sheets (Blaise et al., 2012). The AtOXR2 TLDc
domain three-dimensional structure perfectly matches the previously reported structure of
DreOXR2 (Fig. 1D). This domain is predicted to be a catalytic domain (Doekers et al., 2000).
However, in spite of the high conservation through different species, the function of the TLDc

domain remains unknown (Finelli and Oliver, 2017).

11
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AtOXR2 is localised to plant mitochondria in vivo

Different OXR proteins have been localised to different cell compartments, notably
mitochondria, nucleus and cytoplasm (Elliott and Volkert, 2004; Durand et al., 2007). In silico
analysis of AtOXR2 shows no N-terminal subcellular targeting sequence (MitoFates; Fukasawa
et al.,, 2015) and the SUBcellular Arabidopsis consensus (SUBAcon) algorithm locates it in
plastids (Hooper et al., 2017). The AtOXR2 hydrophobicity profile, according to the
ARAMENNON database (Schwacke et al., 2003), predicts a consensus transmembrane domain
spanning amino acids 236 to 256 and the presence of a putative GPI-anchor attachment signal
(Fankhauser and Maser, 2005). To obtain experimental evidence, the coding region of AtOXR2
was tagged with the mRFP coding sequence and expressed in Arabidopsis. AtOXR2-mRFP was
observed in dot-shaped structures, most likely reflecting mitochondria (Fig. 2A). To confirm
mitochondrial localisation, the construct expressing AtOXR2-mRFP was introduced into the
Arabidopsis mt-gk line, which expresses GFP in mitochondria (Nelson et al., 2007). Several lines
co-expressing AtOXR2-mRFP and mito-GFP were analysed by CLSM showing that GFP
fluorescence co-localised with the mRFP fluorescence in root and leaf cells (Fig. 2A), suggesting
that AtOXR2 is a mitochondrial protein. In addition, no evidence for co-localisation of the
mRFP fluorescence with chlorophyll fluorescence was obtained (Fig. 2A), ruling out a plastid
localisation, at least under these conditions. In order to confirm the localisation, we performed a
Western blot analysis of proteins from different subcellular fractions of rosette leaves from 20-
day-old plants expressing AtOXR2-GFP. Using anti-GFP antibodies, we detected AtOXR2-GFP
only in the fraction enriched in mitochondria (Fig. 2B). A similar result was obtained with
antibodies against the mitochondrial protein COX2 (Fig. 2B). In turn, the chloroplast protein
plastocyanin was present in the non-mitochondrial fraction (Fig. 2B). Finally, actin, a cytosolic
protein, was present in both fractions, but clearly enriched in the non-mitochondrial fraction, and
the same was observed in the Ponceau staining of the blot for a protein that probably corresponds
to the large subunit of Rubisco (Fig. 2B). Altogether, even if plastid or cytosolic localisation in
minor amounts cannot be completely ruled out, the results indicate that AtOXR2 is a
mitochondrial protein. In addition, its possible presence in other organelles, like peroxisomes,

will require additional studies with N-terminal fusions of the fluorescent protein.

Mitochondrial-targeted AtOXR?2 alleviates the stress sensitivity of a yeast oxrl mutant.

There is only one OXR protein in S. cerevisiae, Oxrlp, which is located in mitochondria. The
oxrl yeast mutants are 10-fold more sensitive to H,O, than WT cells (Volkert et al., 2000). To

evaluate if AtOXR2 is able to revert the oxidative stress sensitivity of the oxrl mutant, we
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transformed the oxrl (YPL106w, oxrlA) mutant strain with a construct expressing AtOXR2
fused to the MTS of yeast Sod2p in its N-terminal portion to ensure mitochondrial localisation in
yeast, as performed by Elliot and Volkert (2004) for the human protein. In the transformants, we
analysed cell viability after treatment with H,O,. At 150 uM, H,O; significantly affected the
growth of oxrl mutant cells (oxrlA), compared to WT (BY742) cells (Fig. 3). Expression of
AtOXR2 was able to almost completely restore normal growth in the presence of H,O; (Fig. 3),
suggesting that AtOXR2 can fulfil a similar role as yeast Oxrlp in the protection from oxidative

stress.

AtOXR2 is induced by abiotic stress

In order to analyse the expression pattern of AtOXR2, we fused the uidA (gus) reporter gene to a
1252-bp fragment (-1157 to +95) corresponding to the putative AtOXR2 promoter region
(pOXR2:GUS). Histochemical detection of GUS activity in ten independent Arabidopsis
transformed lines revealed expression in cotyledon tips and veins, apical meristem and leaf
primordia, with strong expression in trichomes (Fig. 4A, a-e). Expression was also observed in
vascular tissues of roots, hypocotyls and leaves (Fig. 4Ab, d, h). In flowers, expression was
detected in mature pollen grains (Fig. 4Af, g). GUS expression levels were also quantified in
total protein extracts from 2-week-old Arabidopsis seedlings and in extracts prepared from
different tissues of adult plants. Highest expression was observed in flowers, and comparable
levels of GUS activity were detected in seedlings, rosette leaves and roots, while expression in
siliques was low (Fig. 4B). Analysis of transcriptomic data available for AtOXR2 in the ePlant
visualization tool (http://bar.utoronto.ca/eplant/; Waese et al., 2017) showed higher expression in
thichomes, vascular tissue and mature pollen (Fig. S2), in agreement with the results observed
with the reporter construct.

It is well known that OXR proteins from several organisms are induced under conditions that
promote oxidative stress (Oliver et al., 2011; Finelli et al., 2016). To evaluate if this also applies
to AtOXR2, we exposed Arabidopsis WT and pOXR2:GUS plants to different stress treatments.
Increased GUS activity was observed after exposure to HL intensity, UV-B light and treatments
with 3-AT, conditions that increase ROS and H,0, endogenous levels (Fig. 4C). Higher AtOXR2
transcript levels were also observed after treatment of WT seedlings with MV, AA and UV-B
light (Fig. 4D), all conditions that generate oxidative damage.
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Increased AtOXR2 expression enhances photosynthetic performance and increases plant

biomass and seed production

To gain more evidence about the function of AtOXR2, we analysed plants with altered
expression of this gene. We characterized two Arabidopsis insertional knockout mutants
identified as oxr2.1 and oxr2.2 and obtained several lines overexpressing AtOXR2 under the
CaMV 35S promoter (0eOXR2) (Fig. S3). We characterized phenotypic parameters of these
plants through the whole life cycle. No differences in comparison to WT were observed for
oxr2.1 and oxr2.2 mutant plants under normal growth conditions (Fig. 5A, B; Fig. S4). In
contrast, two independent 0eOXR2 lines (A and B) exhibited increased rosette diameter and
area, and produced higher number of leaves and biomass compared to WT plants (Fig. 5A, B;
Fig. S4). Fully expanded leaves from four-week-old 0eOXR2 plants showed differences in
photosynthetic parameters when compared with WT leaves at the same stage. Except for
parameters of the basal fluorescence (Fs and F,), all other fluorescence parameters were
increased in leaves from overexpressing plants (Fig. S5A). As a result, the maximum
Photosystem Il (PSII) efficiency (Fv/Fm), the PSII efficiency (®PSII), and photochemical and
non-photochemical quenching parameters (ge, gn and NPQ) were elevated in the overexpressing
lines in comparison with WT plants (Fig. S5A). Moreover, 0eOXR2 plants exhibited an
improved photosynthetic performance and higher values of electron transport rate (ETR) in a
wide range of light intensities (Fig. 5C). Analysis of gas exchange parameters showed that
0eOXR2 plants exhibited an increased net photosynthesis, lower transpiration rate and, thus,
higher water use efficiency (Fig. 5D), while oxr2 mutant plants did not show significant
differences with WT plants (Fig. S5B). In addition, the transition to the reproductive phase was
delayed in 0eOXR2 plants, producing plants with more leaves which flowered approximately
four to six days later than WT plants (Fig. S4). All these parameters may explain the increased
biomass observed in AtOXR2 overexpressing lines. The main stem diameter was increased,
about 40% in average, and 0eOXR2 plants also exhibited a higher number of lateral shoots (Fig.
5E), resulting in higher seed production at the end of the life cycle in comparison to WT plants
(Fig. 5F).

AtOXR2 modifies the expression of ABA-regulated genes involved in responses to abiotic

stress

To evaluate the molecular processes affected by AtOXR2 overexpression, we performed a global
transcriptional analysis of 12-leaf rosettes from plants grown under LD photoperiod. We
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detected 908 genes differentially regulated with a significance p-value below 0.01 and a change
in expression level higher than 1.5. Of this group of genes, 473 were upregulated while 441 were
downregulated (Table S5A, B). These two sets of genes were used for a set enrichment analysis

(SEA) based on GO information (www.geneontology.org). Using the MRCM tool (Fresno et al.,

2012), we determined that differentially expressed genes were enriched in Biological Process

2 (13 2 [13

categories related to “response to stimulus”, “stress responses”, “programmed cell death” and
“lipid transport” (Table S6A), Molecular Function category “catalytic activity” (Table S6B), and
Cellular Component category “endomembrane system’ (Table S6C).

We also compared the genes differentially expressed in 0eOXR2 plants (Table S5) with
transcriptional profiles deposited in public databases using Sample Angler (BAR;

http://bar.utoronto.ca/ntools/cgi-bin/ntools_sample_angler.cgi). This analysis indicated that the

differential expression observed in 0eOXR2 plants was similar to that observed in seedlings after
ABA treatment for 24 h. The top ten ABA-regulated genes that better correlate between both
expression profiles, circled in red in Fig. 6A and listed in Fig. 6B, are related to biotic stress and
dehydration responses (Nakabayashi et al., 2005; Goda et al., 2008). We confirmed by RT-gPCR
the increased expression of RAB18, involved in dehydration stress tolerance (Popova et al.,
2015); TGG2, coding for a B-thioglucosidase that participates in the defence response mediated
by glucosinolates, CBS, which codes for an enzyme that regulates chloroplast and mitochondrial
redox state (Yoo et al., 2011) and PDF2.2, related with the response to fungal pathogens (Stotz
et al., 2009) (Fig. 6C). Besides, a significant decrease in the expression of PDF2.2 was observed
in oxr2.1 mutant plants (Fig. 6C).

Furthermore, we observed a decreased expression of genes linked to ABA synthesis, like
NCED2, NCED9 and AAO4 in 0eOXR2 plants (Fig. 6D). NCED?9 catalyses the rate-limiting step
in ABA synthesis and AAO4 is involved in the last step. We also observed increased levels of
transcripts encoding ABA-responsive genes. Among these, we confirmed a higher expression of
ABI5, involved in ABA signalling during seed maturation and germination (Skubacz et al.,
2016), and TSPO and RD29a, both induced by ABA-mediated stress situations (Guillaumot et
al., 2009; Nakashima et al., 2006) (Fig. 6D). These results suggest that 0eOXR2 plants have

altered ABA metabolism and responses.

Modified AtOXR2 expression generates plants with altered ABA content and responses.

We measured ABA content in seeds and rosette leaves of four-week-old Arabidopsis plants.
Increased ABA levels were observed in 0eOXR2 plants compared to WT plants in both organs,
while no significant changes were evident in the oxr2.1 mutant (Fig. 7A). This result, the
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differential expression of ABA-associated genes (Fig. 6) and the more efficient use of water
evidenced in 0eOXR2 plants (Fig. 5D), led us to analyse processes related to ABA, like leaf
dehydration, stomatal closure, seed germination and seedling establishment (Kang et al., 2015;
Hepworth et al., 2016). Detached leaves from 0eOXR2 plants showed a significant lower water
loss rate, while the oxr2.1 mutant showed the opposite behaviour in comparison with WT plants
(Fig. 7B). Stomatal density was not changed in plants with altered AtOXR2 expression (not
shown), suggesting that this not be the cause of differences in water loss. We then analysed
stomatal aperture in plants with altered AtOXR2 expression. Rosette-leaves were first incubated
in a stomatal opening solution and treated with ABA for 1 h. We quantified the proportion of
stomata that were open, mid-open or closed according to a stomatal aperture index (SAI; Eisele
et al., 2016). Under control growth conditions, a slight increase in the proportion of closed
stomata was evident in 0eOXR2 plants (Fig. 7C). After ABA treatment, the proportion of closed
stomata was significantly higher in 0eOXR2 plants (Fig. 7C), suggesting that these plants have
an increased response to ABA. No significant changes were observed in oxr2.1 mutants (Fig.
S6). Based on the known inhibitory effects of ABA on germination, we tested germination and
seedling establishment under normal growth conditions and in the presence of different ABA
concentrations. While minimal but not significant differences were evident in germination rates

(not shown), seedling establishment was less affected by ABA in 0eOXR2 plants (Fig. 7D).

AtOXR2 modifies basal ROS levels and oxidative stress tolerance

Given the transcriptomic results and considering that many differentially regulated genes are
related to responses to stress (Table S6), we examined ROS content and the behaviour of plants
with altered AtOXR2 expression under oxidative stress. Under normal growth conditions, we
observed an increase in the intracellular ROS content in 20-day-old 0eOXR2 plants, measured
by using the cell permeant dye H,DCFDA (Fig. 8A). This result is also supported by the higher
levels of lipid peroxidation measured in 0eOXR2 plants at the same stage (Fig. 8B). On the
contrary, and in agreement with the phenotypic parameters described above (Fig. 5 and S4), oxr2
mutants showed no differences with respect to WT plants in the level of ROS content under
healthy growing conditions. This could be due to a compensatory or redundant effect exerted by
other AtOXR family members that could also be localised into the mitochondria. Next, we
evaluated the behaviour of plants with altered levels of AtOXR2 under stress conditions
affecting chloroplast and mitochondrial electron transport (Schwarzlander et al., 2009; Cui et al.,
2018). We tested the effect of MV and AA, two agents that induce AtOXR2 expression (Fig.

4D), on plant root growth. Under normal growth conditions, roots of 0eOXR2 plants were
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shorter, while roots of oxr2 mutants did not exhibit a differential phenotype compared to WT
plants (Fig. 8C). Under both stress situations, oxr2 mutants appeared to be more affected
exhibiting shorter roots, while roots of 0eOXR2 plants were larger than those of WT plants (Fig.
8D-G). Our results suggest that lack of AtOXR2 can compromise the tolerance to oxidative
stress conditions while higher AtOXR2 levels increase the tolerance to agents perturbing the
chloroplast and mitochondrial electron transport chain, in agreement with the induction of
AtOXR2 by these agents.

Increased expression of AtOXR2 confers tolerance to high-light stress

Among the transcripts differentially expressed in 0eOXR2 plants, several were related to
secondary metabolism, as well as phenylpropanoid, flavonoid and anthocyanin synthesis (Table
S6D). We analysed some of these genes by RT-gPCR in plants with altered expression of
AtOXR2 and confirmed a decreased expression of CHS, DFR, PAP1 and UGT79B1, and an
induction of FLS2 (Fig. S7). This evidence, together with the increased basal ROS levels (Fig.
8A) and the responses to MV and AA (Fig. 8D-G), led us to evaluate the behaviour of 0eOXR2
plants under HL intensity (600 HE m™ s™'). We observed a significantly lower decrease caused by
HL exposition in several photosynthetic parameters (®PSII, Fv/Fm, gp) in 0eOXR2 plants
compared to WT plants (Fig. 9A). This result suggests that 0eOXR2 plants would be able to
convert light into energy (®PSII) more efficiently by increasing the ge and qy parameters, thus
avoiding the potential damage of HL.

Regarding the role of anthocyanins as protective compounds during HL stress, we observed
levels comparable to WT in 0eOXR2 plants, but lower levels after 3 days of HL exposition (Fig.
9B). This correlates with the lower expression levels of anthocyanin biosynthesis genes in
0eOXR2 plants (Table S6D; Fig. S7). In addition, decreased induction of CHS and PAL were
observed after HL stress in 0eOXR2 plants (Fig. 9C). These results suggest that the increased
tolerance of 0eOXR2 plants to HL stress is not related to an increased production of
anthocyanins. Another natural compound that could act to ameliorate cellular damage induced by
HL stress is ascorbic acid (Foyer and Noctor, 2009; Gallie, 2013; Plumb et al., 2018). Total
ascorbate levels were higher in 0eOXR2 plants under basal growth conditions (Fig. 9D),

suggesting that ascorbic acid may act as a protective compound in 0eOXR2 plants.

DISCUSSION
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In this work, we showed evidence of a putative role of a single member of the eukaryotic OXR
(OXidation Resistance) protein family in plants. This family was identified by Volkert and co-
workers (2000) during a screening to identify human genes protective against oxidative stress
and was later studied in several eukaryotic organisms (Elliott and Volkert, 2004; Durand et al.,
2007; Oliver et al., 2011; Wu et al., 2016; Finelli and Oliver, 2017). Using the sequences of
OXR1 proteins from yeast and humans (Finelli et al., 2016), we identified four family members
in Arabidopsis sharing the canonical ~180 amino acid TLDc domain, characteristic of OXR
proteins (Doerks et al., 2002), plus two members, AtOXR4 and AtOXR6, with a truncated TLDc
domain (Fig. 1A). Whether AtOXR4 and AtOXR6 represent functional OXR proteins, remains
to be determined. In angiosperms, the OXR protein family is represented by five different clades
(Fig. 1B). Duplication in embryophytes, probably from OXR4, originated the OXR5 proteins.
Later on, a duplication that presumably occurred before the appearance of seed plants produced
OXR1 and OXR2, which are more similar to yeast and human OXR1 than members from other
clades (Fig. 1B). Proteins of the OXR2 clade are present in gymnosperms and angiosperms (Fig.
S1).

The deduced three-dimensional structure of the AtOXR2 TLDc domain matches perfectly with
the crystal structure reported for zebrafish DreOXR2 (Blaise et al., 2012) (Fig. 1D). The TLDc
domain lacks similarity with other known structures, making difficult the direct association with
probable functions. The TLDc domains of proteins from zebrafish and humans do not possess
catalase or peroxidase activity but might function by directly reacting with oxidant molecules
(Finelli et al., 2016; Oliver et al., 2011; Sanada et al., 2014; Yang et al., 2014). In this sense,
Cys-704 of human Oxrl was proposed as a ROS scavenging amino acid but the oxidation of this
residue does not occur in the catalytic range (Oliver et al., 2011). This residue, conserved in
AtOXR3, is replaced by serine in AtOXR2 (Fig. 1C), probably explaining why AtOXR2
overexpression did not cause a decrease in ROS levels in Arabidopsis, as expected (Fig. 8A, B).
The AtOXR2 TLDc domain also contains six cysteines, four of which (Cys-124, 201, 258 and
278) are exposed to the protein surface and therefore probably accessible for redox reactions
(Requejo et al., 2010) (Fig. 1C, D). The importance of these residues should be further explored
in detail.

AtOXR2 was localised in mitochondria (Fig. 2). Oxrlp from yeast and human Oxrl are also
placed in mitochondria, and this location is essential for protection against oxidative stress
induced by H,O, or heat conditions (Elliot and Volkert, 2004; Oliver et al., 2011). In this sense,
some types of human ALS (Amyotrophic Lateral Sclerosis) originated by respiratory
dysfunctions and defects in mitochondrial morphology are alleviated by Oxrl overexpression
(Oliver et al., 2011, Finelli et al., 2015). In agreement, deletion of an Oxrl isoform present in the
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mitochondrial outer membrane (OMM) in mice causes neurodegeneration by de-regulation of
phospho-Drp1(Ser616), a key mitochondrial fission regulatory factor (Wu et al.,, 2016).
Concerning AtOXR2, the absence of a canonical cleavable sorting sequence and the predicted
structure of B-barrel domains with a-helices in the N-terminal portion suggests a possible OMM
localisation (Wiedemann and Pfanner, 2017). OMM localisation was demonstrated for
AtVDACI1, AtOM66 and AtPEN2 (Tateda et al.,2011; Zhang et al., 2014; Fuchs et al., 2015),
three Arabidopsis mitochondrial proteins involved in oxidative stress responses. Further studies
using mitochondrial fractionation or fluorescence microscopy techniques (Wagner et al., 2015)
will be required to establish the sub-mitochondrial location of AtOXR2. In addition, the presence
of AtOXR?2 in peroxisomes cannot be excluded, considering that several mitochondrial proteins
are also targeted to these organelles (Carrie and Whelan, 2013).
Similarly to Oxrl and Ncoa7 (Elliot and Volkert 2004; Durand et al., 2007), expression of
AtOXR2 targeted to mitochondria alleviates the stress sensitivity of a yeast oxrl mutant (Fig. 3).
Our results highlight the conserved function of eukaryotic OXR proteins in the protection against
oxidative stress. Previous results proposed a role for the Ipomoea batatas IbTLD protein in the
induction of antioxidant enzymes during wounding stress (Lin et al., 2012).
AtOXR2 overexpression generates plants with a greater number of leaves and increased leaf
area, which is associated with an improved photosynthetic performance (Fig. 5, S5). 0eOXR2
plants have thicker stems, which may indicate a more efficient transport of photoassimilates
from source tissues. All these characteristics translate into increased biomass and seed
production (Fig. 5). In sum, 0eOXR2 plants exhibit higher capacity to convert the energy
contained in the light through photosynthetic fixation of CO; into biomass and seed production..
In this sense, there are several reports suggesting that higher expression of functionally different
mitochondrial proteins has a positive impact on the generation of plant biomass (Jiang et al.,
2014; Racca et al., 2018). Conversely, mutation of AtOXR2 did not produce significant changes
in plant biomass or architecture under normal growth conditions. This may reflect the existence
of functional redundancy with other mitochondrial family members.
AtOXR2 is expressed broadly and is induced by oxidative stress (Fig. 4). 0eOXR2 plants show
tolerance to oxidizing conditions imposed by MV or AA and become less affected after exposure
to HL (Fig. 8, 9). All these situations impact on the photosynthetic machinery, generating ROS
and oxidative damage (Krieger-Liszkay et al., 2011; Niyogi and Truong, 2013; Han et al., 2014).
During HL stress, 0eOXR2 plants would be able to avoid the damage produced by the excess of
excitable energy preventing PSIlI over-reduction since they contain more ascorbate, which
transforms the highly reactive 'O, into the less harmful molecule H,0, (Kramarenko et al., 2006;
Karpinska et al., 2017) (Fig. 9). 0eOXR2 plants may also be able to dissipate excess energy by
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delivering electrons to another metabolic process or pigments like xanthophyll carotenoids,
increasing photochemical and non-photochemical quenching (Ramel et al., 2012; Niyogi and
Truong, 2013). Ascorbate promotes plant growth under normal growth conditions and during
plant acclimation to HL (Karpinska et al., 2017) and environmental stress (Foyer and Noctor,
2009; Gallie 2013). It is able to divert electrons from the photosynthetic apparatus (Mano et al.,
2004) and is also required for the conversion of violaxanthin to zeaxanthin, participating in the
thermal dissipation of energy under HL (Jahns et al., 2009; Plumb et al., 2018). HL can be a
source of stress if it generates photo-damage but can also increase photosynthesis, growth and
seed production if plants are naturally resistant or reach acclimation (Triantaphylides and
Havaux, 2009; Athanasiou et al., 2010; Murchie 2017). Cell wall extensibility also depends on
ascorbate concentration and the production of ROS in the apoplast (Sharova and Medvedev,
2017), highlighting the key role of ascorbate and its redox state in plant growth and development
(Gallie 2013).
Global transcriptional analysis of 0eOXR2 plants showed an enrichment of genes related to
stress responses, especially those connected to ABA-regulated genes involved in responses to
abiotic stress (Fig. 6). Higher expression of AtOXR2 increases ABA levels and modifies ABA
metabolism and responses during stomatal closure and seedling establishment (Fig. 7). ABA
accumulation promotes changes in gene expression (Shinozaki and Yamaguchi-Shinozaki,
2007), has an impact on root architecture and might contribute to the promotion of cell
expansion, stimulating adult plant growth during normal and stress conditions (Humplik et al.,
2017). Higher ABA levels may contribute to the phenotype of 0eOXR2 plants. These plants also
have higher ROS levels and there is evidence that the apoplastic accumulation of ROS is
involved in the induction of stomatal closure (An et al., 2008). Enhanced ROS levels could
therefore result in enhanced ABA accumulation, whereas enhanced ABA levels could result in
enhanced ROS production in guard cells, thus creating a positive feedback loop (Song et al.,
2014).
An interesting question is then how AtOXR2 fulfills its function and alleviates oxidative stress.
One possibility is that AtOXR?2 directly acts as a ROS scavenger protein, but this seems unlikely
in view of the fact that.
Higher expression of AtOXR2 produces an increase in ROS levels under basal growth
conditions. ROS can transduce signals as mobile messengers by yet non-elucidated mechanisms
(Huang et al., 2016; Vaahtera et al., 2014; Mittler 2017; Mullineaux et al., 2018). H,O,,
particularly, can originate “priming effects” improving plant performance and promoting cellular
proliferation and differentiation (Hossain et al., 2015). ROS are part of retrograde signalling
mechanisms from mitochondria or chloroplasts that activate the expression of nuclear-encoded
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stress-responsive genes and coordinate the action of phytohormones (Petrov and Van
Breusegem, 2012; Bartoli et al., 2013; Crawford et al., 2018). They can also modify the structure
and function of target proteins via oxidizing their Cys- residues (Requejo et al., 2010; Akter et
al., 2015). These redox-derived changes in protein function can affect transcription,
phosphorylation and other important signaling events (Mittler, 2017). In this sense, Finelli and
co-workers (2016) demonstrated that TLDc-containing proteins can modulate protein S-
nitrosylation in order to protect neurons against oxidative stress.

AtOXR2 may confer tolerance to stress by participating in the systemic acquired acclimation
(SAA) network (Mittler and Blumwald, 2015), essential for plant survival to many different
stresses. The roles of ROS and ABA in this plant adaptive mechanism were demonstrated
(Mittler and Blumwald, 2015). Once AtOXR2 is induced to certain levels during stress, it
probably increases the levels of ROS and ABA, setting up the signaling leading to SAA to
overcome abiotic stress conditions. The increased ROS levels observed in 0eOXR2 plants do not
seem to be detrimental for plant growth but may be useful to prime plant acclimation responses.
This is suggested by the observed changes in expression of stress- and ABA-related genes. It is
tempting to speculate that ROS or modifications in the cellular redox state produced by altering
the levels of AtOXR2 induce cellular adaptive responses through changes in gene expression and
the activity of hormonal pathways. This question will need further studies to be answered.

SUPPLEMENTARY DATA:
Fig. S1: Phylogenetic tree of OXR2 proteins from different vascular plant species.
Fig. S2: AtOXR2 gene expression map.
Fig. S3: Schematic representation and molecular characterization of the plant lines used in this
study.
Fig. S4: Phenotypic analysis of plants with altered AtOXR2 expression.
Fig. S5: Chlorophyll fluorescence parameters measured in 0eOXR2 and oxr2.1 mutant plants
during normal growth conditions.
Fig. S6: Stomatal aperture in oxr2.1 mutant plants.
Fig. S7: Expression analysis of genes involved in the anthocyanin and flavonol biosynthetic
pathways in plants with altered expression of AtOXR2.
Table S1: List of oligonucleotides used in this study.
Table S2: Percent identity matrix of Arabidopsis OXR family members.
Table S3: Sequences used for building the phylogenetic trees.
Table S4: OXR proteins in plants.
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Table S5: List of genes up- and downregulated in 0eOXR2 plants.
Table S6: GO analysis of terms enriched in the set of genes with modified expression in
0eOXR2 plants.
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FIGURE LEGENDS

Figure 1. The Oxidation Resistance protein family in plants. (A) Schematic representation of
domain architecture of the six members of the Arabidopsis AtOXR protein family (AtOXR1,
NP_195697.3; AtOXR2, NP_849938.1; AtOXR3, NP_196244.1; AtOXR4, NP_174530.2;
AtOXR5, NP_198775.1; AtOXR6, NP_195133.3), together with OXR1 proteins from yeast (S.
cerevisiae, SCOXR1, NP_015128.1) and humans (HsOXR1, NP_001185464.1), used for the
identification of Arabidopsis members. The gene identification code (Gl) corresponds to the AGI
(Arabidopsis Genome Initiative) number for Arabidopsis, the Saccharomyces systematic name
and the HGNC (HUGO Gene Nomenclature Committee) number for human OXR1. For
AtOXR3 and AtOXR6, the EFh domains are shown. For human OXR1, a LysM (Lysin Motif)
and GRAM protein domains are drawn. (B) Phylogenetic tree of OXR proteins from selected
plant species. An alignment of TLDc-containing protein sequences from 18 members of the
Viridiplantae was used to construct a phylogenetic tree. Different clades are represented by
different colors. OXR1 from S. cerevsiae and H. sapiens were included. See Table S3 for
detailed information about the sequence of the proteins used during this analysis. (C) Sequence
alignment of the TLDc domain region of AtOXR2 (NP_849938.1), human (HsOXR1,
NP_001185461), zebrafish (DreOXR2, NP_001107916.1), Drosophila (DmOXR1,
NP_730913.1) and yeast (SCOXR1, NP_015128.1) eukaryotic OXR family members. Conserved
glycine (Gly-93, Gly-174) and glutamic acid (Glu-216) residues are marked with arrowheads.
Cys-704 of human OXR1, proposed to be involved in ROS scavenging, is indicated by a black
arrow. The four exposed cysteines in AtOXR2 (Cys-124, 201, 258 and 278) are marked with
asterisks. The alignment was created using the MView tool of CLUSTAL OMEGA
(https://www.ebi.ac.uk/Tools/msa/clustalo/). (D) Structure of the AtOXR2 TLDc domain based

on the DreOXR?2 crystal structure (Blaise et al., 2012). The structure consists of a -sandwich
surrounded by two helices and two one-turn helices. The four a-helices and ten p-strands are

shown in rose and yellow, respectively.

Figure 2: AtOXR2 is localised in mitochondria. (A) Seedlings of 15-day-old transgenic lines
co-expressing AtOXR2-mRFP and mito-GFP were imaged by CLSM. Representative cells from
roots (a-c) and leaves (d-i) are shown, in which the signals for AtOXR2-mRFP (magenta; panels
a and d) and mito-GFP (green; panels b and e) co-localise as merged white dot-signals (c, f).
Chlorophyll fluorescence of chloroplasts is observed in cyan in panels g-i. No co-localisation of
the AtOXR2-mRFP signals with chloroplasts was observed. A bright field image is shown in i.
(B) Subcellular localisation analysis of AtOXR2 by Western blot. Mitochondria enriched
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https://www.ebi.ac.uk/Tools/msa/clustalo/

extracts (M) and fractions | and Il (F I-1l; see Materials and methods for details) from fully
expanded 20-day-old rosette leaves of a representative transgenic line expressing 35S:AtOXR2-
GFP and WT plants were loaded in a 15% SDS-PAGE and transferred to a PVDF membrane.
Blots were analysed with antibodies against GFP (abcam #ab290; for the fusion protein
AtOXR2-GFP), COX2 (mitochondrial marker), plastocyanin (PC; chloroplast marker) and actin
(cytosol marker). A Ponceau-staining of the membrane, with a prominent protein band probably

corresponding to the large subunit of Rubisco, is shown.

Figure 3: AtOXR2 expression protects yeast cells from oxidative damage. An oxrl yeast
mutant strain was transformed with a construct expressing AtOXR2 fused to the MTS of yeast
Sod2p in its N-terminal portion, and under the control of a constitutive yeast promoter
(oxr1/AtOXR2) or with the empty vector (oxrl). Cells were grown in standard YEPD medium
and treated with 100 or 150 uM H,0O, during 1 h at 30°C. Serial dilutions of the cultures at ODgq
of approximately 0.8-1 were applied to plates containing YEPD medium and incubated at 30°C
for 2 days. BY4742 is the WT strain from which the oxrl mutant was obtained.

Figure 4: Expression profile of the AtOXR2 gene. (A) Histochemical analysis of GUS reporter
gene expression driven by the AtOXR2 promoter. Strong expression was observed in trichomes
of nascent leaves (a-c, €), in cotyledon tips and veins (b), and in the apical meristem and leaf
primordia (b, c). Expression was also observed in vascular tissues of hypocotyls, leaves and roots
(d, h) and in mature pollen grains (compare f and g). (B) GUS activity levels measured in protein
extracts from 2-week-old Arabidopsis seedlings and in rosette leaves, roots, fully opened flowers
and siliques from adult plants. (C) GUS activity levels measured in protein extracts from mature
rosette leaves of plants grown under normal conditions (Control) or exposed to HL (600 pmol m”
25, 6 h), UV-B (30 min exposure followed by a 3-h recovery period) or 3-AT (4 mM, 3 h). (D)
AtOXR2 transcript levels measured in Arabidopsis WT seedlings grown for 7 DAS in 0.5 x MS
medium and then transfer to a solution containing MS (MS, control) or the same medium
supplemented with 0.1 uM MV for 3 h, 10 pM AA for 6 h, or exposed to UV-B (5 mW/cm?;
UVP 34-0042-01 lamp) for 1 h. Experiments were carried out with approximately 50 plants per
biological replicate. Results are expressed as meantSEM of three independent experiments.
Asterisks represent significantly different values at P < 0.05 (ANOVA; Tukey test).
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Figure 5: Phenotypic analysis and photosynthetic parameters of 0eOXR2 and oxr2 mutant
plants. (A) Representative image of rosettes from plants grown in LD photoperiod during 32
DAS (see Fig. S4 for details). (B) Parameters related to rosette growth: rosette area and number
of leaves in WT, 0eOXR2 and oxr2.2 plants at different DAS. (C) ETR measured at different
light intensities (from 0 to 2000 pmol m? s™) in fully expanded rosette leaves of WT and
0eOXR2 plants at 32 DAS. (D) Net photosynthesis, transpiration rate and water use efficiency in
WT and 0eOXR2 plants. Measurements were made in the 6" leaf pair of plants at the same
developmental stage. (E) Stem diameter and secondary shoots at the end of the life cycle for
0eOXR2 and oxr2.2 plants. (F) Seed production, expressed as mg of seeds per plant, was
obtained by weighing seeds from ten individual plants. Values represent the mean£SD. Asterisks
indicate significant differences (P < 0.01) with WT plants according to LSD Fisher tests. Two
independent 0eOXR2 lines, named 0eOXR2 A and B, were used.

Figure 6: Genes related with ABA metabolism and responses show altered expression in
0eOXR2 plants. (A) Scatter plot comparing the expression of genes induced in WT seeds
incubated with ABA for 24 h during germination and those induced in 0eOXR2 plants (see Table
S5B). (B) List of the 10 best scoring ABA-induced genes with induced expression in 0eOXR2
plants, according to the Sample angler tool (r-value cutoff: 0.75). (C) Analysis of gene
expression by RT-qPCR of four genes (RAB18, TGG2, PDF2.2 and CBS) from the list in (B).
(D) Expression analysis by RT-qPCR of ABA biosynthetic pathway and ABA-responsive genes
(NCED2 and 9, NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 2 and 9; AAO4, ALDEHYDE
OXIDASE 4; ABI5, ABA INSENSITIVE 5; RD29a, RESPONSIVE TO DESICCATION 29a and
TSPO, OUTER MEMBRANE TRYPTOPHAN-RICH SENSORY PROTEIN) that were down or
upregulated in the transcriptomic analysis of 0eOXR2 plants. Expression analysis was performed
on 12-leaf rosettes of plants overexpressing AtOXR2 (two independent lines, A and B, oxr2.2
mutants, and WT plants. Results are expressed as mean+SD of biological triplicates containing
pools of approximately 20 individual plants each. Asterisks represent significantly different

values at P < 0.05 (t-test or ANOVA; Tukey test for multiple comparisons).

Figure 7: AtOXR2 overexpression generates plants with higher ABA content and altered
ABA responses. (A) ABA content in seeds and in four-week-old Arabidopsis rosette leaves of
0eOXR2 plants, oxr2.1 mutants, and the corresponding WT plants. (B) Water loss between 0 and
210 min in fully developed detached leaves. (C) Stomatal aperture in 0eOXR2 A and B lines was

quantified under normal growth conditions (control), after incubation in the opening solution
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(Open Sol., see Materials and methods), and in the presence of ABA for 1 h. Image analysis was
performed using Fiji software. The stomatal aperture index (SAI) was calculated as the ratio of
stomatal length to width. (D) Differences in seedling establishment between 0eOXR2 and WT
plants in MS 0.5x and in the presence of 4 uM ABA. Results are expressed as mean+SD of sixty
plants for each genotype. Asterisks represent significantly different values at P < 0.05 (t-test or

ANOVA; Tukey test for multiple comparisons).

Figure 8: AtOXR2 modifies basal ROS levels and oxidative stress tolerance. (A)
Intracellular ROS content in Arabidopsis rosette leaves of 0eOXR2, oxr2.2 and WT plants,
quantified by the level of fluorescence using the cell permeant dye H,DCFDA. (B) Lipid
peroxidation expressed as nmol of thiobarbituric acid reactive substances (TBARS) per mg of
tissue (fresh weight). Both parameters (A, B) were measured in fully expanded rosette leaves of
20-day-old plants grown under normal conditions. (C) Primary root length measured in seedlings
vertically grown on plates containing 0.5x MS during 3 days. (D) Root length of 0eOXR2 and
oxr2.2 plants grown in 0.5x MS medium supplemented with 0.1 uM MV during 10 DAS. (E)
Root length of 0eOXR2 and oxr2.2 plants grown in 0.5x MS medium supplemented with 50 uM
AA during 7 DAS. (F) Representative images of the phenotype of seedlings used for
quantification of root length shown in (E). (G) Representative images of the phenotype observed
in seedlings grown in 1 uM MV during 6 days. Asterisks indicate significant differences at P <
0.01 (ANOVA, LSD Fisher test), using 20-40 plants of each genotype for the analysis.

Figure 9: Increased expression of AtOXR2 confers tolerance to high-light stress. (A)
Photosynthetic parameters were measured in rosette leaves of 0eOXR2 A and B plants grown
under LD for 3 weeks and then exposed to HL (600 HE m™ s™) during 3 days. RFU, relative
fluorescence units. Results are expressed as mean+SD of five plants for each genotype. Asterisks
indicate significant differences at P < 0.05 (ANOVA, LSD Fisher test). (B) Anthocyanin
quantification was made using the whole rosette of 0eOXR2 A and B lines grown under LD for 3
weeks and then exposed to HL for 3 days. (C) Expression levels of two genes involved in the
anthocyanin synthesis pathway, CHS and PAL, analysed by RT-qPCR in triplicate pools of
0eOXR2 A and B plants grown under LD for 3 weeks. (D) Ascorbic acid content in leaves of 3-
week-old 0eOXR2 (A and B) and WT plants. Results are expressed as meanzSD of five plants
for each genotype. Asterisks indicate significant differences at P < 0.01 (t-test; Mann-Whitney
test).
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Figure 2
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Figure 3
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Figure 4
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Figure 5

Downloaded from https://academic.oup.com/jxb/advance-article-abstract/doi/10.1093/jxb/erz147/5427669 by Bukkyo University Library user on 04 April 2019

!

500 10001500 2000

15+
10-
5.

di3

0

15 20 25 30

S9AE3| JO JaquINN

4

0.
L

T

T T T
(=1 (=] o

(;w0) eaue apassoy

0

0
Light Intensity umol.m?s™)

10

20 25 30 35 40

DAS

OXR2 B

DAS

oxr2.2
oo
A
0+ 0‘\9

x *

Ll R S
g v
TS

2001
150+

- Wt

- OXR2A

-
o

00+

0-
\¢
v

-

(Bw) jueld sad plaip

(19

2, __ K

’ o .,

" ° %

& - o

* V‘o fb&\

o> * +

. . . | % s ©
FET S 533 g%

(.57 wro%Hjowri)
uonesdsuel)

(,-57z-wroojowr)
sisayjuhsoloyd w

42



Figure 6
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Figure 7
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Figure 9
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