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Abstract

Glutaredoxins (GRXs) belong to the antioxidant and signalling network involved in the cellular response to oxidative

stress in bacterial and eukaryotic cells. In spite of the high number of GRX genes in plant genomes, the biological

functions and physiological roles of most of them remain unknown. Here the functional characterization of the

Arabidopsis GRXS13 gene (At1g03850), that codes for two CC-type GRX isoforms, is reported. The transcript variant
coding for the GRXS13.2 isoform is predominantly expressed under basal conditions and is the isoform that is

induced by photooxidative stress. Transgenic lines where the GRXS13 gene has been knocked down show

increased basal levels of superoxide radicals and reduced plant growth. These lines also display reduced tolerance

to methyl viologen (MeV) and high light (HL) treatments, both conditions of photooxidative stress characterized by

increased production of superoxide ions. Consistently, lines overexpressing the GRXS13.2 variant show reduced

MeV- and HL-induced damage. Alterations in GRXS13 expression also affect superoxide levels and the ascorbate/

dehydroascorbate ratio after HL-induced stress. These results indicate that GRXS13 gene expression is critical for

limiting basal and photooxidative stress-induced reactive oxygen species (ROS) production. Together, these results
place GRXS13.2 as a member of the ROS-scavenging/antioxidant network that shows a particularly low functional

redundancy in the Arabidopsis GRX family.

Key words: Arabidopsis, glutaredoxin, GRXS13, high light stress, methyl viologen, oxidative stress response, photooxidative
stress.

Introduction

A common feature of plant responses to environmental stress

is an oxidative burst of reactive oxygen species (ROS) in

different cellular compartments, mainly chloroplasts, perox-

isomes, and the apoplastic space (Gechev et al., 2006;

Holuigue et al., 2007; Miller et al., 2007). This oxidative

burst, together with the metabolic reprogramming that occurs

in response to stress, alters the cellular redox equilibrium
producing oxidative stress (Miller et al., 2007; Foyer and

Noctor, 2009). The augmented ROS levels are sensed and

controlled by a battery of ROS-scavenging systems, antioxi-

dant buffers such as glutathione (GSH) and ascorbate (ASC),

and oxidoreductases such as glutaredoxins (GRXs), thiore-

doxins, peroxiredoxins (PRXs), and peroxidases (Dietz et al.,

2006; Gechev et al., 2006; Rouhier et al., 2008b; Foyer and

Noctor, 2011).

GRXs have been shown to play antioxidant roles in the

cellular response to oxidative stress in bacteria, yeast, and

mammals (Meyer et al., 2009). In contrast, a role for GRXs

in plant responses to oxidative stress has not been well

established yet. GRXs are small disulphide oxidoreductases
that catalyse the reduction of disulphide bridges and

protein–GSH adducts (S-glutathionylated proteins) using

the reducing power of GSH, which is constantly regenerated

by an NADPH-dependent GSH reductase system (Rouhier

et al., 2008b). S-Glutathionylation can protect proteins’

thiol groups from irreversible inactivation, and it is also
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a mechanism for redox modification of proteins that alters

their biological activity (Meyer et al., 2009). GRXs effi-

ciently catalyse S-deglutathionylation and also seem to

catalyse S-glutathionylation of proteins (Gallogly and

Mieyal, 2007; Gallogly et al., 2008), thus becoming key

enzymes in controlling this protein modification mechanism

(Michelet et al., 2006; Rouhier et al., 2008b). Through their

disulphide oxidoreductase activity, GRXs play a role in
redox signalling and indirectly in ROS scavenging, by

reducing and recovering enzymes such as PRXs that

detoxify H2O2 (Noguera-Mazon et al., 2006; Rouhier et al.,

2008a). Furthermore, it has also been reported that GRXs

are able to reduce H2O2 and dehydroascorbate (DHA)

directly, contributing to the ROS-scavenging cellular capac-

ity (Zaffagnini et al., 2008; Foyer and Noctor, 2011).

In plants, the family of GRXs is more extensive than in
other organisms: 31 members in Arabidopsis, compared with

four in Escherichia coli, 6–7 in Saccharomyces cerevisiae, and

three in humans (Rouhier et al., 2006). Plant GRXs are

named GRXS or GRXC, depending on whether there is an S

or C residue at the fourth position of the active site (CxxS or

CxxC), and are classified as CC-, CPYC-, and CGFS-type

according to the conserved residues at this site (Supplemen-

tary Fig. S1 available at JXB online) (Rouhier et al., 2004,
2006). CC-type GRXs (also called ROXY) are exclusive of

higher plants and represent the most numerous group (21

members in Arabidopsis; Supplementary Fig. S1) (Rouhier

et al., 2008b). The other two types, CPYC (six members) and

CGFS (four members), are homologous to the classic

dithiolic and monothiolic types of GRXs characterized in

prokaryotes and other eukaryotes (Supplementary Fig. S1)

(Meyer et al., 2009).
In spite of the high number of GRX genes in plant

genomes, little is currently known concerning the functional

diversity of this protein family in plants. In Arabidopsis only

eight out of the 31 predicted GRXs have been functionally

characterized by genetic approaches (indicated by asterisks

in Supplementary Fig. S1): three monothiol CGFS-type

(GRXS14, GRXS15, and GRXS17), two dithiol CPYC-

type (GRXC1 and GRXC2), and only three of the most
numerous CC-type (GRXC7/ROXY1, GRXC8/ROXY2

and GRXC9). Concerning the CGFS- and CPYC-type,

evidence from genetic studies indicates that GRXS14 and

GRXS15, located in chloroplasts and mitochondria, re-

spectively, are involved in protection against protein

oxidative damage produced by H2O2 treatment (Cheng

et al., 2006; Bandyopadhyay et al., 2008; Cheng, 2008).

GRXS17 seems to play a critical role in redox homeostasis
and auxin sensing to mediate temperature-dependent post-

embryonic growth (Cheng et al., 2011). Also the redundant

proteins GRXC1 and GRXC2, localized in the cytoplasm

and nucleus, have a vital function at early stages after

pollination (Riondet et al., 2011). Interestingly, biochemical

evidence shows that in Arabidopsis all monothiol GRXs

(GRXS16, GRXS15, GRXS14, and GRXS17) and at least

half of the dithiol GRXs (GRXC5, GRXC2, and GRXC1)
are able to bind Fe–S clusters and can be implicated in

the biogenesis and transfer of these clusters to acceptor

proteins (Bandyopadhyay et al., 2008; Rouhier et al., 2010;

Couturier et al., 2011; Riondet et al., 2011). Then,

Arabidopsis CPYC and CGFS GRXs, like their homologues

characterized in prokaryotes and other eukaryotes, are not

only involved in redox reactions associated with their thiol

reductase activity, but also could act as scaffold and carrier

proteins implicated in the Fe–S cluster assembly machinery

(Rouhier et al., 2010).
Concerning the CC-type GRXs, only three of the 21

members of this class have been characterized; two of them

have a nucleocytoplasmic localization (GRXC7/ROXY1

and GRXC8/ROXY2) and are redundantly involved in

flower development (Xing et al., 2005; Xing and Zachgo,

2008; Li et al., 2009); the third GRX (GRXC9) has a nuclear

localization and is involved in plant defence responses

against pathogens (Ndamukong et al., 2007). Although the
function of the remaining 18 CC-type GRXs from Arabi-

dopsis is not known, at least seven of them have been shown

to rescue the floral phenotype of the roxy1/roxy2 mutant

(Li et al., 2009).

Here the functional characterization of Arabidopsis

GRXS13, a gene coding for two CC-type GRX isoforms, is

reported. Interestingly, it is shown that knocking down the

GRXS13 gene produces a phenotype of deficiency in
superoxide radical detoxification. This deficiency is ob-

served under basal conditions and also under photooxida-

tive stress caused by methyl viologen (MeV) treatment and

by high light (HL) irradiation. Consistently, overexpression

of GRXS13.2, the gene variant that is predominantly

expressed in basal conditions and induced by photooxida-

tive stress, enhances protection against stress-induced dam-

age associated with increases in the ASC/DHA ratio.
Together, these results indicate that GRXS13 gene expres-

sion is critical to limit basal and photooxidative stress-

induced ROS production, being crucial for protection

against oxidative cellular damage in Arabidopsis. It can also

be concluded that GRXS13.2 shows a particularly low

functional redundancy in the Arabidopsis GRX family

(Meyer et al., 2009).

Materials and methods

Plant materials and growth conditions

Wild-type (WT) and transgenic Arabidopsis thaliana plants were
from the Columbia (Col-0) ecotype. Seeds were surface-sterilized,
germinated, and grown on one-half Murashige and Skoog (MS)
medium with 1% sucrose and 0.8% agar (or 0.27% phytagel agar,
Sigma-Aldrich) in a growth chamber (16 h light, 100 lmol m�2

s�1, 2262 �C).

Plasmid constructs and plant transformation

Arabidopsis lines overexpressing (OE) and silencing (Sil) the GRXS13
gene were obtained by Agrobacterium-mediated transformation using
the Gateway� (Invitrogen) cloning system. To overexpress the
GRXS13 gene (At1g03850.2 variant), a 453 bp DNA fragment
corresponding to the coding sequence was amplified by PCR using
cDNA from salicylic acid-treated Arabidopsis seedlings as a template,
and specific primers containing Gateway recombination sites (in-
dicated in bold) (F, CACCATGCAAAAAGCAATTCG; and
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R, AAGCCATAAAGCCCCAGCTTGTC). The amplified fragment
was subcloned into Gateway donor vector (pENTR/SD/D-TOPO),
verified by sequencing, and transferred to the destination vector
pBADC-myc for the 35S::GRXS13.2-Myc construct. To silence the
GRXS13 gene (both variants), a DNA fragment of 219 bp from the
first exon was amplified with specific primers containing Gateway
recombination sites (indicated in bold) (F, CACCATGCAAAAAG-
CAATTCG; and R, GCCTCTCCTTGCAAACACCACC). This
fragment was cloned into the pENTR/SD/D-TOPO vector and
transferred, in both the sense and antisense directions, into the
pK7GWIWG2 (II) vector to overexpress a GRXS13-RNAi harpin
(35S::GRXS13-RNAi). Binary constructs were verified by sequencing
and transferred to Agrobacterium (GV3101 strain), which was used
to transform Arabidopsis plants by the floral dip method (Clough
and Bent, 1998). Seeds of the T1 generation were selected on one-half
MS medium with 50 mg l�1 kanamycin (35S::GRXS13-RNAi lines)
or 50 mg l�1 sodium glufosinate (BASTA) (35S::GRXS13.2-Myc
lines). Transgene presence was verified by PCR and all lines used
were homozygous.

Stress-inducing treatments and gene expression analysis

The basal expression of GRXS13.1 (At1g03850.1) and GRXS13.2
(At1g03850.2) was evaluated in different tissues. For this, samples
were obtained from 15-day-old seedlings grown in MS medium,
from mature seeds, or from different tissues of 5-week-old plants
grown in soil (leaves, stems, roots, and flowers). To evaluate the
expression of GRXS13.1, GRXS13.2, GRXC9 (At1g28480), and
GST-1 (At1g02930) genes after MeV and HL stress treatments, 15-
day-old seedlings grown in a medium with 0.27% phytagel agar
and collected at 09:00 h (2 h post-light) were used. For MeV
treatments, seedlings were transferred to a 50 lM MeV solution in
MS liquid medium (one-half Murashige and Skoog, 1% sucrose)
and incubated under standard conditions except for the use of
continuous light (100 lmol m�2 s�1). Control samples were
incubated in MS medium. A stock solution of 10 mM MeV
(Sigma) was freshly prepared in water. For HL stress treatments,
seedlings were transferred to MS liquid medium and incubated
under HL (1000 lmol m�2 s�1) applied by means of two 500 W
halogen lamps (Halux, CE-82 R75). The temperature was con-
trolled at 2462 �C by a circulating water bath. Control samples
were exposed to low light (100 lmol m�2 s�1). After treatment,
tissue samples were frozen in liquid nitrogen and stored at –80 �C.

Total RNA was obtained from frozen samples using the
TRIzol� Reagent (Invitrogen) according to the manufacturer’s
instructions. The TRIzol-based method described by Meng and
Feldman (2010) was used to obtain RNA from seeds. cDNA was
synthesized from each sample (2 lg of total RNA) with an
ImProm II Kit (Promega). qPCR was performed with Sensimix�
Plus SYBR� (Quantace) in a STRATAGENE� MX300P�
thermocycler. YLS8 (At5g08290) was used to normalize GRXS13.1
and GRXS13.2 expression in different tissues (Czechowski et al.,
2005). Clathrin (At4g24550) was used to normalize the stress-
induced expression of GRXS13.1, GRXS13.2, and GRXC9 genes,
while UBQ10 (At4g05320) was used to normalize GST-1 expres-
sion. Primer sequences designed for each gene are shown in
Supplementary Table S1 at JXB online.

Immunoblot to detect GRXS13-Myc protein

To evaluate the level of expression of the GRXS13.2-Myc protein
in Arabidopsis lines expressing the 35S::GRXS13.2-Myc construct,
a commercial monoclonal anti c-myc antibody (Invitrogen Co.,
CA, USA) was used. Total protein extracts were obtained from
WT and transgenic lines, by homogenizing 0.5 g of 15-day-old
Arabidopsis seedlings in extraction buffer [50 mM TRIS pH 8.0,
0.5 M NaCl, 0.5 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM
benzamidine, 0.2 lg ml�1 leupeptin, 1 mM phenylmethylsulphonyl
fluoride, and 10% glycerol]. After centrifugation at 22 000 g for
30 min, supernatants were transferred to clean tubes and stored at

–80 �C. Protein concentration was determined by the Bradford
method, using the BioRad Protein Assay (Bio-Rad Laboratories,
Inc., CA, USA).

For immunoblot analysis, protein extracts (30 lg of protein per
lane) were separated on 15% SDS–polyacrylamide gels (PAGE) and
transferred to Immobilon� PDVF membranes (Millipore Co.,
Bedford, MA, USA) by semi-dry electroblotting. The membrane
was blocked for 1 h in TRIS-buffered saline (TBS-T: 20 mM TRIS
pH 7.5, 150 mM NaCl, and 0.1% Tween-20) with 5% non-fat dried
milk at room temperature. To detect the myc-tagged GRXS13.2
protein, the membrane was incubated with the anti-myc antibody
(1:200 dilution). After washing in TBS (four times), the membrane
was incubated with the anti-mouse horseradish peroxidase-conju-
gated secondary antibody (1:2500 dilution) (Goat anti-mouse, KPL,
USA). After washing in TBS-T (15 min four times), the immuno-
complexes were visualized using a chemiluminescence kit (Western
Lightning Plus Chemiluminescence Reagent, PerkinElmer) according
to the manufacturer’s instructions.

In vivo quantification of superoxide radical levels

To quantify in vivo levels of superoxide radicals in seedlings of WT
and transgenic lines, the dihydroethidine (DHE)-based assay
developed by Georgiou et al. (2005) was used, with the following
modifications. A 100 mg aliquot of 15-day-old seedlings, either
control or treated with HL for 12 h, was immersed in 2 ml of
0.1 mM DHE fresh solution for 40 min in the dark. Plant tissue
was washed with distilled water, frozen in liquid nitrogen, and
homogenized in a mortar with 3 ml of 40 mM TRIS-HCl pH 7.5
buffer. The homogenate was centrifuged for 15 min at 20 600 g.
In the clear extract, 2-hydroxy ethidium (2OH-E) the product of
DHE oxidation by the superoxide radical, was measured
with a spectrofluorometer (Luminescence Spectrometer LS50B,
PerkinElmer), using an excitation wavelength of 480 nm and an
emission wavelength of 590 nm. Superoxide anion levels were
expressed as nanomoles of 2OH-E formed, using the extinction
coefficient of 2OH-E n¼6.4 mM�1 cm�1.

Tolerance to MeV treatments

To evaluate Arabidopsis lines for tolerance to MeV treatment,
seeds were surface sterilized, spread on solid MS medium (one-half
MS medium, 1% sucrose, and 0.27% phytagel agar) supplemented
with 0.25 lM MeV, stratified at 4 �C for 48 h in the dark, and
then germinated and grown for 15 d under controlled conditions.
Seedlings were scored for survival rates (percentage of green
seedlings with respect to the total germinated seedlings) after the
treatment.

To evaluate tolerance to MeV in adult plants, a 2 ll drop of
a 15 lM MeV solution was placed on the surface of leaves from
5-week-old plants. Plants were then maintained under constant
light (100 lmol m�2 s�1) and standard conditions in a growth
chamber. After 2 d, necrotic lesions were scored and classified
according to a three-point scale as follows: type I, round necrotic
area smaller than the treated area; type II, necrosis occupying the
treated area or reaching the edges of the treated leaf; and type III,
necrosis progressing from the treated area towards the apical part
of the leaf. Each point represents the mean value from four
independent biological replicas. Each replica considers 4–5 leaves
from at least 20 different plants.

Oxidative membrane damage after HL-induced stress

To evaluate the response of Arabidopsis lines to HL stress
treatments, the oxidative membrane damage was estimated by the
extent of ion leakage. For each sample, two 15-day-old seedlings
were floated abaxial side up onto a 12-well plate with 2 ml of
MilliQ water, and incubated under HL (1000 lmol m�2 s�1) for
different time periods. The conductivity of the bathing solution
was then measured at 22 �C with a conductimeter. Seedlings were
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then returned to the bathing solution, introduced into sealed tubes,
and sterilized by autoclaving. After cooling to 22 �C, the
conductivity of the bathing solution was measured again and this
value was referred to as 100%. For each sample, ion leakage was
expressed as percentage leakage referred to its corresponding
100%.

Determination of ASC and DHA levels

Control (100 lmol m�2 s�1, 12 h) and HL-treated (1000 lmol m�2

s�1, 12 h) seedlings (15 d old) were frozen in liquid nitrogen and
the levels of ASC and DHA were determined as described
(Gillespie and Ainsworth, 2007).

Results

GRXS13.2 is the variant that contributes most to the
transcriptional activity of the GRXS13 gene

GRXS13 (At1g03850) codes for two 85.5% identical protein

isoforms: GRXS13.1 and GRXS13.2 that belong to the

group of CC-type GRXs from Arabidopsis (Supplementary

Fig. S1 at JXB online) (Rouhier et al., 2004). Alignment of

amino acid sequences for the GRXS13 variants and the other

previously characterized CC-type GRXs from Arabidopsis

(GRXC9, ROXY1, and ROXY2) is shown in Fig. 1A. The

closest CC-type GRX that clusters together with the

GRXS13 isoforms is GRXC9 (encoded by At1g28480), that

shows 42% and 47% identity with GRXS13.1 and GRXS13.2,

respectively (Fig. 1A; Supplementary Fig. S1). GRXS13
isoforms are coded by two transcript variants (Fig. 1B) and

share their amino acid sequences from the N-terminus up to

position 136 (Fig. 1A, arrowhead). This region contains most

of the characteristic GRX motifs (amino acids 53–149; http://

www.uniprot.org/uniprot/Q84TF4) including the predicted

CCLG active site (Fig. 1A, B). These isoforms differ in their

C-terminal end; while GRXS13.1 contains a unique 23 amino

acid sequence that has no homology with other GRXs,
GRXS13.2 has a 14 amino acid sequence that contains the

conserved GAL/IWL motif (Fig. 1A, B). This motif was

proven to be essential for ROXY1 protein function and is

conserved among the CC-type GRXs—including

Fig. 1. The GRXS13 gene codes for two CC-type GRX isoforms, GRXS13.2 being the predominantly expressed isoform in Arabidopsis

seedlings. (A) Multiple sequence alignment of amino acid sequences for GRXS13 isoforms and the three previously characterized CC-

type GRXs from Arabidopsis (GRXC9, ROXY1, and ROXY2). The glutaredoxin domain (amino acids 53–149; http://www.uniprot.org/

uniprot/Q84TF4) is indicated by the line drawn above the sequences; the CCLG active site and the GALWL motif are indicated by

asterisks (*); GRXS13.1 and GRXS13.2 are identical up to residue 136 (arrowhead). Black boxes are used to indicate amino acid identity,

while grey boxes indicate amino acid similarity. (B) Transcript processing of GRXS13 gene variants. The 23 amino acid C-terminus of

GRXS13.1 is encoded by the second exon, while the 14 amino acid C-terminus of GRXS13.2 is encoded by part of the gene intron.

(C) Expression pattern of GRXS13 gene variants in Arabidopsis seedlings (15 d old), in leaves, stems, roots, and flowers from adult plants

(5 weeks old), and in seeds. GRXS13.1 and GRXS13.2 transcript levels were quantified by qRT-PCR and normalized by clathrin

transcript levels. Data are presented as normalized transcript levels and correspond to mean values 6SD from three biological replicas.
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GRXS13.2—that complement ROXY1 function in the roxy1-

2 Arabidopsis mutant (Li et al., 2009) (Fig. 1A). The sequence

conservation and functional complementation suggest that

GRXS13.2 is the predominant isoform. Supporting this

hypothesis, analyses of the full-length (FL) cDNAs and

expressed sequence tags (ESTs) found for the GRXS13 gene

in the Arabidopsis database (TAIR, www.arabidopsis.org)

indicate that 87% of the transcripts correspond to the
GRXS13.2 variant, while the rest correspond to the

GRXS13.1 variant (Supplementary Table S2).

To evaluate whether GRXS13.2 is the predominant

variant expressed in Arabidopsis tissues, the basal normal-

ized levels of transcripts for both variants were compared

using qRT-PCR. The results confirmed that GRXS13.2 is

the variant predominantly expressed under basal conditions

in all tissues. The levels of GRXS13.2 transcript in these
tissues were 2–3 orders of magnitude higher than those of

GRXS13.1 (Fig. 1C). The tissues displaying the highest

accumulation of GRXS13.2 transcript were seedlings, roots,

and seeds (Fig. 1C).

As shown below, GRXS13.2 was responsive to stress

treatments while the GRXS13.1 variant was not (Fig. 2).

Taking together the experimental results, the relative abun-

dance in FL cDNA and ESTs databases (Supplementary
Table S2), and the ability of GRXS13.2 to complement

ROXY1 function, it can be argued that GRXS13.2 is the

variant that predominantly contributes to the transcriptional

activity of the GRXS13 gene.

The GRXS13.2 gene variant is induced by MeV and HL
treatments

To determine whether GRXS13 gene variants are responsive

to oxidative stress, Arabidopsis seedlings were treated with
50 lM MeV (1,1’-dimethyl-4,4’-bipyridylium chloride) in

the presence of light (100 lmol m�2 s�1), or with HL

(1000 lmol m�2 s�1). Both treatments are known to

produce photooxidative stress characterized by increased

production of superoxide at the photosystem I (PSI)

complex. Transcript levels of GRXS13.1 and GRXS13.2

variants were normalized by comparison with a reference

gene, and the extent of gene induction was calculated with
regard to the basal level (time 0) for the corresponding

variant. As shown in Fig. 2A and B, these treatments

produced an increase in GRXS13.2 mRNA levels, which

reached statistical significance after 12 h of treatment. In

Fig. 2. The GRXS13.2 gene variant is induced by methyl viologen

(MeV) and high light (HL) stress treatments. Transcript levels for

GRXS13.1 and GRXS13.2 (A, B) and GST-1 (C, D) were measured

using qRT-PCR in 15-day-old Arabidopsis seedlings at different

times (in hours) after treatments (black bars) with 50 lM MeV

(A, C) or with HL (1000 lmol m�2 s�1) (B, D). Control treatments

were performed in MS medium (white bars). Transcript levels

of GRXS13.1 and GRXS13.2 variants were normalized by

comparison with a reference gene, and the extent of gene

induction was calculated with regard to the basal level (time 0) for

the corresponding variant. Clathrin was used to normalize

GRXS13.1 and GRXS13.2 expression, while UBQ10 was used to

normalize GST-1 expression. Data corresponds to mean values

6SD from three biological replicas. Statistical analysis was

performed using the paired Mann–Whitney test with the GraphPad

Prism 5 program. Values showing statistically significant

differences relative to the corresponding WT samples are indicated

by asterisks (*P < 0.05 and ***P < 0.001).
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contrast, the GRXS13.1 variant was not responsive to these

stress treatments (Fig. 2A, B). GST1, a marker gene for

oxidative stress (Rentel and Knight, 2004), was used as

a positive control to verify that treatments were effective

(Fig. 2C, D). These results indicate that the GRXS13.2

variant is responsive to photooxidative stress and support

evidence that indicates that this is the main transcriptional

active variant of GRXS13.

GRXS13 gene knock down reduces plant growth and
increases basal production of superoxide radicals

To carry out a gain–loss functional analysis for the

GRXS13.2 gene variant, homozygous Arabidopsis lines that

either knock down the GRXS13 gene (Sil lines expressing the

35S::GRXS13-RNAi construct) or overexpress the GRXS13.2

variant (OE lines expressing 35S::GRXS13.2-Myc construct)
were generated.

The efficacy of the knocking down of GRXS13.2 gene

expression was assessed in the three characterized Sil lines

(named 6.1, 13.4, and 18.3) by measuring GRXS13.2

transcript levels in response to MeV. As shown in Fig. 3A,

Sil lines showed reduced levels of GRXS13.2 transcript.

Basal and MeV-induced levels of this transcript ranged

between 13–61% and 7–30%, respectively, of those detected
in WT plants (Fig. 3A). To confirm the specificity of

the silencing, the activity of GRXC9, the nearest GRX

gene that shares 46% sequence identity with the GRXS13

gene in the fragment used for the RNAi (RNA interfer-

ence) harpin was measured. Because the GRXC9 gene has

been described as a salicylic acid (SA)-responsive gene

(Ndamukong et al., 2007; Blanco et al., 2009), its

activation by SA was studied in the GRXS13-silenced
lines. As shown in Fig. 3B, this gene was not silenced in

any of the three Sil lines, confirming the specificity of the

knocking down procedure.

Two 35S::GRXS13.2-Myc lines that overexpress a

C-terminally myc-tagged GRXS13.2 protein (OE lines 5.2

and 5.3) were also characterized. These OE lines show high

basal levels of GRXS13.2 transcripts: 4- and 1.8-fold higher

compared with those found in MeV-treated WT plants
(Fig. 3A). Increased transcript levels correlated with over-

expression of the Myc-tagged GRXS13.2 protein, as detected

by immunoblot with anti-Myc antibodies (Fig. 3C).

Using the Sil and OE lines, the aim was to determine

whether alterations in GRXS13 gene expression produced

any effect on plant growth. Six weeks after germination in

soil under short-day conditions, the plants obtained from

Fig. 3. Characterization of Arabidopsis transgenic lines silencing

(Sil) and overexpressing (OE) the GRXS13 gene. Homozygous

35S::GRXS13-RNAi lines (Sil lines 6.1, 13.4, and 18.3) and

35S::GRXS13.2-Myc lines (OE lines 5.2 and 5.3) were obtained

using the Gateway� cloning technology and Agrobacterium-

mediated transformation. Transcript levels of GRXS13.2 (A) and

GRXC9 (B) were determined by qRT-PCR in WT (white bars), Sil

lines (grey bars), and OE lines (black bars), treated or not with

methyl viologen (+/– MeV, 50 lM) for 12 h (A) or salicylic acid (+/–

SA, 0.5 mM) for 2.5 h (B). Expression data are indicated as relative

levels with respect to the basal level in WT plants and represent

mean values 6SD from three biological replicas. Data were

analysed by two-way ANOVA with Bonferroni post-test. Values

showing statistically significant differences relative to the corre-

sponding WT samples are indicated by asterisks (*P < 0.05 and

***P < 0.001). (C) Immunoblot for GRXS13.2-Myc protein detection

in OE lines. A 30 lg aliquot of total protein extracts from WT

(Col-0) and two transgenic OE lines (5.2 and 5.3) was loaded on

an SDS–polyacrylamide gel, transferred to a membrane, and the

GRXS13.2-Myc protein was detected with a commercial mono-

clonal anti-c-myc antibody (Invitrogen) (upper panel, arrowhead).

Coomassie Brilliant Blue staining (lower panel) indicates that

equivalent amounts of proteins were loaded.
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Sil lines showed reduced growth compared with the WT, as
determined by fresh weight quantification (Fig. 4A, B). This

phenotype is not evidenced under long-day conditions. In

contrast, OE plants did not show any significant difference

in growth compared with the WT, under either short-day or

long-day conditions (Fig. 4A, B).

To evaluate whether GRXS13 plays a role in the basal

capacity of plants to detoxify ROS, in vivo levels of

superoxide radicals were determined in WT, Sil, and OE

lines using the fluorescent probe DHE (Georgiou et al.,

2005). Interestingly, the three Sil lines showed higher levels of
superoxide radicals compared with the WT (Figs 4C, 6C). In

contrast, the OE line 5.2 had a significantly lower basal level

of superoxide compared with the WT (Figs 4C, 6C). This line

displayed the highest GRXS13.2 expression (Fig. 3A).

The fact that knocking down GRXS13 inhibits plant

growth and is associated with increased levels of superoxide

radicals suggests that GRXS13 expression is required for

normal superoxide detoxification under basal conditions.

The GRXS13 gene plays a role in protection against
photooxidative stress

Given the fact that GRXS13.2 is a photooxidative stress-
responsive gene required for basal superoxide detoxification,

it was hypothesized that its induction is essential for

Arabidopsis plants’ tolerance to this type of stress. To assess

the role of GRXS13 in the tolerance of plants to MeV

treatment, the effect of silencing and overexpressing the gene

on seedling survival in a medium supplemented with 0.25 lM

MeV was studied. For this purpose, seeds were germinated in

this medium and 15 d later the survival rate (percentage of
green seedlings with respect to the total germinated seedlings)

was calculated. As shown in Fig. 5A (white bars), WT plants

showed 82% reduction in survival rate. Interestingly, Sil lines

showed a higher reduction in survival (95–97%) after MeV

exposure (Fig. 5A, grey bars). OE lines did not show

significant differences in survival compared with the WT

(Fig. 5A, black bars). The development of tolerance to MeV

was also assessed in WT, Sil, and OE lines, by evaluating the
development of necrotic lesions in leaves whose surface was

exposed to 2 ll of a 15 lM MeV solution. After 2 d of

exposure to MeV, lesions were scored according to the

extension of the necrotic area. They were classified as type I,

II, and III (Fig. 5B, see the Materials and methods) (de Leon

et al., 2002). No differences in the severity of lesions between

WT and Sil plants were detected. In contrast, OE plants had

significantly fewer type III lesions compared with the WT
(Fig. 5C). In sum, these results indicate that GRXS13 plays

a role in tolerance to photooxidative stress produced by MeV.

To assess whether GRXS13 plays a role in protecting

plants against HL stress, the oxidative membrane damage in

Arabidopsis seedlings from WT, Sil, and OE lines treated

with HL (1000 lmol m�2 s�1) was assessed. In WT plants,

HL treatment produced a significant increase in ion leakage

reaching up to 27% of basal levels after 12 h of treatment
(dotted lines in Fig. 6A). Compared with the WT, Sil lines

showed a higher increase in ion leakage that reached

between 43% and 51% the basal level after 12 h of HL

treatment (grey lines in Fig. 6A). In contrast, OE lines

showed significantly less ion leakage than the WT (17–18%)

Fig. 4. Effect of knocking down and overexpressing the GRXS13

gene on plant growth and superoxide radical basal levels. (A and B)

GRXS13 gene knock down reduced plant growth. Plant biomass

(determined by fresh weight) was measured in 6-week-old plants

from WT (Col-0, white bar), Sil lines (grey bars), and OE lines (black

bars) grown under short-day conditions (8 h light). Data represent

mean values 6SD from five biological replicas. (C) GRXS13 gene

knock down increased basal levels of superoxide ion. In vivo levels

of superoxide radical were determined in 15-day-old seedlings from

WT (white bar), Sil lines, (grey bars), and OE lines (black bars),

through the oxidized fluorescent probe 2-hydroxy ethidium (2OH-E).

Data represent mean values 6SD from four biological replicas. Data

were analysed by the paired Mann–Whitney test using the Graph-

Pad Prism 5 program. Values showing statistically significant differ-

ences relative to the corresponding WT samples are indicated by

asterisks (*P <0.05 and **P < 0.01).
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after 12 h of treatment (black lines in Fig. 6A). As a control

treatment plants were exposed to 100 lmol m�2 s�1 light

intensity; this treatment produced a small increase in ion

leakage (6–9%) after 12 h of treatment in all lines (Fig. 6A).

Considering the effect of GRXS13.2 expression on the

basal levels of superoxide radical (Fig. 4C), the levels of this

radical were then measured in WT, Sil, and OE lines

subjected to HL stress conditions. As shown in Fig. 6B, after
12 h HL treatment the three Sil lines showed higher levels of

superoxide than WT plants. On the other hand, only one of

the overexpressor lines (OE line 5.2) displayed reduced levels

of superoxide compared with WT plants (Fig. 6B). It was

then investigated whether changes in ROS levels correlated

with alterations in the levels and redox state of ASC. The

ASC/DHA ratio did not differ between WT and Sil plants.

In contrast, in OE lines, the ASC/DHA ratio was signifi-
cantly higher than in WT plants (Fig. 6C). The total levels of

ASC+DHA were not significantly different between trans-

genic lines and WT plants (data not shown).

Taken together, these results indicate that expression of

the GRXS13.2 gene variant is required to limit ROS

accumulation and therefore to protect tissues from damage

induced by photooxidative stress treatments.

Discussion

Plants are continuously exposed to conditions of environ-

mental stress that increase ROS production and may

produce cellular oxidative damage. Thus, it is not surprising

that compared with bacterial, yeast, and animal systems,

plants are equipped with a more diverse and complex
battery of ROS scavenger and antioxidant enzymatic

systems (Lillig et al., 2008; Rouhier et al., 2008b; Foyer and

Noctor, 2011). In this context, the large number of GRX

genes in plants, and the few examples of ascribed physio-

logical functions for most of them, particularly for the most

numerous CC-type, suggests a considerable functional re-

dundancy. Interestingly, here is reported that GRXS13,

a gene belonging to the plant-exclusive CC-type GRX gene
family in Arabidopsis, is a key piece of the stress-inducible

antioxidant system that protects plants against oxidative

damage. GRXS13 shows less functional redundancy than

other GRX genes characterized as having this function in

other organisms (Meyer et al., 2009). In fact, knocking

down GRXS13 is enough to produce a deficient phenotype

Fig. 5. Effect of knocking down and overexpressing GRXS13.2 on

the tolerance to methyl viologen (MeV) treatment. (A) Silencing of

the GRXS13 gene reduced the ability of Arabidopsis plants to

survive in the presence of MeV. Seeds from WT (white bars), Sil

lines (grey bars), and OE lines (black bars) were germinated on MS

medium alone (C) or supplemented with 0.25 lM MeV (T) under

controlled conditions (16 h light, 100 lmol m�2 s�1, 2262 �C). At

day 4, seedlings were scored for survival rates (percentage of

green seedlings with respect to the total germinated seedlings);

these scores were compared with the corresponding values of

untreated WT seedlings (100%). Data represent mean values 6SD

from six biological replicas. (B and C) Overexpressing GRXS13.2

reduces necrotic symptoms after MeV treatment. Analysis of

necrotic symptoms that developed in leaves of 5-week-old plants

of WT (white bars), Sil lines (grey bars), and OE lines (black bars)

after 2 d of MeV treatment (a 2 ll drop of a 15 lM MeV solution).

Representative examples of symptoms which developed after MeV

treatments are shown in (B). According to the extension of the leaf

necrotic area, lesions were scored in a three-point scale I, II, and

III, as described in the Materials and methods. (C) The percentage

of leaves showing each of the symptoms at day 2 after MeV

treatment was scored. Statistical analyses were performed using

two-way ANOVA with Bonferroni post-test with the GraphPad

Prism 5 program. Values that show statistically significant differ-

ences relative to the corresponding WT samples are indicated by

an asterisk (P < 0.05).
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under basal and photooxidative stress conditions, while

overexpressing the predominant gene variant (GRXS13.2)

improves stress tolerance by enhancing the plant’s antioxi-

dant capacity.

ROS production and detoxification under
photooxidative stress

The photooxidative stress models used in this work lead to
increased production of ROS. HL stress treatment mainly

increases production of superoxide radicals by photoreduc-

tion of molecular oxygen at PSI, but also produces singlet

oxygen at PSII and increases H2O2 levels in the peroxisomes

by increasing rates of photorespiratory metabolism (Asada,

1999; Krieger-Liszkay et al., 2008). On the other hand,

treatment of plants with MeV under light enhances superox-

ide production at the thylakoids due to autooxidation of
MeV radicals, which are generated by electrons coming from

PSI (Asada, 2000; Krieger-Liszkay et al., 2011).

Rapid scavenging of ROS produced in the thylakoids,

prior to their diffusion from the generation site, is needed to

protect target molecules in different cellular compartments.

For this purpose and as a first line of defence, plants are

equipped with constitutive and inducible chloroplastic iso-

forms of superoxide dismutase to detoxify superoxide, and
enzymes from the ASC- and GSH-dependent systems to

detoxify H2O2. These enzymes include ascorbate peroxi-

dases (APXs), glutathione S-transferases (GSTs), GRX,

PRXs, and enzymes in charge of regenerating reduced GSH

and ASC (Asada, 2006; Dixon et al., 2009; Maruta et al.,

2010; Foyer and Noctor, 2011). Interestingly, genes coding

for key components of the cytosolic antioxidant/ROS

scavenging system—such as APX2, APX1, and CAT1—are
also rapidly induced under photooxidative stress, which

suggests that they provide a second line of cellular defence

(Karpinski et al., 1997). The importance of these chloro-

plastic and cytosolic ROS detoxification systems working

under basal and stressed conditions has been made clear by

the growth deficiency and reduced tolerance to photooxida-

tive stress phenotypes reported for mutants and knock

down lines for these enzymes (Danna et al., 2003; Rizhsky
et al., 2003; Davletova et al., 2005; Tarantino et al., 2005;

Myouga et al., 2008; Maruta et al., 2010).

In this context, the functional analysis of the Arabidopsis

GRXS13 gene reported here indicates that GRXS13.2 is an

important component of the cellular ROS-scavenging/

antioxidant system, which is essential for normal growth

under short-day conditions and for tolerance to photooxi-

dative stress conditions.
The basal phenotype of GRXS13 knock down

lines—detected at the seedling stage where the GRXS13.2

expression level is higher (Fig. 1C)—is characterized by

increased superoxide levels, revealing that GRXS13.2 is

Fig. 6. Effect of knocking down and overexpressing GRXS13.2 on

oxidative damage, levels of superoxide radicals, and ASC/DHA

after HL stress. Arabidopsis seedlings (15 d old) from WT, Sil, and

OE lines were treated under HL (T, 1000 lmol m�2 s�1) or under

control conditions (C, 100 lmol m�2 s�1) for the indicated periods

of time. (A) A time course for the oxidative damage of membranes,

evidenced by ion leakage measurements, is shown for WT (dotted

black lines), Sil lines (grey lines), and OE lines (black lines). Control

treatment for WT plants only is shown (black squares); Sil and OE

lines behaved similarly to the WT. Lines for both OE lines are

superimposed. Data represent mean values 6SD from four

biological replicas. (B and C) The superoxide radical levels (B) and

the ASC/DHA ratios (C) were determined in WT (white bar), Sil

lines (grey bars), and OE lines (black bars) under control conditions

(C) and after 12 h of treatment with HL stress (T). Data represent

mean values 6SD from four biological replicas. Statistical analysis

was performed using paired Mann–Whitney test with the

GraphPad Prism 5 program. Values that show statistically signifi-

cant differences compared with the corresponding WT samples

are indicated by asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001).
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required to detoxify basal ROS production (Fig. 4C). This

deficiency leads to reduced plant growth under short-day

conditions, a phenotype that is not detected under long-day

conditions (Fig. 4A, B). Interestingly, the same type of

phenotype of growth deficiency under short-day but not

long-day conditions was detected in a mutant for a rice

NADPH thioredoxin reductase (NTRC), an enzyme that

uses NADPH to reduce 2-Cys peroxiredoxin, which in turn
reduces H2O2 (Perez-Ruiz et al., 2006). This mutant, like the

GRXS13 Sil lines characterized here, is deficient in pro-

tection against oxidative stress (Perez-Ruiz et al., 2006). The

growth phenotype of these lines indicates that the redox

function of GRXS13.2, as well as of NTRC, is more

important at night than during the day. This could be

explained because at night there are no light-driven

electrons through ferredoxin for regeneration of ASC and
thioredoxins. Instead, ROS detoxifying systems such as

GRXs and NTRC—that use the reducing power of

NADPH produced by the Calvin cycle—could be active

and therefore relatively more important during darkness

(Perez-Ruiz et al., 2006).

The results reported here support a role for GRXS13.2 as

an important component, not only for basal but also for the

stress-inducible ROS-scavenging/antioxidant system. It is
shown that the GRXS13.2 gene variant is induced by

photooxidative stress produced by treatment with MeV and

HL radiation (Fig. 2A, B). Supporting a role for its

induction, GRXS13 knock down lines showed increased

susceptibility to these stress conditions (Figs 5, 6A).

Consistently, overexpression of GRXS13.2 increases toler-

ance to HL- and MeV-induced damage (Figs 5C, 6A). In

the case of MeV tolerance assays, the effect of over-
expression was only detected in assays of oxidative damage

in mature leaves (Fig. 5B, C) but not in germination assays

(Fig. 5A). There is no explanation as yet as to why OE

affects the tolerance to oxidative stress in mature leaves

while this effect is not detected in germinating seedlings. It

could be speculated that, considering that the basal

abundance of GRXS13.2 transcript is 5.4 times higher in

seedlings that in mature leaves (Fig. 1C), the overexpression
must produce a less dramatic change in levels in seedlings

than in leaves.

Thus, it can be concluded that the expression of the

GRXS13.2 gene variant, induced by stresses that promote

superoxide production in the chloroplast, is important to

limit cellular ROS accumulation and is therefore essential to

protect tissues from photooxidative-induced damage.

Role of GRXs in the antioxidant response to oxidative
stress

There is evidence that plant GRXs, like GRXs from other

organisms, show direct and indirect antioxidant activities.
Indeed, biochemical studies performed with purified

recombinant GRXs from rice and poplar indicate that these

proteins are able to reduce peroxides and DHA directly

(Lee et al., 2002; Rouhier et al., 2002a). Furthermore, an

indirect antioxidant role for plant GRXs is supported by

evidence indicating that they are able to regenerate type II

PRXs, and a plastidial methionine sulphoxide reductase

(MSRB1) (Asada et al., 1975; Rouhier et al., 2001; Rouhier

et al., 2002b; Brehelin et al., 2003; Noguera-Mazon et al.,

2006; Gama et al., 2007).

In Arabidopsis, functional genetic studies allowed a role

in the oxidative stress response to be assigned for two genes

coding for monothiol CGFS-type GRXs, GRXS14 and
GRXS15 (Cheng et al., 2006; Cheng, 2008). Although

biochemical evidence with the recombinant GRXS14 and

GRXS15 proteins, as well as other CGFS- and CPYC-type

GRXs indicates their involvement in the assembly and

transfer of Fe–S clusters to proteins (Bandyopadhyay et al.,

2008; Rouhier et al., 2008b), information about catalytic

activity that could explain the role that these two GRXs

play in the oxidative stress response triggered by environ-
mental stress is still lacking.

On the other hand, only three of the 21 CC-type GRXs

have been characterized in Arabidopsis: the GRXC7/

ROXY1 and GRXC8/ROXY2 redundant proteins involved

in flower development (Xing et al., 2005; Xing and Zachgo,

2008; Li et al., 2009); and the GRXC9 protein involved in

plant defence responses against pathogens (Ndamukong

et al., 2007). Although the physiological role of ROXY1/2
and GRXC9 proteins seems to be different, they share their

ability to bind bZIP transcription factors from the TGA

family (Ndamukong et al., 2007; Murmu et al., 2010).

Whether this binding promotes redox modification of these

factors is still unknown. Surprisingly, GRXS13.2 is one of

the CC-type GRXs that complement ROXY1 function in

the roxy1-2 Arabidopsis mutant (Li et al., 2009).

In this context, the functional characterization of the
GRXS13 gene reported here indicates that GRXS13.2, the

predominant isoform coded by this gene, is part of the

cellular ROS-scavenging/antioxidant system that is functional

under basal and stressed conditions. In contrast, the physio-

logical role of the GRXS13.1 isoform is not known, and

evidence reported here supports the idea that is not involved

in the cellular ROS-scavenging/antioxidant system. In fact,

this protein lacks the GAL/IWL motif conserved in most
CC-type GRXs (Fig. 1A). The basal level of its transcript in

all tissues assayed is 2–3 orders of magnitude lower than that

of the GRX13.2 transcript (Fig. 1C), and this basal level is

not altered by photooxidative stress (Fig. 2A, B).

Although the precise biochemical role that the GRXS13.2

protein plays in this system is still unknown, based on the

present results it is possible to speculate about its possible

function. It was shown that knocking down GRXS13

increases the levels of superoxide accumulated under basal

and HL stress conditions (Figs 4C, 6B), without altering the

levels of ASC/DHA (Fig. 6C). It has been reported that

increased levels of ROS, particularly those produced by HL

stress, have a low impact on the redox status of ASC

(Maruta et al., 2010; Foyer and Noctor, 2011). Interest-

ingly, overexpressing the GRXS13.2 variant decreases

superoxide levels (Fig. 6B, line 5.2), which correlates with
increases in the ASC/DHA ratio (Fig. 6C). Therefore, the

effect of GRXS13.2 expression on superoxide levels could be

512 | Laporte et al.



indirectly due to the contribution of GRXs to the H2O2

scavenger capacity. It can be speculated that a deficiency in

this capacity in GRXS13 knock down lines could explain

superoxide radical accumulation, due to the inhibitory

effect of H2O2 on superoxide dismutase activities, as

previously reported (Asada et al., 1975). On the other hand,

the effect of overexpressing GRXS13.2 on ASC/DHA levels

indicates that the GRXS13.2 isoform regulates the cellular
dehydroascorbate reductase (DHAR) activity, either by

itself harbouring DHAR activity or by modulating the

DHAR activity of other proteins.

Concerning possible substrates/interactors of GRXS13.2,

information contained in the CCSB (Center for Cancer

Systems Biology) interactome database (http://interactome.

dfci.harvard.edu/A_thaliana/index.php?page¼networklist)

showed direct interaction between GRXS13 and CDPK4
(calcium-dependent protein kinase 4), which was pre-

viously described in a search for CDPK4 interactors in

a yeast two-hybrid cDNA library (Uno et al., 2009). The

possible effect of this interaction on GRXS13.2 function

is still unknown.

Future characterization of the enzymatic activity and

target substrates/interactors of GRXS13.2 will shed light on

the mechanism by which this protein is involved in
superoxide detoxification and stress tolerance.
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