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A B S T R A C T   

Oxidizing signals mediated by the thiol-dependent peroxidase activity of 2-Cys peroxiredoxins (PRXs) plays an 
essential role in fine-tuning chloroplast redox balance in response to changes in light intensity, a function that 
depends on NADPH-dependent thioredoxin reductase C (NTRC). In addition, plant chloroplasts are equipped 
with glutathione peroxidases (GPXs), thiol-dependent peroxidases that rely on thioredoxins (TRXs). Despite 
having a similar reaction mechanism than 2-Cys PRXs, the contribution of oxidizing signals mediated by GPXs to 
the chloroplast redox homeostasis remains poorly known. To address this issue, we have generated the Arabi-
dopsis (Arabidopsis thaliana) double mutant gpx1gpx7, which is devoid of the two GPXs, 1 and 7, localized in the 
chloroplast. Furthermore, to analyze the functional relationship of chloroplast GPXs with the NTRC-2-Cys PRXs 
redox system, the 2cpab-gpx1gpx7 and ntrc-gpx1gpx7 mutants were generated. The gpx1gpx7 mutant displayed 
wild type-like phenotype indicating that chloroplast GPXs are dispensable for plant growth at least under 
standard conditions. However, the 2cpab-gpx1gpx7 showed more retarded growth than the 2cpab mutant. The 
simultaneous lack of 2-Cys PRXs and GPXs affected PSII performance and caused higher delay of enzyme 
oxidation in the dark. In contrast, the ntrc-gpx1gpx7 mutant combining the lack of NTRC and chloroplast GPXs 
behaved like the ntrc mutant indicating that the contribution of GPXs to chloroplast redox homeostasis is in-
dependent of NTRC. Further supporting this notion, in vitro assays showed that GPXs are not reduced by NTRC 
but by TRX y2. Based on these results, we propose a role for GPXs in the chloroplast redox hierarchy.   

1. Introduction 

Chloroplasts, the organelles that perform photosynthesis, are the 
factories of metabolic intermediates that support plant growth and 
development. However, because photosynthesis involves the transport 
of electrons in the presence of oxygen, it is a process that inevitably 
generates as by-products reactive oxygen species (ROS), which include 
superoxide, hydrogen peroxide, singlet oxygen, and hydroxyl radicals 
[1–3]. ROS have high reactivity with lipids, proteins, and nucleic acids; 
hence, their accumulation may cause damage to cell structures and, 
eventually, cell death [4]. In addition to this harmful effect, ROS have an 
important signaling function, which is essential for plant development 
and response to the environment [3,5–7]. Therefore, besides producing 
metabolic intermediates, chloroplasts are as well an important source of 
ROS in photosynthetic plant cells, the levels of which vary when plants 
undergo stressful environmental conditions, hence having an important 

signaling function in plant acclimation to the environment [1,8]. 
Plant growth and development depend on photosynthetic perfor-

mance, which needs a strict balance between chloroplast ROS produc-
tion and scavenging. This balance is maintained by non-enzymatic 
antioxidants such as carotenoids, ascorbate, and glutathione [9], and 
enzymatic antioxidants including a set of enzymes that show ROS 
scavenging activity. Among these enzymes, plant chloroplasts are 
equipped with superoxide dismutases that catalyze the conversion of 
superoxide to hydrogen peroxide [10]. The reduction of hydrogen 
peroxide is performed by two types of peroxidases, ascorbate peroxi-
dases (APXs), of which the organelle harbors two isoforms localized at 
the stroma and the thylakoid, and thiol-dependent peroxidases (TPXs) 
including peroxiredoxins (PRXs) and glutathione peroxidases (GPXs) 
[11–14]. The gene family encoding PRXs in Arabidopsis thaliana is 
composed of 10 genes [15,16]. Depending on the reaction mechanism 
and enzyme structure, plant PRXs are classified into 1-Cys PRXs, which 
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contain a single cysteine at the active site, and 2-Cys PRXs, containing 
two cysteine residues, peroxidatic and resolving, at their active site [14, 
15]. 2-Cys PRXs are further grouped as atypical 2-Cys PRXs, which are 
monomeric, hence containing the peroxidatic and resolving cysteines in 
a single polypeptide, and typical 2-Cys PRXs, homodimeric enzymes 
with the two subunits arranged in a head-to-tail conformation in which 
the peroxidatic and resolving cysteines are in different subunits [15,17]. 
In plant cells, the chloroplast is the organelle with the highest contents 
of 2-Cys PRXs; in the case of Arabidopsis, chloroplasts contain two 
almost identical typical 2-Cys PRXs, A and B, which are among the most 
abundant proteins in the stroma [18], and atypical PRX IIE and PRX Q 
[15]. 

Concerning the other class of TPXs, the Arabidopsis genome contains 
8 genes encoding GPXs that show ubiquitous localization in different cell 
compartments, of which GPX1 and GPX7 are localized in the chloroplast 
[14,19,20]. Unlike GPXs from animal cells, the plant enzymes contain 
cysteine, not seleno-cysteine, and are more efficiently reduced by thio-
redoxin (TRX) than by glutathione [21,22]. Thus, the activity of GPXs 
and PRXs is highly interconnected to the TRX redox network, which in 
plant chloroplasts is composed by more than 20 isoforms including TRXs 
and TRX-like proteins [23–28]. It is well-established by in vitro analyses 
that chloroplast dimeric 2-Cys PRXs are reduced by different TRXs 
including classical TRXs of the types m, f, x and y [29–31], and TRX-like 
proteins such as TRX L2 [32], cold-drought stress protein of 32 kDa 
(CDSP32) [33] and atypical Cys His-rich TRX (ACHT) namely ACHT1 
[34] and ACHT4 [35]. However, 2-Cys PRXs are more efficiently 
reduced by NADPH-dependent TRX reductase C (NTRC) [36–39]. 
Moreover, it was found that the severe growth inhibition phenotype of 
the Arabidopsis ntrc mutant, which is a knockout for NTRC, is sup-
pressed by decreased contents of 2-Cys PRXs [40], showing the tight 
functional relationship of these enzymes and emphasizing the key role of 
2-Cys PRX-dependent oxidizing signals for chloroplast redox balance. 
The finding that chloroplast enzyme oxidation in the dark is delayed in 
mutants lacking 2-Cys PRXs [32,41–43] confirmed the participation of 
these enzymes in this rapid oxidative process. Further studies have 
demonstrated the key role of chloroplast 2-Cys PRX-dependent oxidative 
signaling in fine-tuning photosynthetic carbon assimilation [44]. 

The important contribution of oxidizing signals mediated by 2-Cys 
PRXs to photosynthetic performance raises the issue of the participa-
tion in this process of the other thiol peroxidases present in chloroplasts. 
Based on the finding that Arabidopsis mutants combining the lack of 2- 
Cys PRXs with those of PRX IIE or PRX Q display similar rates of stromal 
enzymes oxidation in the dark than the mutant devoid of 2-Cys PRXs 
[41], it was ruled out a significant role for these atypical PRXs in this 
oxidative process. Additional candidates to participate in the oxidative 
component of chloroplast redox regulation are GPX1 and GPX7 since 
both enzymes display TRX-dependent peroxidase activity. However, the 
participation of GPXs in chloroplast redox balance or their functional 
relationship with the NTRC-2-Cys PRX redox system have been scarcely 
analyzed. In this work, we have addressed these issues by a combination 
of genetic, physiological, and biochemical approaches. The functional 
relationship of chloroplast GPXs and 2-Cys PRXs was analyzed by 
generating the Arabidopsis 2cpab-gpx1gpx7 quadruple mutant, which is 
simultaneously devoid of chloroplast 2-Cys PRXs and GPXs 1 and 7, 
whereas the relationship of chloroplast GPXs and NTRC was addressed 
by generating the ntrc-gpx1gpx7 mutant. Our results allow to establish 
the hierarchy of thiol-dependent peroxidases in the chloroplast redox 
network and their impact on photosynthetic performance and plant 
growth. 

2. Materials and methods 

2.1. Biological material and growth conditions 

Arabidopsis thaliana (Ecotype Columbia) wild type (WT) and mutant 
plants were grown on soil in culture chambers under long-day (16 h 

light/8 h darkness) or short-day (8 h light/16 h darkness) photoperiods 
at 22 ◦C and 20 ◦C during the day and night periods, respectively, at light 
intensity of 120 μE m− 2 s− 1 and 70% relative humidity. For high light 
(HL) treatments, plants grown under short-day photoperiod for 6 weeks 
were exposed at a light intensity of 800 μE m− 2 s− 1 for the time indicated 
in the figure legend. Escherichia coli strains were grown in liquid Miller 
nutrient at 37 ◦C with the appropriate antibiotics. 

2.2. Generation of Arabidopsis double, triple and quadruple mutans 

To generate the gpx1gpx7 double mutant, single mutants gpx1 
(SALK_027373) and gpx7 (SALK_072007), obtained from the European 
Arabidopsis Stock Centre (Nottingham University, UK), were manually 
crossed and the gpx1gpx7 double mutant was selected from the progeny 
by analyzing the T-DNA insertion in genomic DNA using the oligonu-
cleotides shown in Table S1. The 2cpab-gpx1gpx7 quadruple mutant and 
the ntrc-gpx1gpx7 triple mutant were generated by manually crossing the 
above described gpx1gpx7 mutant with the 2cpab [41] and the ntrc 
mutant [45], respectively. The 2cpab-gpx1gpx7 and ntrc-gpx1gpx7 were 
selected from the progeny of these crosses by analyzing the presence of 
the T-DNA insertions in genomic DNA with oligonucleotides indicated in 
Table S1. 

2.3. Protein extraction, alkylation assays and Western blot analysis 

Leaves tissues were dissected and immediately frozen with liquid 
nitrogen. Protein extracts were prepared with extraction buffer (50 mM 
Tris-HCl, pH 8.0, 0.15 M NaCl, 0.5% (v/v) Nonidet P-40), which was 
immediately added to leaves tissues that were ground under liquid ni-
trogen. After mixing on a vortex, extracts were centrifuged at 16,100 g at 
4 ◦C for 20 min. Protein was quantified using the Bradford reagent (Bio- 
Rad). Alkylation assays were performed as reported previously [46] 
using 60 mM iodoacetamide. Protein samples were subjected to 
SDS-PAGE under reducing or non-reducing conditions, as indicated in 
the corresponding figure legends, using acrylamide gel concentration of 
9.5% for Rubisco activase (RCA) and γATPase, or 12% for NTRC, 2-Cys 
PRXs and GPXs, unless otherwise specified. Separated proteins were 
transferred to nitrocellulose membranes and probed with the indicated 
antibody. Specific antibodies for NTRC [45] and 2-Cys PRXs [38] were 
previously raised in our laboratory. The anti-RCA antibody was kindly 
provided by Dr. A. R. Portis (USDA, Urbana, USA), and the γATPase and 
GPX antibodies were purchased from Agrisera (Sweden). 

2.4. Determination of chlorophylls, measurements of chlorophyll a 
fluorescence and determination of carbon assimilation rates 

Chlorophyll was measured as previously described [38]. Room 
temperature chlorophyll a fluorescence of PSII was measured using the 
pulse-amplitude modulation fluorometers DUAL-PAM-100 (Walz) and 
IMAGING-PAM M-Series (Walz), as indicated in the figure legends. For 
DUAL-PAM-100 determinations, induction-recovery curves were per-
formed using red (635 nm) actinic light at 100 μE m− 2 s− 1 for 6 min. 
Saturating pulses of red light at 10000 μE m− 2 s− 1 intensity and 0.6 s 
duration were applied every 60 s and recovery in darkness was recorded 
for up to 3 min. For IMAGING-PAM M-Series determinations, 
induction-recovery curves were performed using actinic light at 81 μE 
m− 2 s− 1 for 7 min. Saturating pulses of red light at 10000 μE m− 2 s− 1 

intensity and 0.6 s duration were applied every 40 s and recovery in 
darkness was recorded for up to 8 min. The parameters Y(II) and Y 
(NPQ), corresponding to the quantum yields of PSII photochemistry and 
non-photochemical quenching, respectively, were calculated according 
to reported equations [47]. The maximum quantum yield of PSII was 
determined, using the IMAGING-PAM M-Series, after incubation of 
plants in the dark for 30 min by calculating the ratio of the variable 
fluorescence, Fv, to maximal fluorescence, Fm (Fv/Fm). Net CO2 assimi-
lation rate (AN) was measured using an open gas exchange system 
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Li-6400 equipped with the chamber head (Li-6400–40) in dark-adapted 
leaves of plants that had been grown under long-day for four weeks, and 
were carried out by the Service for Photosynthesis, Instituto de Recursos 
Naturales y Agrobiología de Sevilla (Spain). 

2.5. Cloning, expression, and purification of recombinant proteins 

For the expression of Arabidopsis GPX1 and GPX7, the corresponding 
cDNAs, excluding the predicted transit peptides and the stop codons, 
were amplified with iProof™ High-Fidelity DNA Polymerase (Bio-Rad) 
using oligonucleotides listed in Table S1, which added NcoI and XhoI 
sites at the 5’ and 3’ ends, respectively. For the expression of Arabidopsis 
TRX m4, the corresponding cDNA, excluding the predicted transit pep-
tides and including the stop codon, was amplified as described above 
using oligonucleotides (Table S1) adding BamHI and HindIII sites at the 
5’ and 3’ ends, respectively. PCR products were gel-purified, cloned in 
pGEMt vector (Promega), and sequenced. For GPXs, pGEMt-derived 
plasmids were digested with NcoI and XhoI, subcloned in the pET28 
(Qiagen) expression vector and introduced into E. coli BL21 (DE3) cells. 
The pGEMt-TRX m4 plasmid was digested with BamHI and HindIII, 
subcloned in the pQE30 (Qiagen) expression vector and introduced into 

E. coli XL1Blue. Over-expressed recombinant proteins, containing a His- 
tag at the C-terminus (GPX1 and GPX7) or the N-terminus (TRX m4), 
were purified by nitrile triacetic acid (NTA) affinity chromatography in 
Hi-Trap affinity columns (GE Healthcare). Recombinant His-tagged 
NTRC and 2-Cys PRX from rice [38] and TRXs of the types y2, x and 
f2 from Arabidopsis were obtained as previously described [31,41]. 

2.6. In vitro redox state determinations and activity assays 

The ability of NTRC to reduce GPXs was tested as the oxidation of 
NADPH following the absorbance at 340 nm [38] in reaction mixtures 
containing 100 mM phosphate buffer, pH 7.2, 2 mM EDTA, 0.25 mM 
NADPH, 0.5 mM hydrogen peroxide and the referred enzymes NTRC and 
GPXs at final concentrations of 2 μM and 6 μM, respectively. For 
monitoring the reduced and oxidized forms of peroxidases, recombinant 
2-Cys PRX, GPX1 and GPX7, at a final concentration of 6 μM, were 
incubated for 30 min in 50 mM phosphate buffer, pH 7.4, in the presence 
or absence of 30 mM dithiothreitol (DTT), as source of reducing power. 
To test the ability of NTRC to reduce GPXs in shift assays, the reaction 
mixture included NADPH (0.25 mM) instead of DTT. Proteins were 
separated by non-reducing SDS-PAGE using a 14% acrylamide gel and 

Fig. 1. Growth phenotypes of Arabidopsis 
mutants simultaneously devoid of GPX1, GPX7 
and 2-Cys PRXs. (A) Wild type and 2cpab, 
gpx1gpx7 and 2cpab-gpx1gpx7 mutant plants, as 
indicated, were grown under long-day photope-
riod for 4 weeks. (B) Western blot analysis of the 
levels of 2-Cys PRXs and chloroplast GPXs, 1 and 
7. Protein extracts were obtained from rosette 
leaves of plants grown as in (A) and subjected to 
SDS-PAGE under reducing conditions, transferred 
to nitrocellulose filters and probed with anti-2-Cys 
PRX or anti-GPX antibodies. Molecular mass 
markers (kDa) are shown on the left and even 
loading is indicated by Ponceau staining of the 
Rubisco large subunit. The weight of the rosettes 
(C) and chlorophyll levels (D) were determined 
from at least 8 plants grown as in (A) and repre-
sented as average values ± SEM. Asterisks repre-
sent significant differences compared with the 
wild type (*, P < 0.05; **, P < 0.01; ***, P <
0.001, Student’s t-test). Hashes indicate signifi-
cant differences between 2cpab and 2cpab- 
gpx1gpx7 (###, P < 0.001, Student’s t-test).   
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stained with Coomassie blue. Redox interaction between GPXs and TRXs 
was monitored in reaction mixtures containing hydrogen peroxide (0.5 
mM), DTT (0.1 mM) and the indicated GPX and TRX isoforms at con-
centrations of 2 μM and 10 μM, respectively. Reactions were incubated 
for 15 min at room temperature and measured spectrophotometrically at 
560 nm. The consumption of hydrogen peroxide was determined as 
previously described [41], using the ferrous ion oxidation (FOX) assay in 
the presence of xylenol orange. 

3. Results 

3.1. The lack of chloroplast GPXs aggravates the growth inhibition 
phenotype caused by the lack of 2-Cys PRXs 

With the aim of analyzing the function of GPXs in chloroplast redox 
homeostasis, an Arabidopsis gpx1gpx7 double mutant was generated by 
manually crossing individual Arabidopsis T-DNA mutants gpx1 and 
gpx7. Western blot analysis confirmed the absence of chloroplast GPX1 
and GPX7 in the gpx1gpx7 double mutant (Fig. 1A and B), which dis-
played a growth phenotype indistinguishable of the WT when grown 
under long-day photoperiod (Fig. 1A), as shown by the fresh weight of 
rosette leaves (Fig. 1C), and leaf chlorophyll contents (Fig. 1D). There-
fore, the lack of chloroplast GPXs has no marked effect on plant growth, 
at least under the standard conditions used in this work. To analyze the 
functional interaction of chloroplast GPXs and 2-Cys PRXs, we took 
advantage of the previously reported 2cpab double mutant [41], which 
is a double knockout lacking 2-Cys PRXs A and B, as confirmed by 
Western blot analysis (Fig. 1B). After manually crossing the 2cpab and 
gpx1gpx7 mutants, the 2cpab-gpx1gpx7 quadruple mutant was selected. 
Western blot analysis confirmed the absence of chloroplast 2-Cys PRXs 
and GPXs in the quadruple mutant (Fig. 1B). Though the leaf chlorophyll 
content was similar in the 2cpab and 2cpab-gpx1gpx7 mutants (Fig. 1D), 
the lack of GPXs 1 and 7 in the 2cpab background resulted in a more 
severe growth inhibition than that of the 2cpab mutant, as revealed by 
the lower rosette leaves fresh weight of the quadruple mutant (Fig. 1C). 
Thus, the lack of GPX1 and GPX7, which has no significant effect on 
plant growth in the WT background, does affect growth of plants 
simultaneously devoid of chloroplast 2-Cys PRXs. 

To further test the functional relationship of chloroplast GPXs and 2- 
Cys PRXs, different photosynthetic parameters in the lines under anal-
ysis were determined. In dark-adapted plants the quantum yield of PSII 
[Y(II)] values in the WT were very similar to those observed in gpx1gpx7 
and 2-Cys Prxs depleted mutants (Fig. 2A). Immediately after illumi-
nation, the WT showed the expected drop to minimal Y(II) values, which 
was like that observed in the gpx1gpx7 mutant (Fig. 2A, inset). In 
agreement with previous results [41], the 2cpab mutant displayed a 
lower drop of Y(II), which was even lower in the 2cpab-gpx1gpx7 mutant 
(Fig. 2A, inset). These results indicate decreased level of reduction of the 
PQ pool probably related to a more rapid activation of photosynthetic 
metabolism in plants simultaneously devoid of chloroplast 2-Cys PRXs 
and GPXs than in the WT and the gpx1gpx7 double mutant, as shown by 
the higher Y(II) values in the 2cpab and 2cpab-gpx1gpx7 mutants during 
the following light period (Fig. 2A). The lack of chloroplast GPXs also 
affected the quantum yield of Non-Photochemical Quenching [Y(NPQ)], 
which was slightly higher in the gpx1gpx7 mutant than in the WT, and in 
the 2cpab-gpx1gpx7 than in the 2cpab mutant (Fig. 2B), thus indicating a 
slight effect of chloroplast GPXs on heat dissipation, which was observed 
in both, WT and 2cpab backgrounds. Regarding the rate of CO2 fixation 
(AN), the gpx1gpx7 mutant displayed values comparable to those of the 
WT, whereas the 2cpab-gpx1gpx7 and 2cpab mutants showed similar but 
slightly lower rates (Fig. 2D). Altogether, these results indicate that the 
lack of chloroplast GPXs affects growth only in plants devoid of 2-Cys 
PRXs, which show slightly altered PSII performance. 

3.2. GPXs and 2-Cys PRXs act concertedly on chloroplast enzyme 
oxidation in the dark 

Once analyzed the effect of GPXs 1 and 7 on plant growth and 
photosynthetic performance, we sought to analyze their functional 
relationship with 2-Cys PRXs in the redox regulation of chloroplast 

Fig. 2. Comparative analysis of the photosynthetic performance of mu-
tants devoid of chloroplast GPXs and 2-Cys PRXs. Measurements of quantum 
yields of photosystem II photochemistry [Y(II)] (A) and non-photochemical 
quenching [Y(NPQ)] (B) were performed using a DUAL-PAM-100 fluorom-
eter, in plants of the indicated genotypes, grown under long-day conditions for 
4 weeks. Values are the average of three determinations and standard errors of 
the mean (SEM) are represented as error bars. White and black blocks indicate 
periods of illumination with actinic light (81 μE m− 2 s− 1) and darkness, 
respectively. Inset in (A) shows Y(II) values immediately after illumination. 
Asterisks represent significant differences compared with the wild type (*, P <
0.05; **, P < 0.01, Student’s t-test). No significant differences were found be-
tween 2cpab and 2cpab-gpx1gpx7. (C) Net CO2 assimilation rate (AN) was 
measured using an open gas exchange system in dark-adapted leaves from three 
plants. Mean ± SD are represented. 
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enzymes in response to light and darkness. To that end, we focused on 
Rubisco activase (RCA) and the γ subunit of ATPase (γATPase), which 
are well-established redox regulated enzymes. As expected, both pro-
teins were fully oxidized in dark-adapted plants (Fig. 3A, C). After 30 
min under growth light intensity (120 μE m− 2 s− 1), RCA was slightly 
more reduced in the gpx1gpx7 mutant than in the WT, though it was not 
statistically significant (Fig. 3A and B). The level of light-dependent 
reduction of RCA was higher in the 2cpab mutant, as expected, but 
was not further increased in the 2cpab-gpx1gpx7 mutant (Fig. 3A and B). 
In contrast, γATPase was fully reduced in all the lines analyzed (Fig. 3C 
and D), in agreement with the high sensitivity of this protein to light- 
dependent reduction. Therefore, GPXs have a minor contribution, if 
any, to the role of 2-Cys PRXs in the control of the redox state of chlo-
roplast enzymes in the light. We then analyzed the participation of GPXs 
in the oxidation of these enzymes in the dark. With that purpose, dark- 
adapted plants were incubated for 30 min under high light intensity 
(800 μE m− 2 s− 1), which caused complete reduction of RCA (Fig. 4A and 
B) and almost full reduction of γATPase (Fig. 4C and D), and subse-
quently transferred to darkness to determine the rate of protein oxida-
tion. RCA oxidation was slightly delayed in the gpx1gpx7 mutant, as 
compared with the WT, whereas the 2cpab mutant showed the expected 
higher delay in enzyme oxidation, which was further aggravated in the 
2cpab-gpx1gpx7 mutant (Fig. 4A and B). The rate of γATPase oxidation in 
the dark followed a similar pattern, oxidation being almost not affected 
in the gpx1gpx7 mutant, as compared with the WT, whereas the 2cpab- 
gpx1gpx7 mutant showed a higher delay of γATPase oxidation than the 
2cpab mutant (Fig. 4C and D). Thus, the analyses of the redox state of 
RCA and γATPase indicate a more relevant role of chloroplast GPXs in 

dark-dependent enzyme oxidation than in light-dependent enzyme 
reduction. 

3.3. The activity of chloroplast GPXs is independent of NTRC 

The finding that decreased contents of 2-Cys PRXs suppress the se-
vere growth inhibition phenotype of the ntrc mutant [40] revealed the 
tight functional relationship of NTRC and 2-Cys PRXs in maintaining the 
redox balance of chloroplasts. Thus, to further explore the contribution 
of GPX1 and GPX7 to chloroplast redox homeostasis, we sought to 
analyze their genetic interaction with NTRC. With that purpose, the 
gpx1gpx7 double mutant was manually crossed with the ntrc mutant and 
the ntrc-gpx1gpx7 triple mutant was selected. Western blot analysis 
confirmed the lack of NTRC and GPXs 1 and 7 in the triple mutant 
(Fig. 5A and B), however, the lack of these GPXs in the ntrc background 
did not have any suppressor nor aggravated effect on the growth 
phenotype of the ntrc mutant as shown by the fresh weight (Fig. 5A, C) 
and chlorophyll contents (Fig. 5A, D) of the rosette leaves. In line with 
their similar growth rates, the ntrc and ntrc-gpx1gpx7 mutants also 
showed almost indistinguishable values of Y(II) (Fig. S1A) and Y(NPQ) 
(Fig. S1B), as well as the rate of CO2 fixation (Fig. S1C). The similarity of 
the ntrc and ntrc-gpx1gpx7 mutants was further confirmed by analyzing 
the redox state of RCA in response to light and darkness. Both mutants 
showed severely impaired light-dependent reduction of RCA (Figs. S2A 
and B), whereas the expected accelerated oxidation of RCA in the dark in 
the ntrc mutant was only slightly increased in the ntrc-gpx1gpx7 mutant 
(Figs. S2C and D). Therefore, the comparative analysis of the ntrc and 
ntrc-gpx1gpx7 mutants suggests that the participation of chloroplast 

Fig. 3. Effect of the lack of GPXs and 2-Cys 
PRXs on the light-dependent reduction of 
RCA and γATPase. Wild type and mutant plants 
were grown under long-day conditions for 4 
weeks at a light intensity of 120 μE m− 2 s− 1. The 
in vivo redox state of RCA (A) and γATPase (C) 
were determined at the end of the dark period 
(D), and after 30 min of illumination at 120 μE 
m− 2 s− 1 (L) by labelling of the thiol groups with 
the alkylating agent iodoacetamide. Molecular 
mass markers (kDa) are indicated on the left. 
Band intensities were quantified (Gel Analyzer) 
and the percentage of reduction, determined as 
the ratio between the reduced form and the sum 
of reduced and oxidized forms, of RCA (B) and 
γATPase (D) is represented as the mean ± SEM of 
three independent experiments. Statistical sig-
nificance compared with the wild type is indi-
cated (*, P < 0.05, Student’s t-test). No 
significant differences were found between 2cpab 
and 2cpab-gpx1gpx7. red, reduced; oxi, oxidized; 
r.i., redox insensitive.   
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GPXs in the redox balance of the organelle is independent of NTRC. 
Finally, the functional relationship of chloroplast GPXs with 2-Cys 

PRXs and NTRC based on genetic analyses was complemented with 
biochemical assays. To that end, Arabidopsis GPX1 and GPX7 devoid of 
their putative transit peptides, were expressed in E. coli fused to a His-tag 
and purified by Hi-Trap chromatography. Both enzymes are redox sen-
sitive as revealed by the different electrophoretic mobility shown in the 
presence or absence of DTT (Fig. S3). To analyze the interaction of GPX1 
and GPX7 with chloroplast TRXs, a similar approach was used to express 
in E. coli His-tagged representatives of Arabidopsis typical TRXs (TRX f2, 
TRX m4, TRX x, and TRX y2). For comparison, the well-established 
interaction of 2-Cys PRX and NTRC from rice was used as positive 
control. As previously reported [38], the incubation of NTRC and 2-Cys 
PRX in the presence of NADPH and hydrogen peroxide resulted in the 
rapid oxidation of NADPH (Fig. 6A) and the reduction of most of the 
2-Cys PRX present in the reaction mixture after 10 min of incubation, as 
indicated by the conversion of the dimeric (oxidized) into the mono-
meric (reduced) form of the enzyme (Fig. 6B). Conversely, neither 
oxidation of NADPH (Fig. 6A) nor reduction of GPX1 and GPX7 (Fig. 6B) 
were observed when 2-Cys PRX was replaced by GPX1 or GPX7, con-
firming the inability of NTRC to reduce chloroplast GPXs. To identify the 
electron donor of chloroplast GPXs, the peroxidase activity of these 
enzymes was assayed in the presence of representative chloroplast TRXs. 
Fig. 6C shows that TRX y2 is the most efficient electron donor for the 
peroxidase activity of GPX1 and GPX7. Though with much lower effi-
ciency, GPX1 and GPX7 were also reduced by TRX m4 and TRX f2, 

whereas TRX x showed almost negligible activity (Fig. 6C). 

3.4. The simultaneous lack of chloroplast 2-Cys PRXs and GPXs has 
minor effects on plant response to high light 

Previous reports had proposed an antioxidant function for TRXs y 
and x based on the ability of these TRXs to reduce 2-Cys PRXs [29–31]. 
Thus, the finding that TRX y2 is the most efficient reductant of chloro-
plast GPXs prompted us to test the sensitivity of the mutants under 
analysis to treatments that cause oxidative stress such as HL. Plants that 
had been grown under short-day photoperiod (light intensity during the 
day periods of 120 μE m− 2 s− 1) for 6 weeks were incubated for up to 12 h 
under HL (800 μE m− 2 s− 1) and the effect of this treatment on PSII 
stability was tested by analyzing the Fv/Fm ratio. Before starting the HL 
treatment (Fig. 7, 0 h), the 2cpab mutant showed slightly lower level of 
Fv/Fm than the WT, as previously reported [46], confirming the effect of 
the lack of 2-Cys PRXs on PSII stability. The Fv/Fm ratio of the gpx1gpx7 
mutant was like that of the WT, whereas the 2cpab-gpx1gpx7 and 2cpab 
mutants showed similar Fv/Fm ratios (Fig. 7), indicating the lack of effect 
of chloroplast GPXs on PSII stability under standard growth conditions, 
in agreement with above mentioned results (Fig. 2A–D). The HL treat-
ment provoked the decline of the Fv/Fm ratio after 6–12 h, however, the 
effect was similar in the gpx1gpx7 mutant and the WT (Fig. 7). The most 
negative effect of HL was observed in the 2cpab-gpx1gpx7 mutant after 
12 h of treatment (Fig. 7). 

Fig. 4. Effect of the lack of GPXs and 2-Cys 
PRXs on the dark-dependent oxidation of 
RCA and γATPase. Wild type and mutant plants 
were grown under long-day conditions for 4 
weeks at a light intensity of 120 μE m− 2 s− 1. At 
the end of the night period, plants were exposed 
to a light intensity of 800 μE m− 2 s− 1 during 30 
min (L), then light was switched off and samples 
were harvested at 5, 10 and 15 min. The in vivo 
redox state of RCA (A) and γATPase (C) at the 
indicated times was determined by labelling of 
the thiol groups with the alkylating agent 
iodoacetamide. Band intensities were quantified 
(Gel Analyzer) and the percentage of reduction of 
RCA (B) and γATPase (D), determined as the 
ratio between the reduced form and the sum of 
reduced and oxidized forms, is represented as the 
mean ± SEM of three independent experiments. 
Statistical significance compared with the wild 
type is indicated (*, P < 0.05; **, P < 0.01; ***, 
P < 0.001, Student’s t-test). Hashes indicate sig-
nificant differences between 2cpab and 2cpab- 
gpx1gpx7 (#, P < 0.05; ##, P < 0.01, Student’s t- 
test). red, reduced; oxi, oxidized; r.i., redox 
insensitive.   
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4. Discussion 

4.1. Chloroplast GPXs are dispensable for plant growth under standard 
conditions 

The aim of this work was to determine the contribution of 
chloroplast-localized GPXs to the redox homeostasis of the organelle and 
establish their functional interaction with the NTRC-2-Cys PRXs redox 
system. Previous analyses of single mutants of Arabidopsis lacking in-
dividual GPXs showed no alteration of their shoot phenotype [48], 
however, the Arabidopsis chloroplast contains two GPXs [20,49], which 
might have redundant functions. Thus, as a first approach to address the 
participation of GPXs on photosynthetic performance and plant growth 
the gpx1gpx7 double mutant, which lacks the two chloroplast-localized 
GPXs of Arabidopsis (Fig. 1A and B), was generated. The growth 
phenotype of the gpx1gpx7 mutant, which was indistinguishable of the 
WT (Fig. 1A, C, D), indicates that these GPXs are dispensable for plant 
growth. In line with the WT-like growth phenotype of the gpx1gpx7 
mutant, the analysis of the photochemical parameters revealed only 
minor effects of the lack of chloroplast GPXs on PSII performance as 
shown by the slightly higher levels of Y(NPQ) of the gpx1gpx7 mutant, as 
compared with the WT (Fig. 2B), and the drop of Y(II) immediately after 
illumination of dark-adapted plants, which was slightly lower in the 

gpx1gpx7 mutant than in the WT (Fig. 2A, inset), though it was indis-
tinguishable from the WT in the following light and dark periods 
(Fig. 2A). Despite this minor effect on PSII, which might be exerted by 
affecting proteins such as High Chlorophyll Fluorescent 244 (HCF244), a 
protein involved in PSII biogenesis which has been shown to interact 
with GPX7 [50], no alterations were observed on the CO2 fixation rate 
(Fig. 2C), further supporting the WT-like growth phenotype of the 
gpx1gpx7 mutant under standard conditions (Fig. 1A–D). 

An additional possibility is that chloroplast GPXs are relevant for 
plant response to environmental stresses as suggested by studies of GPXs 
expression in response to abiotic stresses [11,20]. In this regard, it was 
reported that depletion of chloroplast GPXs in Arabidopsis compromised 
photooxidative stress tolerance [51], however, Arabidopsis mutants 
devoid of individual GPXs did not show drastic changes in response to 
salt and osmotic stresses [52], suggesting a minor role of these enzymes 
in plant response to stress. In line with this notion, the gpx1gpx7 mutant 
behaved like the WT in response to HL (Fig. 7). Nevertheless, after 12 h 
of HL treatment, the 2cpab-gpx1gpx7 mutant was more affected than the 
2cpab mutant (Fig. 7), thereby suggesting that the concerted action of 
GPXs and 2-Cys PRXs is needed for plant response to photooxidative 
stress. 

4.2. The simultaneous lack of chloroplast GPXs and 2-Cys PRXs affects 
the redox balance of the organelle and plant growth 

The contribution of GPX1 and GPX7 to the complex redox network of 
chloroplasts was addressed by analyzing their functional relationship 
with the NTRC-2-Cys PRXs redox system. Chloroplast metabolism is 
tightly linked to light fluctuations through ferredoxin (FDX), the final 
acceptor of the photosynthetic electron transport chain, which delivers 
reducing equivalents to TRXs via FDX-dependent TRX reductase (FTR) 
thereby allowing the reduction, and activation, of key redox-regulated 
enzymes of biosynthetic metabolic pathways, such as the Calvin- 
Benson cycle [53–56]. Besides this reductive pathway, the finding that 
atypical chloroplast TRXs such as ACHT1 [34], ACHT4 [35] and TRX L2 
[32] display oxidizing activity mediated by 2-Cys PRXs uncovered the 
essential contribution of oxidizing signals for fine-tuning the redox 
balance of the organelle in response to changes in light intensity and 
darkness [44]. These results raised the question of the role of GPXs in 
chloroplast redox homeostasis since the peroxidase activity of these 
enzymes is supported by TRXs hence being very similar to the peroxi-
dase activity of 2-Cys PRXs [11,21,22]. The aggravated growth inhibi-
tion of the 2cpab-gpx1gpx7, as compared with the 2cpab mutant (Fig. 1A, 
C), indicates the concerted action of both thiol-peroxidases on plant 
growth. In agreement with previous results [41,42], the 2cpab mutant 
showed a lower drop of Y(II) immediately after illumination than the WT 
and this effect was increased in the 2cpab-gpx1gpx7 mutant (Fig. 2A, 
inset). Furthermore, the 2cpab-gpx1gpx7 mutant showed higher levels of 
NPQ than the 2cpab mutant (Fig. 2B), whereas no additional effects of 
the simultaneous lack of GPXs and 2-Cys PRXs were observed on CO2 
fixation rates (Fig. 2C). Moreover, the drop of Y(II) immediately after 
illumination reflects the full reduction of the PQ pool while biosynthetic 
metabolism is activated. While these results show the concerted 
contribution of GPXs and 2-Cys PRXs to chloroplast redox homeostasis, 
it is not clear that these effects are sufficient to explain the growth in-
hibition phenotype of the 2cpab-gpx1gpx7 mutant, thus further studies 
will be needed to identify additional processes affected by chloroplast 
GPXs. 

4.3. The effect of GPXs on chloroplast redox balance is independent of 
NTRC 

The suppressor effect of the ntrc phenotype by decreased contents of 
2-Cys PRXs [40] uncovered the tight functional relationship of NTRC 
and 2-Cys PRXs in maintaining chloroplast redox balance. Thus, to 
establish the role of GPXs in chloroplast redox homeostasis, a key 

Fig. 5. Growth phenotypes of Arabidopsis mutants simultaneously devoid 
of GPX1, GPX7 and NTRC. (A) Wild type and mutant plants, as indicated, were 
grown under long-day photoperiod for 4 weeks. (B) Western blot analysis of the 
levels of NTRC and GPXs, 1 and 7. Protein extracts were obtained from rosette 
leaves of plants grown as in (A) and subjected to SDS-PAGE under reducing 
conditions, transferred to nitrocellulose filters and probed with anti-NTRC or 
anti-GPX antibodies. Even loading was monitored by Ponceau staining of the 
Rubisco large subunit. Molecular mass markers (kDa) are indicated on the left. 
The weight of the rosettes (C) and chlorophyll levels (D) were determined from 
at least 8 plants grown as in (A) and represented as average values ± SEM. 
Asterisks represent significant differences compared with the wild type (**, P <
0.01; ***, P < 0.001, Student’s t-test). No significant differences were found 
between ntrc and ntrc-gpx1gpx7. 
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question is the functional relationship of these thiol-peroxidases and 
NTRC, which was addressed in this work by a combination of genetic 
and biochemical approaches. Unlike the ntrc-Δ2cp [40] and the 
ntrc-2cpab [46] mutants, which show the suppressor effect of the ntrc 
phenotype by the deficiency of 2-Cys PRXs, the triple ntrc-gpx1gpx7 
mutant simultaneously lacking NTRC and chloroplast GPXs (Fig. 5A and 
B) shows a growth phenotype like the ntrc mutant (Fig. 5A, C, D). 
Moreover, these mutants showed no significant differences of photo-
synthesis performance, as indicated by the quantum yields of PSII, NPQ 
and rates of CO2 fixation (Figs. S1A–C). Similarly, the ntrc-gpx1gpx7 
mutant showed levels of light-dependent RCA reduction (Figs. S2A and 
B) and dark-dependent RCA oxidation (Figs. S2C and D) like those of the 

ntrc mutant. Altogether, these results strongly support the notion that 
chloroplast GPXs and NTRC are functionally unrelated. This notion was 
further supported by in vitro assays (Fig. 6A and B) which showed the 
failure of NTRC to reduce GPXs 1 and 7, whereas in agreement with 
previous results [45], NTRC showed high activity with 2-Cys PRX. 
Moreover, assays with recombinant TRXs allowed to establish the 
preference of Arabidopsis chloroplast GPXs for TRXs y (Fig. 6C), as re-
ported for the poplar enzyme [22]. Thus, the effects of the lack of GPXs 
might be related with the function of TRXs y, which is so far poorly 
understood. 

5. Conclusion 

In this study, we have used a combination of genetic and biochemical 
approaches to determine the role of chloroplast GPXs into the complex 
redox network of the organelle, which is summarized in the scheme 
shown in Fig. 8. The severe phenotypic consequences of the lack of 
NTRC [45,57] and 2-Cys PRXs [46,58] support the central role of the 
NTRC-2-Cys PRXs redox couple in determining the redox state of 
redox-regulated targets. According to this model (Fig. 8), FDX, the final 
acceptor of the photosynthetic electron transport chain, delivers 
reducing equivalents to TRXs, allowing the reduction of redox sensitive 
targets in response to light, and, via FDX-NADP reductase (FNR) and 
NADPH, to NTRC. The severe phenotype of Arabidopsis mutants 
combining the deficiencies of NTRC and TRXs f [59,60], and TRX x [59], 
which are suppressed by decreased contents of 2-Cys PRXs [40,61] al-
lows to link the reducing capacity of these TRXs with the NTRC-2-Cys 
PRXs system (Fig. 8, green pathway). In the light, NTRC maintains the 
redox balance of 2-Cys PRXs thereby avoiding drainage of electrons from 
TRXs (Fig. 8, dotted green arrow). This has been shown for typical TRXs 
of the types x, f, and m, but it is likely that affects other TRXs. In the dark, 
2-Cys PRXs mediate the transfer of reducing equivalents to hydrogen 
peroxide with the participation of oxidizing TRXs such as ACHT1 [34], 
ACHT4 [35] and TRX L2 [32] (Fig. 8, red pathway), though typical TRXs 
might also contribute to this oxidative pathway as suggested by in vitro 
assays showing the participation of TRXs f and 2-Cys PRX in the 
oxidation of fructose-1,6-bisphosphatase, among other redox regulated 
proteins [32,41,42]. Though not analyzed in this work, atypical PRX Q 
and PRX IIE, as well present in Arabidopsis chloroplasts [15,16], seem to 
have a minor role in chloroplast redox homeostasis [41]. While PRX Q 
can be reduced by TRXs y [30], PRX IIE was shown to be regenerated by 

(caption on next column) 

Fig. 6. In vitro analysis of the interaction of GPX1 and GPX7 with NTRC 
and TRXs. The redox interaction between GPXs, 1 and 7, and NTRC was 
monitored by NADPH oxidation (A) and mobility shift assays (B). The NADPH 
oxidation assays (A) were performed in reaction mixtures containing 100 mM 
phosphate buffer, pH 7.0, 2 mM EDTA, 0.25 mM NADPH, 0.5 mM hydrogen 
peroxide, and the recombinant His-tagged proteins as follows: 2 μM NTRC plus 
6 μM GPX1 (closed squares), 2 μM NTRC plus 6 μM GPX7 (closed triangles). 
Assays containing 2-Cys PRX (6 μM) in the presence (closed circles) or absence 
(open circles) of NTRC (2 μM) were included as positive and negative controls, 
respectively. For mobility shift assays (B), GPXs (6 μM) or 2-Cys PRX (6 μM), 
included here as a positive control, were incubated for 30 min in a reaction 
mixture containing 100 mM phosphate buffer, pH 7.0, 2 mM EDTA and 0.25 
mM NADPH in the presence or absence of NTRC (2 μM), as indicated. Thiols 
were blocked with iodoacetamide and samples were then subjected to non- 
reducing SDS-PAGE (14% acrylamide) and stained with Coomassie blue. 
Reduction of 2-Cys PRX is monitored by the shift from the oxidized dimeric 
(dim) form to the reduced monomeric (mon) form of the enzyme. Molecular 
weight markers (kDa) are indicated on the left. (C) Redox interaction between 
GPXs, 1 and 7, and TRXs y2, f2, m4 and x, was monitored following the rates of 
hydrogen peroxide consumption by the ferrous ion oxidation (FOX) assay. 
Reaction mixtures, containing hydrogen peroxide (0.5 mM), DTT (100 μM) as 
source of reducing equivalents and the indicated GPX (2 μM) and TRX (10 μM) 
isoforms, were incubated for 15 min at room temperature and measured 
spectrophotometrically at 560 nm. Each value is the mean of three independent 
experiments ± standard error (SEM). 
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glutaredoxin (GRX) rather than by TRXs [62,63]; moreover, the inter-
action of PRX IIE with 14-3-3 proteins suggests that the role of this PRX 
in redox signaling is unrelated with its peroxidase activity [62]. In 
contrast with 2-Cys PRXs, the effect of GPXs is independent of NTRC, as 
suggested by the similar phenotypes of the ntrc and ntrc-gpx1gpx7 mu-
tants (Fig. 5A, C, D; Figs. S1A–C), and the inability of NTRC to reduce 
GPXs 1 and 7 (Fig. 6A and B). Since the most efficient reductant of 
chloroplast GPXs is TRX y2 (Fig. 6C), as previously reported for the 
poplar enzyme [22], the effect of GPXs on chloroplast performance is 
likely exerted via these TRXs. In this regard, it is worth noting that in 
contrast with the severe phenotypes of the ntrc-trxf1f2 and ntrc-trxx 
mutants [59], the ntrc-trxy1y2 mutant shows a phenotype like the ntrc 
mutant [31]. Altogether, these results suggest that TRXs y are not 
controlled by the NTRC-2-Cys PRXs, but rather by GPXs (Fig. 8, grey 
pathway). 
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Fig. 7. Effect of short-term high light treat-
ment on wild type and mutant plants devoid 
of GPX1, GPX7 and/or 2-Cys PRXs. Wild type 
and mutant plants, as indicated, were grown 
under short-day photoperiod at a light intensity 
of 120 μE m− 2 s− 1 for 6 weeks and transferred to 
an intensity of 800 μE m− 2 s− 1. The Fv/Fm, 
representing the maximum potential quantum 
efficiency of photosystem II, was measured with 
an IMAGING-PAM-100 fluorometer before (0 h) 
and during (3 h, 6 h and 12 h) the high light 
treatment. Box plots represent mean values ±
standard error (SEM) from at least 6 plants. Let-
ters indicate significant differences (P < 0,05, 
one-way Anova) between lines at the indicated 
time of treatment.   

Fig. 8. Proposed model for the contribution of GPXs to the chloroplast 
redox homeostasis. The photosynthetic electron transport chain delivers 
reducing equivalents to the pool of plastid thioredoxins (TRXs), via ferredoxin 
(FDX) and the FDX-dependent TRX reductase (FTR). Alternatively, NADPH is 
regenerated from FDX by the action of FDX-NADP reductase (FNR). Photo-
synthesis inevitably produces hydrogen peroxide (H2O2), which is scavenged by 
thiol-dependent peroxidases such as 2-Cys peroxiredoxins (PRXs), PRX Q and 
glutathione peroxidases (GPXs). 2-Cys PRXs are predominantly reduced by 
NADPH-dependent thioredoxin reductase C (NTRC), and, to a lesser extent 
(dashed arrows), by typical (m, f and x) TRXs whereas GPXs are efficiently 
reduced by TRXs y, which also reduces PRX Q (grey arrows). During the day, 
typical m-, f- and x- TRX types maintain downstream targets reduced, i.e. active, 
the activity of NTRC avoiding the drainage of reducing equivalents from TRXs 
to 2-Cys PRXs (green pathway). During the night, targets become oxidized, i.e., 
inactive, as atypical TRXs (TRXL2 and ACHTs) mediate the transfer of their 
reducing equivalents to 2-Cys PRXs (red pathway). In addition to 2-Cys PRXs, 
GPXs participate in the dark-oxidation of specific targets, at least RCA and 
γATPase, most probably through TRXs y, which are their most efficient 
reductant (grey pathway). The redox state of GPXs is not maintained by the 
activity of NTRC. The question mark indicates the lack of knowledge of specific 
TRX y targets. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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