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A B S T R A C T   

The redox couple formed by NADPH-dependent thioredoxin reductase C (NTRC) and 2-Cys peroxiredoxins (Prxs) 
allows fine-tuning chloroplast performance in response to light intensity changes. Accordingly, the Arabidopsis 
2cpab mutant lacking 2-Cys Prxs shows growth inhibition and sensitivity to light stress. However, this mutant 
also shows defective post-germinative growth, suggesting a relevant role of plastid redox systems in seed 
development, which is so far unknown. To address this issue, we first analyzed the pattern of expression of NTRC 
and 2-Cys Prxs in developing seeds. Transgenic lines expressing GFP fusions of these proteins showed their 
expression in developing embryos, which was low at the globular stage and increased at heart and torpedo 
stages, coincident with embryo chloroplast differentiation, and confirmed the plastid localization of these en
zymes. The 2cpab mutant produced white and abortive seeds, which contained lower and altered composition of 
fatty acids, thus showing the relevance of 2-Cys Prxs in embryogenesis. Most embryos of white and abortive seeds 
of the 2cpab mutant were arrested at heart and torpedo stages of embryogenesis suggesting an essential function 
of 2-Cys Prxs in embryo chloroplast differentiation. This phenotype was not recovered by a mutant version of 2- 
Cys Prx A replacing the peroxidatic Cys by Ser. Neither the lack nor the overexpression of NTRC had any effect on 
seed development indicating that the function of 2-Cys Prxs at these early stages of development is independent 
of NTRC, in clear contrast with the operation of these regulatory redox systems in leaves chloroplasts.   

1. Introduction 

Seed development in Arabidopsis is initiated by a double fertilization 
event that generates a diploid zygote and a triploid endosperm [1]. 
Then, the formation of the mature seed progresses following a process in 
which the phases of embryogenesis, maturation, and desiccation can be 
distinguished [2,3]. Embryogenesis, the process of formation of the 
embryo, follows a simple pattern progressing through well-defined 
stages termed globular, heart, torpedo, and walking stick to generate 
the mature embryo [3,4]. Even though the light intensity that reaches 
the embryo in a developing seed is limited by filtration through the 
silique and the pericarp, it is well established that developing embryos 
perform photosynthesis [5,8], which takes place in specialized organ
elles, the chloroplasts, the formation of which is initiated at the globular 
stage and completed during heart and torpedo stages of embryogenesis 
[9]. Then, at the end of the seed maturation phase, chloroplasts 

de-differentiate to form non-photosynthetic plastids, termed eoplasts, 
present in the dry seed [9]. Different functions have been proposed for 
photosynthesis during embryogenesis. First, it allows refixation of CO2 
produced by respiration to yield storage compounds, starch, proteins, 
and lipids, which support cotyledon development in post-germinating 
seeds [6]. In addition, it has been suggested that the generation of ox
ygen by photosynthesis may alleviate hypoxic conditions within the 
developing seed [10,11]. Moreover, the analyses of photosynthetic pa
rameters in Arabidopsis developing seeds showed that seed vigor is 
highly affected by embryonic photosynthesis [5,7]. 

By performing photosynthesis, chloroplasts act as factories for the 
synthesis of metabolic intermediates hence being essential for plant 
growth and development. However, chloroplasts have also an important 
signaling function acting as sensors of environmental cues, which is 
essential for plant acclimation to the environment. Among these factors, 
photosynthesis is continuously fine-tuned in response to light intensity. 

Abbreviations: Fdx, ferredoxin; FTR, ferredoxin-dependent thioredoxin reductase; FBPase, fructose bisphosphate phosphatase; NTRC, NADPH-thioredoxin 
reductase; Prx, peroxiredoxin; Trx, thioredoxin. 
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It is known for more than fifty years that redox regulation, based on 
dithiol-disulfide exchange, plays a key role in the rapid adaptation of 
chloroplast photosynthetic metabolism to light [12,13]. This regulatory 
mechanism relies on the disulfide reductase activity of thioredoxins 
(Trxs) of which plant chloroplasts are equipped with a complex set of 
more than 20 isoforms [14–17], which use reducing equivalents from 
photosynthetically reduced ferredoxin (Fdx) via a Fdx-dependent Trx 
reductase (FTR) [18]. Thus, Fdx, FTR and Trxs constitute a redox system 
that links redox regulation to light [14,17,19,20]. Since more than 400 
putative targets of chloroplast Trxs have been identified [21], virtually 
any process that takes place in the organelle has at least one redox 
regulated step [22–24], emphasizing the essential role of redox regula
tion for chloroplast performance. 

In addition to the Fdx-FTR-Trxs redox system, chloroplasts are 
equipped with an enzyme termed NTRC, which contains NADPH- 
dependent Trx reductase (NTR) and Trx domains in a single poly
peptide [25]. NTRC shows high affinity for NADPH [26] thus allowing 
the use of this pyridine nucleotide in chloroplast redox homeostasis. 
Based on the finding that the thiol-dependent hydrogen peroxide scav
enging enzyme 2-Cys peroxiredoxin (Prx) is efficiently reduced by NTRC 
[27–29], it was initially proposed an antioxidant role for this enzyme. 
However, the Arabidopsis ntrc mutant, which is a knockout for NTRC, 
shows a severe growth retard phenotype, pale green leaves and altered 
chloroplast structure [25,29,30]. The strong effect of NTRC on chloro
plast performance is due to the participation of the enzyme in different 
redox-regulated processes such as the efficiency of light use [31–33], 
and the biosynthesis of starch [34,35] and chlorophyll [36,37]. There
fore, though the number of putative NTRC targets so far identified [38, 
39] is much lower than those of Trxs [21], the analyses of the ntrc 
mutant suggest a very relevant role of this enzyme in chloroplast redox 
regulation. 

More recently, it was found that decreased contents of 2-Cys Prxs 
suppress the phenotype of the ntrc mutant, suggesting that the effects of 
NTRC on chloroplast performance are exerted via the redox regulation 
of 2-Cys Prxs [40]. These results uncovered the close functional rela
tionship between NTRC and 2-Cys Prxs indicating the concerted action 
of thiol-dependent antioxidant and regulatory systems in maintaining 
chloroplast redox homeostasis [19]. An important implication of this 
model is the possibility that hydrogen peroxide might act as sink of 
reducing equivalents allowing the oxidation of chloroplast enzymes. The 
delayed rate of enzyme oxidation in the dark in mutant plants devoid of 
2-Cys Prxs [41–43] confirmed the participation of these enzymes in 
protein oxidation and showed the relevance of the oxidizing component 
of redox regulation for chloroplast performance in response to changes 
in light intensity and darkness [44,45]. 

In line with the proposed central function of 2-Cys Prxs in chloroplast 
redox regulation, the Arabidopsis double mutant 2cpab lacking the two 
2-Cys Prxs, A and B, localized in the organelle shows growth retard and 
sensitivity to high light intensity [46]. Strikingly, the most remarkable 
phenotypic features of this mutant were observed at early stages of 
development since it shows aberrant cotyledon phenotypes [47], hence 
suggesting an important function of 2-Cys Prxs in seed development and 
post-germinative growth. However, most of the research on plastid 
redox regulation has been performed on adult leaves, hence on mature 
chloroplasts and, consequently, their function during seed development 
remains unknown. In this work, we have addressed this issue by 
analyzing the roles of NTRC and 2-Cys Prxs in developing seeds. The 
analysis of the pattern of expression of NTRC and 2-Cys Prxs during seed 
development in addition to the seed phenotype of Arabidopsis mutants 
and transgenic lines with altered plastid redox balance reveals an 
essential role of 2-Cys Prxs, which is independent of NTRC, at early 
stages of plant development. The different effects of NTRC and 2-Cys 
Prxs in plastids of developing seeds and fully differentiated chloro
plasts of adult leaves will be discussed. 

2. Materials and methods 

2.1. Biological material and growth conditions 

Wild type (WT) Arabidopsis thaliana (ecotype Columbia), mutant 
plants and transgenic lines were routinely grown in soil in growth 
chambers under long-day (16-h light/8-h darkness), short-day (8-h 
light/16-h darkness) or continuous light at 22 ◦C and 20 ◦C during light 
and dark periods, respectively, and light intensity of 125 μE m-2 s-1. The 
Arabidopsis mutants ntrc [25], Δ2cp [48], 2cpab [41] and the transgenic 
NTRC-OE line [41] were previously described. 

2.2. Generation of Arabidopsis transgenic lines expressing NTRC and 2- 
Cys Prxs A and B fused to GFP 

To analyze the pattern of expression of the NTRC, 2-Cys PRX A and 2- 
Cys PRX B genes in developing seeds and the localization of the corre
sponding proteins, genes expressing C-terminal GFP fusion proteins 
were constructed according to the scheme shown in Fig. S1A. For the 
NTRC::GFP fusion a fragment of 4249 bp containing the Arabidopsis 
NTRC gene including its putative promoter (1572 bp upstream the 
translation start codon) and excluding the translation stop codon, was 
amplified from genomic DNA with iProof High-Fidelity DNA Polymerase 
(Bio-Rad) using the oligonucleotides indicated in Table S1, which added 
attB recombination sites at the 5′and 3′ends. For 2-Cys Prx A::GFP and 2- 
Cys Prx B::GFP fusions, fragments of 3331 bp and 3533 bp containing 2- 
Cys PRX A and 2-Cys PRX B genes, respectively, including their putative 
promoters (1585 bp and 1704 bp upstream their respective translation 
start codons) and excluding the translation stop codons, were amplified 
from genomic Arabidopsis DNA as described above. These genomic 
fragments were cloned into the Gateway vector pDONR207 (Invi
trogen), verified by sequencing, and recombined into the pGWB604 
destination plasmid according to the manufacturer’s instructions. The 
PNTRC-NTRC::GFP and the P2CPA-2-Cys Prx A::GFP and P2CPB-2-Cys Prx 
B::GFP constructs were introduced into the ntrc and the 2cpab mutants, 
respectively, via the Agrobacterium tumefaciens (GV3101) floral dipping 
method [49]. 

2.3. Generation of Arabidopsis transgenic lines expressing the WT and 
2CPA-CP-S mutant versions of 2-Cys Prx a in the 2cpab mutant 
background 

The 2CPA-CP-S mutant version of 2-Cys Prx A, in which the peroxidatic 
Cys (CP) was replaced by Ser (C119S: codon change TGC to AGC), was 
produced by site-directed mutagenesis using the pDONR-207/P2CPA-2CPA 
plasmid and oligonucleotides 2CPAg_C119S_for and 2CPAg_C119S_rev 
(Table S1). Plasmids obtained above, pDONR207/P2CPA-2CPA and 
pDONR207/P2CPA-2CPA-CP-S, were recombined into the pGWB616 vector 
to generate the P2CPA-2CPA-cmyc and P2CPA-2CPA-CP-S-cmyc constructs, 
which were introduced into the 2cpab mutant as described above. 

2.4. Analysis of seed and embryo development 

Seed development was analyzed in siliques of the different Arabi
dopsis lines under study, which were harvested at 10–11 days post 
anthesis (dpa), opened under a stereomicroscope (SZ40, Olympus) and 
photographed. For embryo observation, ovules were dissected from si
liques and incubated overnight at room temperature in Hoyer’s solution 
[chloral hydrate:glycerol:water, 8:1:3 (w/v/v)] in darkness [50]. After 
ovule clearing, embryo images were obtained by differential interfer
ence contrast (DIC) microscopy (BX60, Olympus) and photographs were 
taken with a DFC 300 FX camera (Leica). 

2.4.1. Confocal microscopy and scanning electron microscopy 
The pattern of expression of NTRC and 2-Cys PRXs A and B genes was 

analyzed by confocal microscopy (FLUOVIEW FV3000, Olympus) of 

A.M. Gallardo-Martínez et al.                                                                                                                                                                                                                



Redox Biology 62 (2023) 102645

3

embryos dissected from the Arabidopsis transgenic lines expressing the 
corresponding GFP fusion proteins. Embryos were removed from ovules 
harvested at different stages and placed onto glass slides with 6% (v/v) 
glycerol solution [50]. GFP fluorescence was observed by excitation at 
488-nm and 640-nm, and emission at 500-520-nm was detected. For 
chlorophyll autofluorescence, samples were excited at 488 nm and 
emission between 650-nm and 750-nm was detected. Seed morphology 
was obtained by scanning electron microscopy (SEM) with a HITACHI 
S-4800 SEM-FEG microscope operated at 2 kV. Previously, the samples 
were coated with gold. 

2.5. Protein extraction, alkylation assays and Western blot analysis 

Plant material, either isolated embryos from developing seeds or 
leaves from adult plants, was ground under liquid nitrogen to a fine 
powder. Extraction buffer (50 mM Tris-HCl pH 8.0, 0.15 M NaCl, 0.5% 
(v/v) Nonidet P-40) was immediately added, mixed on a vortex, and 
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 
previously described [40] using 60 mM iodoacetamide. Protein samples 
were subjected to SDS-PAGE under reducing (NTRC, 2-Cys Prxs and 
GFP) or non-reducing (FBPase and 2-Cys Prxs) conditions using acryl
amide gel concentration of 9.5% (FBPase), or 15% (NTRC, 2-Cys Prxs 
and GFP). Resolved proteins were transferred to nitrocellulose mem
branes and probed with the indicated antibodies. Specific antibodies for 
NTRC [25] and 2-Cys Prxs [29] were previously raised in our laboratory. 
The anti-FBPase was kindly provided by Dr. Sahrawy (Estación Experi
mental del Zaidín, Granada, Spain). The anti-GFP antibody was pur
chased from Agrisera. 

2.6. Total fatty acids extraction and analysis 

Total fatty acid content and composition from Arabidopsis dry seeds 
were determined using the whole seed acid-catalyzed transmethylation 
protocol [51]. The fatty acid methyl esters were analyzed by gas chro
matography using a GC-MS-QP2010 Plus equipment (Shimadzu, Kyoto, 
Japan) fitted with a Suprawax 280 capillary column (10-m length, 
0.1-mm i.d. and 0.1-μm film thickness) and one quadrupole mass de
tector. Helium was used as the carrier gas at a flow rate of 16.3 ml min-1. 
Ion source was held at a temperature of 200 ◦C, and an interphase 
temperature of 280 ◦C. Heptadecanoic acid was used as internal stan
dard for fatty acids content calculation. 

3. Results 

3.1. NTRC and 2-Cys Prxs show different expression patterns during seed 
development 

The finding that the Arabidopsis mutant 2cpab, which is devoid of 2- 
Cys Prxs A and B, shows defective post-germinative growth [47] sug
gests a relevant function of plastid redox systems during seed develop
ment. It is well established the functional relationship of 2-Cys Prxs and 
NTRC in the redox balance of leaves chloroplasts, however, little is 
known about the contribution of these enzymes at early stages of plant 
development. Thus, to address this issue, we first sought to determine 
the pattern of expression of NTRC and 2-Cys Prxs throughout embryo
genesis and seed development. Western blot analysis of protein extracts 
from seeds harvested at early (4 dpa), medium (6 dpa), and late (9 dpa) 
stages of development revealed the presence of NTRC and 2-Cys Prxs in 
embryos and showed a slight increase of the contents of both enzymes 
during embryogenesis progression, though at levels significantly lower 
than in leaves (Fig. 1A and B). To further analyze the pattern of 
expression of the NTRC and 2-Cys PRX A and B genes and the localiza
tion of the corresponding proteins during embryogenesis, their respec
tive coding sequences, C-terminally fused to GFP, were expressed under 
the control of their endogenous promoters in the ntrc and 2cpab mutant 

backgrounds, respectively (Figs. S1A–C). Among the transformants, 
transgenic plants expressing GFP fusions to NTRC (Fig. S1D) or 2-Cys 
Prxs A and B (Fig. S1E) in the ntrc or 2cpab genetic backgrounds, 
respectively, here termed ntrc/NTRC-GFP (Fig. S1B), 2cpab/2CPA-GFP 

Fig. 1. Expression pattern of NTRC and 2-Cys Prx A in Arabidopsis embryos. 
Western blot analysis of the levels of NTRC (A) and 2-Cys Prxs (B) in extracts 
from embryos harvested at 4, 6 and 9 dpa, as indicated, and from rosette leaves 
from WT plants grown under long-day conditions for 25 days. Embryo protein 
extracts, 13 μg, and aliquots of 1.44 μg (1/9), 2.17 μg (1/6), 4.33 μg (1/3) and 
13 μg (1) of leaf extracts, as indicated, were subjected to SDS–PAGE under 
reducing (NTRC) or non-reducing (2-Cys Prxs) conditions, transferred to 
nitrocellulose filters, and probed with anti-NTRC or anti-2-Cys Prxs antibodies. 
Molecular mass markers (kDa) are indicated at the left and even loading was 
monitored by Ponceau staining. Monomeric (mon) and dimeric (dim) forms of 
2-Cys Prxs are indicated at the right. (C) Expression pattern analysis of 2-Cys 
Prx A and NTRC in embryos from 2cpab/2CPA-GFP and ntrc/NTRC-GFP 
plants at different stages of embryogenesis, as indicated. From left to right, 
panels show representative confocal images corresponding to bright field, 
chlorophyll red autofluorescence, GFP fluorescence, merged of green and red 
channels and a higher magnification view of the overlay. For ntrc/NTRC-GFP 
panels, the intensity of the green channel was increased 5-fold. For zoom im
ages, the intensity of the red channel was increased 3-fold. Scale bars: 10 μm. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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and 2cpab/2CPB-GFP (Fig. S1C), were selected for confocal microscopy 
analyses. The 2-Cys Prx A (Fig. 1C) and 2-Cys Prx B (Fig. S2) genes 
showed a similar pattern of expression throughout embryogenesis. The 
expression of both genes was detected at low level at globular stage, the 
GFP signal being enhanced at later stages embryogenesis (Fig. 1C, 
Fig. S2), in agreement with the Western blot data. The pattern of 
expression of the NTRC gene was slightly different as no signal was 
detected at the globular stage and GFP fluorescence remained lower 
than that of 2-Cys Prxs at later stages (Fig. 1C). The signal of the three 
GFP fusion proteins was coincident with chlorophyll autofluorescence 

(Fig. 1C; Fig. S2), indicating their plastid localization. However, relevant 
differences of the pattern of localization of the three proteins were 
observed. While the magnified images showed the uniformly distributed 
signal of NTRC, probably reflecting the stromal localization of the 
enzyme, 2-Cys Prxs A and B were detected as speckles (Fig. 1C; Fig. S2), 
suggesting that these proteins may form aggregates at specific sites of 
the embryo plastid. 

Fig. 2. Comparative analysis of seed development in WT and ntrc and 2cpab mutants. (A) Siliques of the wild type and the ntrc and 2cpab mutants were harvested at 
10 dpa from plants grown under long day photoperiod, and enlarged images of representative green, white and aberrant seeds. Selected white and abortive seeds in 
the 2cpab silique are indicated by white and black arrows, respectively. Scale bars: 200 μm. (B) Percentages of green, white, and abortive seeds in the indicated lines, 
represented as mean values ± SEM from four replicates (siliques from different plants). (C) Scanning electron microscope images of mature seeds of the indicated 
genotypes. Enlarged images of normal (WT, ntrc and 2cpab-1) and abnormal (2cpab-2) seeds. Scale bars: 1000 μm. (D) Total fatty acid content from WT, ntrc, 2cpab-1 
and 2cpab-2 mature dry seeds, shown as the mean ± SD of five independent replicates of 20 seeds. Asterisk indicates statistical significance compared with the 2cpab- 
1 and hash indicates statistical significance compared to WT according to one-way ANOVA with a Bonferroni post-tests (p < 0.05). (E) Seedling phenotypes yielded 
by the 2cpab-2 mutant seeds after 8 days on MS synthetic medium under long day photoperiod. Scale bars: 10 μm. (F) Among the germinated seeds, the percentages of 
seedlings displaying developed or undeveloped cotyledons and the emergence of the radicle is represented as mean values ± SEM from four replicates of at least 
20 seeds. 
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3.2. 2-Cys Prxs, but not NTRC, contribute to seed development 

Once established the pattern of expression of NTRC and 2-Cys Prxs A 
and B in developing seeds, we sought to determine their impact on seed 
development by analyzing this developmental process in the ntrc and the 
2cpab mutants. When grown under long-day photoperiod, siliques of the 
ntrc mutant harvested at 10 dpa contained exclusively green seeds, 
hence being indistinguishable from those of the WT (Fig. 2A and B). In 
contrast, only a minor proportion (~15%) of the developing seeds in 
siliques of the 2cpab mutant were green, most of them presenting 
abnormal morphologies ranging from white to brown/wrinkled (labeled 
as abortive), at a frequency of ~50% and ~35%, respectively (Fig. 2A 
and B). The light regime during plant growth affected the seed pheno
type of the 2cpab mutant as shown by the higher contents of white seeds 
(~70%) and lower contents of abortive seeds (~15%) in plants grown 
under continuous light, whereas short day conditions caused the oppo
site effect lowering the contents of white seeds (~40%) and increasing 
that of abortive seeds (~50%) (Fig. S3). The contents of green seeds in 
siliques of the 2cpab mutant remained invariable under any of these 
growth conditions (Fig. S3). In contrast with the severe seed develop
ment phenotype of the 2cpab mutant, the ntrc mutant showed exclu
sively green seeds under any of the light conditions tested (Fig. 2A and B; 
Fig. S3). The different contribution of 2-Cys Prxs and NTRC to seed 
development was also reflected in the morphology of the mature dry 
seeds. Scanning microscopy analysis showed that seeds of the ntrc 
mutant displayed WT appearance whereas 2cpab plants produced both 
WT-like seeds, labeled as 2cpab-1, as well as seeds displaying heterog
enous sizes and morphologies, referred as 2cpab-2 (Fig. 2C). 

Green oilseeds accumulate lipids as energy reserves in the form of 
triacylglycerol (TAG) and embryo photosynthesis has been proposed to 
provide reducing equivalents and ATP for fatty acid synthesis [8]. Thus, 
to further test the effect of impaired plastid redox regulation during seed 
development, the fatty acid content in dry seeds of the ntrc and 2cpab 
mutants was analyzed. In agreement with the lack of effect of NTRC on 
seed development, the total fatty acid content of ntrc mutant and WT 
seeds was indistinguishable (Fig. 2D). Notably, the fatty acid content of 
the 2cpab-1 seeds showing a WT-like appearance were like that of the 
ntrc mutant and the WT, in clear contrast with the markedly lower 
content of the 2cpab-2 abnormal seeds (Fig. 2D). Moreover, fatty acid 
composition in seeds of the different lines under analysis showed only 
minor differences among WT, ntrc and 2cpab-1 seeds, whereas abnormal 
2cpab-2 seeds showed a remarkable accumulation of 16:0 and 18:0 fatty 
acids and lower contents of 18:1, 18:2 and, particularly, 18:3 and 20:1 
fatty acids (Fig. S4). Such effects on fatty acid content and composition 
prompted us to investigate the germination capacity, scored as the 
emergence of the radicle, and early seedling development of the 
different lines under study. Like the WT and the ntrc mutant seeds, the 
2cpab-1 seeds germinated normally on synthetic medium, yielding green 
seedlings with fully expanded cotyledons after 8 days of imbibition 
(Fig. 2E and F). On the contrary, abnormal 2cpab-2 seeds displayed 
impaired germination since only ~50% of the seeds had germinated 
after 5 days of imbibition, most of them yielding non-viable seedlings 
with undeveloped cotyledons (Fig. 2E and F), though a minor proportion 
of these seeds yielded normal seedlings. Thus, the lack of 2-Cys Prxs 
severely affects seed development and post-germinative growth. More
over, the almost WT seed phenotype of the ntrc mutant reveals the 
different function of 2-Cys Prxs and NTRC in developing seeds and 
leaves. 

3.3. The lack of 2-Cys Prxs causes embryogenesis delay and seed 
development arrest 

To get more insight into the effect of the lack of 2-Cys Prxs on seed 
development, a comparative study of the progression of embryogenesis 
in WT and 2cpab seeds was performed. At 4 dpa, developing seeds of the 
2cpab mutant contained more embryos at globular stage (~95%) than 

the WT (~75%), in which ~25% of embryos were already at the tran
sition stage (Fig. 3A), hence indicating a slight delay of embryogenesis 
caused by the lack of 2-Cys Prxs since early stages. Such delay became 
aggravated at later stages as shown by the low frequency (~20%) of 
embryos in developing seeds of the 2cpab mutant that had reached the 
torpedo stage at 6 dpa, as compared with the ~80% observed in the WT 
(Fig. 3A). Similarly, by 8 dpa, all the embryos of the WT seeds had 
reached the mature stage whereas most of the embryos of the 2cpab 
mutant were still at earlier developmental stages, torpedo (~53%) and 
heart (~23%), only ~24% of them reaching the mature stage (Fig. 3A). 

To further investigate whether delayed embryogenesis ultimately 
leads to seed abortion in embryos devoid of 2-Cys Prxs, siliques of the 
WT and the 2cpab mutant harvested at 11 dpa were dissected and the 
embryo stage was scored in green, white, and abortive seeds (Fig. 3B). At 
this time, all embryos from green seeds had progressed to the mature 
stage, regardless of the genetic background. On the contrary, most of the 
embryos in white seeds were at earlier stages of development, torpedo 

Fig. 3. Comparative analysis of embryo development in WT and 2cpab mutant. 
(A) Enlarged images of representative embryos at globular, transition, heart, 
torpedo, and mature stages. Percentages of embryos at the indicated stages in 
seeds from WT and 2cpab plants harvested at 4, 6 and 8 dpa. (B) Percentages of 
embryos at the indicated developmental stages in WT and green, white, and 
abortive 2cpab developing seeds harvested at 10 dpa. Values are mean ± SEM 
from four replicates (siliques from different plants). 
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(~60%) and heart (~24%), the remaining (~16%) reaching the mature 
stage. On the contrary, none of the embryos in abortive seeds of the 
2cpab mutant had reached the mature stage, however, embryos pro
gressed beyond the globular stage, most of them being arrested at the 
heart stage (~59%), which is consistent with the seedling phenotypes 
observed upon germination (Fig. 2E and F). Taken together, these 
findings reveal the prominent role of 2-Cys Prxs during embryogenesis, 
which becomes more essential at the heart and torpedo stages. Devel
opmental arrest at these stages in the seeds devoid of 2-Cys Prxs may 
ultimately lead to abortion. 

3.4. The function of 2-Cys Prxs on seed development is independent of 
NTRC-mediated redox regulation 

The different progression of embryogenesis in the 2cpab and the ntrc 
mutants may indicate that plastid oxidizing signals, mediated by 2-Cys 
Prxs, play a more relevant role than NTRC-dependent reducing signals 
in this developmental process. Thus, to clarify the molecular basis of the 
effects of 2-Cys Prxs at this early stage of plant development, we 
analyzed seed phenotypes and the progression of embryogenesis in 
Arabidopsis lines in which the redox balance of plastid embryos was 
altered in different ways. First, we analyzed the seed and embryo phe
notypes of an Arabidopsis line over expressing NTRC under the control 
of the cauliflower mosaic virus (CaMV) 35S promoter (NTRC-OE), which 
was previously reported [41]. Western blot analysis showed highly 
increased levels of NTRC in embryos of the NTRC-OE line, as compared 
with the WT, though the contents of the enzyme tended to decline as 
embryogenesis progressed (Fig. 4A). As expected, the higher contents of 
NTRC in embryos of the NTRC-OE line provoked the over reduction of 
2-Cys Prxs as shown by the increased contents of the monomeric, hence 
reduced form of the enzyme in comparison with the WT (Fig. 4B). 
However, the contents of green seeds in siliques harvested at 10 dpa 
(Fig. 4C) and the number of embryos that reached maturity at this 
timepoint (Fig. 4D) were like those of the WT and the ntrc mutant, here 
included for comparison. Thus, these results further confirm the lack of 
effect of NTRC at this developmental stage. 

As a second approach to test the relevance of the redox activity of 2- 
Cys Prxs for embryogenesis, we generated Arabidopsis transgenic plants 
expressing a mutated version of 2-Cys Prx A in which the peroxidatic Cys 
residue (CP) at the active site of the enzyme was replaced by Ser. To this 
end, the mutant 2CPA-CP-S and WT versions of 2-Cys Prx A (2CPA) were 
fused to a c-myc tag and expressed in the 2cpab mutant background 
under the control of the promoter of the endogenous Arabidopsis 2-Cys 
PRX A gene (Fig. S5A). The two myc-tagged versions of 2-Cys Prx A 
showed similar levels of expression in the transgenic plants (Fig. S5B), 
however, in contrast with the WT version of 2-Cys Prx A, the expression 
of the mutated 2CPA-CP-S enzyme did not complement neither the 
growth inhibition phenotype (Figs. S5A and C) nor the light-dependent 
reduction of FBPase (Figs. S5D and E) in the 2cpab mutant, hence con
firming the lack of functionality of the mutated enzyme. Remarkably, 
most of the seeds of the Arabidopsis line expressing the 2CPA-CP-S 
enzyme were either white (~52%) or abortive (~38%), whereas the 
expression of the WT version of 2-Cys Prx A almost completely restored 
the WT seed phenotype of the 2cpab mutant (Fig. 5A), indicating that the 
peroxidatic cysteine is essential for the function of the enzyme in embryo 
plastids. Moreover, embryo dissection of these seeds revealed embryo
genesis arrest predominantly at heart and torpedo stages (Fig. 5B), like 
the 2cpab mutant, further confirming the inability of the mutant version 
of 2-Cys Prx A to restore the impaired embryogenesis caused by the lack 
of 2-Cys Prxs. It should be noted that the levels of 2-Cys Prxs in trans
genic lines, corresponding to the 2-Cys Prx A isoform, is markedly lower 
than in WT plants (Fig. S5B), suggesting that decreased levels of these 
enzymes are sufficient to restore the 2cpab mutant phenotype. To further 
explore this possibility, seed development and embryogenesis were also 
tested in the Δ2cp mutant, which is a severe knock down containing no 
2-Cys Prx B and very low amounts of 2-Cys Prx A [48]. Siliques of this 

mutant harvested at 10 dpa showed almost WT levels of green seeds 
(Fig. 5A), which contained mature embryos (Fig. 5B), hence indicating 
that decreased contents of 2-Cys Prxs are sufficient for normal 
embryogenesis and seed development. Taken together, these data 
further confirm the negligible effect of NTRC on embryogenesis and seed 
development and establish that developmental defects caused by the 
absence of 2-Cys Prxs extend beyond redox signaling mediated by NTRC. 

4. Discussion 

To date, most studies of chloroplast redox regulation have been 
performed on leaves from adult plants, i.e., in fully developed chloro
plasts, hence, little is known about the biological significance of this 
regulatory mechanism at early stages of development. Therefore, the 
central objective of this work was to analyze the relevance of plastid 
redox regulation at initial stages of plant development, i.e., during 
embryogenesis and seed formation, focusing on the roles of NTRC and 2- 
Cys Prxs, the enzymes playing a key function controlling redox ho
meostasis in leaf chloroplasts [19]. Though at lower level than in leaves, 
NTRC and 2-Cys Prxs are expressed in developing embryos, the contents 
of these enzymes increasing as embryogenesis progresses (Fig. 1A and 
B). Moreover, transgenic plants expressing GFP-tagged fusions of these 
proteins under their endogenous gene promoters confirmed this pattern 
of expression and showed the plastid localization of these enzymes in 
developing embryos. At early globular stage, the expression of 2-Cys 
Prxs was low and no NTRC expression was detected, however, the 
expression of these genes increased at heart and torpedo stages 
(Fig. 1A–C and S2), when embryo chloroplasts differentiate [6,9,52]. A 
remarkable difference between NTRC and 2-Cys Prxs was their pattern 
of localization within embryo plastids since 2-Cys Prxs are detected as 
speckles, whereas NTRC fluorescence entirely overlapped with chloro
phyll autofluorescence (Fig. 1C and S2), which is consistent with the 
localization of these enzymes in mesophyll protoplasts and cells re
ported by previous studies [53,54]. Thus, the raise of expression of 
NTRC and 2-Cys Prxs coincides with embryo chloroplast differentiation 
suggesting that the function of these enzymes at these early stages be
comes more relevant in embryos containing differentiating chloroplasts. 

In leaves, NTRC and 2-Cys Prxs act as a redox couple, hence the 
functions of these enzymes in maintaining the chloroplast redox balance 
are tightly linked [40]. Strikingly, NTRC and 2-Cys Prxs appear to exert a 
different contribution at early stages of plant development as shown by 
the analysis of developing seeds devoid of each of these enzymes. By 10 
dpa, most seeds in siliques of the 2cpab mutant displayed abnormal 
development (Fig. 2A and B) and produced a high proportion of mature 
dry seeds with abnormal size and morphology (Fig. 2C), which showed 
impaired post-germinative growth (Fig. 2E and F). Conversely, the si
liques of the ntrc mutant contained exclusively green seeds, indistin
guishable from those of the WT (Fig. 2A and B) and generated WT-like 
mature seeds (Fig. 2C), which showed no alteration of 
post-germinative development (Fig. 2E and F). Therefore, the severe 
impairment of seed development in the 2cpab mutant and the almost WT 
seed development of the ntrc mutant uncovers remarkable differences in 
the operation of these plastid redox systems in developing seeds and 
leaves in which the lack of NTRC causes severe effects on photosynthesis 
performance and plant growth [25,29,30]. The lack of effect of NTRC on 
seed development is somehow unexpected because it is well established 
that embryos of developing seeds perform photosynthesis [5–7]. Thus, it 
would be expected that redox regulatory mechanisms playing relevant 
roles in adjusting photosynthetic metabolism in mature chloroplasts 
would perform similarly in embryo photosynthesis. However, unlike 
leaves, which are directly exposed to sunlight, the light reaching 
developing embryos is filtered through the seed coat and pericarp, 
thereby being of lower intensity and enriched in the green and far-red 
wavelengths of the spectrum [5]. Thus, the different effect of NTRC in 
embryos and leaf chloroplasts suggests that the activity of NTRC is un
necessary under the light conditions of embryo photosynthesis, whereas 
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Fig. 4. The effect of plastid redox imbalance on seed and embryo development. (A) Western blot analysis of the levels of NTRC in extracts from embryos of WT and 
NTRC-OE plants harvested at 4, 6, and 9 dpa and rosette leaves from WT plants grown under long day conditions for 3 weeks. Embryo protein extracts,13 μg, aliquots 
of 1.44 μg (1/9), 2.17 μg (1/6), 4.33 μg (1/3) and 13 μg (1) of WT leaf extracts and 13 μg of ntrc leaf extracts (negative control), as indicated, were subjected to 
SDS–PAGE under reducing conditions. Even loading was monitored by Ponceau staining. (B) Western blot analysis of the levels of monomeric (mon) and dimeric 
(dim) forms of 2-Cys Prxs in WT and NTRC-OE embryos at 4, 6 and 9-dpa. Embryo protein extracts, 13 μg, were subjected by SDS–PAGE under non reducing 
conditions, transferred to nitrocellulose blots, and probed with anti-NTRC (A) or anti-2-Cys Prxs (B) antibodies. Molecular mass markers (kDa) are indicated on the 
left. (C) Percentages of green, white, and abortive seeds (C) and mature embryos (D) within siliques harvested at 10 dpa from WT and NTRC-OE plants. Values 
represent mean ± SEM from three replicates (siliques from different plants). 
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it becomes essential under the more variable and stressful light condi
tions in mature leaves. 

An intriguing result of this study is the heterogeneous seed pheno
types of the 2cpab mutant ranging from almost WT-like to abortive seeds 
(Fig. 2A–C), which may indicate that the severity of the lack of 2-Cys 
Prxs at this developmental stage depends on the specific conditions of 
each of the developing seed in a silique. One such conditions might be 
the light intensity as suggested by the different effects of continuous 
light, short-day (Fig. S3) and long-day (Fig. 2B) on seed development of 
the 2cpab mutant. Moreover, developing seeds devoid of plastid 2-Cys 
Prxs show delayed embryogenesis (Fig. 3A) and embryo arrest at heart 
and torpedo stages (Fig. 3B), when embryo chloroplasts differentiate. 
These stages of embryogenesis are also characterized by the increased 
synthesis and accumulation of lipids, in agreement with our results 
showing lower contents (Fig. 2D) and altered composition (Fig. S4) of 
fatty acids in abnormal seeds of the 2cpab mutant. Altogether, these 
results suggest that the relevant role of 2-Cys Prxs during seed devel
opment is required for proper differentiation of embryo chloroplasts. It 
is known that chloroplasts biogenesis is essential for normal seed 
development and, consequently, mutations perturbing chloroplast 

functions often lead to embryo-defective phenotypes and production of 
abnormal seeds. In this regard, it is worth noting that the abnormal seeds 
observed in siliques of the 2cpab mutant (Fig. 2A) resembles those of the 
Arabidopsis mgd1 mutant, which contain traces levels of the major 
chloroplast lipid monogalactosyldiacylglycerol (MGDG), affecting em
bryo thylakoid membranes organization and chloroplast biogenesis 
[55]. 

Photosynthetic performance by chloroplasts from adult leaves is 
adjusted by reductive and oxidative signaling, in which 2-Cys Prxs play a 
central role [56]. The redox balance of 2-Cys Prxs is controlled by NTRC, 
which is the most efficient reductant of the enzyme [27,29,57]. Work 
performed in leaves has established that NTRC and 2-Cys Prxs exert 
opposing effects on the redox balance of chloroplast enzymes. In the 
light, the lack of NTRC causes under reduction of stromal enzymes, 
whereas the lack of 2-Cys Prxs causes their over reduction [32,58]. 
Similarly, in the dark, the lack of NTRC causes accelerated oxidation of 
these enzymes [47], whereas the lack of 2-Cys Prxs causes delayed 
oxidation [41–43]. Therefore, the negligible effect of NTRC on seed 
development (Fig. 2A–D) indicates that impairment of reductive signals 
within plastids do not interfere with proper embryo development, in 
contrast with the severe effect of the impairment of oxidative signals, 
mediated by 2-Cys Prxs. These findings raise the issue of the mode of 
action of plastid 2-Cys Prxs in embryogenesis and seed development, 
which was addressed in this work by analyzing the effect of plastid redox 
imbalance at these early stages of development. Arabidopsis lines 
overexpressing NTRC, which causes 2-Cys Prxs over reduction in plastid 
embryos (Fig. 4A and B), led to no significant alteration of seed devel
opment nor delayed embryogenesis (Fig. 4C and D), supporting the 
notion that the effect of 2-Cys Prxs at these developmental stages is in
dependent of the redox balance of the enzyme. 

It is known that 2-Cys Prxs are multifunctional enzymes that show 
peroxidase and chaperone activity [59], thus, an alternative possibility 
is that the function of 2-Cys Prxs in embryo plastids is exerted via its 
chaperone activity. In support of this notion, the chaperone activity of 
2-Cys Prxs depends on the formation of aggregates [59–61], which is in 
line with the detection of 2-Cys Prx A and B as speckles (Fig. 1C and 
Fig. S2A), suggesting the presence of these enzymes in aggregates 
localized at defined locations in plastids of developing seeds. Moreover, 
the formation of 2-Cys Prx aggregates, hence the chaperone activity of 
the enzyme, requires the peroxidatic Cys residue at its active site [62, 
63]. The failure of the 2CPA-CP-S mutant version of 2-Cys Prx A, in 
which the peroxidatic Cys residue was replaced by Ser, to recover 
normal embryogenesis and seed development when expressed in the 
2cpab mutant background (Fig. 5A and B) further supports a possible 
chaperone function of 2-Cys Prxs in plastid embryos, which might be 
more relevant when chloroplasts are differentiating and, thus, 
nuclear-encoded proteins translocated into the organelle are properly 
folded. However, whether the localization of 2-Cys Prxs A and B in 
speckles is due exclusively to the formation of aggregates or the 
participation of these enzymes in larger protein complexes requires 
further analysis. Previous reports have shown the relevance of chloro
plast chaperones such as chaperonin 60α for embryogenesis [64]. 
Indeed, the Arabidopsis schlepperless mutant, which is defective in 
chloroplast chaperonin-60α, shows retardation of embryo development 
before of the heart stage [65], and a temperature-sensitive mutation 
affecting chaperonin-60α2 shows altered embryonic photosynthesis and 
delayed embryogenesis at restrictive low temperature [7]. Likewise, 
co-chaperones and chaperones such as chloroplast GrpE homologues 
(CGEs) and heat shock protein 90 (HSP90C), respectively, are essential 
for embryo viability [66,67], hence resembling the phenotypes of the 
2cpab mutant. The finding that Arabidopsis mutants defective in protein 
translocation to the chloroplast show abortive seeds [68,69] further 
shows the relevance of chloroplast differentiation in seed development. 
A possible function of 2-Cys Prxs as chaperones during embryo chloro
plast differentiation could be the assembly of photosynthetic complexes, 
however, whether this effect is exerted directly or by aiding the folding 

Fig. 5. Effect of decreased contents of 2-Cys Prx A and the mutation of the 
peroxidatic cysteine of the enzyme on seed and embryo development. Per
centages of green, white, and abortive seeds (A) and developmental stage of 
embryos (B) within siliques harvested at 10 dpa from WT, the Δ2cp mutant and 
transgenic lines expressing the WT (2CPA) or mutant (2CPA-CP-S) version of 2- 
Cys Prx A in the 2cpab mutant background. Values represent mean ± SEM from 
five replicates (siliques from different plants). 
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activity of other chaperones remains to be elucidated. 

5. Conclusions 

The analysis of seed development and embryogenesis in Arabidopsis 
mutants lacking NTRC or 2-Cys Prxs uncovers a relevant function of 2- 
Cys Prxs at these early stages of plant development. The severe effects 
of the lack of 2-Cys Prxs, and the almost WT seed phenotype of the ntrc 
mutant and the NTRC-OE line indicates that the activity of 2-Cys Prxs at 
these early stages of development is independent of NTRC, which re
veals important differences in the operation of these redox systems in 
fully developed chloroplasts from leaves and differentiating chloroplasts 
during embryogenesis. Embryo arrest of the 2cpab mutant at heart and 
torpedo stages suggests a relevant role of 2-Cys Prxs in chloroplast dif
ferentiation, which occurs at these stages of embryogenesis. Since this 
activity is independent of NTRC, a likely possibility is that the function 
of 2-Cys Prxs in embryogenesis is exerted via its chaperone activity. 
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[40] J.M. Pérez-Ruiz, B. Naranjo, V. Ojeda, M. Guinea, F.J. Cejudo, NTRC-dependent 
redox balance of 2-Cys peroxiredoxins is needed for optimal function of the 
photosynthetic apparatus, Proc. Natl. Acad. Sci. USA 114 (2017) 12069–12074, 
https://doi.org/10.1073/pnas.1706003114. 
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