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Background: Increasing knowledge has been recently gained regarding the redox regulation of plant develop-
mental stages.
Scope of view: The current state of knowledge concerning the involvement of glutathione, glutaredoxins and
thioredoxins in plant development is reviewed.
Major conclusions: The control of the thiol redox status is mainly ensured by glutathione (GSH), a cysteine-
containing tripeptide and by reductases sharing redox-active cysteines, glutaredoxins (GRXs) and thioredoxins
(TRXs). Indeed, thiol groups present inmany regulatory proteins andmetabolic enzymes are prone to oxidation,
ultimately leading to post-translational modifications such as disulfide bond formation or glutathionylation.
This review focuses on the involvement of GSH, GRXs and TRXs in plant development. Recent studies showed
that the proper functioning of root and shoot apicalmeristems depends on glutathione content and redox status,
which regulate, among others, cell cycle and hormone-related processes. A critical role of GRXs in the formation
of floral organs has been uncovered, likely through the redox regulation of TGA transcription factor activity. TRXs

fulfill many functions in plant development via the regulation of embryo formation, the control of cell-to-cell
communication, the mobilization of seed reserves, the biogenesis of chloroplastic structures, the metabolism of
carbon and the maintenance of cell redox homeostasis. This review also highlights the tight relationships
between thiols, hormones and carbon metabolism, allowing a proper development of plants in relation with
the varying environment and the energy availability.
General significance: GSH, GRXs and TRXs play key roles during the whole plant developmental cycle via their
antioxidant functions and the redox-regulation of signaling pathways. This article is part of a Special Issue
entitled Redox regulation of differentiation and de-differentiation.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Thiols, the sulfur analogues of alcohols, are organo-sulfur compounds
that contain a carbon-bonded sulfhydryl group (R–SH). Thiols are readily
prone to oxidation especially in a basic environment since thiol depro-
tonation leads to the formation of thiolate (R-S−), a nucleophilic form
sensitive to oxidation. In the presence of reactive oxygen species
(ROS), such as hydrogen peroxide, oxidation leads to the formation of
a sulfenic acid form (R-SOH) that can be further oxidized to sulfinic
and sulfonic forms (R-SO2H and R-SO3H, respectively) [1]. Of note,
thiol groups can also be oxidized by reactive nitrogen species resulting
x regulation of differentiation
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for instance in S-nitrosylation (R-SNO) [2]. In other respects, when an
oxidized cysteine residue is brought near a reduced cysteine residue, it
generates a cystine unit with a disulfide bond (R-S-S-R′) that can alter
protein folding, contributing to tertiary structure if the cysteines belong
to the same polypeptide or to quaternary structure if they belong to
different polypeptides. Owing to the physico-chemical properties of
thiol groups and to their capacity to bind metals, proteins having these
reactive cysteines play key roles in biology. They contribute for instance
to ROS detoxification, to the control of cell redox homeostasis or
to signaling transduction pathways in particular via redox post-
translational modifications.

In most living organisms, thiol groups are mainly present in the
sulfur-containing amino acid, cysteine, which is present in most
proteins and is also a component of glutathione, a γ-Glu-Cys-Gly
tripeptide existing either in a reduced form (GSH) or in oxidized
forms, such as glutathione disulfide (GSSG) or nitrosoglutathione
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(GSNO). In plants, glutathione is present in most tissues with subcellu-
lar concentrations in the millimolar range [3,4] and is considered
together with ascorbate as a major redox buffer [3,5]. Two enzymes:
γ-glutamyl-cysteine ligase or γ-glutamyl-cysteine synthase (γ-GCS or
GSH1) and glutathione synthetase (GS or GSH2) ensure the production
of glutathione at the expense of ATP. The reduction of GSSG is catalyzed
by glutathione reductase (GR), a NADPH-dependent flavoprotein [5].
The redox status of protein cysteinyl residues is controlled by two
main types of enzymes termed thioredoxins (TRXs) and glutaredoxins
(GRXs). Many of them, particularly TRXs, display disulfide reductase
activity, and some are able to reduce sulfenic acid forms. GRXs are
more specifically involved in the deglutathionylation of proteins revers-
ibly modified by the formation of a mixed disulfide bond between
glutathione and a cysteine. However, whereas it is firmly established
that all GRXs from class I possess deglutathionylation activities, it is
less clear whether GRXs belonging to classes II and III possess such
activity [6]. Both TRXs and GRXs function via a catalytic site formed at
least by a redox active cysteine which is generally separated in the
primary sequence by two variable residues from another cysteine
(often referred to as resolving cysteine) in most TRXs and in about
half of GRXs or from a serine in the half remaining GRXs [6,7]. A
WCGPC amino acid signature is generally quite well conserved among
TRXs whereas a greater variability is found among GRXs being often of
the CPYC, CPFC, CGFS or CCxC/S type. To obtain a complete view of the
active site sequences and current classification of GRXs and TRXs, we
invite the reader to refer to the following papers [8,9]. At the structural
level, TRXs and GRXs adopt a specific TRX-fold that is usually character-
ized by a 4-stranded parallel beta-sheet core enclosed by 4 to 5 alpha-
helices, and that is shared by several other protein families. In plant
cells, the regeneration of oxidized TRXs and GRXs is generally achieved
via distinct pathways (Fig. 1). For the large majority, GRXs use reduced
glutathione as an electron donor but for example, a chloroplastic class II
Grx from Chlamydomonas reinhardtii was shown to be recycled by the
ferredoxin-Trx reductase [7,10]. The reduction of TRXs is more complex
and further depends on their subcellular localization. Nuclear, cytosolic
and mitochondrial TRXs are usually reduced by NADPH-thioredoxin
reductases (NTR), enzymeswith FADcofactors [11]whereas chloroplas-
tic TRXs are reduced in a light-dependent manner by a ferredoxin-
dependent thioredoxin reductase (FTR), an iron-sulfur (Fe–S) enzyme
composed of two different subunits and which converts the electron
signal coming from photosystem I and relayed by ferredoxins into a
thiol-reducing cascade [12]. Atypical reduction modes exist for some
TRXs. A poplar TRX h4 and its plant orthologs are regenerated by the
Fig. 1. Reduction pathways of the thiol-containing compounds, glutathione, glutaredoxins and
and oxidized glutathione, respectively; GR, glutathione reductase (2 types, 1 and 2); GRX Ox an
duced thioredoxin, respectively; NTR: NADPH thioredoxin reductase (3 types: A, B and C); Fd,
GSH/GRX system owing to the presence of an additional cysteine in
the N-terminal region [13–15]. Some Trx-like and Trx-lilium can be
recycled by GSH in a manner analogous to GRXs [16].

Until the last years, glutathionewasmainly thought to act as a redox
buffer in various processes like responses to environmental stress,
plant–pathogen interactions and detoxification of xenobiotics and
heavy metals [5]. Plant TRXs have been long presumed to mainly
regulate photosynthesis and carbon metabolism enzymes [17] or to
participate in the mobilization of seed reserves [18]. They have been
also characterized as important actors in the responses of plants to
oxidative stress [19]. The information concerning the sequence charac-
teristics, the biochemical functions or the expression patterns of GRXs
lag behind, since they have been identified later in plants compared
with TRXs [7]. Although some have been reported quite early to play
roles in flower development [20,21] and later in stress responses [22,
23], the physiological roles of many GRXs remain elusive.

A role for TRXs and GRXs as key determinants in plant growth and
development has only been recently uncovered together with the
involvement of several ROS likeNO or H2O2. This is in fact not surprising
considering the capacity of the latter molecules to modify protein thiol
groups. The cellular redox homeostasis is varying during specific devel-
opmental stages or in response to changing environmental conditions. It
has thus to be tightly regulated and among the various types of effec-
tors, thiol-containing components form an important signaling
network. An additional layer of new information concerning the
involvement of redox regulated circuits into developmental processes
is the complex interplays that have been unveiled between glutathione
in particular and several hormones. In this review, we describe the
current knowledge and recent advances concerning the roles of gluta-
thione and of disulfide reductases, GRXs and TRXs, in the control of
development in relation to ROS and hormones.

2. Glutathione is essential for plant development

2.1. Direct involvement of glutathione in developmental stages of plants

Glutathione is synthesized in two steps catalyzed by the gamma-
glutamyl cysteine synthase (GSH1) and the glutathione synthase
(GSH2). In higher plants, GSH1 is exclusively located in plastidswhereas
GSH2 is dual-targeted to plastids and cytosol [24,25]. The crucial role of
glutathione for plant development was first demonstrated by the
characterization of different mutants in the biosynthesis pathway
(Table 1). Unless GSH is added to the growth medium, Arabidopsis
thioredoxins in the main subcellular compartments of plant cells. GSH and GSSG, reduced
d Red, oxidized and reduced glutaredoxin, respectively; TRX Ox and Red, oxidized and re-
ferredoxin; FNR, ferredoxin NADP+ reductase; FTR, ferredoxin thioredoxin reductase.
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knock-out lines for AtGSH1 are embryo-lethal [26] whereas those for
AtGSH2 exhibit normal embryogenesis, but are lethal at the seedling
stage [25]. In fact, the gsh2 mutant accumulates high levels of gamma-
glutamyl-cysteine (γ-EC), but this precursor cannot replace glutathione
[25]. Interestingly, in some legumes, homoglutathione, a glutathione
derivative, is formed owing to the existence of a homoglutathione
synthetase which catalyzes the addition of an alanine instead of a
glycine to γ-EC. In these species, both GSH and homoglutathione are
important for the formation of nodules, specialized organs formed
during the symbiotic association of these plants with rhizobial bacteria
and allowing atmospheric nitrogen fixation [27].

The presence of GSH in all subcellular compartments, coupled to the
fact that GSH1 should only be found in plastids regardless the plant
species considered, pointed to the need to transport γ-EC and/or GSH
from the chloroplast to the cytosol and then to transport GSH to all
compartments. A family of three transporters in Arabidopsis thaliana,
namely chloroquine resistant (CRT)-like transporters (CLTs), was
shown to transport γ-EC and GSH across the chloroplast envelope
[28]. In accordance with the observed glutathione deficiency in roots,
a triple clt1 clt2 clt3 Arabidopsis mutant exhibits sensitivity to cadmium
and to pathogen attack. The latter effect would result from the require-
ment of glutathione or its γ-EC precursor for pathogenesis-related (PR)
gene induction [28]. Moreover, the fact that this triple mutant is not
lethal suggests that an additional transporter for GSH or its precursor
should exist.

In Arabidopsis, an allelic series of five gsh1mutants displays various
glutathione content, comprised between 3% and 50% of the wild-type
level [29–33]. The rml1 allele exhibits the lowest glutathione level
(3%) and the most severe developmental defects. In this mutant, the
post-embryonic development of roots, but not of shoots, is impaired
[29,34]. Combining the rml1 mutation with disruption in the two
genes encoding the NADPH-thioredoxin reductases A and B (AtNTRA
and AtNTRB) showed that the shoot apical meristem function is in fact
controlled both by glutathione and the TRX system [35]. Three mutants
with a higher glutathione content, pad2-1 (22%), cad2-1 (20%) and zir1
(15%), grow normally under control conditions but are more sensitive
to biotic stress, cadmium and zinc treatments respectively [31–33,36].
In the pad2-1 mutant, pollen germination and early elongation of the
pollen tube are affected, as observed by depletion of the glutathione
level using buthionine sulfoximine (BSO) [37]. Incidentally, pollen
fertility is also perturbed in the double ntra ntrbmutant and in mutants
affected in both TRX and glutathione reduction pathways [35,38]. In the
cad2-1 mutant, the primary root growth phenotype is mild, but a
pronounced effect on lateral root development is visible [39]. The
mutant regulator of AtAPX2 1-1 (rax1-1) has about 40–50% of the wild-
type foliar glutathione level and was identified by constitutive expres-
sion of the photo-oxidative stress-inducible ascorbate peroxidase 2
[31]. The rax1-1mutant does not exhibit any developmental phenotype
but under photo-oxidative stress conditions, the expression of a wide
set of defense-related genes is altered. The difference in glutathione
content in all these mutants is explained by the existence of distinct
pointmutationswhich lead to a change of different amino acid residues
near the GSH1 active site [40]. Overall, the comparison of the growth
perturbations in all these mutants indicates that a basal glutathione
level (between 3% and 15%) is required for propermeristem functioning
and plant development in optimal conditions (Fig. 2).

Other reports support the idea that, in addition to the global
glutathione amount, the glutathione redox status is also essential for
plant development [28,41–43]. Whereas a cytosolic/peroxisomal
glutathione reductase gr1 mutant is aphenotypic, a knock-out
Arabidopsis mutant for the chloroplastic/mitochondrial AtGR2 is
embryo-lethal [44]. The study of miao, a weak allele of the plastidial
glutathione reductase AtGR2, indicates that this isoform is essential for
root growth and root apical meristem maintenance through both
auxin/PLETHORA (PLT)-dependent and auxin/PLT-independent redox
signaling pathways [43]. A mutant for the AtATM3 gene coding for a
mitochondrial ABC transporter, which connects the mitochondrial Fe–
S cluster assembly machinery to the biosynthesis of nuclear/cytosolic
Fe–S proteins, accumulates high level of GSSG in the mitochondria and
exhibits a perturbed root development [45].

2.2. Requirement of glutathione for cell cycle progression

The role of glutathione in cell proliferation has been largely docu-
mented [46–48]. High levels of glutathione are generally associated
with active cell proliferation. For example, actively dividing root
meristematic cells possess high levels of glutathionewhich is moreover
mostly in the reduced formwhereas the quiescent centermaintains low
levels of glutathione in a highly oxidized state [48,50,51]. Depleting the
glutathione pool by BSO was shown to block the cell cycle progression
in the G1 phase, which might explain why gsh1 and gsh2 mutants are
unable to establish post-embryonic root or shoot meristems [29,35,
49]. Both in mammals and plants, the measurement of GSH pools
using a fluorescent probe, 5-chloromethylfluorescein diacetate
(CMFDA), suggested that glutathione is massively recruited in the
nucleus early in the cell proliferation cycle [52,53]. On the contrary,
depletion of nuclear glutathione was shown to impair cell proliferation
[54]. Themechanism that would allow the nuclear sequestration of GSH
is not known in plants but similarly to mammals, it could involve
proteins resembling the anti-apoptotic factor Bcl-2 [53]. Itwas proposed
that the nuclear glutathione recruitment in G1 promotes oxidation in
the cytosol and enhances glutathione biosynthesis [55]. In Medicago, a
plant having both glutathione and homoglutathione, distinct roles in
the regulation of the cell cycle have been attributed to these molecules.
Glutathione is associated with meristematic cells, promoting cell
cycle activation and induction of somatic embryogenesis, whereas
homoglutathione is associated with differentiated cells and embryo
proliferation [56].

2.3. The interplay between glutathione and hormones

Glutathione is a key actor of the interplay between redox and plant
hormone signaling pathways. It is involved in particular in plant defense
responses bymodulating salicylic acid (SA) and jasmonic acid signaling
pathways [57–59], and specific GRXs may constitute mediators of this
response [60]. For instance, accumulation of glutathione is triggered
by fungal elicitors, pathogen infection and exogenous application of
the defense-related hormone SA [61–63]. The best characterized
example is the involvement of GSNO in conjunction with the cytosolic
AtTRX h5 in the regulation of the SA-induced systemic acquired
resistancepathwaybymodulating the oligomerization state and subcel-
lular localization of theAtNPR1 (Non-expresser of PR genes 1) transcrip-
tional regulator [63–67]. We invite the reader to refer to the following
review [68] for more details on all these aspects.

A link between GSH and abscisic acid (ABA) was evident from the
observation that the glutathione content in guard cells decreases
along with ABA-induced stomatal closure and that genetic or pharma-
cological depletion of glutathione enhances ABA-induced stomatal clo-
sure [69]. The exact contribution of GSH for this process is not known.
However, since H2O2 and NO represent key signaling molecules, it is
very likely that important redox changes should occur and that GSH,
alone or in conjunctionwithGRXs, participates in the signaling cascades
for example by regulating protein redox modifications.

The best documented link between GSH and hormones in develop-
mental processes concerns auxin. Indeed, several lines of evidence
suggest that glutathione and auxin metabolisms are intimately linked,
at least in roots a very convenient model for studying cell elongation
and differentiation, owing in particular to the simplicity to perform
cell imaging in this organ. Auxin accumulation in root stem cells is
clearly dependent on their redox status [47,51,70]. Upon BSO treatment
of Wt seedlings and in several glutathione biosynthesis mutants, the
auxin maximum in the root tips is impaired and the auxin transport is



Table 1
Developmental defects associated to the knock-out or knock-down of genes involved in thiol homeostasis.
Among the hundredth ofGRX and TRX genes,mutants for only a few genes have been studied so far. However, the key role of theGSH/GRX and TRX systems for development appears clear
since mutants deficient for GSH biosynthesis (GSH1 & GSH2) or reduction (GRs) or for TRX reduction (NTRA & B, FTR) generally have either strong or lethal phenotypes. Developmental
defects associated to the whole allelic series for AtGSH1 genes (pad2-1, cad2-1, zir1, rax1-1, rml1) are not described here but in the text.

Protein names Plant
species

Gene locus Type of mutants Subcellular localization Mutant phenotype(s) References

Synthesis and
reduction of
glutathione and
its derivatives

GSH1 Arabidopsis
thaliana

At4g23100 T-DNA insertion,
EMS mutagenized

Chloroplast Knock-out mutant embryo-lethal, strong allele
shows severely impaired post-embryonic growth
and weak alleles defects in pollen and root
development

[26,29–33]

GSH2 Arabidopsis
thaliana

At5g27380 T-DNA insertion Chloroplast/cytosol Seedling-lethal [25]

GR1 Arabidopsis
thaliana

At3g24170 T-DNA insertion Cytosol/peroxisome No growth phenotype [38]

GR2 Arabidopsis
thaliana

At3g54660 T-DNA insertion,
EMS mutagenized

Mitochondrion/chloroplast Knock-out mutant embryo-lethal, weak alleles
have defects in root growth and
in root apical meristem maintenance

[43,44]

GSNOR Arabidopsis
thaliana

At5g43940 T-DNA insertion,
EMS mutagenized,
antisense transgenic
plants

Nucleocytoplasmic Reduced root length, defects in stem

and trichome branching, reduced fertility, loss
of heat acclimation loss of apical dominance,
reduced hypocotyl elongation, decreased silique
size and seed production

[228–231]

Glutaredoxins
GRXC1/C2 Arabidopsis

thaliana
At5g63030/At5g40370 T-DNA insertion Nucleocytoplasmic Embryo-lethal [104]

GRXS17 Arabidopsis
thaliana

At4g04950 T-DNA insertion
and RNAi lines

Nucleocytoplasmic Hypersensitivity to elevated temperature
and long photoperiod altered auxin perception

[22, 106]

GRXS13 Arabidopsis
thaliana

At1g03850 RNAi lines Nucleocytoplasmic Reduced plant growth [119]

ROXY1 Arabidopsis
thaliana

At3g02000 T-DNA insertion Nucleocytoplasmic Impaired petal primordia initiation &
petal morphogenesis

[20]

ROXY2 Arabidopsis
thaliana

At5g14070 T-DNA insertion Nucleocytoplasmic Impaired anther development [21]

ROXY4 Arabidopsis
thaliana

At3g62950 T-DNA insertion Nucleocytoplasmic Impaired anther development [107]

MIL1 Oryza sativa Os07g05630 Spontaneous
mutant

Nucleocytoplasmic Defective meiosis [108]

MSCA1 Zea mays CAX52135 EMS mutagenized Nucleocytoplasmic Impaired anther development [109–111]
Thioredoxins and
targets

NTRa/b Arabidopsis
thaliana

At2g17420/At4g35460 T-DNA insertion Mitochondrion/cytosol Wrinkled seed, slower plant growth, reduced
pollen fitness

[35]

FTR catalytic
subunit

Arabidopsis
thaliana

At2g04700 Virus induced gene
silencing

Chloroplast Abnorrmal chloroplast development [146]

NTRc Arabidopsis
thaliana

At2g41680 T-DNA insertion Chloroplast Retarded growth of shoots and roots, defects
in lateral root formation

[168–170]

TRX m3 Arabidopsis
thaliana

At2g15570 EMS mutagenized,
Ds transposon

Chloroplast Embryo-lethal, impaired meristem development [128]

TRX m Oryza sativa Os12g08730 RNAi lines Chloroplast Abnorrmal chloroplast development [159]
TRXs m1, 2, 4 Arabidopsis

thaliana
At1g03680/At4g03520/
At3g15360

Virus induced gene
silencing

Chloroplast Pale-green leaves and reduced stability of
PSII

[91]

TRX m Pisum
sativum

CAA45098/CAA53900 Virus induced gene
silencing

Chloroplast Pale-green leaves, reduced pigment content and
lower photosynthetic capacity

[160]

TRX z Arabidopsis
thaliana

At3g06730 T-DNA insertion Chloroplast Albino phenotype [15,147]

TRX z Nicotiana
benthamiana

AY500242 Virus-induced gene
silencing

Chloroplast Albino phenotype [147]

TRX h9 Arabidopsis
thaliana

At3g08710 T-DNA insertion Plasma membrane Dwarf plants with short roots and small
yellowish leaves

[15]

THL1 and THL2 Brassica
napus

AAB53694/AAB53695 Antisense
transgenic plants

Cytosol Self-incompatibility rejection response with
reduced pollen adhesion, germination and pollen
tube growth

[137]

NRX1 Arabidopsis
thaliana

At1g60420 T-DNA insertion Nucleocytoplasmic Reduced pollen fertility [133]

AtECB1 Arabidopsis
thaliana

At4g28590 Ds transposon &
T-DNA insertion

Chloroplast Albino phenotype, impaired chloroplast
development

[152]

HCF164 Arabidopsis
thaliana

At4g37200 T-DNA insertion Chloroplast Impaired accumulation of cytochrome
b6f complex subunits

[155]

GPX5 Arabidopsis
thaliana

At3g63080 Ds transposon
insertion

Plasma membrane Arrested embryo development [211]

GPX3 Oryza sativa Os02g44500 RNAi lines Mitochondrion Reduced root and shoot development [208]
GPX1/GPX7 Arabidopsis At2g25080/At4g31870 RNAi lines Chloroplast Altered leaf cells and chloroplast [210]
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Table 1 (continued)

Protein names Plant
species

Gene locus Type of mutants Subcellular localization Mutant phenotype(s) References

thaliana morphology
MSRB2 Capsicum

annuum
EF144171 Virus induced gene

silencing
Chloroplast Reduced shoot development [216]
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affected [39,71]. Microarray analyses performed on these plants have
revealed that the transcriptional reprogramming observed upon
glutathione depletion is very similar to the effects linked to auxin
homeostasis deregulation [71,72]. In particular, glutathione depletion
by BSO has major effects on auxin distribution in the roots and it
perturbs the expression of genes coding for proteins involved in auxin
metabolism and transport (PIN genes) [39,71]. The possible link
between auxin signaling and glutathione was reinforced by the obser-
vation that the auxin-resistant Arabidopsis mutants, axr1 and axr3 are
less sensitive to BSO treatment than wild-type plants [71]. Although
the mechanism underlying these observations is not yet known, it is
likely that glutathione redox imbalance triggers oxidation of compo-
nents of the auxin signaling pathway. Indeed, the TRANSPORT INHIBI-
TOR RESPONSE 1 (AtTIR1) auxin receptor has been shown to be
sensitive to NO-mediated oxidation through S-nitrosylation of a critical
Cys residue [73]. Moreover, the use of both chemical treatments and
Arabidopsis mutants with altered NO levels has also demonstrated
that high levels of NO reduce auxin transport and response via a PIN1-
dependent mechanism [74]. A role for ROS in auxin metabolism
has also been proposed. A ROS-dependent transcriptional modulation
of auxin signaling components mediates the responses to oxidative
stress [75]. Moreover, works on the Arabidopsis cat2 mutant which
accumulates H2O2 compared to wild type plants showed that H2O2

modulates auxin metabolism [76,77]. Finally, the H2O2-responsive
UDP-glucosyltransferase UGT74E2 which is involved in the regula-
tion of auxin homeostasis through the conversion of auxin indole-
3-butyric acid (IBA) to IAA was shown to modulate plant architec-
ture in Arabidopsis [78]. The existence of interplays between gluta-
thione and other phytohormones is likely, although not well-
documented at the present time. For instance, a role for glutathione
in the regulation of root architecture has been found very recently in
relation with the metabolism of strigolactones [79].

2.4. Indirect roles of glutathione via metabolic processes and responses to
environmental constraints

Previous studies conducted in yeast indicate that glutathionemay be
primarily required for two major cellular processes, the protein folding
in the endoplasmic reticulum and the regulation of iron metabolism,
notably the assembly of extra-mitochondrial Fe–S enzymes [80,81].
Indeed, the glutathione requirement for the latter process comes from
the fact that a glutathione derivative could provide the sulfur exported
from mitochondria and necessary for the building of Fe–S clusters in
cytosolic/nuclear proteins via the cytosolic iron/sulfur cluster assembly
(CIA) machinery [82]. Owing to their capacity to bind [2Fe–2S] clusters
using GSH molecules, GRXs may well serve as relays for this cellular
process [83]. Several indispensable DNA-modifying enzymes such as
helicases or endonucleases require the binding of Fe–S clusters for
their folding and/or activity [82]. This explains why in plants, yeasts or
animals, mutants for components involved in the maturation of Fe–S
clusters are often lethal [82,84]. Hence, while it is difficult to examine
this point without performing a thorough molecular analysis of condi-
tional glutathione-deficient mutant plants for example, the observed
lethality of gsh1 and gsh2 mutants in Arabidopsis may be primarily
due to a defect in the biogenesis of Fe–S clusters, leading to non-
functional cell structures.
Thekey role of glutathione inmanydevelopmental pathways under-
lies the fact that it also serves as a substrate for several enzymes such as
GRXs, glutathione S-transferases (GSTs) or dehydroascorbate reduc-
tases (DHARs). The role of specific GRXs in different aspects of plant
development is documented and will be detailed in the Section 3.2. In
addition to their known functions in plant defense against oxidants
and xenobiotics, some GSTs have developmental functions. For exam-
ple, GSTU17was proposed to participate in light signaling in Arabidopsis
through phytochrome A-dependent regulated expression. GSTU17 also
participates in various aspects of seedling development, including hypo-
cotyl elongation and root development by modulating the pool of gluta-
thione in an auxin-dependent manner [85,86]. DHARs are responsible
for regenerating ascorbate from the oxidized dehydroascorbate form.
Consequently, they regulate the cellular ascorbate redox state, which
affects the tolerance to environmental constraints leading to variations
in ROS content. A role of DHAR in plant development was also demon-
strated in transgenic tobacco lines down-regulated for DHAR activity.
In these plants, growth and leaf aging were affected as a consequence
of higher foliar ROS level and impaired photosynthetic activity during
leaf development [87].

All these data highlight the crucial roles of glutathione in almost all
steps of plant development. The redox buffer capacity of this compound
is likely responsible for the high adaptability of plants to environmental
constraints. Although the exact contribution of glutathione in plant
development is still to decipher, it is likelymediated through posttrans-
lational modifications of key Cys residues in target proteins. Finding the
targets of glutathionylation involved in plant development will consti-
tute the next challenge to specify the functions of glutathione. Several
proteomic approaches dedicated to the isolation and identification of
glutathionylated proteins have already been used and developed in
photosynthetic organisms [88]. In other respects, the presumed role of
glutathione for thematuration of Fe–S clusters suggests its participation
in key pathways of plant development processes for instance via the
biogenesis and functioning of cell structures.

3. Roles of TRXs and GRXs in plant development

Compared to other organisms,whichmost often display one to three
TRX and GRX genes fulfilling various physiological functions, terrestrial
plants are characterized by a remarkable diversity since there are ca.
50 genes encoding TRX and TRX-like proteins and ca. 30 genes encoding
GRXs [8,9,89]. Concerning GRXs, this high number is specifically due to
the considerable increase during evolution of a specific class referred to
as class III [8]. Indeed, the class III GRXs are restricted to land plants, the
moss Physcomitrella patens containing only 2 isoforms compared to 21
isoforms present in A. thaliana. Whether this diversity is associated
with functional redundancy or specialization is a longstanding question
since the physiological role of most plant TRXs and GRXs was indefinite
until the last years. But, in accordance with the observation that several
plant TRXs and GRXs are expressed in very specific cell or tissue types,
recent data gained notably from genetic approaches revealed that
some plant TRXs and GRXs fulfill unique and specialized functions
related to responses to stress or development. For the case of the specif-
ic expansion of class III GRXs in land plants, evolution analyses sug-
gested that subfunctionalization and subsequent neofunctionalization
facilitated their conservation [90]. Functional redundancy and virtual



Fig. 2. Involvement of genes participating in glutathione synthesis and reduction or encoding thiol-dependent reductases in themaintenance of plant meristems. The roles of these genes
have been established on the basis of functional genetic approaches. The relevant references are in Table 1.
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interchangeability have been highlighted for members sharing similar
sequence and biochemical characteristics and belonging to large
subgroups such as plastidial TRXs m [91] and class III GRXs [92]. But,
in that case, it is also likely that distinct spatial and temporal patterns
of expression result in unique physiological functions.

3.1. Expression patterns of TRX and GRX in organs, tissues or at specific
developmental stages

Based on Northern blots, semi-quantitative RT-PCR, promoter–GUS
fusions and in silico analysis of Arabidopsis transcriptomic data, the 9
genes coding for cytosolic or mitochondrial TRX h isoforms have been
reported to exhibit very distinct expression patterns [93,94]. AtTRX h7
is specifically expressed in root vascular tissues and AtTRX h8 only in
ovaries. Others show a low expression in all plant tissues, but exhibit
high amounts of transcripts in the stele and mature pollen (AtTRX h1)
or in unicellular pollen and dry seed (AtTRX h4). This is also true for
other Arabidopsis TRX gene types. Just to cite an example, the gene
coding for the plastidial ACHT3 (atypical Cys His-rich TRX) is highly
expressed in pollen [95,96]. But at the present time, the precise func-
tions of most of these TRXs remain unknown.

In other plant species, similar conclusions have been drawn regard-
ing the expression pattern of TRX genes. In pea, the PsTRX h1 transcript is
detected in most organs by real-time PCR, with higher levels in leaves
and flowers [97] and high expression of the genewas reported in pollen
grains and stigmata using the GUS reporter system [97]. Many plant
TRXs h genes are also characterized by specific expression in seeds par-
ticularly during germination as shown in pea [98], and in the model le-
gume Medicago truncatula [99]. In wheat (Triticum aestivum), the
expression of three TaTRX h genes is induced during the desiccation
phase, whereas only one of them, TaTRX h1 is expressed after imbibition
[100]. In legumes, the formation of root nodules requires specific signal-
ing pathways and coordinated gene expression between symbiotic
partners. In soybean, a TRX h gene is specifically expressed in particular
root cells during the nodulation process and in infected cells [101]. The
encoded TRXhas beenproposed to participate in the regulation of redox
homeostasis for proper nodule development. The requirement of TRXs
in this process has been extended by Alkhalfioui et al. [102] who
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isolated two novel TRXs specific to Legumes termed TRXs s. Based on
quantitative RT-PCR and Western analyses showing specific and high
expression in nodules, these two isoforms have been proposed to par-
ticipate in the symbiotic interaction. On the basis of biochemical data,
plastidial TRXs f and m are presumed to regulate the photosynthetic
metabolism [17], and accordingly, immunolocalization indicated the
presence of both proteins in leaf photosynthetic cells in pea plants
[103]. Further, this method revealed distinct expression patterns partic-
ularly in non-photosynthetic organs, since PsTRX m is highly abundant
in vascular tissues of leaves, stems and roots whereas PsTRXf is less
abundant and localized in specific cells at proximity of xylem vessels
and vascular cambium [103].

With regard to AtGRX genes, analysis of microarray data revealed
that those belonging to the two first classes (AtGRXC1 to AtGRXC5
and AtGRXS12 for class I and AtGRXS14 to AtGRXS17 for class II [7])
are expressed in most organs of Arabidopsis plants, except in the
male gametophyte where only AtGRXC2 and AtGRXS16 transcripts
are detected [94]. AtGRXC1 and AtGRXC3 genes are more specifically
expressed in the root columella and in vascular tissues, respectively,
whereas AtGRXS14 exhibits high expression in all photosynthetic
tissues [94]. On the contrary, many AtGRX members from class III,
termed ROXY, display more specific expression profiles. For exam-
ple, microarray data indicate that transcripts of AtROXY6 and of
AtROXY8-16 are specifically present in root procambium and those
of AtROXY2, AtROXY4, AtROXY7, AtROXY8 and AtROXY12–15 in the
phloem mainly in root. However, transcriptomics data need to be
validated using other methods to better delineate expression pat-
terns. For instance, in the case of AtROXY1, microarray data indicate
the presence of transcripts mainly in the shoot apical meristem [94]
whereas investigations performed using RT-PCR and in situ hybrid-
ization reveal a quite different pattern, with a high transcript level
in roots, siliques and inflorescences [20]. Within inflorescences,
AtROXY1 is specifically expressed in the apex and in floral organ
primordia [20].
3.2. Involvement of GRXs and TRXs in plant developmental stages

3.2.1. Roles of GRXs in the development of plants
Only a few studies unveiled the roles of class I and class II GRXs for

plant development. Whereas single A. thaliana insertion mutants for
AtGRXC1 and AtGRXC2 have no visible phenotype under standard
growth conditions, the double mutant is lethal at an early stage
after pollination (Table 1) [104]. In accordance to their similar bio-
chemical properties and subcellular localizations [94,105], it points
to the possible redundant function between both proteins. It is
worth noting that AtGRXC1 orthologs are only found in dicots.
Hence, in other plants, GRXC2 may be the only representative ensur-
ing this function. The other example described so far for which de-
velopmental defects were observed is for GRXS17, a class II GRX.
The Arabidopsis knock-out mutant for this gene presents pleiotropic
phenotypes which are likely linked to the deregulation of tempera-
ture and photoperiod signaling pathways, notably in the meristem
[22,106]. Indeed, in conditions of long photoperiod or high tempera-
ture, grxS17 plants show abnormal apical meristem, elongated leaves
and impaired flowering. A complete growth arrest is observed when
both environmental conditions are combined [106]. At the root level,
a decrease in the primary root growth is visible at 22 °C and exacer-
bated at 28 °C [22]. In the latter condition, auxin sensitivity and polar
auxin transport as well as cell proliferation and/or cell cycle control
are impaired in grxS17 plants. Hence, in line with the observed con-
nexions between glutathione and auxin and with their requirement
for proper cell division, GRXS17 appears to be an important integra-
tor for redox and auxin signaling pathways, although the associated
molecular mechanisms and in particular the target proteins of this
GRX are not yet elucidated.
3.2.1.1. Involvement of class III GRXs in the development of floral organs.
The well-described involvement of class III GRXs in plant development
andmore particularly in floral development comes from genetic studies
performed primarily in Arabidopsis thaliana and Oryza sativa (Table 1,
Fig. 2). In A. thaliana, the flower organization comprises four concentric
whorls corresponding to different organs with four sepals in the first
whorl, four petals in the second whorl, six stamens in the third whorl
and two carpels in the fourth whorl. A role of class III GRX isoforms in
floral development was initially demonstrated in Arabidopsis from the
identification of the roxy1 mutant, which exhibits a reduced number
of petal primordia and abnormalities in petal morphogenesis [20]. The
inability of a gene version where the catalytic cysteine was replaced
by a serine to complement the roxy1 mutant suggested that the oxido-
reductase activity of the protein is crucial for this function [20]. Finally,
the authors also demonstrated that AtROXY1 also participates in the
negative regulation of AGAMOUS gene expression in the first and second
whorls, this protein functioning in the development of floral organs of
third and fourth whorls [20].

This initial study was then followed by the characterization of
AtROXY2, the closest homolog of AtROXY1. Contrary to the roxy1mutant,
the roxy2 mutant does not display any perturbation in floral develop-
ment. However, in addition to having a reduced number of petals, the
double mutant roxy1 roxy2 is sterile and does not produce pollen [21].
Further analysis demonstrated that both proteins are involved in early
adaxial and abaxial anther and tapetumdevelopment butwith a distinct
timing. Expressing AtROXY2 under the control of AtROXY1 promoter
fully rescues the roxy1 mutant phenotype [21]. Hence, based on this
result and on overlapping expression of AtROXY1 and AtROXY2 genes
in anther primordia, it has been proposed that both proteins act redun-
dantly to secure the production of pollen and thus plant fertility, notably
in stress conditions [21].

Besides these two GRXs, another class III GRX isoform, ROXY4, plays
a role in floral development. Initially identified as an immediate target
up-regulated by the DELLA protein RGA, AtROXY4 was suggested to
participate in gibberellin signaling and floral organ development.
Indeed, it is highly expressed in sepals and plants overexpressing
AtROXY4 displayed undeveloped petals and stamens and male sterility
due to non-dehiscent anthers [107]. Interestingly, the involvement of
some class III GRXs in floral development is conserved between mono-
cots and dicots since two rice ROXY1 homologs,OsROXY1 and OsROXY2,
fully rescue the floral phenotype of Arabidopsis roxy1 mutant [92]. In
addition, the expression patterns of the two rice genes in floral develop-
ment are similar to those of AtROXY1 and AtROXY2 in Arabidopsis [92].
The last evidence of a role of class III GRXs in floral development
comes from the study of mechanisms regulating the transition tomeio-
sis in rice [108]. The authors isolated the mil1 mutant that does not
produce microspores in anthers and is thus male sterile, but female
fertile. Although OsMIL1 codes for a class III GRX isoform, the phyloge-
netic analyses indicate that it is not the ortholog of Arabidopsis ROXY1
and ROXY2. The molecular and cytological analyses of the rice mil1
mutant showed that the meiotic entry of sporogenous cells is defective
resulting in the formation of somatic cells instead of microspores [108].
Therefore, the authors suggested that male meiosis initiation is subject
to redox regulation and that OsMIL1 plays a key role in this process.
Accordingly, the mutation in maize of a class III GRX gene named
ZmMSCA1 leads to male sterile lines [109–111]. One of these studies
further highlights that redox components like ZmMSCA1, in connection
with the O2 concentration level, are important for the switch from
somatic to germline cell formation [110].

3.2.1.2. Proposed roles for GRXs in plant development. The role of class III
GRXs in the control of floral development notably relies on their capac-
ity to interact with TGA transcription factors as shown primarily in
Arabidopsis [101]. A GRX/TGA interaction was confirmed in other
species such as rice where MIL1 was shown to interact with TGA1
[108]. A nuclear interaction between A. thaliana ROXY1 and PAN, a
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TGA member acting as a repressor of petal formation, was demonstrat-
ed [112,113]. Note that thenuclear localization of AtROXY1 is indispens-
able for its function in petal development. The question of a redox
control of PAN by ROXY1 was investigated. A mutated version of
AtPAN, where the cysteine 340 is replaced by a serine, is not able to
complement thepanArabidopsismutant [112]. Altogether, these results
suggest that AtROXY1 may regulate AtPAN activity by modulating its
redox state. However, although the active site signature of these GRXs
(CCxx) contains the strictly conserved pair of cysteines, the difficulties
encountered to express and purify recombinant proteins prevent to
definitely conclude about the requirement of an oxidoreductase activity
for this function [114].

In Arabidopsis, the phenotypic comparison of a double roxy1 pan
mutant with the corresponding single mutants showed that double
roxy1 pan and pan mutants have 5 petals whereas roxy1 mutant has
only 2.5 petals [112]. It indicates that PAN is epistatic to AtROXY1 and
thus both proteins act in the same regulatory pathway controlling
petal primordia initiation. Furthermore, AtROXY1 acts independently
of PAN during later petal morphogenesis. Hence, in addition to PAN,
ROXY1 may modulate the activity of other TGA factors displaying
similar expression patterns, like TGA9 and TGA10 [112,115]. According-
ly, the double tga9 tga10 Arabidopsis mutant exhibits defects in male
gametogenesis similar to those of the double roxy1 roxy2 mutant, and
a nuclear interaction between AtROXY1 and AtTGA9 and AtTGA10
was demonstrated [115]. Hence, it seems that class III GRXs can interact
with multiple TGA factors and that these interactions depend on the
presence of specific motifs. For instance, two motifs, L**LL and ALWL,
present in the C-terminal part of ROXY1 are important for its function
in floral development [112,116]. Interestingly, the L**LL motif is crucial
for the interaction betweenROXY1 and PAN or TGA3whereas the ALWL
motif, though dispensable for TGA interaction, is required for petal
development [112,116]. A refined L***L motif was shown to be impor-
tant for the interaction of many Arabidopsis class III GRXs with TGAs
[116,117].

From these data and given the high number of class III GRX iso-
forms in plants, it is tempting to speculate that the uncharacterized
members are involved in the development of organs other than
flowers. Supporting this view, the analysis of O. sativa and
A. thaliana transcriptomic data indicated that some of these GRX
genes present specific expression patterns [94,118]. From an evolu-
tionary point of view, it is remarkable to note that the increasing
number of class III GRXs between the moss P. patens and higher
plants is concomitant with the development of more complex struc-
tures. Another factor that likely explains this huge expansion is the
fact that several class III GRXs, like AtGRXS13, are also involved in
pathogen responses and more generally in stress responses [23,60,
117,119]. In other respects, A. thaliana lines silenced for AtGRXS13
already display a reduced growth compared to that of wild type
plants in optimal conditions [119].

3.2.2. Roles of TRXs in the development of plants

3.2.2.1. Potential TRX targets participating in plant development. Since
their discovery almost forty years ago, plant TRXs have been shown to
participate in the regulation of photosynthetic metabolism, the mobili-
zation of seed reserves and the responses to environmental constraints.
These functions are most generally achieved via their disulfide reduc-
tase activity, which enables them to control the redox status of target
proteins and thus to switch on or off their activity. Intriguingly, although
a high number of potential TRX partners has been identified in the
last years [120], the knowledge regarding the TRX targets directly
involved in developmental processes are still very poor. By analogy to
the control of TGA factors by class III GRXs, the activity of transcription
factors controlling plant development might also be subjected to TRX-
mediated post-translational modifications. Among possible effects,
redox modifications can lead to activation or deactivation via
conformational change or nucleo-cytosolic shuttling as observed for
the AtNPR1 transcription factor [66]. While the redox-regulation of
gene transcription is well established in bacteria, fungi and mammals
for some time, similar insights have only been recently gained in the
plant kingdom [121]. For instance, the DNA-binding activity of maize
R2R3 MYB-domain proteins is redox-regulated in vitro via two cyste-
ines able to form a disulfide bridge [122]. Similarly, a cysteine is re-
quired for the binding activity of an Arabidopsis leucine zipper (bZIP)
type transcription factor, named AtbZIP16, and the redox status of this
factor has been proposed to control its activity in relation with environ-
mental conditions [123]. In other respects, homeodomain-leucine
zipper (HD-Zip) class III proteins constitute a complex family of
transcription factors controlling the development of embryo and meri-
stem in plants [124,125] and sharing two conserved cysteines that
form a disulfide bridge [126]. Most interestingly, the in vitro DNA-
binding capacity of the recombinant or native form of Athb-9 HD-Zip
III factor is activated by TRX [126]. Similarly, class I TCP (Teosinte
branched1-Cycloidea Proliferating cell factor) transcription factors reg-
ulate plant developmental processes. Most of them possess a conserved
cysteine involved in the formation of an intermolecular dimer, which is
inactive and can be reactivated by the TRX system [127]. Overall, these
data give strong credence to a role of cytosolic/nuclear TRXs in the reg-
ulation of the expression of key developmental genes through themod-
ulation of transcription factor activity.

3.2.2.2. Roles of TRXs in vegetative and reproductive development. Unex-
pectedly, when taking into consideration the key role of NTRs in the
electron supply to nuclear, cytosolic and mitochondrial TRXs, an
Arabidopsis mutant line deficient for both AtNTR genes (A and B) is
viable and displays slower growth and lower pollen fitness [35]. But,
AtTRX h3 is still partially reduced in this mutant, indicating the partici-
pation of an alternative mechanism in the reduction of TRXs. Interest-
ingly, when crossing this double mutant with others impaired in
glutathione biosynthesis (rml1 or cad2), very severe developmental
phenotypes were observed such as complete growth arrest in the case
of ntra ntrb rml1 [35] or naked floral stems and loss of apical dominance
in ntra ntrb cad2 plants [39]. The phenotype of ntra ntrb cad2 resembles
that of Arabidopsis mutants impaired in auxin metabolism and accord-
ingly, the auxin transport capacity and cellular level are altered in the
triple mutant. These reports show redundancy between NTR and
glutathione-dependent systems in the reduction of TRXs and in the
control of plant development. Further, they reveal the participation of
redoxins in auxin homeostasis possibly through the redox control of
auxin-related proteins.

In the last years, two Arabidopsis T-DNA mutants knock-out for the
expression of very distinct types of TRXs have been reported to develop
dramatically altered phenotypes with regard to meristem functioning,
possibly due to defects in cell-to-cell communication mechanisms
(Table 1, Fig. 2). Thus, Benitez-Alfonso et al. isolated an Arabidopsis
seedling-lethal mutant due to impaired meristem maintenance
resulting from disrupted unloading from the phloem into the meristem
[128]. This mutant turned out to be defective in the AtTRX m3 gene. This
gene coding for a plastidial TRX expressed in non-green plastids of
meristems and organ primordia plays thus a critical role in develop-
ment. Accordingly, ectopic expression of this TRX leads to delayed
flowering and senescence. AtTRX m3 has been proposed to control
callose deposition and symplastic permeability in a redox manner,
thus modifying plasmodesmata communication.

Regarding AtTRX h genes, an Arabidopsis mutant knock-out for
AtTRX h9 expression is dwarf and develops short roots and pale
leaves [15]. In fact, this protein possesses an N-terminal extension
with one highly conserved glycine at the second position and one
cysteine at the fourth position which are required for membrane
binding and intercellular movement, possibly via myristoylation
and palmitoylation, respectively. This plasma membrane associated
TRX is able to move from cell to cell in root layers, suggesting its
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participation in intercellular communication mechanisms underly-
ing developmental steps. In rice, the OsTRX h1 isoform also plays a
key developmental function since plants deficient in this protein
which is secreted into the extracellular space are dwarf and have a
reduced tiller number [129]. As thesemodified plants also display in-
creased level of H2O2, OsTRX h1 has been proposed to regulate redox
homeostasis in the apoplast, but its precise role in the control of
plant development is still mysterious. Finally, based on expression
profiles, other relatively unexpected roles for TRXs h in plant devel-
opment can be presumed. For instance, the mechanisms underlying
gravitropism, which is essential for appropriate plant growth, are
still very obscure. Interestingly, TRX h expression is triggered in pop-
lar following gravistimulation and numerous TRX targets are differ-
entially expressed after this stimulus [130], revealing a possible
role of TRX-based mechanisms in gravitropism-linked signaling
pathways located in the endodermal cells.

3.2.2.3. Roles of TRXs in gamete formation and fertilization. As mentioned
in the Section 3.1 and thoroughly reviewed by Traverso et al. [131],
numerous TRX types are expressed in plant sexual organs. However,
their precise roles in plant reproduction are still elusive in most cases.
Some genetic studies performed in the last years showed the participa-
tion of specific TRXs like h-type TRXs and nucleoredoxins (NRXs). A role
for at least one AtTRXs h in the proper development of male gametes is
evident from the demonstration that a double ntra ntrb mutant,
deficient in the reduction of cytosolic TRXs, displays altered pollen
fitness [35]. Both Arabidopsis NRX genes are expressed in reproductive
organs. Based on increased pollen sterility in nrx1 knock-out plants
[132,133], AtNRX1 has been proposed to participate in the establish-
ment of pollen fertility [133]. A dual nuclear/cytosolic localization was
found for AtNRX1, but the targeted protein(s) by this TRX is (are)
unknown.

One of the best documented examples concerning the participa-
tion of TRXs in plant reproduction is self-incompatibility. This mech-
anism which prevents self-fertilization is based on the interaction or
not of specific male and female S-determinants, which differ among
plant families. In self-incompatible species, the pollen is recognized
and rejected by stigma papillae. In Brassicaceae, self-
incompatibility notably involves an S-locus receptor kinase (SRK)
on the female side, which mediates pollen recognition following
binding to the S-locus Cys-rich (SCR) protein from the male side. In
the case of self-pollen, the binding activates a signaling pathway
leading to rejection through SRK kinase activity. Interestingly, this
phosphorylation step can be blocked by an h-type TRX termed
THL1 in Brassica oleracea [134–136]. This TRX thus acts as a negative
regulator of SRK in the absence of self-incompatible pollen. In other
respects, Haffani et al. [137] reported that antisense suppression of
BnTHL1 and BnTHL2 expression leads to a low but constitutive level
of self-pollen rejection in a normally compatible Brassica napus culti-
var. From these data, a model in which THL-type TRXs are required
for successful pollination in self-incompatible Brassicaceae species
has been proposed. But this model has been recently questioned by
Yamamoto and Nasrallah [138], who reported no change in SRK
activation in Arabidopsis lines expressing the SRK-SCR system from
the self-incompatible species, Arabidopsis lyrata, and deficient for
the expression of Arabidopsis THL homologues. Further, these au-
thors also reported that AlSRK is not redox-regulated by AtTRX pro-
teins. Of note, the participation of TRXs h in pollen compatibility
mechanisms has been hypothesized in other plant families. In
Solanaceae, aNicotiana alata TRX h isoform is secreted into the extra-
cellular matrix of style transmitting tract and is able to interact
in vitro with S-RNase, a determinant of pollen recognition in the pis-
til in this plant family [139]. This TRX has been proposed to fulfill a
role in S-RNase-based self-incompatibility. In Phalaris coerulescens,
a plant of the Poaceae family, a pollen S-protein contains a TRX h do-
main displaying reductase activity [140,141]. Very interestingly, a
self-fertile line of this species is characterized by mutation in the
PcTRX h domain leading to a decreased disulfide reductase activi-
ty [142]. Altogether, these results indicate that the redox control of
self-incompatibility seems quite widespread in plants.

3.2.3. A model for thiol-based control of plant morphogenesis
The available data, gained from genetics studies show that various

plant GRX and TRX isoforms fulfill critical roles in key developmental
steps, such as cell fate determination in meristems, and reveal the
requirement of disulfide reductases for the proper progress of organ
morphogenesis. But, the precise mechanisms underlying these roles
are still elusive. They could involve post-translational redox modifica-
tion of partners acting in signaling transduction pathways or in control
of gene expression, as proposed for class III GRXs with TGA factors. The
next challenge to give further credence to this hypothesis will consist in
identifying these actors. Of note, such a model has been validated for
TRXs in plant immunity and pathogen responses, which involve NPR1,
a master regulator in the expression of defense genes. The activity of
this regulator, which is able to interact with and to activate TGA factors,
is modulated via salicylic acid and a redox control of its quaternary
structure and subcellular localization by both nitric oxide and AtTRX
h5 [66,143].

3.3. Involvement of TRXs in plant development through the biogenesis of cell
structures

In plant chloroplasts, FTR is the primary reducer of TRXs linking
together with ferredoxins the photosynthetic electron transfer chain
to several biosynthetic and assimilation pathways [144]. This protein
is composed of a catalytic subunit (FTRc) and a variable subunit
(FTRv). While Arabidopsis mutants deficient for one of the variable
subunits, AtFTRv, display no phenotype except an increased sensitivity
to oxidative treatments [145], lines silenced for the expression of the
catalytic subunit exhibit reduced growth and a sectored chlorotic leaf
phenotype [146]. In these silenced lines, the expression of genes
controlled by the plastid-encoded RNA polymerase (PEP) complex is
strongly reduced supporting the hypothesis that FTR participates in
the regulation of the PEP function in the early stages of chloroplast
development [146]. A TRX z deficient Arabidopsis mutant line has also
a decreased expression of PEP-dependent plastidial genes and an albino
phenotype characteristic of impaired chloroplast development [15,147].
As a consequence, TRX z appears as a serious candidate for PEP regula-
tion, since the poplar isoform is reduced by FTR [148]. Although the
Arabidopsis TRX z is not reduced by FTR, its dimeric form is reduced
by other plastidial TRXs [149]. The question of the requirement of TRX
z redox activity in PEP functioning is still unanswered because of the
existence of contradictory results. Whereas AtTRX z was initially
shown to interactwith and reduce two fructokinase-like (FLN) proteins,
other subunits of the PEP complex, complementation studies of trx z
mutants with redox inactive (i.e. cysteine mutated) AtTRX z forms
suggested that the redox activity is dispensable for PEP functioning
under standard conditions [147,150]. From the latter observation it
was proposed that AtTRX z and AtFLN rather play a structural function
in the complex formation and/or maintenance. Among others, one
possible explanation to reconcile all results is that the presence of the
redox inactive AtTRX z is sufficient to recruit other redox factors that
by-pass the lack of redox active TRX. Of note, other components like
AtECB1/MRL7, which has been shown to interact with TRX z, and
AtTACS are required for PEP function [151–153]. Although AtECB1
does not possess the typical CxxC active site signature, it contains
three cysteines, displays a C-terminal domain with TRX-like fold and
exhibits disulfide reductase activity towards insulin [152]. Hence, the
exact function of all these proteins is still to be determined to delineate
their roles in the expression of plastidial genes.

The biogenesis of cytochrome b6f complex is another redox-
regulated process that is crucial for plant development. It requires the
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transfer of reducing equivalents from the stroma to the thylakoid
lumen. The electrons are likely provided by an m-type TRX present in
the stromal side, then transferred to the thylakoid-anchored AtCCDA
protein before reaching AtHCF164 (High Chlorophyll Fluorescence
164), which is located in the thylakoid lumen [154]. In fact, AtHCF164,
which displays disulfide reductase activity, was the first plant TRX-like
protein identified [155]. A T-DNA mutant deficient in this gene is not
able to grow photoautotrophically and its reproductive development
is indeed abolished due to impaired accumulation of cytochrome b6f
complex [155]. The loss-of-function Arabidopsismutants for theAtCCDA
gene show a similar though less pronounced phenotype, i.e. pale green
leaves, severely reduced growth and altered reproductive development
[156]. These phenotypes clearly originate from disrupted photosynthe-
sis and defects in cytochrome b6f maturation as indicated by the
measured high chlorophyll fluorescence level. It has been proposed
that AtHCF164 and AtCCDA participate to the delivery of reducing
power to keep cysteines of the apocytochrome in a reduced state prior
to heme ligation [156].

Plastidial TRXs f and m have been the first plant TRXs character-
ized and in vitro biochemical investigations revealed that these TRX
types (2 and 4 isoforms, respectively, in Arabidopsis) regulate in a
light-dependent manner the activity of enzymes participating in
photosynthesis and carbon metabolism [157,158]. A notable excep-
tion is AtTRX m3 that only shows poor activation properties toward
these enzymes, which can be understood considering its specific in-
volvement in meristem maintenance [128]. However, the precise
physiological function of all other plastidial TRXs was not clear
until these last years. A severely impaired phenotype, i.e. reduced
leaf and root growth, pale-green leaves and low grain yield, was re-
ported for rice plants knock-down for OsTRX m expression [159]. In
this case, the disturbance of plastidial redox homeostasis leads to
abnormal chloroplast development and to modified pigment con-
tents. Consistently, the simultaneous silencing of AtTRXs m1, m2
and m4 genes in Arabidopsis plants also caused reduced growth,
pale-green leaves and elevated ROS levels [91]. Based on the interac-
tion of the three AtTRX m isoforms with numerous PSII subunits and
on the altered redox status of PSII core subunits in plants deficient
for the three TRXs, AtTRXs m have been proposed to participate in
PSII biogenesis and thus to control the formation of photosynthetic
complexes. This critical role of TRXs m has been confirmed in pea
plants. Whereas the silencing of PsTRX f expression does not
lead to noticeable change in growth and development, the
simultaneous silencing of PsTRXs f and m genes results in pale-
green leaves, altered redox homeostasis and impaired photosynthe-
sis [160]. This phenotype has been attributed at least partly to de-
fects in the chlorophyll biosynthesis pathway, notably due to
impaired redox regulation of the magnesium chelatase CHLI sub-
unit. Interestingly, transplastomic Nicotiana tabacum plants over-
expressing at high level one NtTRX m gene, compared to others
over-expressing one NtTRX f gene, specifically exhibit substantially
reduced growth, lower chlorophyll content and altered glutathione
and ascorbate pools [161]. Taken collectively, these data indicate
that plastidial TRXs m, in addition to their role in the regulation of
carbon metabolism enzymes, participate in crucial steps of chloro-
plast development via the control of the biogenesis of photosynthet-
ic complexes.

Intriguingly, at the present time, the participation of TRXs in plant
developmental processes through the biogenesis of cell structures has
been established exclusively for various types of plastidial isoforms.
Such a physiological function could be specific to the biogenesis of
photosynthetic membranes in chloroplasts, in which the conversion of
light energy to chemical energy, notably reducing power, is performed.
Whether this type of function is fulfilled in other cell compartments like
nucleus and mitochondria remains to be established. But it is worth
mentioning that in these organelles much less TRX isoforms are present
compared to plastids [89].
3.4. Involvement of TRXs in plant development through the regulation of
metabolism

Mature seeds develop in an oxidative cellular context, particularly
during the last maturation phases (desiccation) and germination, as
shown by the high level of protein oxidation measured at these stages
[162,163]. The control of the redox status of proteins appears thus
crucial for proper seed development and germination. As reported in
various plant species, some TRXs h isoforms are highly expressed at
various stages of seed maturation and during germination [98–100].
These TRXs are able to reduce in vitro various types of metabolic and
storage seed proteins such as α-amylases, trypsin inhibitors, gliadins
and glutenins [18,164]. In agreement with these expression and
biochemical data, overexpression of wheat TRX h in barley is associated
with accelerated germination and triggers the activities of pullulanase, a
starch-debranching enzyme and of α-amylase [165,166]. These data
reveal a critical role of TRXs in the germination process through the
control of the mobilization of reserves. The TRX control is likely
achieved via their disulfide reductase activity, which allows the activa-
tion ofmetabolic enzymes and the reduction of storage proteins thereby
rendering them soluble and available for providing the energy neces-
sary for seedling development.

Another TRX playing an important role in the control of metabolic
pathways is the plastidial NADPH-dependent thioredoxin reductase
C (NTRC). This unique, plant specific, enzyme formed by an NTR do-
main fused to a C-terminal TRX domain was described in Arabidopsis
and rice [167-168]. An Arabidopsis mutant knock-out for AtNTRC
shows reduced growth compared to wild type and is more sensitive
to methyl viologen, salt and drought stresses [168]. Further investi-
gations revealed that short-day conditions induce severe metabolic
and developmental disturbance in ntrc plants. This phenotype is
linked to reduced chlorophyll and anthocyanin contents, to low car-
bon assimilation and to increases in transpiration and photorespira-
tion [169,170]. Overexpression of AtNTRC allows increasing the leaf
size and the biomass yield in both short- and long-day conditions
confirming that NTRC is a key actor for plant development [171].
The low amounts of chlorophyll in the ntrc mutant are linked to re-
duced synthesis of 5-aminolevulinic acid, the chlorophyll precursor,
and decreased MgP methyltransferase activity [172]. Arabidopsis
ntrc plants also show reduced root development, with slower growth
rate and fewer lateral roots than wild type, revealing an important
role of AtNTRC in non-photosynthetic tissues [170]. Surprisingly, all
these phenotype traits are photoperiod-dependent since they are
less severe under long-day conditions. The role of AtNTRC in the reg-
ulation of starch synthesis could partly explain this phenotype. In-
deed, ntrc plants show decreased redox-activation of ADP-Glucose
pyrophosphorylase (AGPase) and are not able to synthesize enough
starch during the light period. In short-day conditions, NTRC appears
as an important redox regulator of starch synthesis and plastid me-
tabolism in photosynthetic and non-photosynthetic plastids [173,
174]. Thus, these metabolic changes ultimately affect developmental
processes, which are linked to the energy availability in cells. But,
one cannot exclude that other biochemical properties underlie the
NTRC function since the Arabidopsis protein can act as a chaperone
with foldase and holdase activities [175]. These multiple functions
are linked to modifications in the protein quaternary structure:
low-molecular-weight complexes exhibit disulfide reductase activi-
ty whereas high-molecular-weight complexes preferentially show
chaperone activity. The transition from low to highmolecular weight
complexes is stimulated by heat shock [175]. NTRC may not be the
only TRX contributing to the regulation of starch synthesis. Indeed,
the TRX f type has been reported to control starch synthesis based
on observations performed in Arabidopsis TRX f1 knock-out lines,
which display no obvious growth phenotype, but decreased starch
accumulation probably resulting from reduced light-activation of
AGPase [176]. In agreement, the starch content in transplastomic
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tobacco lines overexpressing NtTRX f is increased [177], but their
growth is somewhat reduced compared to wild type [161].

Another more or less direct contribution of plastidial TRXs in devel-
opment could come from their relationship to brassinosteroids (BRs).
These are plant steroid hormones having key roles in the control of
plant growth and development [178], and also in the responses to
stresses through regulation of redox homeostasis and CO2 assimilation
[179]. Interestingly, the expression of genes encoding various TRX
types has been recently reported to be regulated by these hormones.
BR-deficient tomato plants are dwarf and display decreased transcript
levels of TRXs f, m and x whereas exogenous application of BRs trig-
gers the expression of these genes [180]. The authors proposed that
plastidial TRXs participate in the BRs-initiated signaling transduc-
tion pathways regulating metabolism in relation with the plant de-
velopmental program.

To conclude, the regulation of metabolism by TRXs in connection
with hormonal and environmental signals appears essential for proper
plant development. This role is very likely achieved through the regula-
tion of the activity of metabolic enzymes via redox post-translational
modification. Accordingly, many enzymes involved in the metabolism
of sugars, starch, amino acids and lipids have been characterized as reg-
ulated by TRXs or as potential targets of these reductases [120]. The fine
redox control of their activity might allow supplying the particular
metabolic needs required for the optimal progress of the various
developmental stages.

3.5. Involvement of TRXs in plant development through antioxidant
functions

In their natural environment, plants are continuously exposed to
varying climatic conditions and changes in the light excitation pressure.
As a consequence, their growth and development, which rely on a
genetic program, are substantially influenced by environmental factors
that condition the energy availability and modify the cellular redox
homeostasis, particularly in the chloroplast where photosynthesis
takes place. To prevent situations of oxidative stress, plants developed
a complex and large array of antioxidant compounds notably low-
molecular-weight molecules such as glutathione and ascorbate [3] and
enzymes such as superoxide dismutases, catalases and peroxidases
[181]. The participation of some TRX targets in this regulation network
has been uncovered relatively recently, thanks to proteomic methods
mainly based on affinity trapping or co-immunoprecipitation using
mutant TRX forms and on thiol labeling using fluorescent or radioactive
probes [120].

3.5.1. TRXs supply electrons to antioxidant enzymes
Several plant TRXs participate to the responses to oxidative stress

conditions resulting from environmental constraints [19]. This antioxi-
dant role is notably achieved through the supply of reducing power to
peroxiredoxins (PRXs) and methionine sulfoxide reductases (MSRs),
enzymes reducing organic peroxides [182] and repairing oxidized
proteins [183], respectively, thanks to redox-active cysteines. CDSP32
(chloroplastic drought-induced stress protein of 32 kDa) is a good
example as it provides electrons to PRXs and MSRs as shown by
in vitro and ex vivo experiments [184–186]. This is a double module
TRX first isolated in potato plants subjected to water deficit [187]. Inter-
estingly, the StCDSP32 protein abundance substantially decreases with
leaf age in well-watered plants and this developmental pattern of
expression is abolished in water stress conditions, which result in
decreased and increased TRX abundance in young and adult leaves,
respectively [188]. The higher CDSP32 expression in young leaves is
very likely related to the fact that these leaves, in which the photosyn-
thetic machinery is not fully functional and prone to photo-damage,
are characterized compared to adult and senescing leaves by more
efficient antioxidant defense mechanisms even in the absence of envi-
ronmental constraints [189,190]. As a consequence, the TRXs like
CDSP32 having an antioxidant function might have an indirect role for
the good progress of plant development through the preservation of
cell structures at very specific stages such as young developing leaves.

The plastidial y-type TRXs are also able to reduce PRXs and MSRs in
biochemical assays [158,191–193]. Based on the expression patterns
in Arabidopsis of the two AtTRX y genes, y1 and y2, they could fulfill
antioxidant functions at specific stages of plant development since
AtTRX y1 is expressed in non-photosynthetic organs such as seeds
whereas AtTRX y2 is mostly expressed in leaves [191]. The TRX y func-
tion in these organs could be related to their capacity to reduce MSRs.
Indeed, Arabidopsis mutant lines deficient in AtTRX y2 have a decreased
leaf MSR capacity and display reduced growth and pale leaves when
cultivated in high-light and long-day conditions [194]. Of note,
MSRs likely play a key role in the preservation of seed longevity in
M. truncatula and A. thaliana [195]. It is thus tempting to propose a
specific role for the TRX y1 isoform in themaintenance of the protein
repair capacity and in the preservation of longevity in seeds.

3.5.2. Roles of thiol peroxidases in plant development via the control of
peroxide levels

It is quite well documented in animals that H2O2 is important for
several cellular processes including cell proliferation [196]. In plants,
only a few examples demonstrated a role of ROS, including H2O2, in
development. In Arabidopsis thaliana roots, it was shown that the tran-
sition from proliferation to differentiation depends on gradients of su-
peroxide and H2O2 with superoxide accumulating in dividing cells and
H2O2 in cells from the elongation zone [197]. Other studies showed
that these two ROS species are also critical for root elongation/expan-
sion and root hair differentiation [198,199]. Considering the roles
played by peroxides, H2O2 in particular, for the development and signal-
ing, the roles of enzymes locally controlling their concentrations are
likely to be crucial. Among them, PRXs and glutathione peroxidases
(GPXs) are non-heme thiol peroxidases that catalyze the reduction of
H2O2 or organic hydroperoxides to water and alcohols via a catalytic
cysteine residue [182,192]. The substrate reduction results in the oxida-
tion of the thiol group of the so-called peroxidatic cysteine in a sulfenic
acid form. The regeneration can occur via direct reduction by TRXs but
this is not the majority of cases. In general, the sulfenic acid reacts
with another cysteine residue coming either from the PRX or from
GSH and leading to the formation of a disulfide bond that is subsequent-
ly reduced by TRXs or GRXs.

In A. thaliana, PRXs are encoded by nine nuclear genes and classified
in four groups, 1-Cys PRX, PRXII, PRXQ and 2-Cys PRX, based on the
number and position of redox-active cysteines [200]. 1-Cys PRX is
specifically expressed during late seed development in the aleurone
and in embryo cells, and is involved more particularly in the inhibition
of germination under environmental constraint conditions. 1-Cys PRX
has been proposed to be both a dormancy regulator and an antioxidant
based on data gained in Arabidopsis and in cereals. It has been hypoth-
esized that overoxidation of this PRXwould constitute a signal to inhibit
germination under oxidative stress conditions [201–204]. Among the
Arabidopsis PRXs, AtPRXII-F is the only one targeted to mitochondria.
Under optimal growth conditions, an Arabidopsis mutant knock-out
for PRXII-F has no specific phenotype whereas it exhibits strong
inhibition of root growth under stress conditions [205,206].

A relationship has been reported between the GPX activity and the
inhibition of root tip growth induced by various abiotic stresses like
heavy metals, high salt and H2O2 treatment in barley [207]. Recent in-
vestigations in rice provided evidence about the involvement of
mitochondrial OsGPX3 in plant development [208]. OsGPX3 is the
predominant GPX isoform expressed in roots of rice. Transgenic lines
deficient for OsGPX3 show shorter roots concomitant to increased
H2O2 production in these organs. These data suggest that OsGPX3
contributes to maintaining adequate H2O2 levels for root growth
[209]. In A. thaliana, 8 GPXs are present and named AtGPX1 to
AtGPX8. The importance of GPXs for root architecture has been
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analyzed in this species by characterizing T-DNA insertion lines. Five
lines knock-out for the expression of AtGPX1, AtGPX4, AtGPX6, AtGPX7
or AtGPX8 display a lateral root density significantly higher than that
of wild type, whereas in lines knock-out for AtGPX2 and AtGPX3, this
density is lower [209]. Remarkably, the expression of AtGPX4 and
AtGPX7 genes is induced by auxin, which has a recognized role in the
development of lateral roots. This argues for the existence of interplays
between hormones, ROS and GPXs in the control of root architecture.
Taken collectively, the data gained in cereals and in the plant model
Arabidopsis give strong credence for a key role of GPXs in the develop-
ment of plant roots. Besides, the participation of GPXs in A. thaliana
shoot developmentwas highlighted in amutant deficient in the expres-
sion of the two genes coding for plastidial GPXs, AtGPX1 and AtGPX7
[210]. Both leaf cell structure and chloroplast morphology are modified
in the double mutant compared to wild-type plants, as well as its
responses to environmental constraints. Another GPX seems to have a
very crucial role. Indeed, in a study looking for genes required for female
gametophyte development, an A. thaliana transposon insertion line in
the AtGPX5 gene has been found to be arrested at the embryo stage
due to a defect in endosperm development [211]. Whether this role is
related to ROS or hormonal signaling is not yet elucidated. Finally, it is
worth mentioning that deletion of AtGPX3 gene perturbs the response
to ABA in guard cells and the expression of genes related to stress
[212]. Moreover the gpx3 mutant development is impaired in vitro in
osmotic and oxidative stress conditions. Thus, AtGPX3 seems to be at
the crossing between ABA-dependent stress responses and regulation
of redox homeostasis.

3.5.3. Roles of methionine sulfoxide reductases in plant development
Methionine oxidation to methionine sulfoxide is reversed by A- and

B-types MSRs, the regeneration of which is generally achieved by TRXs
[183]. The Arabidopsis genome contains five MSRA and nine MSRB
genes. With regard toMSRAs, an Arabidopsis line deficient for AtMSRA2
displays reduced growth and slower development specifically in short-
day conditions [213]. This isoformhas been proposed to repair damaged
proteins in the dark phase, thus preventing the loss of resources due
to increased protein turnover. Two MSRB isoforms, AtMSRB1 and
AtMSRB2, are present in A. thaliana chloroplasts. When cultivated in
control conditions, Arabidopsis plants lacking plastidial AtMSRBs do
not exhibit any phenotype whereas under high light or at low temper-
ature, these plants display reduced growth, pale green leaves and
lower seed yield compared to wild type [214]. Plastidial MSRBs have
been proposed to protect the photosynthetic antennae from oxidative
damage and thus to preserve growth and development in environmen-
tal stress conditions. Other Arabidopsis MSRB isoforms, AtMSRB7 and
AtMSRB8, are preferentially expressed in roots [215]. Interestingly,
Arabidopsis lines overexpressing these two isoforms show a noticeably
reduced primary root length when grown in vitro in control condi-
tions [215] unveiling a possible role of the control of Met redox status
in root development. In pepper, the silencing of a gene encoding a
CaMSRB2 isoform leads to strongly retarded growth and reduced devel-
opment in addition to modified sensitivity to pathogen attack [216].

All these data reveal relatively unexpected roles of thiol peroxidases
and MSRs in plant development even in the absence of environmental
constraints. They give strong credence for a participation of these reduc-
tases in developmental processes probably as mediators of the cell
redox homeostasis in relation with other actors such as hormones and
ROS. Thus TRXs and their targets are likely to act in the mechanisms
governing the phenotypic plasticity of plants in relation with the
climate variations [217]. For example, those located in the plastidial
compartment could act as sensors or participate in transduction
pathways regulating nuclear gene expression. These pathways, known
as retrograde signaling, establish relationships between the photosyn-
thetic excitation pressure, which highly varies depending on environ-
mental conditions, and the developmental processes thus enabling
plant adaptation to changing conditions.
4. Conclusions

As shown in this review, GSH, TRXs and GRXs fulfill multiple and
essential roles in the plant developmental cycle (Fig. 3). These roles
have been demonstrated mainly on the basis of genetic approaches
using mutants either defective in the synthesis of glutathione or
deficient in the expression of one of the numerous plant GRX and TRX
genes. Of note, cross-talks between thiol compounds and phytohor-
mones like auxins, which are master regulators of plant cell differentia-
tion, have been established. The participation of thiol-containing
compounds in plant developmental processes is very probably tightly
connected to other redox actors, such as reactive oxygen and nitrogen
species, the contribution of which is central to the maintenance of an
adequate cellular redox homeostasis. Compared to animal cells,
examples showing the involvement of reactive species like O2

.−, H2O2

and NO in specific developmental stages are relatively limited in plants
[73,74,197]. But as Cys residues in proteins are highly prone to react
with most ROS and RNS [218,219], it is tempting to speculate that the
participation of thiol-based mechanisms in the plant developmental
program is partly linked to spatial or temporal variations in ROS and
RNS concentrations. On the other hand, the role of NADPH, the electron
donor to both TRX and GRX pathways, has also to be further investigat-
ed with regard to plant development. Indeed, tobacco plants modified
for the expression of a mitochondrial calcium-dependent NADPH dehy-
drogenase display altered NADPH/NADP+ ratio in stem, concomitantly
to deregulated expression of flowering-associated genes and modified
bolting transition [220]. This will be of great interest to decipherwheth-
er this NADPH function is fulfilled via TRXs/GRXs or other redox signal-
ing transduction pathways. With regard to glutathione, a major actor
with ascorbate in plant cell redox homeostasis, this tripeptide partici-
pates in the control of development at least through three functions:
redox buffer, supply of reducing power to GRXs and post-translational
modification of Cys residues in proteins via glutathionylation. Consis-
tently, a large variety of defects has been observed in glutathione-
deficientmutants, highlighting the crucial importance of this compound
for plant development and stress response. Glutathione is thus likely to
regulate directly or indirectly the redox status of many cysteine-
containing proteins [5]. For example, cysteine glutathionylation might
alter the activity or conformation of actors specifically involved in
signaling transduction pathways, regulation of gene transcription or
protein translation. Moreover, from the finding made in yeast that
GSH is critical for the maturation of Fe–S clusters, prosthetic groups
found in many essential proteins, we can assume that GSH essentiality
in plant development relies on this point too.

Altogether, these findings strongly support the participation of GSH,
GRXs and TRXs in the complex redox-based network governing plant
development [221,222]. Most interestingly, it has been recently
proposed that the plant cell could be considered as a set of compart-
ments distinct in their capacities for ROS generation and antioxidant
buffering [223]. This view is illustrated by the sequestration of GSSG in
the vacuole, the highly reducing environment in the cytosol and the
relatively oxidizing conditions reigning in the apoplast and cell wall
[223]. With the development of new genetically-encoded probes able
to perform dynamic and real-time measurements of the distribution
and levels of glutathione [41], H2O2 [224] or auxin [225] in specific cell
types or subcellular compartments, significant breakthroughs should
be achieved in the future. Redox-sensitive actors are thus likely to play
crucial functions in relaying signals between the cellular sub-
compartments and TRXs andGRXs are good candidates to act as sensors
or transmitters in such transduction pathways via notably transient and
reversible post-translational modifications of their thiol groups like
disulfide bond formation, nitrosylation or glutathionylation. Neverthe-
less at the present time, the experimental evidence supporting this
hypothesis are still poor except in the case of class III GRXs, which are
able to interact with TGA transcription factors involved in the genesis
of floral organs and to regulate their activity likely via redox-based



Fig. 3. Participation of GSH, GRXs and TRXs in the plant developmental cycle.

1491N. Rouhier et al. / Biochimica et Biophysica Acta 1850 (2015) 1479–1496
mechanisms [108,112]. Many TRX and GRX partners have been identi-
fied using biochemical strategies (thiol labeling, mutagenesis of active
site residues and affinity chromatography) [120,226]. Among more
than 400 putative partners of TRXs identified in land plants, very few
at first sight appear as implicated in mechanisms related to develop-
ment except some auxin-related proteins, RNA-binding proteins and
transcriptional elongation factors. This is rather surprising since the ac-
tivity of several types of transcriptional factors is likely controlled via
the redox status of their cysteines as mentioned in the Chapter 3.2.2.1.
The absence of nuclear factors among potential TRX partners could
originate from the under-representation of nuclear proteins in the
plant extracts used in the approaches set up for partner targeting.
Applying these approaches on subcellular extracts or on extracts
prepared from specific cell types, in combination with the ever more
sensitive and sophisticated proteomic methods, will allow gaining in-
sight into the roles of TRXs in the control of plant development.

Finally, it appears likely that disulfide reductases participate in plant
development throughmuchmore unexpected roles,which remain to be
discovered. Thus, a physiological function related to development has
been unveiled for the well-known plastidial TRX-regulated protein
CP12, which forms a complex with Calvin–Benson cycle enzymes.
Indeed, CP12 antisense tobacco plants exhibit very severe morphologi-
cal changes, reduced growth rate and impaired fertility that are associ-
ated with modifications in carbon partitioning [227]. This report
suggests the existence of complex transduction pathways linking
carbon metabolism to developmental programs. The redox status of
carbon assimilation enzymes might constitute an important signal for
the proper progress of plant development phases which ultimately de-
pend on energy availability.
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