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Redox regulation based on dithiol-
disulphide interchange is an essential 

component of the control of chloroplast 
metabolism. In contrast to heterotrophic 
organisms, and non-photosynthetic plant 
tissues, chloroplast redox regulation 
relies on ferredoxin (Fd) reduced by the 
photosynthetic electron transport chain, 
thus being highly dependent on light. 
The finding of the NADPH-dependent 
thioredoxinreductase C (NTRC), a chlo-
roplast-localized NTR with a joint thio-
redoxin domain, showed that NADPH 
is also used as source of reducing power 
for chloroplast redox homeostasis. 
Recently we have found that NTRC is 
also in plastids of non-photosynthetic 
tissues. Because these non-green plas-
tids lack photochemical reactions, their 
redox homeostasis depends exclusively 
on NADPH produced from sugars and, 
thus, NTRC may play an essential role 
maintaining the redox homeostasis in 
these plastids. The fact that redox reg-
ulation occurs in any type of plastids 
raises the possibility that the functions 
of chloroplasts and non-green plastids, 
such as amyloplasts, are integrated to 
harmonize the growth of the different 
organs of the plant. To address this ques-
tion, we generated Arabidopsis plants 
the redox homeostasis of which is recov-
ered exclusively in chloroplasts, by leaf-
specific expression of NTRC in the ntrc 
mutant, or exclusively in amyloplasts, by 
root-specific expression of NTRC. The 
analysis of these plants suggests that 
chloroplasts exert a pivotal role on plant 
growth, as expected because chloroplasts 
constitute the major source of nutrients 
and energy, derived from photosynthesis, 

Chloroplast redox homeostasis is essential for lateral root formation in 
Arabidopsis

Julia Ferrández,1 Maricruz González1 and Francisco Javier Cejudo1,*
1Instituto de Bioquímica Vegetal y Fotosíntesis; Universidad de Sevilla y CSIC; Sevilla, Spain

for growth of heterotrophic tissues. 
However, NTRC deficiency causes 
impairment of auxin synthesis and lat-
eral root formation. Interestingly, recov-
ery of redox homeostasis of chloroplasts, 
but not of amyloplasts, was sufficient to 
restore wild type levels of lateral roots, 
showing the important signaling func-
tion of chloroplasts for the development 
of heterotrophic organs.

Post-translational modification, based on 
dithiol-disulphide interchange, consti-
tutes a rapid and reversible mechanism 
of regulation, thus allowing the efficient 
adaptation of metabolism to environ-
mental changes. Thioredoxins (Trxs), 
small proteins with a pair of conserved 
cysteine residues at their active site, play 
an essential role in protein disulphide 
reduction using reducing power provided 
by NADPH in a reaction catalyzed by an 
NADPH-dependent thioredoxin reduc-
tase (NTR).1 The two-component NTR/
Trx redox system is found in all types of 
organisms from bacteria to plants and ani-
mals. However, plants show remarkable 
peculiarities concerning redox regulation 
such as an unusually high number of genes 
encoding Trxs and Trx-like proteins.2 
Moreover, chloroplasts are equipped with 
a complex set of specific Trxs, which in 
addition use a chloroplast-specific ferre-
doxin-dependent thioredoxin reductase 
(FTR), which is different from the NTR 
present in heterotrophic tissues. Thus, in 
contrast to heterotrophic organisms, chlo-
roplast redox regulation is highly depen-
dent on light since it relies on ferredoxin 
reduced by the photosynthetic electron 
transport chain, rather than NADPH.
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photosynthetic and non-photosynthetic 
tissues, the enzyme being localized in 
any type of plastid. Moreover, it could be 
shown that NTRC is involved in the con-
trol of the redox status of the 2-Cys Prxs 
not only in chloroplasts, but also in plas -
tids of non-photosynthetic tissues, 11 thus 
lending support to the proposal that redox 
regulation is operative in any type of plas -
tid. Therefore, all these new findings allow 
proposing a model according to which 
redox regulation is an important compo -
nent of the function of plastids from green 
and heterotrophic tissues. While in chlo -
roplasts this regulation relies on light (by 
the FTR/Trx pathway) or sugars (by the 
NTRC pathway), in non-photosynthetic 
plastids, which have no photochemical 
reactions, it relies exclusively on NADPH 
produced from sucrose metabolism by the 
oxidative pentose phosphate pathway, as 
depicted in Figure 1. NTRC is able to use 
the reducing power of NADPH to reduce 
the cysteine residues at the active site of 
its Trx domain, allowing the direct con -
version of NADPH into redox signals. 
Therefore, NTRC is an ideal enzyme to 

short-day photoperiod 4,8 was taken as evi -
dence in support of this proposal.

Besides the presence of chloroplasts in 
green tissues, plants also contain plastids 
in heterotrophic tissues. Indeed, a pro -
teomics analysis performed in one such 
type of plastids, the amyloplasts from 
wheat grain endosperm, showed that 
these non-photosynthetic plastids are 
equipped with the components of FTR/
Trx system, 9 suggesting the existence of 
redox regulation in non-photosynthetic 
plastids. This possibility raised the ques -
tion of the source of reducing power to 
maintain redox homeostasis in these plas -
tids, which have no photochemical reac -
tions. The finding that redox regulation 
of ADP-glucose pyrophosphorylase, a 
key regulatory enzyme of starch synthe -
sis, is impaired both in leaves and roots 
of the Arabidopsis NTRC knock out 
mutant10 provided the first indication that 
NTRC might play an important func -
tion in maintaining redox homeostasis 
of non-photosynthetic plastids. Further 
analyses of the expression and localiza -
tion of NTRC showed its expression in 

Recently, our group described a pecu-
liar NTR with a joint Trx domain at 
the C-terminus, termed NTRC, which 
is exclusive for oxygenic photosynthetic 
organisms and is localized to chloroplasts. 3 
NTRC is able to efficiently reduce disul -
phides of target proteins, such as 2-Cys 
peroxiredoxins using NADPH as source 
of reducing power. Thus, NTRC behaves 
as an NTR/Trx system in a single poly -
peptide.4-6 Based on these results, a new 
scenario emerged according to which both 
reduced Fd and NADPH can be used to 
maintain redox homeostasis in the chlo -
roplast7 (Fig. 1). During the day both sys -
tems may have complementary functions. 
However, during the night, when reduced 
Fd becomes limiting, NADPH produced 
from sugars by the oxidative pentose phos -
phate pathway may be the major source 
of reducing power available and, thus, 
NTRC becomes essential to maintain 
chloroplast redox homeostasis. The fact 
that an Arabidopsis NTRC knock out 
mutant is hypersensitive to treatments 
of prolonged darkness and shows a more 
severe phenotype when grown under 

Figure 1. two pathways operate to maintain redox homeostasis in chloroplasts of photosynthetic tissues, the Ftr/trx pathway, which relies directly 
on light, and the ntrc pathway, which uses nadPH produced either from sugars by the oxidative pentose phosphate pathway (OPPP), or from Fd/
Fnr. Both pathways may be complementary because Fnr activity allows interchange of reduced Fd and nadPH. in plastids of non-photosynthetic tis-
sues the Ftr/trx and ntrc pathways are also present but the only source of reducing power is nadPH produced by the OPPP. the metabolism of both 
types of plastids is interconnected by nutrients, such as sucrose, produced by photosynthesis in green tissues. recent results suggest that chloroplast 
redox homeostasis might be important for auxin synthesis, serving as signal to harmonize the growth of photosynthetic and non-photosynthetic tis-
sues in arabidopsis seedlings.
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tissues, at least at early stages of seedling 
development.
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perform redox regulation. However, genes 
encoding FNR, FTR and Trxs, are also 
expressed in Arabidopsis roots,11 though 
at low level, and this might allow a com-
plementary pathway for redox regulation 
in plastids of non-photosynthetic tissues 
(Fig. 1). It is not yet known which of the 
two pathways is more relevant to maintain 
the redox homeostasis of these plastids.

The fact that any type of plastid, 
photosynthetic and non-photosynthetic, 
possesses the components for redox regu-
lation raises the question whether plants 
have any kind of mechanism to coordi-
nate their function and effect on plant 
growth. To address this question we have 
focused on a characteristic phenotype of 
the Arabidopsis ntrc mutant, which is the 
lower content of lateral roots.11 Formation 
of lateral roots at early stages of seedling 
growth in Arabidopsis is largely under 
the control of auxins.12 Interestingly, it 
has been shown that the ntrc mutant has 
a lower content of auxins,8 showing that 
chloroplast redox homeostasis affects 
auxin synthesis, which might be the rea-
son for the lateral root formation pheno-
type of this mutant. We have addressed 
whether the deficiency of lateral roots in 
the ntrc mutant is caused by impaired 
redox homeostasis of leaf chloroplasts or 
root amyloplasts. Arabidopsis transgenic 
plants expressing NTRC exclusively in 
leaves, thus recovering redox homeosta-
sis of chloroplasts but not of root amy-
loplasts, recovered wild type levels of 
lateral roots. In contrast, plants expressing 
NTRC exclusively in roots, thus recov-
ering redox homeostasis of amyloplasts, 
but not of chloroplasts, still showed the 
characteristic ntrc mutant level of lateral 
roots.12 These results show that chloro-
plast function is required for the develop-
ment of non-photosynthetic organs. Of 
course, this central role of the chloroplast 
is due to its function as source of nutri-
ents derived of photosynthesis to feed the 
growth of heterotrophic tissues; however, 
the impairment of auxin synthesis in 
combination with the lateral root forma-
tion phenotype caused by NTRC defi-
ciency, points to an important signaling 
function of the chloroplast. Chloroplast 
redox homeostasis might participate in 
signaling to harmonize the growth of 
photosynthetic and non-photosynthetic 




