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Protein quality control plays an 
important role in the photosyn-

thetic apparatus because its components 
receive excess light energy and are sus-
ceptible to photooxidative damage. In 
chloroplasts, photodamage is targeted to 
the D1 protein of Photosystem II (PSII). 
The coordinated PSII repair cycle (PSII 
disassembly, D1 degradation and synthe-
sis, and PSII reassembly) is necessary to 
mitigate photoinhibition. A thylakoid 
protease FtsH, which is formed pre-
dominantly as a heteromeric complex 
with two isoforms of FtsH2 and FtsH5 
in Arabidopsis, is the major protease 
involved in PSII repair. A mutant lack-
ing FtsH2 (termed var2) shows com-
promised D1 degradation. Furthermore, 
var2 accumulates high levels of chloro-
plastic reactive oxygen species (cpROS), 
reflecting photooxidative stress without 
functional PSII repair. To examine if the 
cpROS produced in var2 are connected 
to a ROS signaling pathway mediated 
by plasma membrane NADPH oxidase 
(encoded by AtRbohD or AtRbohF), we 
generated mutants in which either Rboh 
gene was inactivated under var2 back-
ground. Lack of NADPH oxidases had 
little or no impact on cpROS accumu-
lation. It seems unlikely that cpROS in 
var2 activate plasma membrane NADPH 
oxidases to enhance ROS production and 
the signaling pathway. Mutants that are 
defective in PSII repair might be valu-
able for investigating cpROS and their 
physiological roles.

Photosynthetic apparatus components 
receive excess light energy that can ulti-
mately engender photoinhibition.1,2 

Chloroplasts are therefore equipped with 
molecular systems to minimize accu-
mulation of photodamaged proteins.3 
Photosystem II, a large pigment-protein 
complex located in the thylakoid mem-
brane, transfers electrons to plastoquinone 
and drives oxidation of water molecules 
using light energy.4,5 Because PSII is an ini-
tial and rate-limiting step of electron flow, 
photosynthetic organisms have evolved a 
unique mechanism of protein quality con-
trol (PSII repair cycle), in which the dam-
age is centralized into the reaction center 
D1 protein, and in which PSII is recycled 
efficiently.6,7 Several lines of evidence from 
genetic and biochemical studies indicate 
that a prokaryotic ATP-dependent metal-
loprotease FtsH plays a critical role in D1 
turnover of the PSII repair.8-12

In chloroplasts, FtsH forms a het-
eromeric complex with two major 
isoforms.13,14 Mutants lacking either major 
isoform (var2 lacking FtsH2 or var1 lack-
ing FtsH5) show leaf variegation forming 
white sectors that contain cells with aber-
rant plastids.8,9,11,15 The variegated pheno-
type implies that FtsH is involved not only 
in D1 degradation but also in thylakoid 
development.16,17 We conducted in vivo 
D1 degradation assays using “non-varie-
gated” var1 and var2 mutants (owing to a 
trans-acting suppressor mutation fug1).18,19 
Results showed that both D1 degradation 
and PSII electron transport rates were 
impaired in these non-variegated lines.19 
Collectively, our results corroborate the 
important role of chloroplast FtsH in the 
PSII repair cycle. We also infer that the 
variegation phenotype in var mutants 
is separable from the defect in the PSII 
repair.

Reactive oxygen species derived from impaired quality control of  
photosystem II are irrelevant to plasma-membrane NADPH oxidases
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the action of heterotrimeric G protein sig-
naling.21 Although Gα subunit activated 
by cpROS is primarily involved in oxida-
tive bursts, Gβγ complexes appear to act 
on further production of cpROS.21 These 
observations led us to examine whether 
high cpROS in var2 are regulated by 
NADPH oxidases.

Ten genes for NADPH oxidases 
(AtRbohA to AtRbohJ) are reported in 
Arabidopsis.22 Among these, AtRbohD and 
AtRbohF are expressed in mesophylls and 
are involved in cpROS signaling in guard 
cells.22-24 To investigate the effect of these 
NADPH oxidases on cpROS accumula-
tion in var2, we generated double mutants 
(var2/atrbohD and var2/atrbohF). The 
degrees of leaf variegation were similar 
in var2 and the double mutants. Single 
atrbohD and atrbohF mutants did not 
accumulate detectable ROS (not shown). 
We observed strong signals in var2/
atrbohD and var2/atrbohF double mutants 
both in NBT and DAB stains (Fig. 1). 
Overall, results showed no significant dif-
ference in the accumulation of cpROS 

High ROS in var2 therefore demonstrates 
that chloroplasts suffer from photooxida-
tive stress without a functional PSII repair 
system. Where these ROS are generated 
within chloroplasts remains unclear. We 
raise one possibility: that PSII partial com-
plexes in var2 contribute to ROS produc-
tion because they potentially accumulate 
excitation energy that might not be used 
for water oxidation.

A considerable amount of chloroplas-
tic O

2
- in var2 might be converted rapidly 

to H
2
O

2
, which can then be exported to 

cytosol or to other organelles for detoxi-
fication. Simultaneously, H

2
O

2
 in cyto-

sol might act as a signaling molecule and 
consequently affect responses to environ-
mental stress.20 We raised one possibility: 
cpROS in var2 are influenced by an apo-
plastic oxidative burst that is mediated by 
plasma membrane-bound NADPH oxi-
dases and which further activates down-
stream signaling cascades. For example, 
cpROS produced in guard cells of ozone-
treated Arabidopsis were shown to acti-
vate certain NAPDH oxidases through 

Two important observations concomi-
tant with impaired D1 degradation were 
made in our recent study.19 One is the 
accumulation of PSII partial complexes 
in var2. Two-dimensional blue-native 
SDS-PAGE analysis demonstrated that 
thylakoid-membrane fractions from var2 
chloroplasts contained fewer PSII super-
complexes (representing functional PSII) 
and more partial PSII complexes (repre-
senting disassembled intermediates in the 
PSII repair cycle). These results indicate, 
although indirectly, that the impaired 
D1 degradation affects the disassembly/
reassembly step of the PSII repair cycle. 
The other important observation is the 
accumulation of reactive oxygen species 
(ROS), such as superoxide radical (O

2
-) 

and hydrogen peroxide (H
2
O

2
) in var2. 

Results of NBT staining indicated that 
O

2
- is specially localized in chloroplasts 

of var2 green sectors in a light-dependent 
manner. No NBT staining was detected 
in wild type under identical conditions. 
Similarly, DAB staining indicated that 
H

2
O

2
 is detectable in var2 green sectors. 

Figure 1. ROS accumulation in var2 and var2/atrboh mutants. (A) In situ detection of superoxide by staining with NBT (blue, bottom panels) in four-
week-old wild type (Columbia), var2, var2/atrbohD, var2/atrbohF leaves. Bar = 1 mm. (B) In situ detection of hydrogen peroxide by DAB staining (dark 
brown, bottom panels) in four-week-old wild type (Columbia), var2, var2/rbohD, var2/rbohF leaves. Bar = 1 mm.
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between var2 and the double mutants. 
Furthermore, results of our microarray 
analyses demonstrated that expression 
levels of AtRbohD and AtrbohF are similar 
between var2 green sectors and wild type 
(unpublished data). Taken together, these 
results suggest that no apparent NADPH 
oxidase activities in plasma membranes 
contribute to cpROS detected in var2.

Actually, ROS transiently generated by 
apoplastic NADPH oxidases are known 
to regulate a cell-death signaling pathway 
such as a hypersensitive response against 
pathogen infection.25 Based on results of 
our current genetic and microarray analy-
ses, we reason that, in var2, constitutive 
cpROS do not activate the ROS-mediated 
signaling pathway. Nevertheless, involve-
ment of cpROS in signaling cascades has 
been suggested in other experimental 
systems. The mutants described in this 
report might be valuable for use in future 
studies.
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