Plant, Cell and Environment (2007) 30, 1041-1051

doi: 10.1111/j.1365-3040.2007.01675.x

Chlororespiration and cyclic electron flow around PSI
during photosynthesis and plant stress response

DOMINIQUE RUMEAU', GILLES PELTIER? & LAURENT COURNAC?

!Laboratoire d’Ecophysiologie Moléculaire des Plantes and *Laboratoire de Bioénergétique et Biotechnologie des Bactéries
et Microalgues, CEA Cadarache, DSV, IBEB, SBVME, UMR 6191 CNRS/CEA/Université Aix-Marseille, Saint Paul lez

Durance F-13108, France

ABSTRACT

Besides major photosynthetic complexes of oxygenic pho-
tosynthesis, new electron carriers have been identified in
thylakoid membranes of higher plant chloroplasts. These
minor components, located in the stroma lamellae, include
a plastidial NAD (P)H dehydrogenase (NDH) complex and
a plastid terminal plastoquinone oxidase (PTOX). The
NDH complex, by reducing plastoquinones (PQs), partici-
pates in one of the two electron transfer pathways operating
around photosystem I (PSI), the other likely involving
a still uncharacterized ferredoxin-plastoquinone reductase
(FQR) and the newly discovered PGRS. The existence of a
complex network of mechanisms regulating expression and
activity of the NDH complex, and the presence of higher
amounts of NDH complex and PTOX in response to envi-
ronmental stress conditions the phenotype of mutants,
indicate that these components likely play a role in the
acclimation of photosynthesis to changing environmental
conditions. Based on recently published data, we propose
that the NDH-dependent cyclic pathway around PSI par-
ticipates to the ATP supply in conditions of high ATP
demand (such as high temperature or water limitation) and
together with PTOX regulates cyclic electron transfer
activity by tuning the redox state of intersystem electron
carriers. In response to severe stress conditions, PTOX asso-
ciated to the NDH and/or the PGRS pathway may also limit
electron pressure on PSI acceptor and prevent PSI
photoinhibition.

Key-words: chloroplast; FQR; NADH dehydrogenase;
PGRS; photosystem; PTOX.

Abbreviations: FNR, ferredoxin-NADP oxidoreductase;
FQR, ferredoxin-plastoquinone  reductase; NDH,
NAD(P)H dehydrogenase; PQ, plastoquinone; PTOX,
plastid terminal oxidase; ROS, reactive oxygen species.

INTRODUCTION

Major reactions of oxygenic photosynthesis consist in a vec-
torial electron transfer from water to NADP* involving
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protein complexes present in thylakoid membranes, namely
photosystem II (PSII), the cytochrome b¢/f complex, photo-
system I (PSI) and ferredoxin NADP* reductase, connected
with soluble carriers such as PQs, plastocyanin and ferre-
doxin (Fd). Besides this major pathway (the so-called ‘Z’
scheme), alternative electron transfer pathways, involving
non-photochemical reduction or oxidation of PQs at the
expense of stromal electron donors or acceptors have been
proposed based on functional measurements. These addi-
tional reactions cover two main concepts, one based on the
cycling of electrons around PSI (see for reviews Fork &
Herbert 1993; Bukhov & Carpentier 2004; Johnson 2005)
and the other on electron transfer reactions (chlororespira-
tion, Bennoun 1982) from stromal reductants to O, through
the PQ pool (see for reviews Nixon 2000; Peltier & Cournac
2002; Bukhov & Carpentier 2004). The existence of such
pathways has been supported by the discovery of new
molecular components of thylakoid membranes, including a
plastidial NDH complex (NDH), a PTOX and a key com-
ponent of cyclic electron reactions around PSI (PGRS).
Growing evidence has accumulated on the enhanced
expression of some of these new components in response to
environmental stress conditions, and on the discovery of
numerous mechanisms for the regulation of their expres-
sion and activity. Physiological studies on mutants or trans-
formants affected in the expression of these complexes
have contributed to a better understanding of their role
during photosynthesis. This review will focus on the most
recent data concerning new components of alternative elec-
tron transfer reactions of oxygenic photosynthesis and
discuss their function during photosynthesis under chang-
ing environmental conditions.

COMPONENTS
PQ reduction

Cyclic electron transfer around PSI implies reduction of the
intersystem electron transfer chain at the expense of elec-
tron donors resulting from PSI activity. Among stromal
electron carriers, Fd and NADPH appear as obvious candi-
dates for participating in such an electron pathway, and
several studies have shown that both can deliver electrons
into the photosynthetic electron transport chain at the level
of PQ (Bukhov & Carpentier 2004).
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The existence of a functional plastidial NDH complex
involved in PQ reduction has been deduced from the
study of different tobacco transformants inactivated in
plastid ndh genes and lacking the NDH complex (Burrows
et al. 1998; Kofer et al. 1998; Shikanai er al. 1998; Horvath
et al. 2000). Among the subunits encoded by the chloro-
plast genome, none is homologous to subunits which in
heterotrophic bacteria constitute the diaphorase part of
the complex carrying out NADH oxidation. Three
nucleus-encoded subunits (NDHM, N and O) identified in
purified NDH complexes (Funk, Schafer & Steinmuller
1999; Rumeau et al. 2005) have homologs in cyanobacteria
(Prommeenate et al. 2004; Battchikova er al. 2005). It was
recently shown that mutants affected in the corresponding
genes are impaired in PQ reduction in the same manner
as chloroplast null mutants (Rumeau eral. 2005). A
homolog of cyanobacterial subunit NDHL has been found
in the nuclear genome of higher plants (Battchikova et al.
2005). Based on the fact that both their presence is nec-
essary for NDH complex assembly and that they are
degraded in NDH-deficient strains, other components
(CRR3 and CRR7) have also been hypothesized as sub-
units of the complex (Munshi, Kobayashi & Shikanai 2005;
Muraoka ef al. 2006). However, none of these additional
subunits do show any known motif, which could be attrib-
uted to pyridine nucleotide binding or catalysis. The
nature of the catalytic subunits, as well as the nature of
stromal electron donors to the NDH complex, still
remains to be elucidated. In particular, NADH has been
reported as a preferential substrate of the NDH complex
(Sazanov, Burrows & Nixon 1998b; Rumeau et al. 2005),
which implies that either a transhydrogenase or several
metabolic steps are needed for this complex to drive a
cyclic electron transfer around PSI.

An Fd-dependent, antimycin A-sensitive PQ reduction
activity has also been evidenced and named FQR for
‘ferredoxin-plastoquinone reductase’ (for review, see
Bendall & Manasse 1995). A genetic approach in
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Arabidopsis thaliana based on screening mutants impaired
in non-photochemical quenching of chlorophyll fluores-
cence (NPQ), identified PGRS5 (pgr stands for ‘proton
gradient regulation’) as an essential component of the anti-
mycin A-dependent cyclic pathway (Munekage et al. 2002).
However, PGRS product does not exhibit any known fea-
tures of electron transfer enzymes, and its involvement in
FQR activity could be indirect. The exact nature of FQR
and the role of PGRS remain to be established.

FNR has been proposed as an enzyme susceptible for
mediating electron donation between Fd and PQ, notably
via an association with cyt be¢f (Zhang, Whitelegge &
Cramer 2001). In fact, there are at least three FNRs located
in the maize chloroplast, among which two co-purify with
cyt bef (Okutani et al. 2005). FNR has also been proposed as
able to link with the NDH complex (Guedeney et al. 1996;
Quiles & Cuello 1998) where it could be a part of the
diaphorase moiety.

Other enzymes such as type-IIl NAD(P)H dehydrogena-
ses (NDH-2) (Corneille etal. 1998; Yamane et al. 2000)
could also be involved in PQ reduction, but the molecular
identity of such enzymes is still unknown.

PQ oxidation

Potential enzymatic components of PQ oxidation activity
include PTOX, a chloroplast-targeted quinol oxidase,
homolog to mitochondrial alternative oxidase (AOX),
whose reactivity relies on non-heme iron (Carol et al. 1999;
Wu et al. 1999). Based on the homology between AOX and
PTOX, and experiments using ROS scavengers, it was pro-
posed that PTOX used O, and that the final product of the
reaction was H,O (Cournac et al. 2000). Because NDH and
PTOX co-localize in the stroma lamellae (on the stromal
side, Fig. 1) (Lennon, Prommeenate & Nixon 2003), both
could be involved in the chlororespiratory pathway,
although direct evidence of electron transfer between NDH
and PTOX is still lacking.

O, ROS atP  ADP

+Pi

/

Figure 1. Electron transfer reactions
during oxygenic photosynthesis. Granal
thylakoids contain photosystem II (PSII)
complexes and the cytochrome bg/f
complex (not shown on the figure),
whereas stroma lamellae contain

H photosystem I (PSI) complexes, ATPases,
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the cytochrome b¢/f complex, the NDH
complex and PTOX. Rubisco, ribulose
1-5-bisphosphate carboxylase/oxygenase.
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PSII component cytochrome b559 is also probably
involved in PQ oxidation, at least at the vicinity of PSII: it
has been shown to mediate PQH, oxidation in vitro (Kruk
& Strzalka 2001) and a mutant in which cytochrome b559 is
mutated shows an over-reduction of PQ pool in the dark
(Bondarava et al. 2003). The existence of a thylakoid-
located peroxidase branched on the PQ pool using H>O, as
a substrate has also been proposed from in vitro studies
(Casano et al. 2000). Alternatively, non-enzymatic PQ oxi-
dation may also occur and generate ROS, in particular H,O,
(Mubarakshina, Khorobrykh & Ivanov 2006), reduced PQ,
particularly semiquinones being susceptible of direct
interaction with O, (Khorobrykh & Ivanov 2002).

CHLOROPLAST BIOGENESIS
AND SENESCENCE

The observation that high amounts of NDH subunits are
present in etioplasts (Fischer, Funk & Steinmiiller 1997,
Guera, de Nova & Sabater 2000; Lennon et al. 2003), led to
the hypothesis that ‘chlororespiratory’ components may
serve to energize the plastid membrane and favour synthe-
sis and/or insertion of photosynthetic complexes during the
greening process. However, the absence of any obvious phe-
notype related to greening in NDH-deficient transformants
suggests that this role is not essential.

In contrast, the role of PTOX appears crucial during the
greening process. PTOX is involved in carotenoid process-
ing (phytoene desaturation) and its absence results in a
severe variegation phenotype as the absence of carotenoids
renders chloroplasts susceptible to irreversible bleaching,
especially in high light (Carol et al. 1999; Wu et al. 1999).
Based on in situ hybridization and reporter gene experi-
ments, it was shown that PTOX gene expression is not
strictly connected with carotenoid accumulation as it has
been detected in all tissues and organs throughout devel-
opment (Aluru et al. 2001). However, a possible function of
PTOX in a chlororespiratory activity of non-green plastids
has not been clearly established.

Based on the observation that an NDH-deficient trans-
plastomic tobacco shows a 30 d delay in leaf senescence
with respect to wild type, it was proposed that the electron
transfer pathway involving the NDH complex and a plastid
peroxidase would be involved in programmed cell death
occurring during leaf senescence (Zapata et al. 2005). Such
a striking phenotype has not been reported in any other of
the NDH-deficient mutants studied so far, but in view of
these results, a detailed comparison of leaf life cycles
between available wild type and NDH mutant plants may
be worth conducting.

FUNCTION OF CHLORORESPIRATORY
COMPONENTS DURING PHOTOSYNTHESIS

C; photosynthesis

Several reports suggest a significant contribution of
cyclic electron transfer in the normal operation of C;

Journal compilation © 2007 Blackwell Publishing Ltd

Chlororespiration and cyclic electron transfer 1043

photosynthesis, which is enhanced in conditions such as low
CO,, high light and induction phase of photosynthesis during
dark to light transition (Harbinson & Foyer 1991; Golding,
Finazzi & Johnson 2004; Joliot & Joliot 2005; Miyake et al.
2005). Indeed in these conditions, acidification of thylakoid
lumen — inducing NPQ and triggering ATP synthesis — has
been considered to require alternative mechanisms in addi-
tion to linear electron flow, such as cyclic electron transport
or oxygen photoreduction (Heber & Walker 1992; Bendall &
Manasse 1995).The question as to whether such activities are
important or not for photosynthetic function has been
assessed by reverse genetic approaches.

Inactivation of the NDH complex did not lead to a
decrease in photosynthesis or growth under optimal condi-
tions in air (Burrows et al. 1998; Kofer et al. 1998; Shikanai
et al. 1998; Horvath et al. 2000). By studying the effect of
antimycin A on a ndhB knockout mutant, Joet et al. (2001)
concluded to the existence of two parallel cyclic pathways
around PSI, one sensitive to antimycin A, the other involv-
ing the NDH complex, which would in certain extent
compensate each other and whose contribution would
appear higher in photorespiratory conditions. Simultaneous
impairment of these pathways leads to a severe inhibition
of photosynthesis, even in optimal conditions (Joet et al.
2001). The pgr5 mutant, which is deficient in the antimycin
A-sensitive pathway, showed a reduced electron transport
rate under high irradiance (Munekage et al. 2002). Further-
more, a severe decrease in electron transport and photoau-
totrophic growth was observed in double mutant crr2 pgr5
deficient in both PGR5 and NDH complex (Munekage
etal. 2004). This is in accordance with previous findings
(Joet et al. 2001) and sustains the view that although FQR
and NDH activities are individually dispensable in optimal
conditions for photosynthesis, at least one component of
cyclic electron flow (CEF) is needed for photosynthesis
operation.

It has been suggested that due to the low abundance of
the complex (Burrows et al. 1998), NDH-mediated electron
flows are too low to account for bioenergetically significant
ATP production (Joliot & Joliot 2005). It has been proposed
that, together with PTOX activity, they could rather have a
regulatory role (Joet et al. 2002b; Peltier & Cournac 2002).
By poising the redox state of the PQ pool in thylakoid
domains performing CEF around PSI (through FQR for
instance), they would modulate its efficiency (Nixon 2000;
Peltier & Cournac 2002). This is basically in accordance
with Johnson (2005) who proposes a model in which cyclic
electron transfer is essentially Fd-dependent and is trig-
gered by NADP reduction. Interestingly, overexpression of
Fd induces a stimulation of PQ reduction, CEF and NPQ,
and a slight increase in oxidative stress tolerance, but hardly
impacts CO; fixation (Yamamoto et al. 2006). On the other
hand, it was found that the half-time of CEF as investigated
by photoacoustic methods is significantly affected by NDH
deficiency (Joet et al. 2002a). The importance of FQR and
NDH in PQ reduction may vary from one species to
another: for instance, although delayed luminescence (cor-
related to PQ reduction after far red illumination) was
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found mainly dependent on FQR in tobacco, it appeared
more strongly affected by NDH deficiency in Arabidopsis
(Havaux, Rumeau & Ducruet 2005).

Based on the fact that FNR has been reported to occur
as a soluble enzyme in the stroma, and also associated with
PSI, cyt bef and/or NDH, Bojko, Kruk & Wieckowski (2003)
have suggested that this enzyme may modulate the parti-
tion between linear and cyclic photosynthetic electron
pathways. Such a view is in accordance with kinetic measure-
ments (Breyton et al. 2006). These authors additionally pro-
posed that such a partition could be essentially dependent on
Fd as an electron carrier and regulated by the redox state of
the NADP pool. Recently, Lintala er al. (2007), studying
A. thaliana mutants deficient in one of the chloroplast FNR
isoforms, concluded that this deficiency affected both linear
and cyclic electron transfer capacities, with a significant
impact on CO; fixation. They further proposed that dimer-
ization between the isoforms LFNR1 and LFNR2 was
important for membrane attachment and that this process
could be a way to regulate the partition between FNR
activities involved in linear and cyclic electron transfer.
Overexpression of FNR does not impact photosynthesis
parameters but induces higher tolerance to oxidative stress,
which was essentially interpreted through a hypothetical
antioxidant role of free FNR (Rodriguez et al. 2007).

The role of PTOX in photosynthesis has been much less
investigated, in part because the striking phenotype of
PTOX-deficient mutants makes such studies difficult.
PTOX has been proposed to serve as a ‘safety valve’, pre-
venting over-reduction of the electron transfer chain in
excess light (Aluru et al. 2006). Overexpressing mutants
have then been constructed in order to tackle the role of
PTOX in the ‘normal’ course of photosynthesis (Joet et al.
2002b; Rosso et al. 2006). This overexpression has a signifi-
cant impact during the photosynthesis induction phase
where PQ reduction state appears lower than in wild type
(possibly because of the addition of an electron exit which
is active before activation of CO, fixation). Few effects of
the overexpression are detected at steady state (only some
slight but significant decrease in qP and gN, electron trans-
fer rate being unaffected) (Joet et al. 2002b; Rosso et al.
2006).

C. photosynthesis

In maize and sorghum, higher amounts of NDH complex in
bundle sheath chloroplasts than in mesophyll chloroplasts
suggest that the NDH complex could contribute to ATP
generation through its involvement in cyclic electron trans-
port around PSI (Kubicki et al. 1996; Darie et al. 2006).
Comparing different C4 species, NDH was found highly
expressed in mesophyll cells in the NAD-malic enzyme
species, and in bundle sheath cells in NADP-malic enzyme
species, that is, in each case in the cell types which exhibit
the highest ATP requirements. These results strengthen the
hypothesis that cyclic electron transfer via or dependent on
NDH plays a central role in supplying the ATP needed
for driving the CO,-concentrating mechanism in C,

photosynthesis (Takabayashi efal. 2005). Conversely,
expression profiles of PGRS do not correlate well with C,
cell types (Takabayashi er al. 2005).

INVOLVEMENT OF CHLORORESPIRATORY
PATHWAYS IN PHOTOSYNTHESIS ADAPTATION
TO STRESS CONDITIONS

Several studies proposed that chlororespiratory compo-
nents may be involved in protective or adaptive mecha-
nisms of plant in response to environmental stress such as
heat, high light or water stress. These conclusions are based
on physiological studies showing an increased activity of
non-photochemical reduction of PQs and on the higher
expression of chlororespiratory enzymes under particular
stress conditions. In some cases, the phenotype of plastid
transformants deficient in the NDH complex confirms the
involvement of this complex to the stress response.

Heat stress

Heat stress significantly enhances the dark reduction of
PQs (Havaux, Greppin & Strasser 1991; Havaux 1996;
Sazanov, Burrows & Nixon 1998a; Bukhov, Samson & Car-
pentier 2000; Bukhov & Carpentier 2004) and increases
the transthylakoid proton gradient which was interpreted
though a stimulation of CEF around PSI (Havaux 1996;
Bukhov et al. 2000). In response to heat stress, both NDH
complex and PTOX amounts increase (Quiles 2006). High
temperatures negatively affect photosynthetic CO; fixation
at different levels depending on stress intensity. In response
to mild heat stress conditions, the activity of photorespira-
tion increases (Jordan & Ogren 1984) and the ribulose 1-5-
bisphosphate carboxylase/oxygenase (Rubisco) activation
state decreases, Rubisco activase being particularly sensi-
tive to elevated temperature (Salvucci & Crafts-Brandner
2004a,b). More severe heat stress conditions impair PSII
activity, PSI being more resistant to high temperatures
(Havaux 1996). Mild temperature stress therefore results
in a higher ATP demand, CO, fixation requiring more
ATP when photorespiration is active (Osmond 1981) and
Rubisco activase also needing ATP. The higher ATP
demand under mild heat stress conditions would result in a
higher NADPH/ATP ratio favouring non-photochemical
reduction of the PQ pool from stromal donors which in turn
would activate the NDH-mediated cyclic electron pathway.
This would help dissipating excess energy and provide addi-
tional ATP to maintain active CO; fixation. In the absence
of NDH-mediated cyclic electron pathway, like in tobacco
transformants deficient in the NDH complex, the incapacity
to equilibrate the NADPH/ATP ratio at high temperature
would favour ROS generation (Wang et al. 2006). However,
the increase in non-photochemical reduction of PQs
observed in response to heat stress was not affected in
tobacco transformants deficient in the NDH complex
(Sazanov et al. 1998a; Yamane et al. 2000).

This indicates that when the electron pressure is high,
another pathway is operating. This pathway may involve
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either the FQR and PGRS5-dependent pathway, or a single
subunit flavoenzyme containing NADH dehydrogenase
(NDH-2) (Corneille et al. 1998; Yamane et al. 2000). Addi-
tional experiments are needed to elucidate the nature and
determine the molecular components involved in electron
transfer reactions triggered in response to heat stress.

Water deficit

In response to water shortage, higher plants close the
stomata to limit water loss by transpiration. This lowers
internal CO, concentration and results in an increased
activity of photorespiration. In these conditions, the ATP
requirement of photosynthetic CO, fixation is increased.
Although growth of tobacco mutants defective in the NDH
complex was shown to be unaffected under normal condi-
tions, a defect in photosynthesis induction (Burrows et al.
1998) and a growth phenotype (Horvath et al. 2000) were
observed under conditions of stomatal closure. This effect
was interpreted through an involvement of the NDH-
mediated cyclic electron pathway around PSI in supplying
the extra ATP required in conditions of mild water stress
characterized by CO, limitation (Horvath efal. 2000). A
possible role of chlororespiratory components, especially
PTOX, in conditions of severe water deficit, when ROS are
produced, remains to be investigated.

High light and chilling

High light may affect differentially photosynthesis depend-
ing on temperature conditions. Under normal temperature
ranges, high light induces PSII damage and photoinhibition.
Paradoxically, this process might also be considered a pro-
tective mechanism, as it prevents over-reduction of the pho-
tosynthetic electron transfer chain and as it can be rapidly
reversed because of the high turnover rate of PSII and
efficiency of its repair cycle. When high light illumination is
coupled to low temperatures, PSI inhibition may occur
(Sonoike 1996). Increased NDH complex amounts have
been reported in barley (Casano, Martin & Sabater 2001;
Guera et al. 2005) and in oat plants (Quiles & Lopez 2004;
Quiles 2006). Increased amounts of PTOX and of a NDH
subunit were recently reported in a high mountain species
adapted to high light and low temperature (Streb et al
2005). PTOX amounts also increased in oat plants in
response to high light illumination (Quiles 2006). Tobacco
transformants deficient in the NDH complex were first
reported to be high light sensitive (Endo et al. 1999), but
this result was not confirmed by later studies and may result
from side effects of gene disruption (Barth & Krause 2002).
No difference in the photoinhibition response of NDH-
deficient tobacco transformants was observed either at
normal or low temperatures (Barth & Krause 2002). Simi-
larly, Wang et al. (2006) concluded to a limited role of the
NDH complex in the protection of the photosynthesis
apparatus to oxidative damage generated at low tem-
perature. Moreover, a transcriptomic study reported an
increased expression of PTOX in transgenic Arabidopsis
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lines lacking catalase and ascorbate peroxidase (Rizhsky
et al. 2002). Therefore, in contrast to high temperature stress
which results in a significant increase in NDH-mediated
electron flow from reduced stromal components, high light
or chilling stresses do not induce similar effects.

Possible mechanisms involving the NDH
complex and PTOX during stress response

Generally, two main functions have been proposed for chlo-
rorespiratory components in stress response.

1 ATP supply and energy dissipation by cyclic electron
transport around PSI. High temperature and water stress
both induce an increase in ATP demand that may be
fulfilled by CEF around PSI. The NDH complex through
its involvement in cyclic electron around PSI, likely par-
ticipates to energy dissipation and ATP supply under high
temperature and water stress conditions. Although the
stress dependency of NDH and PTOX has been widely
studied, little is known concerning the stress dependency
of PGRS.This will be an interesting question to address in
the future as both NDH and PGRS5 have been proposed to
be involved in two complementary cyclic electron path-
ways around PSI (Munekage et al. 2004). Quite interest-
ingly, growth impairment of the Arabidopsis pgr5 mutant
under high illumination (Munekage et al. 2002) is sup-
pressed at high CO, concentration (Munekage et al.,
unpublished results). PTOX appearing as an electron sink,
its contribution to cyclic electron transfer is not obvious.
However, by allowing a fine-tuning of the redox state of
intersystem electron carriers, PTOX may help CEF to be
fully operational (Joet ef al. 2002b).

2 PTOX as a safety valve to prevent over-reduction of PSI
rather than PSII acceptors. PTOX has been suggested to
act as an electron safety valve that would prevent over-
reduction of PSII acceptors and avoid photoinhibitory
damages at PSII (Niyogi 2000; Peltier & Cournac 2002;
Streb et al. 2005). Over-reduction of PSII first quinone
acceptor (Q4) and intersystem electron carriers was effec-
tively lowered in plants overexpressing AtPTOX, but this
effect was only observed during dark to light transients
(Joet et al. 2002b). However, PTOX overexpression did
not confer any particular resistance to PSII photoinhibi-
tion either in tobacco (Joet et al. 2002b) or in Arabidopsis
plants (Rosso et al. 2006). Therefore, expression of PTOX
by itself is not sufficient protection against PSII photoin-
hibition and it has been proposed that PTOX cannot be
considered a significant electron valve (Rosso et al. 2006).
Actually, PSII activity can be regulated by various mecha-
nisms including non-photochemical quenching or state
transitions, therefore avoiding over-reduction of PSII
acceptors. Even in case these regulatory mechanisms
would not be efficient enough, photoinhibition of PSII
would be an ultimate protective mechanism, recovery
being achieved rather rapidly because of the rapid turn-
over of PSII. The situation becomes much more critical as
far as PSI photoinhibition is concerned, this process being
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slowly reversible (Sonoike 1996). When the NADPH/ATP
ratio is high (because of a high ATP demand due to high
temperature or water stress for instance), a high electron
pressure occurs on PSI acceptors, thus triggering CEF
around PSI. In contrast to PSII, mechanisms proposed to
regulate CEF are scarce. To avoid such dramatic effects,
plants have developed detoxification mechanisms includ-
ing the water—water cycle. A possible function of the
chlororespiratory pathway (electron transfer reactions
involving a concerted activity of the NDH complex and
PTOX) could be to reduce the electron pressure on PSI
acceptors by recycling electrons to the PQ and ultimately
to PTOX. This hypothesis is sustained by the protective
effect on PSI photoinhibition that was reported in Arabi-
dopsis lines overexpressing PTOX (Rosso et al. 2006).
Interestingly, a transcriptomic study reported an increased
expression of PTOX in transgenic Arabidopsis lines
lacking catalase and ascorbate peroxidase, indicating that
under certain circumstances, PTOX may compensate a
deficiency in detoxifying enzymes (Rizhsky et al. 2002).

Another mechanism has been proposed to involve chlo-
rorespiratory components in stress adaptation. Based on
the constitution of an in vitro electron transport system
from NADH to H,O, supported by the NDH complex and
a plastoquinol peroxidase, Casano et al. (2000) proposed
that chlororespiration may serve as an H,O, detoxification
pathway within chloroplasts. Although this mechanism has
not been demonstrated in vivo, increases in NDH complex
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amounts and in thylakoid peroxidase activity observed in
response to photoxidative or oxidative stresses have often
been considered to support such a role (Casano et al. 2000,
2001).

REGULATION OF CHLOROPLAST NDH
COMPLEX SYNTHESIS AND ACTIVITY

Very little is known about possible regulation mech-
anisms underlying the biosynthesis of the different
nuclear-encoded proteins participating in chlororespiration
and CEF around PSI. A possible translational or post-
translational mechanism has been proposed to generate an
increase in PTOX in plastid mutants devoid of PSII (Baena-
Gonzalez et al. 2003).

Conversely, data available on the regulation of the
NDH complex biosynthesis are varied, scattered and basi-
cally reflective of the complexity and the multiplicity of
plastid gene expression regulation steps (Fig.2) mainly
post-transcriptional events, including RNA trimming,
intron splicing, RNA editing and RNA stability (for
reviews, see Sugita & Sugiura 1996; Barkan &
Goldschmidt-Clermont 2000; Monde, Schuster & Stern
2000). Functional assembly of NDH subunits into the thy-
lakoid membrane is a coordinated mechanism as it has
been demonstrated that mutant plants deficient for a
single subunit present a loss of the whole set of NDH sub-
units (Burrows eral. 1998; Kofer et al. 1998; Hashimoto

Figure 2. NDH complex biosynthesis.
The different steps involved in the
biosynthesis of the nuclear- and
plastid-encoded subunits (NDH-M, -N, -O
and NDH-A to -K, respectively) are
indicated. The nuclear trans-factors that
control plastid ndh gene expression are
shown in the cytosol where they are

_ synthesized and in the chloroplast where
Monocistronic

Stability RNA they mediate regulation. When known,
the specific target of the trans-factor is
Splicing

indicated (between brackets). ptDNA,
plastid chromosome; PPR,
pentatrico-peptide protein; CRR,
chlororespiratory reduction; HCF, high
chlorophyll fluorescence; PEP,
plastid-encoded polymerase; PGR, proton
gradient regulation.

[rps7- ndhB]

Polycistronic RNA
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et al. 2003; Kotera, Tasaka & Shikanai 2005; Rumeau et al.
2005). Different factors including (1) the concerted assem-
bly of nuclear and plastid-encoded subunits of the NDH
complex, (2) the difference in gene copy numbers between
nucleus- versus chloroplast-encoded subunits and (3) the
involvement of the NDH complex in adaptation to envi-
ronmental changes, may help in understanding the exist-
ence of complex, sophisticated and apparently redundant
regulatory mechanisms.

Regulation at the transcriptional level has been demon-
strated for NDH-F. ndhF plastid gene expression has been
reported to be triggered by the plastid-encoded RNA poly-
merase (PEP) under the specific control of SIG4, one of the
six nuclear-encoded sigma factors in Arabidopis (Favory
et al. 2005). Arabidopsis mutants, in which the gene encod-
ing SIG4 has been disrupted, specifically lack ndhF mRNA
and present a strong down-regulation of NDH activity.
Other sigma factors have been demonstrated to be induced
under multiple stress conditions (high light, low tempera-
ture, high salt, high osmotic conditions SIGS; Nagashima
et al. 2004) or to play stage-specific role in seedling devel-
opment (SIG6; Loschelder efal. 2006). Whether SIG4
expression is modulated by environmental and/or develop-
mental factors known to modulate NDH activity has not
been investigated.

An important contribution to elucidating the regulation
of NDH biosynthesis has been provided by a genetic
approach based on the screening of Arabidopsis mutants
using chlorophyll fluorescence (Shikanai 2007). Different
mutants termed chlororespiratory reduction (crr) mutants
were identified by their lack of transient increase in chlo-
rophyll fluorescence after actinic light illumination consis-
tent with a defect in NDH complex. In this way, CRR4
(Kotera et al. 2005), CRR2 (Hashimoto et al. 2003) and
CRR6 (Munshi, Kobayashi & Shikanai 2006) were identi-
fied. CRR4 and CRR2 belong to the PLS subfamily of the
PPR (pentatricopeptide repeat) family. CRR4 is specifi-
cally responsible for ndhD initiation codon editing. RNA
editing in plastids is a post-transcriptional process chang-
ing C-to-U according to a mechanism that remains to be
elucidated. In tobacco, 34 editing sites have been reported
on the plastid genome. They are distributed on transcripts
of 15 different genes among which ndhA, ndhB, ndhD and
ndhF are favoured targets as they contain 2, 9, 4 and 1
editing sites, respectively (Chateigner-Boutin & Hanson
2003). In most cases, editing results in amino acid substi-
tution often restoring conserved amino acids (Maier et al.
1996; Bock 2000; Tsudzuki, Wakasugi & Sugiura 2001), but
it may also create a start or a stop codon. The start codon
of ndhD transcript must be created by editing. This ACG
to AUG conversion is partial and depends on develop-
mental and light conditions, and correlates with the pho-
tosynthetic activity of plastids (Hirose & Sugiura 1997,
Chateigner-Boutin & Hanson 2003). Whether CRR4 may
be responsive of the environmental and development-
regulated editing of ndhD has not been demonstrated. The
role of editing for proper ndh gene functioning has also
been demonstrated for ndhA in which editing appeared to
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be necessary to restore recognition sequences that allow
intron removal (del Campo, Sabater & Martin 2000).

CRR?2 is involved in the intergenic processing of chloro-
plast mRNA between rps7 and ndhB, which seems to be
essential for ndh B RNA translation. Most of the chloroplast
genes are organized in operons transcribed as polycistronic
RNAs that are processed to sets of overlapping RNAs
through steps controlled by nuclear-encoded proteins
(Barkan & Goldschmidt-Clermont 2000). Polycistronic
primary transcripts thus obtained consist of messages for
distinct proteins. The NDH complex is poorly represented
as compared to both photosystems (Sazanov et al. 1998b) or
to ribosomal proteins. Nuclear factors such as CRR2 effi-
ciently contribute to balance translation rate of the differ-
ent genes in the same cluster therefore regulating their
expression. A possible regulatory mechanism by multiple
endonucleolytic cleavages in the intergenic region has also
been reported in the region between psaC coding for a PSI
subunit and ndhD (Hirose & Sugiura 1997; del Campo,
Sabater & Martin 2002).

CRR6, a protein with no specific motif may be a
chaperone-like peptide for assembly of the NDH complex
(Munshi et al. 2006).

Other mechanisms have been shown to result in a
concerted regulation of the NDH complex and other pho-
tosynthetic complexes. By using the high chlorophyll
fluorescence (hcf) phenotype as selection criterion, many
mutants defective in photosynthetic light reactions and
electron transfer have been isolated among which hcf109 is
affected in PSI, PSII and the NDH complex (Meurer,
Berger & Westhoff 1996). HCFI109 codes for a trans-
regulatory component that specifically and concomitantly
controls the stability of distinct transcripts. Arabidopsis
pgr3 (proton gradient regulation) mutants were obtained
using the same selection criterion. PGR3 is a protein con-
taining 27 PPR motifs which may have different functions
in conferring RNA stability and allowing translation of dif-
ferent targets, including NDH and cyt bsf complexes.

APOI (ACCUMULATION OF PHOTOSYSTEM
ONE]), another hcf mutant has significantly reduced levels
of FTR and NDH (Amann et al. 2004). APO1 is involved in
the stable assembly of several [4Fe-4S] cluster-containing
complexes of chloroplasts, which argues in favour of the
presence of [4Fe-4S] clusters in plant NDH complex which
has never been demonstrated.

In addition to these multiple transcriptional and post-
transcriptional regulation steps, two post-translational
mechanisms involved in NDH activity regulation have
been reported. In vitro, using isolated thylakoids, it has
been demonstrated that NDH activity requires an induc-
tion step for maximal rates of activity. Induction can be
triggered by a brief illumination or by incubation in a low
ionic-strength buffer (Teicher & Scheller 1998). The
NDH-F subunit has been shown to be phosphorylated and
NDH complex activity that increases in leaf segments
treated with H,O, and relative excess light has been
closely correlated with the extend of phosphorylation
(Lascano et al. 2003).
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CONCLUSION

A challenge of this last decade has been to identify the
molecular actors underlying the chlororespiration and
cyclic flow around PSI and to determine the significance of
these electron pathways operating in the chloroplast. PTOX
and PGRS have been identified as well as nuclear-encoded
subunits of NDH and nuclear trans-factors controlling its
biosynthesis. However, other key components such as
‘missing’ subunits of the NDH electron input module and
redox carriers in charge of FQR activity still remain to be
identified. Particularly, the role of FNR in these electron
transfers needs to be clarified.

These genes and functions appear largely conserved in
higher plants. While it has been demonstrated that the
escape of genetic material from the chloroplast to the
nuclear genome occurs frequently (Stegemann et al. 2003),
ndh has remained in the chloroplast throughout the plant
lineage closely associated with the photosynthetic genes,
suggesting that the control of ndh expression by chloroplast
functioning machinery exerted a positive selection. In many
plant taxa, ndh expression is controlled by RNA editing
which is considered a mechanism to rescue genes restoring
codons for conserved amino acids that are probably essen-
tial for the encoded protein function, thereby demonstrat-
ing the need for functional NDH. Although NDH is not
ubiquitous among oxygenic photosynthetic organisms,
being absent from many green algae and some plant species
such as Pinus thunbergii, it is probable that NAD(P)H-
mediated PQ reduction is conserved and mediated by
different enzymes, such as NDH-2 in the green alga
Chlamydomonas reinhardtii (Mus et al. 2005). Moreover, it
has been shown that occurrence of a (plasto)quinol oxidase
in thylakoids (such as a PTOX homolog or a cyt b-type
quinol oxidase in many cyanobacteria) is a conserved
feature in oxygenic photosynthesis (McDonald & Vanler-
berghe 2006).

The physiological significance of the chloroplast electron
pathways operating around PSI has been difficult to estab-
lish. Although these reactions probably do not play a major
role during photosynthesis under optimal conditions, they
likely participate to the required flexibility of electron
transfer reactions to balance ATP/NADPH requirements,
when photosynthesis operates under changing environmen-
tal conditions. In this context, it appears likely that FQR
would essentially fulfil a bioenergetic role, while NDH
would have both bioenergetic and, together with PTOX,
regulatory roles. The concerted action of NDH and PTOX
would optimize the efficiency of the cyclic pathway by
poising the redox level of intersystem electron carriers. In
stress conditions, other roles of these components might
superimpose to this energy balance role. In particular, NDH
complex and chlororespiration activities would help avoid-
ing over-reduction of PSI electron acceptors, scavenging
ROS and therefore protecting PSI from photoinhibition.
However, it must be kept in mind that these chloroplast
functions do not operate independently from the cellular
context, and in particular, the occurrence of several redox

exchange shuttles between chloroplasts and mitochondria
(Hoefnagel, Atkin & Wiskich 1998) allows the mitochon-
dria to participate also in redox and energetic balance of the
chloroplast. Regulation of photosynthesis by chlororespira-
tory functions can then be viewed as a piece of a complex
set of regulations and interactions, which all have their
specificities and time constants (Cournac ef al. 2002), and
eventually cooperate towards acclimation of photosynthe-
sis to the complex and fluctuating pattern of conditions an
organism will be exposed to in natural environment.

Accumulating evidence demonstrates that NDH biosyn-
thesis is controlled at many steps and urges to envision a
highly sophisticated regulation mechanism whose compo-
nents have only been partly characterized. In the future,
efforts should be made to elucidate whether some of these
mechanisms are effectively involved in the regulation of
NDH complex amounts and/or activity in response to envi-
ronmental changes. It will also be necessary to determine
whether pgr5 expression is also modulated by environmen-
tal conditions, and more generally to which extent flexibility
in expression of FQR and NDH components cooperate to
adjust cyclic electron transfer. Finally, unravelling the roles
of chlororespiratory components will probably impose to
conduct ecological approaches such as assessing how and in
which environmental conditions they contribute to plant
fitness.
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