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Interactions between photosynthesis, mitochondrial respiration (mitorespiration), and chlororespiration have been investi-
gated in the green alga Chlamydomonas reinhardtii using flash illumination and a bare platinum electrode. Depending on the
physiological status of algae, flash illumination was found to induce either a fast (t1/2 � 300 ms) or slow (t1/2 � 3 s) transient
inhibition of oxygen uptake. Based on the effects of the mitorespiratory inhibitors myxothiazol and salicyl hydroxamic acid
(SHAM), and of propyl gallate, an inhibitor of the chlororespiratory oxidase, we conclude that the fast transient is due to
the flash-induced inhibition of chlororespiration and that the slow transient is due to the flash-induced inhibition of
mitorespiration. By measuring blue-green fluorescence changes, related to the redox status of the pyridine nucleotide pool,
and chlorophyll fluorescence, related to the redox status of plastoquinones (PQs) in C. reinhardtii wild type and in a
photosystem I-deficient mutant, we show that interactions between photosynthesis and chlororespiration are favored when
PQ and pyridine nucleotide pools are reduced, whereas interactions between photosynthesis and mitorespiration are
favored at more oxidized states. We conclude that the plastid oxidase, similar to the mitochondrial alternative oxidase,
becomes significantly engaged when the PQ pool becomes highly reduced, and thereby prevents its over-reduction.

Photosynthesis and respiration, the two major
bioenergetic processes of living organisms, coexist
within plant cells. Although the photosynthetic elec-
tron transport chain (ETC) is clearly restricted to
chloroplasts, a respiratory ETC, originally thought to
be solely located in mitochondria, has been sug-
gested to be also present in chloroplasts (Bennoun,
1982; Peltier et al., 1987). This chloroplast-based res-
piration, which has been called chlororespiration to
differentiate it from mitorespiration (Bennoun, 1982),
probably has its origins in the cyanobacterial endo-
symbiotic ancestor of chloroplasts (Scherer, 1990).
The concept of chlororespiration was initially pro-
posed to account for the effects of respiratory inhib-
itors, and particularly of inhibitors of terminal oxi-
dases, on photosynthesis in unicellular green algae
(Bennoun, 1982). It was reported that cyanide, CO, or
salicyl hydroxamic acid (SHAM) increased the redox
level of the plastoquinone (PQ) pool, as measured by
chlorophyll (Chl) fluorescence induction curves. In
addition, flash illumination of algae was found to

induce the inhibition of a respiratory process (Peltier
et al., 1987). The insensitivity of the flash-induced O2
signal to both antimycin A and SHAM, inhibitors of
the mitochondrial ETC, and the requirement for PS I
led to the conclusion that chlororespiration, rather
than mitorespiration, was inhibited by flash excita-
tion of PS I (Peltier et al., 1987). However, reduction
of the PQ pool or inhibitions of O2 uptake could also
be explained by an inhibition of mitorespiration cou-
pled to interactions between chloroplasts and mito-
chondria (Gans and Rebeillé, 1990; Bennoun, 1994;
Hoefnagel et al., 1998). Mitorespiration and photo-
synthesis have been shown to interact through ATP,
reducing power and metabolite exchange between
chloroplasts and mitochondria (Hoefnagel et al.,
1998). Due to the difficulty in differentiating the ef-
fects of inhibitors upon mitorespiration or chlorore-
spiration in intact cells, the existence of chlororespi-
ration has been called into question (Bennoun, 1994;
Hoefnagel et al., 1998).

The concept of chlororespiration has received some
support from the discovery of molecular components
likely involved in this process. First, an NADH de-
hydrogenase complex showing homologies with bac-
terial complex I has been found in higher plant chlo-
roplasts (Guedeney et al., 1996; Burrows et al., 1998;
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Sazanov et al., 1998; Horvath et al., 2000; Shikanai
and Endo, 2000). Recently, a terminal oxidase in-
volved in carotenoid biosynthesis has been discov-
ered in higher plant chloroplasts (Carol et al., 1999;
Wu et al., 1999; Carol and Kuntz, 2001). Based on
immunoblotting experiments and the effects of inhib-
itors, it was proposed that a homolog of this oxidase
is located in the thylakoid membrane of Chlamydomo-
nas reinhardtii (Cournac et al., 2000b).

The presence in plant cells of two respiratory ETCs
and of one photosynthetic ETC raises the question of
how these bioenergetic pathways interact physiolog-
ically. To answer this question, unambiguous char-
acterization of these interactions needs to be ob-
tained. The identification of propyl gallate as a potent
inhibitor of the chlororespiratory oxidase (Cournac et
al., 2000a, 2000b; Josse et al., 2000) has provided a
new tool to investigate chlororespiration in vivo. In
the present paper, we use a fast bare platinum O2
electrode and flash illumination to kinetically resolve
in vivo interactions between photosynthesis, chloro-
respiration, and mitorespiration. We show that, de-
pending on experimental conditions, flash illumina-
tion can induce either a transitory inhibition of
chlororespiration (fast transient: t1/2 � 300 ms) or a
transitory inhibition of mitorespiration (slow tran-
sient: t1/2 �3 s). By monitoring in vivo the redox
status of PQs using Chl fluorescence measurements,
and the redox status of pyridine nucleotide by mea-
suring blue-green fluorescence, we show that cellular
redox conditions regulate the interactions between pho-
tosynthesis, chlororespiration, and mitorespiration.

RESULTS

Depending on Experimental Conditions, Flash
Illumination Can Induce Inhibition of
Chlororespiration or Mitorespiration

Single flash illumination of dark-adapted algae has
been shown previously to induce transient perturba-
tion of respiratory O2 uptake measured using a bare
platinum electrode (Peltier et al., 1987). This tech-
nique allows a time-resolved characterization of in-
teractions of the photosynthetic ETC with respiratory
O2 exchange. We used this technique with the aim to
discriminate interactions between photosynthetic
ETC and mitorespiration or chlororespiration, the
former being expected to be slower because it in-
volves communications between different cellular
compartments. When wild-type (WT) C. reinhardtii
cells grown on a Tris-acetate phosphate (TAP) me-
dium were resuspended in a minimal medium and
deposited at the surface of a bare platinum O2 elec-
trode, a flash-induced O2 signal was observed in
response to a short (2-�s) saturating single-turnover
flash. This O2 signal consists of a transient increase in
O2 concentration (t1/2 rise � 300 ms) and has been
reported previously to result from the transitory in-
hibition of chlororespiration by the flash-induced ac-

tivity of PS I (Peltier et al., 1987; Cournac et al.,
2000b). We monitored how these amperometric sig-
nals are altered by variations in mitochondrial activ-
ity, which can be modulated either by varying the
acetate supply, or by using inhibitors. We observed
that after a few hours of starvation in the absence of
acetate, the chlororespiratory signal progressively
disappeared and was replaced by a different O2 rise
with much slower dynamics (t1/2 rise � 3 s; Fig. 1A).
Addition of 2 mm acetate restored the initial signal
(Fig. 1A). When algae were grown on a minimal
medium, a slow O2 transient was observed in re-
sponse to a single flash illumination. In these condi-
tions, addition of 2 mm acetate transformed the slow
O2 transient into a fast transient within a few minutes
(data not shown). The fast O2 transient was inhibited
by 1 mm propyl gallate (Fig. 2, A and B), an inhibitor
of the chloroplast oxidase involved in chlororespira-
tion, thus confirming previous studies concluding

Figure 1. Flash-induced variations in O2 concentration measured in
dark-adapted C. reinhardtii cells using a bare platinum electrode.
Before each experiment, the algal sample was let in the dark until
equilibration of the O2 signal. In these conditions, O2 consumption
by the cells and the electrode matches O2 dissolution from the
surrounding atmosphere. A single flash (2-�s duration) illumination
was applied when indicated by the arrow (1). In these conditions,
the resulting transient increase in O2 concentration corresponded to
the transitory inhibition of O2 uptake (see Peltier et al., 1987). A,
TAP-grown cells resuspended in minimal medium; the flash-induced
O2 transient was recorded after equilibration in the dark (Control),
after 4 h of starvation in an acetate-free medium, and after addition
of 2 mM acetate. B, Cells grown in minimal medium; the flash-
induced O2 transient was recorded after equilibration in the dark.
Then, myxothiazol (1 �M) and SHAM (0.5 mM) were added sequen-
tially; the flash-induced transient was recorded after addition of each
inhibitor and equilibration in the dark. C, Same as B, but inhibitors
were added in the reverse order.
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that it is due to chlororespiration (Cournac et al.,
2000b). In contrast, the slow O2 transient was insen-
sitive to propyl gallate (Fig. 2, C and D), therefore
suggesting that it is not due to the transitory inhibi-
tion of chlororespiration by PS I. We then tested the
effect of mitochondrial inhibitors on these signals. It
was shown previously (Peltier et al., 1987, 1995) and
confirmed in our hands (not shown) that the fast O2
transient is insensitive to inhibition of mitochondrial
activity. When added separately, myxothiazol or
SHAM, inhibitors of the mitochondrial cytochrome
oxidase and alternative oxidase (AOX) pathways, re-
spectively, did not affect the slow O2 transient. How-
ever, when these two inhibitors were present to-
gether, thus inhibiting mitorespiration, the slow O2
transient disappeared and was replaced by a fast
transient (Fig. 1, B and C). Because, like mitorespira-
tion, the slow O2 transient is insensitive to the sepa-
rate addition of myxothiazol and SHAM, but is in-
hibited when both compounds are added together,
we conclude that it is likely due to the transitory
inhibition of mitorespiration.

Effect of Inhibitors of Mitorespiration and
Chlororespiration on O2 Uptake Rates

To determine O2 exchange rates involved in mito-
respiration and chlororespiration in the dark, we
then studied the effects of myxothiazol, SHAM, and
propyl gallate on respiratory O2 uptake rates mea-
sured in the dark using a Clarke O2 electrode (Fig. 3).
Previous studies have shown that the plastid termi-
nal oxidase (PTOX) involved in chlororespiration is

much more sensitive to propyl gallate than to SHAM
(Cournac et al., 2000a, 2000b), whereas the mitochon-
drial AOX is sensitive to both inhibitors (Siedow and
Girvin, 1980; Berthold, 1998). When added alone,
myxothiazol, SHAM, and propyl gallate did not sig-
nificantly inhibit the dark O2 uptake rate (not
shown), indicating that the different oxidative path-
ways can somehow compensate each other. How-
ever, when both myxothiazol and SHAM were
added, the O2 uptake rate was inhibited by about
60% due to the inhibition of mitorespiration. Subse-
quent addition of propyl gallate further inhibited O2
uptake (Fig. 3). When myxothiazol and propyl gallate
were first added in combination, respiration was in-
hibited by about 80%. In these conditions, subse-
quent addition of SHAM did not induce any signifi-
cant further inhibition (Fig. 3). Note that the
difference in O2 uptake rates reported in the figure
(31 versus 20 nmol min�1 mg Chl�1) is most likely
overestimated because the O2 uptake rate progres-
sively decreased during the period after propyl gal-
late addition. No significant effect on the O2 uptake
rate was observed after SHAM addition. Based on
these experiments, it can be concluded that a propyl
gallate-sensitive and SHAM-insensitive O2 uptake,
which likely represents chlororespiration, exists in C.
reinhardtii cells in the dark. Its rate can be estimated to
about 60 nmol min�1 mg�1 Chl, at least when mitore-
spiration is inhibited.

Figure 3. Effects of myxothiazol, SHAM, and propyl gallate additions
on dark O2 uptake rates measured in WT C. reinhardtii cells using a
Clarke O2 electrode. Cells grown in a TAP medium were centrifuged
and resuspended in a minimal medium. Algal concentration in the
measuring chamber of the electrode was 21 �g Chl mL�1. Numbers
indicate O2 uptake rates in nmol min�1 mg Chl�1, averaged over the
corresponding period, excluding the first 2 min after addition of
inhibitors.

Figure 2. Effect of propyl gallate addition on fast and slow flash-
induced variations in O2 concentration observed in C. reinhardtii
cells. Experimental conditions are the same as in Figure 1. A, Fast
flash-induced O2 transient cells grown in TAP medium were har-
vested and resuspended in minimal medium and the flash-induced
O2 transient was recorded immediately after equilibration in the
dark. B, Same as A after addition of 1 mM propyl gallate. C, Slow
flash-induced O2 transient-cells grown in minimal medium. D, Same
as C after addition of 1 mM propyl gallate.
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Changes in Redox States of Pyridine Nucleotides and
PQs Monitored by in Vivo Measurements of Blue-
Green and Red Fluorescence

To understand the interactions occurring between
mitorespiration, chlororespiration, and photosynthe-
sis, we performed simultaneous in vivo measure-
ments of Chl and blue-green fluorescence. Chl fluo-
rescence is related to the redox level of the PS II
acceptor (QA) and reflects the redox status of the PQ
pool. Variations in blue-green fluorescence have been
reported to be related to changes in the reduction
status of NAD(P) (Cerovic et al., 1993; Latouche et al.,
2000). In WT C. reinhardtii cells, a dark-to-light tran-
sition induced a strong and fast increase in blue-
green fluorescence (Fig. 4A); this is due to the reduc-

tion of the pyridine nucleotide pool by the
photosynthetic ETC and PS I because it does not
occur without PS I (Fig. 4C). After turning the light
off, the blue-green fluorescence level experienced a
sharp transitory decrease. Inhibition of mitochon-
drial activity by simultaneous addition of myxothia-
zol and SHAM resulted in an increase of both red and
blue-green fluorescence levels in the dark (Fig. 4B).
This increase in the dark Chl fluorescence (F0) indi-
cates a reduction of the PQ pool. The increase in
blue-green fluorescence in the dark likely indicates a
reduction of the pyridine nucleotide pool, but the
extent of this reduction is difficult to evaluate from
this experiment because some of the fluorescence
increase is due to intrinsic fluorescence of the inhib-
itors for (see “Materials and Methods”). Light-
induced variations in blue-green fluorescence were
affected by inhibition of mitorespiration, the sharp
decrease in blue-green fluorescence observed after a
flash or after the period of actinic illumination being
suppressed. Photosynthetic activity, estimated using
a saturating light pulse by the Chl fluorescence ratio
�F/Fm (Genty et al., 1989), was strongly inhibited in
these conditions, likely due to a fully reduced PQ
pool.

To study the redox interactions occurring between
chlororespiration and mitorespiration, we analyzed a
C. reinhardtii mutant devoid of PS I. In such mutants,
the contribution of PS I to light-induced blue-green
fluorescence changes is absent and fine modifications
in the redox state of the pyridine nucleotide pool (for
instance, because interactions between chlororespira-
tion and mitorespiration) can be studied. Limited PS
II activity involving reoxidation of the PQ pool by a
chlororespiratory oxidase has been reported to occur
in the absence of PS I (Peltier and Thibault, 1988;
Cournac et al., 2000b). During a dark-to-light transi-
tion, no significant change in blue-green fluorescence
was observed (Fig. 4C). In the light, the Chl fluores-
cence level strongly increased, indicating a higher
reduction state of the PQ pool. The PS II-dependent
electron flow rate, as measured by �F/Fm, was much
lower than in WT but significantly greater than zero
(Fig. 4C). When mitochondrial activity was inhibited
by simultaneous addition of myxothiazol and
SHAM, both blue-green and red fluorescence levels
increased, as observed in the WT. The PS II-
dependent electron flow (�F/Fm) was strongly inhib-
ited in response to the inhibition of mitorespiration,
as previously reported (Peltier and Thibault, 1988;
Cournac et al., 2000b). Note that inhibition of PS II
activity by mitochondrial inhibitors correlated tightly
with initial rates of respiration, related to the residual
load of acetate (data not shown). In these conditions,
a light-induced increase in the blue-green fluores-
cence was clearly visible (Fig. 4D). Such an increase
cannot be due to the reduction of NADP� to NADPH
by PS I because mutant strains used in this experi-
ment are devoid of PS I (Redding et al., 1999). It could

Figure 4. Measurements of red (Chl) and blue-green [NAD(P)H]
fluorescence during dark-light-dark transitions in WT C. reinhardtii
cells and in a PS I-deficient mutant (psaA�). Cells were deposited on
a glass fiber filter at a density of 5 �g Chl cm�2. Black boxes
represent dark periods and light boxes represent actinic light periods
(24 �mol photons m�2 s�1). Light-saturating pulses (1 s) were applied
when indicated by an asterisk. A, WT; B, WT treated with myxothia-
zol (4 �M) and SHAM (0.8 mM); C, PS I-deficient mutant psaA�. Chl
fluorescence values used for determination of the photosynthesis
quantum yield (�F/Fm) are indicated on the Chl fluorescence trace in
this graph. D, PS I-deficient mutant psaA� treated with myxothiazol
(4 �M) and SHAM (0.8 mM).
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be explained, however, if one posits that cellular
NAD(P)H pools can be re-oxidized via chlororespi-
ration through the PQ pool. Upon illumination, PS II
would compete with chlororespiration for the PQ
pool and, thus, would inhibit net oxidation of
NAD(P)H.

To test this hypothesis, we studied the effect of
propyl gallate, an inhibitor of the chlororespiratory
oxidase, on blue-green fluorescence changes (Fig. 5).
For this purpose, we used a different experimental
device that allowed the separation of variations of
the blue-green fluorescence signal due to changes in
the redox state of the pyridine nucleotide pool from
those due to the intrinsic fluorescence of inhibitors
(see “Materials and Methods”). Note that, in this
experiment, the effect of mitochondrial inhibitors on
basal Chl fluorescence and PS II activity (Fig. 5B) was
less pronounced that on Figure 4, due to a longer
period in an acetate-free medium before measure-
ment. Despite this, we still observed a significant
increase in the blue-green fluorescence related to
NAD(P)H in the dark as well as a light-induced
transient as in Figure 4 (Fig. 5B). In the presence of
propyl gallate, the stationary Chl fluorescence level
measured under actinic light was higher, due to an
almost complete inhibition of the PS II-dependent
electron flow, as shown by the strong decrease in
�F/Fm (Fig. 5C). On the other hand, propyl gallate
had no effect on blue-green fluorescence levels (Fig.
5C). However, when added to algae previously
treated by myxothiazol and SHAM, propyl gallate
strongly increased Chl fluorescence levels (Fig. 5D),
thus indicating that the PQ pool became highly re-
duced. This indicates that the dark redox state of PQs
is controlled by two phenomena: reduction by stro-
mal pools, whose redox state depends on metabolic
and mitochondrial activities, and oxidation by a pro-
pyl gallate-sensitive oxidase. The light-induced in-
crease in blue-green fluorescence observed in Figure

5B disappeared in the presence of propyl gallate (Fig.
5D), thus showing that it required the presence of an
active chlororespiratory process, as hypothesized
above.

DISCUSSION

Based on its insensitivity to mitorespiration inhib-
itors (myxothiazol and SHAM) and to its sensitivity
to the chloroplast oxidase inhibitor propyl gallate,
the fast (t1/2 rise � 300 ms) O2 transient observed in
response to flash illumination is attributed to a tran-
sient inhibition of chlororespiration. This confirms
previous interpretations (Peltier et al., 1987, 1995;
Cournac et al., 2000b). In the absence of respiratory
inhibitors, this chlororespiratory signal was observed
when algae were supplied with acetate. In the ab-
sence of acetate or when carbohydrate reserves were
exhausted, flash illumination induced a transitory
inhibition of O2 uptake, resulting in a much slower
O2 transient (t1/2 rise � 3 s). This slow transient was
assigned to an inhibition of mitorespiration and not
chlororespiration because it was insensitive to propyl
gallate, but was suppressed and replaced by a fast
transient when mitorespiration was inhibited. There-
fore, we posit the existence within plant cells of two
types of redox interactions between ETCs: (a) inter-
actions between photosynthetic and chlororespira-
tory ETCs, and (b) interactions between photosyn-
thetic and mitorespiration ETCs. Both types of
interactions can be kinetically resolved in vivo, pho-
tosynthesis/mitorespiration interactions, which re-
quire the involvement of metabolic interactions be-
tween chloroplasts and mitochondria, developing
more slowly than photosynthesis/chlororespiration
interactions, which are restricted to thylakoid mem-
branes. Measurements of Chl and blue-green fluores-
cence show that chlororespiration is significantly en-
gaged and interacts with PS II activity when pyridine

Figure 5. Measurements of red (Chl) and blue-
green [NAD(P)H] fluorescence during dark-
light-dark transitions in PS I-deficient C. rein-
hardtii mutants (psaA�). TAP-grown cells were
centrifuged and resuspended in minimal me-
dium and placed in a stirred quartz cuvette. A,
Control; B, myxothiazol (4 �M) and SHAM (0.8
mM); C, propyl gallate (1 mM); D, myxothiazol,
SHAM, and propyl gallate. Black boxes repre-
sent dark periods and light boxes represent ac-
tinic light periods (24 �mol photons m�2 s�1).
Light saturating pulses (1 s) were applied when
indicated by an asterisk.
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nucleotide and PQ pools are reduced. Then, the
switch from one type of interaction to the other
would be determined by changes in the cellular re-
dox status. At relatively oxidized cellular redox sta-
tus, photosynthesis/mitorespiration interactions are
favored, whereas photosynthesis/chlororespiration
interactions are favored when cellular pools are more
reduced (i.e. in the presence of acetate or mitochon-
drial inhibitors).

Flash-induced inhibition of O2 uptake is inter-
preted as an oxidation of PQs mediated by PS I. At
the same time, flash-induced PS II activity should
stimulate O2 uptake through a reduction of PQs. The
analysis of flash-induced O2 transients in WT and PS
I-deficient mutants of C. reinhardtii showed that both
stimulation by PS II and inhibition by PS I occur in
WT (Ravenel and Peltier, 1992). Because stimulation
by PS II is slower (t1/2 � 1 s) than inhibition by PS I
(t1/2 � 300 ms), the resulting transient appears as an
inhibition. The location of chlororespiratory and pho-
tosynthetic electron carriers within thylakoid mem-
branes could explain such a difference. In higher
plant chloroplasts, both the Ndh complex (Berger et
al., 1993; Sazanov et al., 1996; Horvath et al., 2000)
and PTOX (Joët et al., 2002) have been located in
stroma lamellae, i.e. in the vicinity of PS I and cyt b6f.
On the other side, PS II reaction centers are exclu-
sively located in grana. Plastoquinol diffusion be-
tween grana (where PS II is mainly located) and
stroma lamellae has been shown to be a slow process
operating in the time scale of seconds (Joliot et al.,
1992), which may account for the slower stimulation
of O2 uptake by PS II.

PTOX, recently shown to be involved in chlorore-
spiration (Cournac et al., 2000b), shows sequence
homologies with AOX, the plant mitochondrial AOX
(Carol et al., 1999; Wu et al., 1999; Carol and Kuntz,
2001). Interestingly enough, AOX has been suggested
to function as an “energy overflow,” only becoming
active when the cytochrome pathway is saturated
with electrons (Vanlerberghe and McIntosh, 1997).
Similarly, chlororespiration was found to be active
when cellular redox carriers are reduced. Therefore,
we suggest that PTOX, like AOX, would only become
active when PQs are sufficiently reduced. These con-
ditions can be created by reducing the cytosolic and
mitochondrial electron carriers either with the pres-
ence of acetate or by inhibition of mitorespiration
(see Fig. 6). Therefore, we propose the following train
of events to explain the flash-induced O2 transients.
In the case of photosynthesis/mitorespiration inter-
actions (when cellular electron carriers are relatively
oxidized), PTOX would not be active. Rereduction of
PQs would be achieved by an NAD(P)H-PQ oxi-
doreductase, thereby diverting electrons from the mi-
tochondrial ETC (Fig. 6A), probably via metabolic
shuttles such as the OAA/malate shuttle. In the case
of photosynthesis/chlororespiration interactions (fast
O2 transient), the PQ redox level would be high

enough to engage PTOX in plastoquinol oxidation. In
these conditions, rereduction of P700

� by plastoquinol
(via cyt b6f and plastocyanin) would reroute some
electrons from the chlororespiratory chain toward PS
I, thereby explaining the transient inhibition of chlo-
rorespiration (Fig. 6B).

Interactions of photosynthesis with either chloro-
respiration or mitorespiration likely involve an
NAD(P)H-PQ oxidoreductase activity. In higher
plant chloroplast, an Ndh complex homologous to
the bacterial complex I has been identified. This com-
plex has been shown to be functional and to be
involved in the non-photochemical reduction of PQs

Figure 6. Schematic representations of electron transfer pathways in
dark-adapted C. reinhardtii: effect of a single turnover flash. Different
electron carriers are figured: the PQ pool of stroma lamellae, the
mitochondrial ubiquinone pool, and the pyridine nucleotide pool,
the latter being present in the three cellular compartments (chloro-
plast, mitochondria, and cytosol) and supposed to be in redox equi-
librium thanks to metabolic shuttles. Arrows indicate electron trans-
fer pathways, width being representative of the electron flow rate.
Flash illumination generates charge separations. At the donor side of
PS I, a positive charge (�) is created and interacts with the PQ pool
of stroma lamellae. At the PS II acceptor side, a negative charge ( )
is created. Because PS II is located in grana, this charge interacts
slowly with the PQ pool of stroma lamellae. Two situations are
depicted. A, When mitochondrial respiration is active (in the absence
of acetate), electron carriers are relatively oxidized, and chlororespi-
ration is not significantly engaged. The positive charge generated by
PS I is transferred to the PQ pool of stroma lamellae and is compen-
sated by an electron transfer from the NAD(P)H pool, resulting in a
transitory decrease in mitochondrial respiration. B, When mitochon-
drial respiration is inhibited, electron carriers are relatively reduced,
and chlororespiration is active. In this situation, the positive charge
generated by PS I is transferred to the PQ pool of stroma lamellae and
directly results in a transitory decrease in chlororespiration. This
decrease develops before the positive charge is compensated by
electron transfer from the NAD(P)H pool or from PS II.
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(Burrows et al., 1998; Kofer et al., 1998; Shikanai et al.,
1998; Horvath et al., 2000). In the case of the green
alga C. reinhardtii, such an Ndh complex is most
likely absent (Peltier and Cournac, 2002). From the
effect of respiratory inhibitors on the PS II-
independent H2 production, which relies on dona-
tion of electrons to the PQ pool, it was concluded that
an NAD(P)H-PQ oxidoreductase with properties dif-
ferent from a complex I-type enzyme could be in-
volved in this process (Cournac et al., 1998). Note
that, from inhibitor studies and from the analysis of
tobacco (Nicotiana tabacum) ndh mutants, such a path-
way has also been described in higher plant chloro-
plasts (Corneille et al., 1998; Cournac et al., 1998;
Yamane et al., 2000). Whatever the nature of the
enzyme implied, reduction of PQs by NAD(P)H ap-
pears efficient enough to compete with reduction by
PS II in PS I-deficient mutants when mitochondria
are inhibited. This is also likely the case in WT, and
could explain part of the sensitivity of photosynthe-
sis to mitochondrial inhibitors. More generally, this
could be a mechanism controlling PS II activity when
stromal pools are reduced.

The existence of chlororespiration has become con-
troversial during the last decade (Bennoun, 1982,
1998; Peltier et al., 1987, 1995; Peltier and Schmidt,
1991; Bennoun, 1994), some of the initial results being
explained by the existence of redox interactions be-
tween chloroplasts and mitochondria. We have
shown in the present study that interactions between
photosynthesis and chlororespiration, as well as in-
teractions between photosynthesis and mitorespira-
tion, do, in fact, occur within plant cells and that they
are controlled by cellular redox conditions.

MATERIALS AND METHODS

Algal Material

Chlamydomonas reinhardtii cells were grown either on a TAP medium or
on a minimal medium (Harris, 1989). Algal cultures were maintained at
room temperature under continuous agitation and low illumination (about
25 �mol photons m�2 s�1 for WT strains grown on minimal medium and
about 1 �mol photons m�2 s�1 for strains grown on TAP medium). The WT
strain used in this work was isolated as an mt� segregant of a cross between
two strains isogenic to the 137c strain (Harris, 1989). PS I-deficient mutants
were made by deletions of psaA in this strain as previously described
(Fischer et al., 1996; Redding et al., 1999; Cournac et al., 2000b).

O2 Exchange Measurements

Algae were harvested in exponential phase by low-speed centrifugation
(600g) and resuspended in a HEPES-KOH buffer (35 mm, pH 7.2). One
milliliter of the algal suspension was placed at 25°C in the reaction chamber
of a Clark-type O2 electrode (Hansatech, King’s Lynn, UK).

Flash-Induced O2 Exchange Measurements

Cells were harvested during exponential growth by low-speed centrifu-
gation (600g) and resuspended in a 50 mm Tris buffer (pH 7.2) containing 0.1
m KCl to provide a sufficient conductivity for the amperometric measure-
ments. Flash-induced O2 exchange measurements were performed using a
bare platinum electrode system as described by Schmid and Thibault (1979).

The cells were allowed to settle on the electrode for about 30 min before
measurements were made. O2 was flushed at the surface of the sample to
maintain a sufficient O2 concentration at the algal level (Peltier et al., 1987).
The electrode system was covered by a conic reflector in which an aperture
for a xenon flash (2-�s duration, model FX 201, PerkinElmer Life Sciences,
Boston) was adapted to provide flash illumination. The O2 signal was
recorded on the screen of an oscilloscope (Tektronix, Wilsonville, OR).

Fluorescence Measurements

Cells were harvested during exponential growth by low-speed centrifu-
gation (600g) and resuspended in a 35 mm HEPES buffer (pH 7.2). Fluores-
cence measurements were performed in a front-face configuration on a new
version of the pulsed fluorimeter described elsewhere (Cerovic et al., 1993),
simultaneously recording blue-green (pyridine nucleotide) and red (Chl)
fluorescence. A high-power xenon flash lamp (L4633, Hamamatsu, Massy,
France) was used as a pulsed excitation light source (1-�s duration). Exci-
tation light pulses were passed through a 340-nm interference filter (trans-
mittance � 33%, bandwidth � 10 nm, 03FIU008, Melles Griot, Magny les
hameaux, France). The blue-green fluorescence was measured with a
photomultiplier-based detector (photomultiplier R5600U-01, Hamamatsu)
insensitive to continuous light, protected by a UV-blocking filter (KV408,
Schott, Clichy, France) and a blue glass filter (CS 4–96, Corning, ARIES,
Chatillon, France). The red fluorescence was measured with a photodiode
detector protected by a UV-blocking filter (KV408) and a 682-nm interfer-
ence filter (transmittance � 85%, bandwidth � 22 nm, 682DF22 EM XF47,
Omega, Brattleboro, VT). The actinic light was provided by an array of red
light emitting diodes (HLMP-8150, Hewlett-Packard, Les Ulis, France).

In the experiment shown in Figure 4, algae were deposited onto a glass
microfiber filter (AP40, Millipore, Saint-Quentin-Yvelines, France). A 20-
mm-diameter disc was cut in the filter and placed in a thermoregulated
(25°C) sample holder. Inhibitor treatments were realized in the dark by
depositing at the surface of the sample 0.5 mL of resuspension buffer
containing the desired inhibitor concentration; after 5 min, the excess solu-
tion was sipped and the algae were kept in the dark until measurements
were performed. With this protocol, variations in the basal level of blue-
green fluorescence in response to the addition of inhibitors could not be
corrected from the background fluorescence of inhibitors (some of them
emitting in the blue-green region), so that only light-induced variations
must be considered. In the experiment shown in Figure 5, standard quartz
cells (1-cm optical path), containing algae resuspended in a HEPES buffer
solution (40 mm, pH � 7.2), were used in a thermoregulated (25°C) sample
holder. The latter configuration, although less favorable in terms of signal/
noise ratio, allowed us to determine the part of variations in fluorescence
due to changes in the redox state of pyridine nucleotides induced by
inhibitor treatments, by correcting fluorescence signals from the intrinsic
fluorescence of inhibitors. Two effects were taken in consideration: the
screening of excitation due to the absorption of UV by inhibitors (corrected
using the red fluorescence decrease observed immediately after the addition
of inhibitors) and intrinsic blue-green fluorescence of inhibitors (estimated
from the rise of blue-green fluorescence immediately after addition).
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