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Background: Shift to anoxia promotes the over-reduction of photosystem I electron acceptors.

Results: This over-reduction can be relieved by the activation of several pathways.

Conclusion: The two mains pathways are the ATP-dependent CO, fixation pathway and the ATP-independent hydrogenase.
Significance: We disentangle the role of the various NADPH-consuming pathways in setting the redox poise in the chloroplast

of unicellular photosynthetic algae.

Photosynthetic microalgae are exposed to changing environ-
mental conditions. In particular, microbes found in ponds or
soils often face hypoxia or even anoxia, and this severely impacts
their physiology. Chlamydomonas reinhardtii is one among
such photosynthetic microorganisms recognized for its unusual
wealth of fermentative pathways and the extensive remodeling
of its metabolism upon the switch to anaerobic conditions. As
regards the photosynthetic electron transfer, this remodeling
encompasses a strong limitation of the electron flow down-
stream of photosystem 1. Here, we further characterize the ori-
gin of this limitation. We show that it stems from the strong
reducing pressure that builds up upon the onset of anoxia, and
this pressure can be relieved either by the light-induced synthe-
sis of ATP, which promotes the consumption of reducing equiv-
alents, or by the progressive activation of the hydrogenase path-
way, which provides an electron transfer pathway alternative to
the CO, fixation cycle.

The natural habitat of many photosynthetic microalgae, such
as Chlamydomonas reinhardtii, exposes them to changing
environmental conditions. The first conditions that come to
mind are fluctuations in light intensity, but hypoxia or even
anoxia is also frequently encountered by photosynthetic
microbes found in soils or ponds, a biotope they usually share
with dense microbial communities comprising nonphotosyn-
thetic organisms who actively consume oxygen as they respire
(1). Chlamydomonas reinhardtii is remarkably equipped with a
battery of fermentative pathways allowing it to metabolize
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pyruvate into lactate or even ethanol, formate, acetate, and
hydrogen (2-5). The transition from aerobiosis to hypoxia or
anoxia, which occurs in natural habitat at twilight and at night
when photosynthetic oxygen evolution switches off, is accom-
panied by a massive metabolic remodeling that involves tran-
scriptional regulation and the onset of dedicated metabolic
pathways (6-10), and prominent among them is, in C. rein-
hardtii, the hydrogen production pathway (2, 11).

In addition to the activation of these specific pathways,
anoxia strongly impacts the chloroplast. The sudden shortage
of ATP resulting from the combined arrest of the photosyn-
thetic electron transfer chain in the dark and of the mitochon-
drial one promotes, through the so-called Pasteur effect, the
activation of the glycolytic pathway (12, 13) that produces not
only ATP but also NADPH, which, at least transiently, builds up
because of the lack of terminal electron acceptor to drive its
consumption. This increased intra-chloroplastic reducing
power is witnessed by the progressive reduction of the plasto-
quinone pool promoted by the dehydrogenase Nda2 (14)
which, in hypoxia, outcompetes the plastid oxidase PTOX2
(15). In C. reinhardtii, this, in turn, induces a massive ultra-
structural reorganization of the thylakoid through a process
known as State Transition (16, 17), by which the mobile light-
harvesting proteins LHCII are phosphorylated (18), discon-
nected from photosystem II, and transferred to the non-ap-
pressed stroma lamellae where they become associated with
photosystem I (19-22). This ultrastructural change has long
been thought to be intimately linked with another essential
functional adjustment, the switch from linear (LEF)® to cyclic
electron transfer (CEF) (23, 24). However, the causality link
between these two transitions has been recently disproved (25,
26), and they both have been shown to be independent even
while being triggered by the increased reducing pressure (26 —
29). It remains however that the switch from LEF to CEF is
associated with another ultrastructural change than the lateral

¢ The abbreviations used are: LEF, linear electron transfer; PS|, photosystem [;
PSII, photosystem II; CEF, cyclic electron transfer; Rubisco, ribulose-bispho-
sphate carboxylase/oxygenase; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.
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redistribution of LHCIISs, i.e. the formation of supercomplexes
clustering in a single biochemical entity, including most of the
actors of CEF (25, 26, 30), and nicely correlating, so far, with the
enhancement of CEF.

Recently, we (26) and others (29, 31) reported that upon the
switch from oxic to anoxic conditions, the increase in reducing
pressure is such that PSI undergoes an acceptor side limitation,
as defined in Ref. 32, that is pronounced enough to prevent
almost completely the light-induced oxidation of PSI (29). In
addition to this, we observed, consistent with the findings of
Ghysels et al. (31), that this acceptor side limitation is sponta-
neously alleviated upon incubation in anoxic conditions for
about 40 min (26). This spontaneous evolution is likely another
facet of the metabolic remodeling described above, but its
molecular or enzymatic determinants remain uncharacterized.
Yet, the transition from darkness to light of photosynthetic cells
adapted to anoxia is of physiological relevance as it likely set the
tone for the reactivation of photosynthesis in natural condi-
tions. Here, we address this issue by using several C. reinhardtii
mutants affected in the pathways that make good candidates for
being responsible for the spontaneous or the light-induced alle-
viation of the PSI acceptor side limitation. We thus support the
hydrogenase enzyme as being the main player in the ATP-in-
dependent adjustment of the stromal redox poise during incu-
bation in anoxia (31). Moreover, we show that, as expected, in
the absence of linear electron flow the PSI-cyclic electron flow
promotes synthesis of ATP and in turn the activation of the
ATP-dependent NADPH-consuming pathways, thereby facili-
tating the reactivation of the photosynthetic electron flux.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—We used the following C.
reinhardtii wild-type strain 7222+, the double mutant pfl1-1
adhl (33), which lacks the pyruvate formate-lyase and the alco-
hol dehydrogenase involved in fermentation pathways; the
ATP synthase mutant Fud50.0R+ (34), the ArbcL 1-7.5
mutant, which lacks the large subunit of Rubisco (35); the plas-
tocyanin mutant ac208 (36), the so-called pewy mutant, which
accumulates the b.f complex but is impaired in its quinol oxi-
dation site (37); the ApetA mutant, which lacks bf complex
(38); the dum22 mutant lacks both the mitochondrial complex
I and bc, complexes (39), and the HydEF (40) and HydG (41)
mutants that lack assembly factors required for hydrogenase
maturation. Cells were grown to mid-log phase (3-5 10° cells
per ml) in Tris/acetate/phosphate medium (42) at 25 °C at 50
wmol photons m~ %5~ 1,

Spectrophotometric Measurements—Cells were spun down
at 2500 X gfor 5 min at 20 °C, and the pellet was resuspended in
20 mm HEPES, pH 7.2, 10% Ficoll to reach a final cell concen-
tration of ~ 6:10° cells per ml. The cell suspension was then
vigorously stirred in a 50-ml Erlenmeyer flask for 30 min in the
dark at 340 rpm. Absorption changes were measured as
described previously (26) with a JTS-10 (Bio-Logic, Grenoble,
France). The detecting and continuous lights were provided by
LEDs and the saturating flash by a dye laser (640 nm) pumped
by a second harmonic of an Nd:Yag laser (Minilite II, Contin-
uum). The detection wavelength was selected using interferen-
tial filters, 520 nm, 10 nm full width at half-maximum; 546, 705,
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and 730 nm, 6 nm full width at half-maximum. Blue (BG-39,
Schott) and red (RG 695) filters were used to cut off the excita-
tion light. To assess the absorption changes associated with the
redox changes of P, the absorption changes measured at 730
nm were subtracted to correct for unspecific contribution at
705 nm. Similarly, the electrochromic shift signal, which yields
an absorption change that is linearly related to the transmem-
brane electric field (43, 44), was estimated after subtraction of
the absorption changes measured at 546 nm to those measured
at 520 nm. Strict anoxia was reached by addition of glucose
oxidase (type II, Aspergillus niger, 2 mg ml~") and glucose (20
mm). DCMU (10 um) was added just before measurement to
inhibit PSII.

Assessment of Cyclic Electron Flow—Cyclic electron flow was
estimated as described previously (26), in the presence of 10 um
DCMU to inhibit PSII activity. Under continuous illumination,
at steady state, k. [P,00"% = k.oq [Pr0o°], where k,_ is the
oxidation rate of P, which is a convolution of the light inten-
sity and the PSI absorption cross-section. It was assessed by
measuring the initial slope of the rising electrochromic shift
signal upon the onset of continuous illumination, as described
previously (26). k.4 is the reduction rate of P,,°*. The electron
flux sustained under these conditions is simply the product
between k,,_and P,

P, Oxidation Kinetics—To follow the spontaneous reoxida-
tion of the stromal electron acceptor pool (see text for details),
the cells were kept in the dark in strict anoxic conditions. After
5, 20, and 40 min, the extent of photo-oxidizable P, was
assessed by applying a 40-ms pulse of saturating light after 10 s
of continuous illumination. We checked that this yielded the
maximum extent by shortening or increasing the duration of
the pulse. To follow the alleviation of the PSI acceptor side
limitation (32) induced by continuous illumination, the cells
were placed in anoxia for 5 min. Then PSI oxidation yield was
assessed by a pulse of saturating actinic light superimposed to
the continuous light used to abrogate the PSI acceptor side
limitation. The absorption changes associated with the full oxi-
dation of P, was assessed in the presence of 10 um DCMU in
oxic conditions.

Hydrogen Evolution—Hydrogen evolution was measured
using an oxygen-sensitive Clark-type oxygen electrode (Oxy-
graph, Hansatech Instruments) modified to only detect hydro-
gen (Oxy-Ecu, Hansatech Instruments). The entire setup was
placed in a plastic tent under anoxic atmosphere (N2) to avoid
contamination of anaerobic samples by oxygen while filling the
measuring cell of the oxygraph. As for the spectrophotometric
experiments, strict anoxia was reached by addition of glucose
oxidase (type II, A. niger, 2 mg ml~ ') and glucose (20 mm).
DCMU (10 um) was added just before measurement to inhibit
PSII.

RESULTS

As mentioned above, we reported in Ref. 26 that upon the
onset of anoxia the light-induced oxidation of P, is strongly
impeded (31). We interpreted this limitation as resulting from
the high proportion of PSI electron acceptors being in their
reduced state prior to illumination, which would induce fast
charge recombination and thus compete with productive elec-
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FIGURE 1. Comparison of the absorption changes associated with the redox changes of P, (A) and with the buildup of the transmembrane electric
field (B) after increasing incubation time in anoxic conditions. A shows the light-induced absorption changes associated with P, redox changes after 5
min (red), 20 min (blue), and 40 min (black) of incubation in anoxia. The cells were illuminated (115 wE:-m~%s~") for 10 s, and the maximum amount of
photo-oxidizable P, was assessed by superimposing a 40-ms-long saturating pulse. Afterward, the reduction of P,,, was followed in the dark. B shows the
steady state level of the transmembrane electric field reached upon 10 s of illumination of cells incubated for 5 min (red), 20 min (blue), and 40 min (black) in
anoxia, followed by its decay after the light has been switched off. The ordinate axis was calibrated in a charge separation unit using the electrochromic shift

signal obtained after a single turnover flash. The slope of the decay taking place at the end of the 10 s of illumination provides an estimate of the rate at which
the transmembrane electric field is produced, i.e. CEF in this case, and B shows they were similar (~30 e s~ " per PSI) in the three cases. In both A and B the
kinetics are the average of three independent experiments, and the variation was below *10%.

tron transfer between PSI and the electron donors/acceptors
upstream/downstream in the chain. However, a fraction of PSI
must remain that still performs productive electron transfer
because, in anoxic and inhibited PSII conditions, illumination
of Chlamydomonas cells promotes the establishment of a trans-
membrane electric field (29). This is further illustrated in Fig. 1,
which compares the light-induced redox changes of P, and
transmembrane electric field.

As reported previously (26), after ~40 min in the dark and
anoxia,” the fraction of oxidizable P.,, estimated by the signal
after being induced by the saturating light pulse (32), reached
100% thus showing that the acceptor side limitation is sponta-
neously alleviated during this incubation. In turn, the light-
induced transmembrane electric field reached after 10 s of illu-
mination hardly changed with the duration of incubation in
anoxia. The rate of its decay, observed when switching off the
light and using as a measure of its generation by productive
electron flow (45), was close to 50 e *s~ ! per PSI after ~5 min
of anoxia in the dark and progressively decreased to reach
~30 e s~ ! per PSI after a prolonged incubation, although it

7 We note here that the duration of the incubation in the dark and anoxia
required to reach the metabolic status corresponding to those described
in the text and the figures should be taken as indicative and may vary
between batches. The data shown in Fig. 1, A and B, are thus meant to
illustrate the spontaneous evolution in the dark and anoxia and the time
window during which it takes place rather than its accurate time course.
Hereafter, 5, 20, and 40 min should thus be understood as the time typi-
cally required to reach the blocked, partially blocked, and deblocked states
characterized by the data shown in Fig. 1, Aand B.
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would be null in a mutant impaired in the photosynthetic elec-
tron transfer, e.g. lacking the b f complex (46). This suggests
that the fraction of PSI engaged in productive turnovers rather

than charge recombination, assessed by the superimposition of

a saturating pulse to the continuous illumination, is seriously
under-estimated. As already pointed out in Ref. 47, this is likely
because the pulse induces multiple turnovers and may thus
contribute to the building up of the charge recombining
state(s), in particular when the fraction of P.,,, that remains to
be oxidized by the multiple turnover pulse is large. To circum-
vent this methodological limitation, we resorted to single turn-
over flashes and assessed the fraction of photo-oxidizable PSI
by the amplitude of the electrochromic absorption changes
(520 —546 nm) 140 us after a saturating laser flash. When PSII is
inhibited, this signal is proportional to the amount of reduced
P, prior to the flash. Fig. 2 shows the relative amplitude of this
signal (normalized to the maximum associated with PSI charge
separation) plotted against the fraction of P,,, remaining
reduced under illumination.

In such a plot, one would expect the data to stand on the
diagonal because the two methods are meant to probe the same
parameter. Clearly, this was not the case after 5 min of anoxia,
where the assessment of the fraction of reduced P in the light
was systematically larger than when assessed by the electro-
chromic shift. Notably, the deviation was observed at all light
intensities tested here. The deviation decreased as the cells
were incubated for longer times in the dark and anoxia, and the
data fell on the diagonal after 40 min of incubation indicating a
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FIGURE 2. Comparison of two different methods aimed at assessing the
fraction of P, involved in electron flow. The x axis is the fraction of P4,
remaining reduced under illumination assessed as the ratio between the
steady state light-induced absorption change and the maximum one mea-
sured under aerobic conditions. The squares, circles, and diamonds, respec-
tively, show the data obtained after 5, 20, and 40 min of anoxia at different
illumination intensities (20 wE'm~2s~ ', green; 55 wE'm s~ ', red; and 115
wE:-m s~ black). The y axis is the relative amplitude of the electrochromic
shift measured 140 us after a saturating laser flash normalized to its maxi-
mum amplitude obtained in oxic conditions. The kinetics are the average of
three independent experiments.

satisfying agreement between the two methods. The noticeable
difference between the fraction of photo-oxidizable P,,, and
the fraction that gives rise to a stable charge separation upon a
single turnover flash provides additional support to the earlier
proposal that a large fraction of PSI undergoes an acceptor side
limitation. Importantly, and consistent with our previous anal-
ysis, after 40 min of anoxia, in darkness, the acceptor side limi-
tation was alleviated as evidenced by the satisfying agreement
between the fraction of photo-oxidizable PSI and that engaged
in stable charge separation upon a single turnover flash (Fig. 2).
At this stage, we may thus conclude that during the early times
of anoxia, a major fraction of PSI undergoes a severe acceptor
side limitation. Yet, this fraction is overestimated by the satu-
rating light pulse method because the pulse induces multiple
turnovers and thereby contributes to promoting charge recom-
bination in a fraction of PSI which, prior to the pulse, is other-
wise involved in productive electron flow.

Under steady state illumination conditions, the fraction of
P,oo being reduced is shown in Equation 1.

k red

kred + kox (qu )

Thus, to efficiently counteract the light-induced oxidation of
P00 the reduction rate must be significantly larger than the
oxidation rate. In this framework, the observation that, after 5
min of anoxia in darkness (Fig. 2, squares), the steady state
fraction of reduced of P, did not decrease with increasing
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FIGURE 3. PSI acceptor side limitation in anoxia in various C. reinhardtii
mutants impaired upstream of photosystem I. The kinetics of P,,, were
measured after 5 min of anoxia in the control (red square), the pewy mutant
(green circle), ApetE (black triangle), and ApetA (blue stars). The light intensity
was 115 uE'm~%s~ ' The kinetics are the average of three independent
experiments and the variation was below *10%.

light intensity (k,,) suggests that the reduction rate, k.4, also
increases with light intensity. This is diagnostic of charge
recombination, the rate of which depends on the radical pair
involved. We estimated in Ref. 26 that with a light intensity of
135 uE'm~ s~ ', the PSI photochemical rate is 150 e s~ .
Thus, 84% of P, reduced at steady state (Fig. 1A4) translates in
a reduction rate faster than ~ 800 e "-s~ ' per PSIL. Such a range
is faster than the decay of the P, " F, ,;~ state (48, 49), imply-
ing that the charge recombination process involves either the
P,oo" Fy~ radical pair or a faster decaying one such as
Py A, or even P,y A, (see Ref. 29 and see Ref. 49 and
references therein). Yet, after 5 min of darkness and anoxia, a
single turnover flash generates a radical pair that is much longer
lived than any of these states as evidenced by the long lived
transmembrane electric field observed under such conditions
(50-52). Thus, these fast charged recombining states accumu-
late during the continuous illumination because of the conges-
tion of the electron flow downstream.

This raises the question of the redox state of the PSI electron
acceptors prior to the illumination. To address this, we assessed
the extent of the acceptor side limitation in various C. rein-
hardtii mutants impaired upstream of PSI. We reasoned that if
indeed the charge recombining state is formed after several
photochemical turnovers, which progressively lead to the
reduction of the pool of electron acceptors, the extent of the
light-induced promotion of the fast charge-recombining state
should depend on the size of the pool of electron donors. Con-
sistent with this, we did not observe any acceptor side limitation
in mutants lacking either the plastocyanin or the b.f complex
(Fig. 3).

Thus, in the absence of the bfcomplex, the number of reduc-
ing equivalents available upstream of PSI is insufficient to fill
the pool of downstream electron acceptors and to promote the
formation of the fast recombining state. Because the number of
turnovers undergone by P, before it is fully oxidized is pro-
portional to the area above the oxidation curve, the pool of the
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electron donor can be assessed, relative to the PSI content, by
the ratio between the area above the P, oxidation kinetics
obtained in the b f-lacking strain with that obtained with the
plastocyanin-lacking strain (which, after normalization of the
maximal signal associated with P.,,, oxidation between the dif-
ferent strains, can be normalized to 1 because, in this case, a
single photochemical act per PSIleads to the oxidation of P).
We thereby estimate the pool in the bfto 2.7, which is in good
agreement with the previous estimates of the plastocyanin to
PSI stoichiometry (53). Thus, in the dark after 5 min of anoxia,
the pool of PSI electron acceptor oxidized in the dark per PSI
exceeds 3.7 (2.7 plastocyanin + P.,). To further characterize
the overall redox state of the pool of PSI electron acceptors, we
relied on the so-called pewy mutant in which b faccumulates to
wild type-like levels but is inactive in quinol:plastocyanin oxi-
doreductase activity (37). In this mutant, we estimated, in oxic
conditions, the pool of electron donor to 7-8, which is only
slightly above the expected 5.7 stoichiometry (1 P, + 2.7 plas-
tocyanin + the Rieske FeS cluster and cytochrome f). After 5
min of anoxia, in darkness, the P, oxidation state reached
after illumination was close to but not exactly equal to 100%,
suggesting that, fortuitously but fortunately, the number of
available oxidized electron acceptors is commensurate to the
pool of reducing equivalents available upstream of PSI. Thus,
taking into account the fact that the F, and Fy iron-sulfur clus-
ter must be reduced before the P, "Fy ~ state accumulates, we
estimate that, per PSI, only ~4-5 soluble electron acceptors
(ferredoxin, FNR, and NADP™") are in the oxidized state, in the
dark, after 5 min of anoxia. With midpoint potentials of —420
mV (54), —345 mV (55), and —320 mV and stoichiometries
relative to PSI of 4, 2, and 5 for ferredoxin, FNR, and NADP™,
respectively (56-58 and references therein), this translates,
assuming that equilibrium is achieved in the dark, to an ambi-
ent redox potential of approximately —370 mV after a few min-
utes of anoxia. This is only mildly more reducing than the redox
poise —320 mV reported in the plastid of epidermal cells in A.
thaliana (59) and hardly less than the estimate made previously
(29) of the steady redox poise in the stroma of C. reinhardtii in
the light in anoxia.

One of the outcomes of the results described previously (26)
is that, as further illustrated in Fig. 14, the acceptor side limi-
tation is progressively relieved with the incubation of the cells
in anoxic conditions. In the present framework, this would
result from the progressive reoxidation, in the dark, of the PSI
electron acceptors. Incidentally, we note here that this sponta-
neous relief of the acceptor side limitation did not take place
when the cells were incubated in the presence of hydroxylamine
in addition to DCMU. This inhibitory effect of hydroxylamine
remains to be understood, but its use was systematically
avoided in our previous and present studies. A possible way to
test the above statement that the acceptor side limitation is
relieved because of progressive reoxidation of the PSI electron
acceptors is to attempt to promote or hamper this reoxidation
and assess the consequences on the relative fraction of charge
recombining PSI centers. A straightforward way to promote the
reoxidation is to activate the Bassham-Benson-Calvin cycle by
supplying it with ATP. According to the above estimate of the
ambient redox potential in the cells in anoxia, the NADP™" pool
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should be almost fully reduced in the dark so that the mere
supply of ATP should suffice to promote CO, fixation and thus
NADPH consumption.

Because we have shown above that, even when the acceptor
side limitation is the more pronounced, a protonmotive force
builds up upon illumination, we simply relied on light to mod-
ulate the intracellular ATP content. Cells were placed in anoxia
and, after 5 min of incubation in the dark, they were submitted
to illumination. We followed the steady state level and fraction
of photo-oxidizable P., during the time course of the illumi-
nation. As shown in Fig. 4, the fraction of photo-oxidizable P,
reached 100% after only 90 s of illumination, i.e. much earlier
than when keeping the cells in the dark where the spontaneous
alleviation took place in the tens of minute time range (see Figs.
1A and 4A). Yet, during this time lapse many PSI turnovers take
place because the CEF rate is in the 30—60 e s™ ' per PSI
implying that the limiting step in the process is not an individ-
ual electron transfer step in the cyclic process. As expected,
illumination was inefficient in promoting the relief of the
acceptor side limitation when repeating the experiment with
the Fud50 mutant that lacks the CF,F,-ATP synthase (34, 60),
demonstrating that the light-induced reoxidation of the elec-
tron acceptors is ATP-dependent. To further characterize the
involvement of the CO, fixation pathway, we conducted a sim-
ilar experiment with a Rubisco-lacking mutant (35).

At variance with the clear-cut Fud50 case, illumination did
progressively palliate the acceptor side limitation with a similar
time course than in the control strain but to a smaller extent. In
the present framework, this suggests that, despite the absence
of Rubisco, the reoxidation of the pool of electron acceptors
does occur but remains partial so that a fraction of PSI still
undergoes charge recombination. Even though it may seem
otherwise at first sight, this result is not contradictory to our
hypothesis that the reoxidation of the PSI electron acceptors
results from the onset of the CO,-reducing pathway promoted
by the light-induced increase in ATP. Indeed, there are two
ATP-requiring enzymatic steps in the Bassham-Benson-Calvin
cycle as follows: 1) the phosphorylation of 3-phosphoglycerate,
which provides the substrate of the NADPH-consuming pro-
duction of glyceraldehyde 3-phosphate, and 2) the phosphory-
lation of ribulose-5-phosphate to ribulose-1,5-bisphosphate,
the substrate of Rubisco (61). The advancement of either step
may allow NADPH oxidation, respectively, through the pro-
duction of the substrate or the consumption of the product of
the NADPH-consuming step. Thus, provided the pool of
3-phosphoglycerate is sufficiently large, ATP production may
promote NADPH consumption even in the absence of a com-
pletely active CO,-reducing pathway. To assess this hypothesis,
we used glycolaldehyde (62) or iodoacetamide (20 mm) to
inhibit each one of these two ATP-dependent reactions.
Whereas iodoacetamide induced severe side effects, such as
strong fluorescence quenching, we found glycolaldehyde to be
reasonably specific in agreement with previous studies (62, 63).
As shown in Fig. 4B, addition of glycolaldehyde hampered the
light-induced relief of the PSI acceptor side limitation, yet with-
out canceling it completely.

The protocol used to follow the progressive alleviation of the
acceptor side limitation upon illumination allows determining
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FIGURE 4. Evolution of the PSI acceptor side limitation as a function of the time in anoxia or of illumination. The light intensity was 115 pwE'm ™%~

1

intensity. A, after 5 min of anoxia in the dark, continuous light was applied, and the resulting alleviation of the PSl acceptor side limitation was probed at discrete
times by assessing the extent of P, photo-oxidation upon a saturating pulse. Black indicates control strain in the dark; red indicates control strain in the light;
and blue indicates Fud50 strain in light. B, as in A when the Bassham-Benson-Calvin cycle is inhibited, due to either the absence of Rubisco, ArbcL (in magenta),
or to addition of glycolaldehyde inhibitor (20 um (62)). Three independent experiments were averaged, and the variation was below *10%.

the progressive increase in the photochemical yield of PSI,
measured as the difference between the oxidation state of P, "
in steady state conditions and that obtained after a saturating
pulse, over the signal corresponding to the full oxidation of
P00 As discussed previously (26), multiplying this yield by the
photochemical rate of PSI provides the flux sustained by PSI.
The time course of this flux is shown in Fig. 5 and compared
with the value obtained after the spontaneous full recovery of
PSI activity in the dark. We found that the apparent CEF rate
increased during the 1st min of illumination. It then reached a
maximum after 1-2 min of illumination and then decreased to
an asymptotic value similar to the one reached after a prolonged
incubation in the dark. As shown above, the first tens of seconds
of illumination correspond to a time period during which the
system undergoes the acceptor side limitation, so that, as dis-
cussed above, the CEF low rate found reflects the low PSI pho-
tochemical yield.

Following this tens of minutes, we found that CEF rates tran-
siently exceeded the asymptotic level reached after the progres-
sive reoxidation of the PSI acceptor pool in the dark. This is
consistent with the proposals that CEF is enhanced when the
PSI electron acceptors are reduced and that their reduction
state is likely to be the limiting factor (26, 28, 29). The intensity
of the flux then decreased to reach a steady state value similar to
the one observed after the spontaneous reoxidation of the PSI
acceptor pool. Such transient large CEF fluxes are commensu-
rate with values found in plants under conditions aimed at pro-
moting CEF versus LEF (64). As discussed previously (65, 66),
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FIGURE 5. CEF as a function of the duration of illumination in anoxia. The
data points show the value of CEF measured as in Ref. 26 at discrete times after
the onset of illumination in anoxic control cells. The red line shows the value of
CEF reached after the spontaneous alleviation of the PSI acceptor limitation
after 40 min of incubation in the dark. Three independent experiments were
averaged, and the variation was below *=10%.

because of the inhibition of PSII, illumination is indeed
expected to promote the oxidation of the plastoquinone pool
and further reduce, with respect to its dark-adapted case, the
electron acceptor pools. This is expected to yield optimal con-
ditions because the pools of reactants and products of the step
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TABLE 1

Characterization of the various strains studied here with respect to the alleviation of the PSl acceptor side limitation

PSI acceptor side limitation

PSI acceptor side limitation after Light-induced alleviation of

Strains after 5 min of anoxia 40 min of anoxia in the dark the acceptor side limitation
T222+ Yes No Yes
Hyd EF Yes Yes ~85%
Hyd G Yes Yes Yes
pfll,adh Yes No Yes
FUD 50 Yes ~20% No
ArbcL 1 Yes ~20% ~85%
T222+ (+ hydroxylamine) Yes Yes ~95%

considered as being limiting are maximal and minimal, respec-
tively (29). The progressive decrease in the CEF rate observed
upon a prolonged illumination would then simply reflect the pro-
gressive reoxidation of the electron acceptor pool because of the
ATP-dependent pathways. Importantly, as already pointed out in
Refs. 29, 67, the observation that after a few minutes of illumina-
tion CEF reaches a steady state value implies that the “leak” of
reducing power resulting from the CO,-reducing pathway, the
implication of which has been discussed above, is compensated for
by a constant influx of reducing power, which likely stems from
starch and glucose catabolism (68).

Now that we have demonstrated that the reoxidation of the
pool of electron acceptors is sufficient to alleviate the unpro-
ductive buildup of charge-recombining PSI, we may reason
that, similarly, the spontaneous consumption of reducing
power is responsible for the alleviation of the acceptor side limi-
tation after a prolonged incubation of anoxia in the dark. Sev-
eral metabolic pathways can be readily identified as likely can-
didate(s), among which the fermentation pathway and the
hydrogen-producing pathway are prominent (6—10). To char-
acterize their possible involvement, we studied the occurrence
of the spontaneous relief of the acceptor side limitation in Chla-
mydomonas mutants specifically deficient in key enzymes in
these two pathways.

We first studied the double mutant pfl1.adh (33), deficient in
two enzymes of the predominant fermentative pathways, pyru-
vate formate-lyase and alcohol dehydrogenase. With regard to
the spontaneous reoxidation in the dark of PSI electron accep-
tor pool, the mutant hardly differed from the control strain (in
this case CC125). Yet, this negative results does not rule out the
contribution of fermentative pathways because Catalanotti et
al. (33) have shown that the induction of an alternative fermen-
tation pathway compensates for the absence of PFL1 and alco-
hol dehydrogenase activity.

The transition from aerobic to anaerobic conditions is
known to promote a massive reorganization of the metabolism
of C. reinhardltii as evidenced by the numerous genes regulated
at the transcriptional level (6-9). We thus asked whether the
transition we observed in the dark requires the induction of a
specific nuclear gene and protein neosynthesis. We thus com-
pared the time course of the transition in the presence and
absence of cycloheximide (15 wg'ml™'). Because it has been
reported that microanaerobic conditions can be promoted sim-
ply by spinning down the cells to collect them (4), the protein
neosynthesis inhibitor was added prior to centrifugation and to
the resuspension buffer. The cells were then vigorously shaken
under dim light for 60 min. This led to a significant slowing
down of the spontaneous relief of the acceptor side limitation in
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the dark (data not shown), thus suggesting that the process
involves de novo protein synthesis. This result is in line with the
recent finding that the acceptor side limitation undergone by
PSI persists for a longer time in the absence of hydrogenase
than in the control strain (31). Indeed, this activation is notori-
ously regulated at the transcription level upon anoxia (69).
Thus, as regards the presence or absence of this activity, one
would expect the inhibition of protein neosynthesis to mimic a
knock-out mutant.

We thus checked whether the hydrogenase activity is indeed
involved in the control of the redox poise in the dark and com-
pared the time course of this transition in the hydEF (40) and
hydG (41) mutants both described as being deficient in hydro-
genase activity because of the lack of proper assembly of the
catalytic center (70). We consistently found that, in these two
mutants, the acceptor side limitation remained after a pro-
longed incubation in the dark (see Table 1) in agreement with
Ghysels et al. (31).

This stresses out the consumption of reducing power by the
hydrogen production pathway as being the main process
responsible for the alleviation of the PSI acceptor side limita-
tion. According to the above estimate, the reducing pressure in
anoxia is such that the ferredoxin pool is partly reduced in the
dark. Hydrogen production may thus spontaneously take place
under these conditions by the uphill and sequential electron
transfer from NADPH to ferredoxin and then hydrogenase or
the combined involvement of the pyruvate ferredoxin oxi-
doreductase and the hydrogenase (33). Alternatively, the pro-
gressive buildup of the hydrogenase activity because of the
increased transcription of its gene may open up an electron sink
so that the short illumination in the presence of DCMU would
effectively contribute to producing oxidizing equivalent. In any
event, as shown in Fig. 6, the direct measure of hydrogen pro-
duction confirmed that, in agreement with previous studies (11,
31, 71), the hydrogenase is expressed.

In the presence of DCMU, i.e. similar conditions as when
measuring P, redox changes, the light-induced production
rates of hydrogen at the very early stage after the onset of anoxia
were 28 and 75 nmol of H,*(min'mg of Chl) " after 5 and 40 min
of anoxia, respectively. The latter rate is ~30—40-fold slower
than the light-driven oxygen evolution rate typically found in C.
reinhardtii (69), so that it can be estimated to ~3 e s~ ' per
PSI. When measured in the dark, the hydrogen production rate
was below detection after 5 min of anoxia and 10 nmol of
H,*(min'mg of Chl) ™" after 40 min. When expressed in e *s ™'
per PSI units, such a rate corresponds to ~0.4.

The present results show that the onset of anoxia promotes,
in the dark, the reduction of a significant fraction of the PSI
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FIGURE 6. Hydrogen production rates as a function of incubation time in
anoxia. After the indicated incubation time, the hydrogen production rate
was determined as the slope of the increase in hydrogen amount as a func-
tion of time. When the light-induced hydrogen production was measured,
the light was applied for 1 min (100 wmol photons m~2 s~ ') in presence or
absence of DCMU (10 um). All measurements were performed at least in trip-
licate, and data are presented as means * S.D.

electron acceptors, likely by the mere shutdown of the oxidative
pathways at work in oxic conditions, prominent among which
are mitochondrial respiration and the PTOX pathway (15). In
oxic conditions, the influx of reducing power resulting from
chlororespiration has been estimated to be 2 e s~ ' per PSI
(67). To assess it in anoxic conditions, we followed the same
procedure as in Ref. 67, i.e. we measured the half-time of reduc-
tion of P, " after its light-induced oxidation in the presence of
methyl viologen (10 mm concentration) as an exogenous elec-
tron acceptor. This was performed with the dum22 mutant,
which has impaired mitochondrial respiration and should
therefore constitutively mimic the redox situation of a wild-
type strain with arrested mitochondrial respiration because of
anoxia. According to this estimate, in anoxic conditions the
light-independent influx would be similar as in oxic conditions,
suggesting that, in actual fact, the arrest of the oxidizing activity
of PTOX, rather than an increased influx of reducing power
stemming from the metabolic exchange with the cytoplasm, is
responsible for the increase in reducing redox pressure in the
chloroplast.

DISCUSSION

We have shown here that the metabolic remodeling occur-
ring upon anoxia in C. reinhardtii (see Ref. 72 for a recent pro-
teomic and metabolomics survey) results in a transient reduc-
tive burst that promotes the almost complete reduction of the
PSI electron acceptors in the dark. We estimate the size of the
pool remaining oxidized to 7-8 oxidizing equivalents per PSI,
which translates to an ambient redox potential of —370 mV.
Yet, the over-reduction of the PSI electron acceptors turned out
to be only transient. Indeed, we observed that the PSI electron
acceptor limitation is spontaneously relieved in the dark. Based
on the study of various mutants potentially affected in the path-
ways consuming these reductants, we identify the hydrogenase
activity that builds up upon anoxia as the main pathway
accounting for this alleviation. At this stage, it is interesting to
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compare this activity to the influx of reducing equivalents pro-
moted by glycolysis and all the catabolic pathways activated in
anoxia. We estimated the latter to ~2 e s~ ' per PSI. With
regard to the light-induced hydrogenase activity, the rate found
after incubation for 40 min in anoxia and darkness is commen-
surate to, or slightly larger than, this influx, while it remains
much lower after only 5 min. Thus, consistent with the present
findings, several tens of minutes of progressive upscaling of the
hydrogenase activity are necessary to let it outcompete the slug-
gish but significant influx and thereby allow, as soon as the light
is switched on, the reoxidation of the PSI electron acceptors. At
the onset of anoxia, the outflux of reducing power sustained by
the hydrogenase activity that has just started to be expressed is
still, according to the present estimates, 5-fold slower than the
reducing influx, leaving the latter strong enough to promote the
almost complete reduction of the pool of PSI electron accep-
tors, as estimated here.

The above analysis provides a consistent picture of the main
electron fluxes occurring in the dark and highlights the role of
the hydrogenase upon the onset of anoxia. Yet, illumination
expectedly overturns the hierarchy. Indeed, we found that alle-
viation of the PSI acceptor side limitation is significantly faster
under illumination, even though the PSII activity was blocked
by DCMU thereby preventing the net photosynthetic produc-
tion of reducing power and restraining the photosynthetic out-
come to CEF and ATP synthesis. This is in line with the above
framework because the light-driven synthesis of ATP is
expected to activate all the ATP-dependent pathways that con-
sume reducing power, prominent among which is the
Bassham-Benson-Calvin cycle. The paramount implication of
the light-induced ATP synthesis was demonstrated by the lack
of light-induced relief of the PSI acceptor side limitation in the
absence of a functional cF,F;-ATP synthase. Importantly, the
hydrogenase-lacking mutants were indistinguishable from
the control strains with respect to this observation, thus show-
ing that the light-induced electron consumption of reducing
power hardly involves the hydrogenase when PSII is blocked.
Consistently the hydrogen production pathway remains, upon
the onset of anoxia, far below the light-induced electron flow
and strictly dependent on the nonphotochemical reduction of
the plastoquinone pool by Nda2.

Incidentally, the present observation allows one to rational-
ize the observation made by Bulté et al. (13) that, at variance
with a control strain, cF,F;-ATP synthase-lacking mutants
remain locked in state 2 in anaerobic conditions even when
illuminated in the presence of DCMU. Indeed, if, as shown
here, a large majority of PSI remains doomed to undergo charge
recombination, illumination inefficiently drains out the reduc-
ing pressure, and the plastoquinone pool remains reduced
thereby locking these algae in state 2.

A careful assessment of the rate of cyclic electron flow upon
the progressive light-induced alleviation of the PSI acceptor
side limitation showed that it transiently reaches values up to
50 e s~ ' per PSI and decreases until it reaches a plateau of
~30-40 e +s~ ' per PSI This evolution as a function of the
light-induced change in the stromal redox poise prompted us to
address the debated matter of the reliable determination of CEF
(28, 29, 47, 66, 73). A survey of the literature shows that the
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reported rates for CEF are widely scattered, ranging from 10 to
20 e s~ ! per PSI in Chlamydomonas in oxic conditions (see
Ref. 29 and references therein) to 40 to 60 e *s ' per PSI in
Chlamydomonas in anoxic conditions (see Ref. 29 and refer-
ences therein), and up to 120-130 e s~ ' per PSI in spinach
leaves (64, 74). Even though other physiological parameters,
such as reactive oxygen species (75, 76) or ion transport (25, 77,
78), may contribute to the regulation of CEF, it is now widely
agreed that the activation of cyclic is redox-controlled (28, 29,
47, 66, 73, 79). The scatter may thus simply reflect different
physiological, redox, conditions. Alternatively, it may stem
from the different approaches, methods, or tools used to assess
this rate (29, 47, 73, 80). Walking in the steps of Bendall and
Manasse (65), it has been emphasized recently that two bound-
ary conditions exist, and between them CEF is expected to
reach a maximum value. These two boundaries were defined as
the two extreme cases where the steady state of both of the
NADP* (NADPH) and quinol (quinone) pools would be fully
oxidized (reduced), because, under such conditions, the con-
centration of either one of the two substrates of cyclic would be
null (29, 81). We disagree with this presentation for the two
following reasons. (i) This (over)simple description neglects the
fact that CEF is a flux, the intensity of which is determined by
the product between a concentration and a rate constant so that
it may be significant even when the concentration of the sub-
strate seems negligible.® (ii) Under saturating conditions and in
the presence of DCMU, the plastoquinone pool will effectively
be oxidized and the electron donor pool reduced if, and only if,
the kinetically limiting step in CEF is the reduction of the plas-
toquinone, an assumption that is kept implicit by the reasoning
above and that remains, in any case, to be experimentally estab-
lished. However, this presentation provides a useful framework
by highlighting the fact that, at variance with a proper rate con-
stant, a flux is, in essence, subjected to adjustments. This simple
statement provides a straightforward explanation to the evolu-
tion of the CEF reported here as occurring upon the light-in-
duced alleviation of the PSI acceptor side limitation. Indeed, we
argued above that, starting from a situation where a majority of
PSI undergoes fast charge recombination because of the entan-
glement of their downstream electron-accepting chain, illumi-
nation promotes the ATP-dependent oxidation of NADPH and
thereby alleviates the acceptor side limitation. The progressive
activation of this additional flux toward CO, reduction changes
the steady redox state of the stromal electron carriers and
diverts electrons from CEF thereby decreasing its efficiency. In
this framework, the progressive decrease of CEF would thus
simply reflect the transition from a situation where it is the only
pathway at work to another one, established at steady state,
where several competing pathways, such as CEF and LEF

8 To convince oneself, one may simply consider the steady states of the vari-
ous redox players in linear electron flow under saturating illuminations;
the plastoquinone pool is, almost, fully reduced, and plastocyanin is,
almost, fully oxidized. Thus, the electron-accepting substrate of PSlI is, at
first sight, missing and so is the electron-donating substrate of PSI. Yet, the
overall photosynthetic flow is maximal because the large photochemical
rate compensates for the apparent lack of substrates. Notably, the point
made here does not depend on the focus on any of the redox actors in the
chain because, at steady state, the flux sustained by any of the individual
steps in the chain is equal to the overall flux.
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toward CO, or hydrogenase for example, would operate.
Because the relative efficiency of these different pathways is
regulated and depends on the metabolic status of the cell, it is
unsurprising that variations are found among strains and even
laboratories. As an illustration of this possible variability, we
found different CEF rates under conditions where the PSI
acceptor side limitation had been spontaneously relieved in the
dark with the 7222 and CC125 strains, both being supposedly
comparable wild types.
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