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Hydrogen photoproduction by eukaryotic microalgae results from a connection between the photosynthetic electron transport

chain and a plastidial hydrogenase. Algal H2 production is a transitory phenomenon under most natural conditions, often

viewed as a safety valve protecting the photosynthetic electron transport chain from overreduction. From the colony

screening of an insertion mutant library of the unicellular green alga Chlamydomonas reinhardtii based on the analysis of

dark-light chlorophyll fluorescence transients, we isolated a mutant impaired in cyclic electron flow around photosys-

tem I (CEF) due to a defect in the Proton Gradient Regulation Like1 (PGRL1) protein. Under aerobiosis, nonphotochemical

quenching of fluorescence (NPQ) is strongly decreased in pgrl1. Under anaerobiosis, H2 photoproduction is strongly

enhanced in the pgrl1 mutant, both during short-term and long-term measurements (in conditions of sulfur deprivation).

Based on the light dependence of NPQ and hydrogen production, as well as on the enhanced hydrogen production observed

in the wild-type strain in the presence of the uncoupling agent carbonyl cyanide p-trifluoromethoxyphenylhydrazone, we

conclude that the proton gradient generated by CEF provokes a strong inhibition of electron supply to the hydrogenase in

the wild-type strain, which is released in the pgrl1 mutant. Regulation of the trans-thylakoidal proton gradient by monitoring

pgrl1 expression opens new perspectives toward reprogramming the cellular metabolism of microalgae for enhanced H2

production.

INTRODUCTION

A few microalgae species, including the model species Chlamy-

domonas reinhardtii, have been reported to produce H2 in the

light (Gaffron and Rubin, 1942; Healey, 1970). During this pro-

cess, electrons produced by the photosynthetic electron trans-

port chain are diverted at the level of ferredoxin toward [Fe-Fe]

hydrogenase, which catalyzes the reversible reduction of pro-

tons intomolecular hydrogen in algae (Florin et al., 2001). The use

of microalgae is considered to be a promising approach for

developing sustainable H2 production from sunlight energy and

water as the main resources (Melis and Happe, 2001). However,

this mechanism represents a quantitatively minor and transitory

phenomenon under most natural conditions and is often con-

sidered as a safety mechanism that would protect the photo-

synthetic apparatus from overreduction (Melis and Happe, 2001;

Happe et al., 2002; Hemschemeier et al., 2009). Harnessing and

enhancing microalgal H2 production is recognized as a major

step in developing clean and sustainable hydrogen economy

(Ghirardi et al., 2000; Melis, 2002; Kruse et al., 2005a).
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The main limitation to hydrogen production is considered to

result from theO2 sensitivity of hydrogenase enzymes:molecular

O2 produced at photosystem II (PSII) during photosynthesis

rapidly induces the irreversible inhibition of the algal [FeFe]-

hydrogenase (Happe et al., 2002; Stripp et al., 2009). An exper-

imental protocol based on sulfur deficiency was reported to

circumvent this limitation by inducing a time-based separation of

O2- and H2-producing phases (Melis et al., 2000). During this

process, the reducing power generated by photosynthesis is

temporarily stored as starch during the aerobic phase and

consumed during a subsequent anaerobic period to supply

reductants either to produce H2 or to maintain anaerobiosis by

feeding mitochondrial respiration (Melis et al., 2000; Chochois

et al., 2009). Other experimental approaches have used genetic

engineering aiming at lowering the O2 sensitivity of hydrogenase.

Although such a strategy has proven its feasibility in bacterial

[NiFe]-hydrogenases (Dementin et al., 2009), efficient engineer-

ing resulting in a decrease in the O2 sensitivity of the microalgal

[FeFe]-hydrogenase has not been yet reported. In addition to the

hydrogenaseO2 sensitivity, optimization of the electron supply to

the hydrogenase appears a critical issue. Two main pathways of

electron supply have been previously identified under conditions

of sulfur limitation, a direct and an indirect pathway (Fouchard

et al., 2005; Chochois et al., 2009). During the direct pathway,

hydrogen is produced using electrons supplied by the photo-

synthetic electron transport chain from PSII to photosystem I

(PSI) and then to the hydrogenase via reduced ferredoxin. During

the indirect pathway, the reducing power generated by oxygenic

photosynthesis, first stored as starch in response to sulfur

starvation, is remobilized in a second step. During this process,

the reducing equivalents generated during starch catabolism are

injected into the intersystem electron transport chain at the level

of the plastoquinone (PQ) pool. The enzyme involved in this

process has recently been identified as a plastidial type II NADH

dehydrogenase called Nda2 (Jans et al., 2008; Desplats et al.,

2009). Both pathways of hydrogen production share common

electron carriers, such as the cytochrome b6/f complex, plasto-

cyanin, and PSI.

In addition to the linear electron flow of photosynthesis, cyclic

electron flow (CEF) around PSI allows the recycling of electrons

available on the acceptor side of PSI (reduced ferredoxin or

NADPH) toward the intersystem electron transport chain,

namely, the PQ pool or the cytochrome b6/f complex. CEF has

been shown to generate a thylakoid trans-membrane proton

gradient involved in the establishment of nonphotochemical

quenching (NPQ). In Chlamydomonas, CEF is regulated by state

transition (Finazzi et al., 2002), a phenomenon involved in the

redistribution of the excitation energy between PSI and PSII.

Transition from state 1 to state 2 occurs in response to an

increase in the redox state of the PQ pool, for instance, under

anaerobic conditions. This triggers the STT7 kinase to phos-

phorylatemobile light-harvesting complex II (LHCII), resulting in a

move of phosphorylated LHCII from PSII to PSI (Depège et al.,

2003). CEF has been shown to be particularly active in state 2,

where the existence of a functional supercomplex involved in

CEF has been recently described. PGR5 was first identified in

Arabidopsis thaliana as an essential molecular component of

CEF from a screen of Arabidopsis mutants affected in NPQ

(Munekage et al., 2002). More recently, Proton Gradient Regula-

tion Like1 (PGRL1) has been identified in Arabidopsis as another

essential component of CEF, interacting with both PGR5 and

ferredoxin (DalCorso et al., 2008). In C. reinhardtii, downregula-

tion of PGRL1 resulted in an impairment of CEF, particularly

under conditions of iron deficiency (Petroutsos et al., 2009).

Although a relationship between H2 production and CEF has

been proposed based on the study of a C. reinhardtii mutant

affected in a nucleus-encoded mitochondrial protein (Kruse et al.,

2005b), the mechanistic nature of this correlation remains to be

established.

To identify new regulatory mechanisms of photosynthesis and

explore novel strategies to improve H2 production, we have set

up a mutant screen based on the analysis of chlorophyll fluo-

rescence transients in the unicellular green alga C. reinhardtii.

The rationale of this approach was to consider that the photo-

synthetic electron transport is optimized to achieve optimal

photosynthesis. We hypothesized that a perturbation in the

regulatory process of photosynthesis could result in a redox

imbalance that may lead to a stimulation of H2 photoproduction.

We report on the isolation of a mutant (pgrl1) affected in CEF

around PSI and showing strongly increased hydrogen producing

abilities. We conclude that the proton gradient generated by CEF

around PSI strongly limits the electron supply to hydrogenase in

wild-type algae.

RESULTS

A colony screen of aC. reinhardtiimutant library generated by the

random insertion of a paromomycin resistance cassette (AphVIII)

was performed under fully photoautotrophic growth conditions

by recording chlorophyll fluorescence transients (Figures 1A and

1B). A dozen mutants differentially affected in chlorophyll fluo-

rescence transients were isolated from the screen of 15,000

insertion strains. One of these mutants showed the absence of a

transient fluorescence rise occurring in the 10- to 25-s range

following the onset of illumination, indicating an alteration in the

photosynthetic function (Figure 1B). This mutant harbored a

unique insertion of the paromomycin resistance cassette in the

PGRL1 gene (Figure 1C), resulting in the absence of PGRL1

transcript (Figure 1D) and protein (Figure 1E). Backcross of the

mutant with a wild-type strain always showed cosegregation of

antibiotic resistance and chlorophyll fluorescence properties.

Chlorophyll fluorescence measurements were performed during

a dark to light (75 mmol photons·m22·s21) transient on dark-

adapted (30 min) cells in liquid cultures. Illumination with short

saturating flashes allowed the determination of electron trans-

port rate (ETR) activity and NPQ from chlorophyll fluorescence

measurements shown in Supplemental Figure 1 online. Whereas

the ETR was higher in the pgrl1 mutant than in the wild type

(Figure 1F), NPQ remained lower (Figure 1G). The decrease in

chlorophyll fluorescence (Fs) observed in the 10- to 30-s range in

the pgrl1 mutant (Figure 1B; see Supplemental Figure 1 online);

therefore, results from these two antagonistic effects (Figures 1F

and 1G).

The ETR and NPQ were then determined as a function of light

intensity in light-adapted cells (Figures 2D and 2E). The ETR
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reached similar values in pgrl1 and in the wild type under a wide

range of light intensities (Figure 2D). By contrast, NPQ was

strongly diminished in pgrl1 (Figure 2E). Strongly reduced NPQ

ability was previously reported inArabidopsismutants affected in

PGR5 and PGRL1 genes and was attributed to the existence of a

lower light-induced proton gradient resulting from CEF impair-

ment (Munekage et al., 2002; DalCorso et al., 2008). Activity of

CEF was then measured by two different techniques: (1) rere-

duction of PSI at 705 nm (Alric et al., 2010), and (2) relaxation of

the electrochromic carotenoid bandshift (Joliot and Joliot, 2008),

both methods being described in Supplemental Figure 2 online.

These measurements clearly demonstrated a reduced activity of

CEF in pgrl1 when compared with the wild type. The effect was

more pronounced under anaerobic conditions (Table 1), where

CEF activity is increased due to a switch from state 1 to state 2

(Wollman and Delepelaire, 1984). In C. reinhardtii, LHCSR3, a

stress-related member of the LHC protein superfamily, is re-

quired for the induction of the qE component of NPQ (Peers et al.,

2009). As qE increases under high light, the amount of the

LHCSR3 protein also increases under these growth conditions.

To test whether the high light induction of the protein is functional

in the PGRL1-deficient background, immunoblot analyses were

conducted together with NPQ measurements in low light and

high light acclimated cells (Figure 3). LHCSR3 amounts strongly

Figure 1. Isolation of the pgrl1 Mutant from the Screening of a Chlamydomonas Insertion Mutant Library Based on the Analysis of Chlorophyll

Fluorescence Transients.

(A) View of the experimental design used for colony screening of a Chlamydomonas insertion mutant library.

(B) Chlorophyll fluorescence transient recorded on a single colony during a dark–light–dark transient in wild-type cells and in a mutant (pgrl1) showing a

modified fluorescence transient. The black and white boxes at the bottom indicate dark and light periods, respectively. r.u., relative units.

(C) Location of the insertion site of the APHVIII cassette conferring paromomycin resistance in chromosome 7, at the level of the first exon of the PGRL1

gene.

(D) RT-PCR showing expression of PGRL1 and TUBULIN1 (TUB1) genes in the wild type (WT) and the pgrl1 mutant.

(E) Immunoblot analysis of PGRL1 levels in the wild type and the pgrl1 mutant (top panel) and loading control using Coomassie blue staining (bottom

panel).

(F) and (G) Time course of ETR (F) and NPQ (G) determined from chlorophyll fluorescence measurements shown in Supplemental Figure 1 online during

a dark–light transient. Actinic light (75 mmol photons·m�2·s�1) was switched on at T0 on 30 min dark-adapted pgrl1 and wild-type cells. Data are

expressed as average values 6 SD (bars) of four independent experiments. Wild-type cells (black dots); pgrl1 mutant cells (red dots).
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increased in response to high light both in pgrl1 and in wild-type

cells (Figure 3A). On the other hand, the NPQ increase observed

in response to high light was muchmore pronounced in the wild-

type than in the pgrl1 mutant (Figures 3B and 3C). Therefore, in

conditions of LHCSR3 induction, the decreased NPQ observed

in the mutant does not result from a decrease in LHCSR3

amounts. We conclude from these experiments that, as in the

Arabidopsis pgr5 and pgrl1 mutants, the decreased NPQ ob-

served in the Chlamydomonas pgrl1 mutant results from an

impairment in CEF.

The pgrl1 mutant was complemented by expressing a wild-

type copy of the PGRL1 gene under the control of its own

promoter. Two strains, named pgrl1::PGRL1 1 and pgrl1::PGRL1

2, showed restoration of the chlorophyll fluorescence phenotype

(Figure 2A) and expressed significant levels of the PGRL1 tran-

script (Figure 2B) and protein (Figure 2C). The amount of PGRL1

protein present in pgrl1::PGRL1 1 and pgrl1::PGRL1 2 comple-

mented strains was estimated to be around 50 to 60% of the

wild-type protein level. Chlorophyll fluorescence measurements

and quenching analysis showed that NPQ was partly restored in

pgrl1::PGRL1 2 and almost completely restored in pgrl1::PGRL1

1 (Figure 2E).

H2 production capacities of the pgrl1 mutant were then

assayed using a membrane inlet mass spectrometer, which

allows the measurement of gas exchange kinetics in cell sus-

pensions (Cournac et al., 2002). Following dark anaerobic in-

duction of hydrogenase, low light (50 mmol photons·m22·s21)

was switched on, resulting in similar H2 photoproduction in the

wild type and in pgrl1 (Figure 4A). At a higher light intensity (200

mmol photons·m22·s21), the rate of H2 production rapidly de-

creased in the wild type, whereas in pgrl1, the initial H2 produc-

tion rate, which was similar to that measured in wild-type cells,

was maintained at a high level during the light period (Figure 4C).

This effect was fully reversed in the two complemented strains

(Figure 4C). To determine to what extent the proton gradient

generated by PGRL1-dependent CEF is involved in the limitation

Figure 2. Complementation of the pgrl1 Mutant and Light Dependence of ETR and NPQ.

Analysis of chlorophyll fluorescence properties and expression of PGRL1 transcript and protein in wild-type cells, in the pgrl1 mutant, and in the two

complemented lines pgrl1::PGRL1 1 and pgrl1::PGRL1 2.

(A) Chlorophyll fluorescence transient recorded on a single colony during a dark–light–dark transient in C. reinhardtii wild-type, in the pgrl1mutant, and

in the two complemented strains pgrl1::PGRL1 1 and pgrl1::PGRL1 2. r.u., relative units.

(B) RT-PCR showing expression of PGRL1 and TUB1 genes. WT, wild type.

(C) Immunoblot analysis of PGRL1 (top panel) and loading control using Coomassie blue staining (bottom panel).

(D) and (E) ETR (D) and NPQ (E) determined from chlorophyll fluorescence measurements performed on light-adapted cells after 40 s of illumination at

each given fluence. Data are expressed as average values 6 SD (bars) of four independent experiments.
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of H2 production observed in the wild type, we analyzed the

effect of the uncoupling agent carbonyl cyanide p-trifluorome-

thoxyphenylhydrazone (FCCP). Whereas FCCP had a limited

impact on H2 production under low light conditions (Figure 4B), a

strong increase in the H2 production rate was observed upon

FCCP addition under high light in the wild type and in the two

complemented lines, with H2 production reaching similar values

in the mutant and wild-type strains (Figure 4D). We conclude

from these experiments that the proton gradient generated by

CEF severely restricts H2 production under high light conditions

in thewild type. Such a restriction does not occur inpgrl1due to a

decrease in the proton gradient caused by CEF impairment,

resulting in a higher light-dependent H2 production rate.

Long-term capacities for H2 production were then measured

under conditions of sulfur deprivation, which is an efficient way to

trigger and promote sustainable H2 production (Melis et al.,

2000). Among other effects, sulfur deprivation causes massive

starch accumulation and a downregulation of PSII activity, which

enables the establishment of long-term anoxia in the light (Melis

et al., 2000). A strong (3- to 4-fold) increase in H2 photoproduc-

tion capacity was observed in pgrl1, which was fully reversed in

the two complemented lines (Figure 5). H2 photoproduction rates

was also increased (by ;50%) in a Chlamydomonas RNA

interference line expressing a lower level of PGRL1 (Petroutsos

et al., 2009) (see Supplemental Figure 3 online). Two different

pathways (direct and indirect) of H2 production have been

described. The direct pathway, which involves residual PSII

activity feeding the photosynthetic electron transport chain, has

been shown to be the predominant pathway during sulfur dep-

rivation (Antal et al., 2003; Fouchard et al., 2005). The indirect

pathway consists of a two-step process, in which reduced

equivalents stored as starch during the aerobic phase are

reinjected during the anaerobic phase into the photosynthetic

electron transport chain downstream of PSII. Activity of the

indirect pathway in H2 production can be estimated by inhibiting

residual PSII activity using DCMU (Fouchard et al., 2005;

Chochois et al., 2009). Based on such a measurement, the

contribution of the indirect pathway to H2 production has been

reported to be variable, depending on experimental conditions

and particularly on the phase of the sulfur deprivation process

(Kosourov et al., 2003; Laurinavichene et al., 2004; Fouchard

et al., 2005). In our conditions, activity of the indirect pathway

was about 10 times lower than that of the direct pathway under

conditions of sulfur deficiency (Chochois et al., 2009). We ob-

served that in the presence of DCMU (as in its absence), the H2

production rate measured in the pgrl1 mutant was strongly

increased compared with that measured in the wild type (see

Supplemental Figure 4 online). Hydrogenase activity measure-

ments were then performed in the wild type and pgrl1 strain by

following H/D isotope exchange (Cournac et al., 2004). Upon

anaerobic induction, similar hydrogenase exchange activity

levels were measured in the wild type and in the pgrl1 mutant

(see Supplemental Table 1 online). We therefore conclude that

differences in H2 production rates do not result from changes in

hydrogenase activity, but rather arise from differences in the rate

of electron supply to the hydrogenase.

Table 1. Measurements of CEF in the Wild Type and pgrl1

Wild Type pgrl1

CEF rate in electron s�1·PSI�1

in aerobic conditions (from DA705 nm)

37.1 6 5.8 23.1 6 1.3

Relaxation of electrochromic shift

in aerobic conditions in (e-·s�1·PSI�1)

36.3 6 1.6 23.3 6 1.7

Relaxation of electrochromic

shift in anaerobic conditions (e-·s�1·PSI�1)

46 6 3.6 22 6 2.1

CEF measurements were performed by following dark rereduction

kinetics of flash-induced oxidized PSI at 705 nm or by following

relaxation of the carotenoid electrochromic bandshift at 520 nm. Data

are average values of three independent experiments 6 SD.

Figure 3. LHCSR3 Amounts and NPQ in Low Light and High Light

Acclimated Cells.

Wild-type (WT) and pgrl1 cells were adapted for 16 h in low light (LL; 20

mmol photons·m�2·s�1) or high light (HL; 200 mmol photons·m�2·s�1) in

TAP medium and then shifted to HSMmedium in LL or HL (LL-LL, LL-HL,

and HL-HL culture) at an equal chlorophyll concentration (3.5 mgmL�1).

(A) After 2 h, whole-cell extracts (2.5 mg chlorophyll) were fractionated on

a 13% SDS-PAGE gel, and LHCSR3 levels were quantified by immuno-

blotting using CF1 (ATPase subunit) as loading control.

(B) and (C) Samples from the experiment described above were dark-

adapted for 20 min, and NPQ was recorded during 5.2 min of illumination

at 800 mmol photons m�2·s�1 (white bar) followed by 4.3 min of darkness

(black bar). Plotted values are the means of three measurements 6 SD.
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Since starch has been reported to fuel both pathways of H2

production, we analyzed intracellular starch during sulfur dep-

rivation experiments (Figure 6). Whereas no difference was

observed during the starch accumulation phase, starch deg-

radation was faster in the pgrl1mutant under conditions where

the direct pathway prevails (Figure 6A). On the other hand,

starch was consumed in a similar manner in the wild type and

pgrl1 under conditions where the indirect pathway prevails

(Figure 6B).

Immunoblot analysis of key proteins was then performed

during sulfur deprivation in wild-type cells, in the pgrl1 knockout

mutant (pgrl1-ko), and in pgrl1-kd, a previously described knock-

downpgrl1 line (Petroutsos et al., 2009). COX2B, a typicalmarker

for respiratory electron protein complexes, was more abundant

in both pgrl1-kd and pgrl1-ko cells (Figure 7). This confirms

previously published findings showing increased abundance of

COX2B and increased respiration in pgrl1-kd cells (Petroutsos

et al., 2009). In pgrl1-ko cells, LHCA3 levels were below the

detection level. This is in line with our finding that in pgrl1-kd cells

the amount of LHCA3 is decreased compared with wild-type

cells (Petroutsos et al., 2009). N-terminal processing of LHCA3, a

key mechanistic event in the remodeling process of PSI and its

associated light-harvesting proteins (LHCI), is induced by iron

deficiency in Chlamydomonas and correlates with a functional

drop in excitation energy transfer efficiency between LHCI and

PSI (Naumann et al., 2005). It is of note that the pgrl1-ko cells

displayed an iron-deficient phenotype as previously described

for the pgrl1-kd mutant strain (Petroutsos et al., 2009). Specif-

ically, pgrl1-ko cells grown at 0.5 mM Fe show much higher

induction of iron assimilation components (iron assimilatory

protein FEA1 and ferroxidase FOX1) and more severe degrada-

tion of ferredoxin and of LHCA3 at 0.5 and 1 mM Fe compared

with the wild-type cells grown at the same Fe concentrations.

Interestingly, the level of LHCSR3 was highly decreased in

response to PGRL1 depletion or reduction in C. reinhardtii

mutants under sulfur deficiency (Figure 7), indicating that

PGRL1 function is required for proper adaptation to low sulfur

availability.

DISCUSSION

From the screening of a Chlamydomonas insertion mutant

library based on the analysis of chlorophyll fluorescence tran-

sients of single algal colonies, we isolated a knockout mutant of
Figure 4. Short-Term Hydrogen Photoproduction under Anaerobiosis.

Hydrogen production was measured using a membrane inlet mass

spectrometer. After induction of hydrogenase for 45 min in the dark

under anaerobic conditions obtained by addition of glucose and glucose

oxidase to the reaction medium, light was switched on (dashed line)

either at 50 mmol photons·m�2·s�1 PAR ([A] and [B]) or at 200 mmol

photons·m�2·s�1 ([C] and [D]). Hydrogen evolution was measured in the

wild type (black line), in pgrl1 (red line), and in the two complemented

lines pgrl1::PGRL1 1 (green line) and pgrl1::PGRL1 2 (yellow line).

(A) and (C) Control experiments.

(B) and (D) Effect of the uncoupling agent FCCP added at a final

concentration of 2 mM 3 min before the start of the experiment.

Figure 5. Long-Term Hydrogen Production Measured in Response to

Sulfur Deficiency.

Exponentially growing cells (TAP medium) were centrifuged and resus-

pended in a sulfur-free medium (initial cellular concentration was 43 106

cells·mL�1) in illuminated (200 mmol photons·m�2·s�1) sealed flasks.

When indicated by an arrow, the cell suspension was bubbled with N2 to

remove residual O2 and synchronize hydrogen production. Data are

expressed as the average values 6 SD of three independent exper-

iments. WT, wild type.
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the PGRL1 gene. As previously reported in Arabidopsis pgr5

(Munekage et al., 2002) and pgrl1 mutants (DalCorso et al.,

2008), the Chlamydomonas pgrl1 mutant shows reduced activ-

ities of both NPQ (Figures 1 to 3) and CEF (Table 1). InArabidopsis

mutants, the NPQ decrease was attributed to a deficiency in CEF

resulting in the establishment of a lower trans-thylakoidal proton

gradient (Munekage et al., 2002; DalCorso et al., 2008). Indeed,

PGRL1 has been identified as an essential component of CEF in

interaction with PGR5 (DalCorso et al., 2008). Since LHCSR3

accumulation occurs in a similar manner in response to high light

both in the wild type and pgrl1, the decreased activity of NPQ

observed in the mutant likely results from a decrease in the CEF-

dependent trans-thylakoidal proton gradient.

When Chlamydomonas cells are adapted to anaerobic con-

ditions, the plastidial hydrogenase is induced resulting in

photoproduction of hydrogen (Melis and Happe, 2001). This

phenomenon is strongly stimulated in the pgrl1 mutant both

in short-term experiments, where anaerobiosis is maintained

by addition of glucose and glucose oxidase, and in long-term

experiments in conditions of sulfur deprivation (Figures 4 and

5). Under anaerobic conditions, activity of CEF was increased in

the wild type but not in pgrl1 (Table 1). Such a stimulation of CEF

under anaerobiosis is related to the phenomenon of state tran-

sition (Finazzi et al., 2002). During this process, the increased

redox state of the PQ pool activates the stt7 kinase (Depège

et al., 2003), resulting in the migration of phosphorylated LHCII

from PSII to PSI and in a switch from state 1 to state 2 (Wollman

and Delepelaire, 1984). A supercomplex between PSI-LHCI-

LHCII-FNR-cytochrome b6/f and PGRL1 is formed in state 2,

allowing efficient operation of CEF around PSI (Iwai et al., 2010).

Thus, anaerobiosis is particularly favorable to the establishment

of a strong CEF activity (Table 1), explaining why knockout of the

PGRL1 gene confers a strong phenotype in these conditions. In

addition, the uncoupling agent FCCP, which suppresses the

trans-membrane proton gradient, increased hydrogen photo-

production in the wild type up to a level similar to that measured

in pgrl1 (Figure 4). We therefore conclude that under anaerobic

conditions, the proton gradient generated by CEF exerts a

limitation on the electron supply to the hydrogenase. Because

this effect is observed both in conditions where PSII (direct

pathway) or starch breakdown (indirect pathway) feed the pho-

tosynthetic electron transport chain, we conclude that the con-

trol point of electron transport is located at a common step

between these two pathways (i.e., downstreamof the PQpool). A

strong control of linear electron flow by the trans-thylakoidal

proton gradient has been previously reported to exist in land

plant chloroplasts at the level of plastoquinol oxidation by the

cytochrome b6/f complex (Genty and Harbinson, 1996; Kramer

et al., 1999). Under normal operation of photosynthesis, the pH of

the lumen is maintained at levels that do not inhibit cytochrome

b6/f activity. However, when some disequilibrium occurs be-

tween the light supply and themetabolic demand (e.g., induction

of photosynthesis, high light and low CO2, low temperature

stress, etc.), modulation of cytochrome b6/f activity by the proton

gradient would prevent overacidification of the thylakoid lumen.

Recently, the existence of a strong effect of the lumen pH on

cytochrome b6/f activity was reported in transgenic tobacco

lines expressing reduced ATPase levels (Rott et al., 2011).

Under aerobic conditions, a transient increase in ETR was

observed in pgrl1 in comparison to the wild type during a dark-

to-light transient following dark adaptation (Figure 1F). This in-

crease, which was enhanced at a higher light intensity (see

Supplemental Figure 5 online), likely results from a downregula-

tion of photosynthetic electron flow in wild-type cells during the

induction phase of photosynthesis. Indeed, under conditions

where photosynthesis is not fully operational due to inactivation

of Calvin cycle enzymes (following dark adaptation), the proton

gradient cannot be efficiently dissipated by the action of ATPase

(which is deactivated in the dark). Under these conditions, the

proton gradient generated by activity of CEF would be sufficient

to generate a downregulation of the photosynthetic electron

Figure 6. Intracellular Starch Contents Measured during Long-Term

Hydrogen Photoproduction under Conditions of Sulfur Deprivation.

Wild-type (closed circle); pgrl1 (open circle). Data are expressed as the

average value 6 SD (bars) of three independent experiments. Starch

accumulated during the first 24 h of sulfur deprivation and was then

progressively degraded.

(A) Control in the absence of DMCU (similar experiment as in Figure 5).

(B) In the presence of DCMU (20 mM final concentration) added at t = 24

h (similar experiment as in Supplemental Figure 4 online).
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transport in the wild type, which would be released in the CEF-

deficient mutant.

In contrast with Arabidopsis pgr5 and pgrl1 mutants, in which

photosynthetic activity is severely affected under high light

(Munekage et al., 2002; DalCorso et al., 2008), photosynthesis

is not reduced in Chlamydomonas pgrl1 (Figure 2D). This indi-

cates that compensatory mechanisms allowing an efficient dis-

sipation of excess reducing power are probably more active in

microalgae than in land plants, therefore avoiding the irreversible

PSI inactivation observed in the Arabidopsismutants (Munekage

et al., 2002, 2008). The increased mitochondrial activity and

COX expression (Figure 7) observed in pgrl1 knockdown lines

(Petroutsos et al., 2009) likely reflects an increased cooperation

between photosynthesis and mitochondrial respiration. Such

cooperation has been previously documented in a Chlamydo-

monas mutant that is deficient in plastidial ATPase but able to

restore photoautotrophic growth thanks to an increased coop-

eration between chloroplasts and mitochondria (Lemaire et al.,

1988). This phenomenon, which requires efficient export of re-

ducing power from chloroplasts to mitochondria, for instance,

using the malate/oxalo-acetate shuttle, has been reported to

be enhanced in the Arabidopsis pgr5 mutant, particularly under

high light (Yoshida et al., 2007).

Both pgr5 and pgrl1 trancript levels are upregulated under iron

deficiency inC. reinhardtii. For PGRL1, this increased expression

has been also demonstrated at the protein level (Petroutsos

et al., 2009). Under anaerobic growth conditions, PGRL1 is not

increased in its expression compared with aerobic conditions

(Terashima et al., 2010), although CEF is induced. Thus, it is likely

that regulation of CEF via PGRL1 is not facilitated by altering the

amounts of PGRL1. Such a regulation could be mediated via the

redox and/or the iron binding state of PGRL1 as previously

suggested (Petroutsos et al., 2009).

We therefore interpret our results as follows. Under conditions

where the ATP demand by photosynthesis is low (such as during

induction of photosynthesis or during anaerobiosis, sulfur or iron

deprivation, etc.) the proton gradient is not efficiently dissipated,

resulting in a limitation of the electron transport at cytochrome

b6/f in wild-type cells. Photosynthetic electron flow is not re-

stricted in pgrl due to a lower trans-thylakoidal pH gradient

resulting from a lower CEF activity. Under aerobiosis, excess

reducing power would be redirected to the mitochondria. Under

anaerobiosis, electrons would be directed toward the hydroge-

nase operating as a safety valve (Happe and Kaminski, 2002;

Hemschemeier et al., 2009).

Previous reports have postulated the existence of a relation-

ship between hydrogen photoproduction and CEF (Kruse et al.,

2005b; Antal et al., 2009). A Chlamydomonas mutant (stm6)

affected in a nuclear gene (MOC1) encoding a mitochondrial

protein was shown to produce higher amounts of hydrogen

(5 times more) than the wild-type strain (Kruse et al., 2005b).

Although this mutant is affected in the assembly of the mito-

chondrial respiratory chain (Schönfeld et al., 2004), it was con-

cluded that the stimulation of hydrogen production results from

a defect in CEF around PSI in stm6 (Kruse et al., 2005b). More

recently, and in line with our data, Antal et al. (2009) reported

a stimulatory effect of uncouplers and antimycin A, an inhibi-

tor of ferredoxin-quinone-reductase–mediated CEF, on hydro-

gen photoproduction inChlamydomonas. The authors proposed

that ferredoxin-quinone-reductase–dependent CEF slows

down hydrogen photoproduction more than 2-fold (Antal et al.,

2009).

Hydrogenases have been found as activities or genes in

several eukaryoticmicroalgae species, including chlorophyceae,

prasinophyceae, trebouxiaceae, and diatoms (Peltier et al.,

2010). Although H2 photoproduction is a wasteful energy pro-

cess, hydrogenases have been suggested to confer a selective

advantage under anaerobiosis, by avoiding overreduction of PSI

electron acceptors (Happe et al., 2002; Hemschemeier et al.,

2009). We propose here that H2 photoproduction could be

Figure 7. Immunoblot Analysis of Key Proteins during Sulfur Deprivation in the Wild Type, in a pgrl1 Knockdown Line (pgrl1-kd), and in the pgrl1

Knockout Mutant (pgrl1-ko) during Sulfur Deprivation.

Extracts were prepared from two independent sulfur deprivation experiments and fractionated on 13% SDS-PAGE, and the abundance of CF1, HYDA,

PSBA, PGRL1, LHCSR3, LHCBM6, LHCA3, PSAD, and COX2B was analyzed by immunoblotting. CF1 (ATPase) signal served as a loading control.

(A)Whole-cell extracts of the wild type (WT) and pgrl1-ko (i-e pgrl1). All immunoblots originate from SDS-PAGE gels loaded with 2.5 mg chlorophyll per

lane.

(B) Whole-cell extracts of the wild type and pgrl1-kd. All immunoblots originate from SDS-PAGE gels loaded with 40 mg protein per lane, with the

exception of the HYDA immunoblot, whose gel was loaded with 3 mg chlorophyll per lane.
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viewed as a key player in an energy conserving mechanism.

Indeed, electron flow toward the hydrogenase would result in

ATP production in two different ways: (1) by directly generating a

proton gradient, and (2) by setting an adequate redox poise of

PSI electron acceptors, which triggers the establishment of

PGRL1-mediated CEF, thus likely conferring a selective advan-

tage under anaerobic environments. At a biotechnological level,

the modulation of the trans-thylakoidal proton gradient by

PGRL1 expression opens new perspectives in the reprogram-

ming of microalgae bioenergetics toward improved H2 photo-

production.

METHODS

Strains and Mutant Screen

The Chlamydomonas reinhardtii wild-type strain 137c (mt- nit1 nit2) was

grown at 258C in TAP liquid medium under continuous illumination (40

mmol photons·m22·s21). Photoautotrophic cultures were performed us-

ing a minimal medium (Harris, 1989). Mutants were generated by random

insertion of the AphVIII cassette conferring paromomycin resistance

(Chochois et al., 2010). After selection on solid minimal medium supple-

mented with paromomycin (10 mg·mL21), insertion mutants were

screened for abnormal chlorophyll fluorescence transients recorded

during a 30 mmol photons·m22·s21 illumination (465-nm LEDs filtered

with a Schott BG39 glass filter) by imaging fluorescence emission (above

700 nm using a Kodak Wratten 70 filter) using a cooled CCD camera. A

homemade imaging application (Labview; National Instruments) was

developed to analyze fluorescence transients of all single colonies. The

pgrl1 knockout mutant (pgrl1-ko) was isolated from the present mutant

screen. Isolation of the pgrl1 knockdown line (pgrl1-kd), a Chlamydomo-

nas RNA interference line expressing a lower level of PGRL1, has been

previously described (Petroutsos et al., 2009).

Absorption Change Measurements

P700 absorption change kinetics and carotenoid electrochromic band-

shifts were measured using a JTS 10 spectrophotometer equipped with

light emitting diodes (BioLogic). P700 measurements were performed at

705 nm as described previously (Alric et al., 2010). Electrochromic

carotenoid bandshift measurements were performed at 520 nm (Witt,

1979; Joliot and Joliot, 2002). For both measurements, PSII activity was

blocked by addition of DCMU (final concentration 10 mM) and hydroxyl-

amine (final concentration 1 mM). Short (6 ns) laser pulses (provided by a

Nd:YAG pumping a dye cell filled with 4-dicyanomethylene-2-methyl-6-

p-dimethylaminostyryl-4H-pyran) were used as single turnover flashes.

Chlorophyll fluorescence measurements were performed using a Dual

Pam-100 (Heinz Walz). Samples were placed into a cuvette under

constant stirring at room temperature (238C). In a first set of experiments,

cells were dark-adapted (30 min) and chlorophyll fluorescence was

recorded, saturating flashes being given at different time points during

a transition from darkness to 75 mmol photons·m22·s21 light. In a second

set of experiments, cells were not dark-adapted. Actinic light was

increased stepwise from 3 to 960 mmol photons·m22·s21; after 40 s

under each given light regime, a saturating flash (10,000 mmol pho-

tons·m22·s21, 200-ms duration) was supplied to measure Fm’. NPQ and

ETR were calculated as described previously (Rumeau et al., 2005).

Genomic DNA Analysis

Total DNA was prepared from 5·107 Chlamydomonas cells. Cell pellets

were resuspended in 500mL lysis buffer (100mMTris-HCl, pH8.0, 1.75mM

EDTA, and 3% [w/v] SDS). After addition of 6 mL proteinase K (20

mg·mL21), lysates were incubated for 2 h at 558C, and 80 mL of 5 M KCl,

then 70 mL of a 10% CTAB solution (hexadecyl-trimethylammoniumbro-

mide; Sigma-Aldrich) in 0.7 M NaCl were further added. Samples were

then incubated for 10 min at 658C. After two phenol-chloroform extrac-

tions and a final chloroform extraction, the nucleic acids were precipi-

tated by addition of 600 mL propan-2-ol, recovered by a 15 min

centrifugation, washed with 70% ethanol, dried, and resuspended in 50

mL sterile water. For recovery and mapping of genomic sequences

flanking the cassette insertion site, thermal asymmetric interlaced PCR

was used as described by Liu et al. (1995). Thermal asymmetric interlaced

PCR was performed using three nested specific primers designed from

the AphVIII cassette sequence (59-ACCGGCACTCCGATCTCGCG-39,

Tm = 69.58C; 59-GCGAGCTGGCCCACGAGGAG-39, Tm = 69.38C; and

59-TCGGGCCGGAGTGTTCCGCG-39, Tm = 73.88C) in successive reac-

tions together with a shorter arbitrary degenerate primer (59-STA-

GASTSTSGWGTS-39, 64-fold degeneracy, average Tm = 47.98C;

59-WCTSGASTSANCATC-39, 128-fold degeneracy, average Tm = 46.68C;

and 59-SASCASASTSWWCTS-39, 256-fold degeneracy, average Tm =

47.98C) so that the relative amplification efficiencies of specific and non-

specific products could be thermally controlled. The position of theAphVIII

insertion was confirmed by sequencing the entire PGRL1 gene in the

pgrl1 mutant amplified by PCR according to Liu et al. (1995) and using

the following primers: 59-ATGCAGACCACCGTGCTCCGTTCTTCC-39 and

59- TTACGCAGCGGCCTTAGCCTTCTTCTTGGC-39 designed from the

PGRL1 gene sequence (JGIv4.0).

RNA Analysis

Total RNA was isolated using TRIzol (Life Technologies). RT-PCR was

performed on 1mgof the total RNA using theSuperScript III One-StepRT-

PCR system kit (Life Technologies). Specific primers were selected for a

b-tubulin (tub1 protein ID 129876) (59-GCCCTGTACGACATCTGCTT-39

and 59-GCTGATCAGGTGGTTCAGGT-39) and pgrl1 (59- ATGCAGACCA-

CCGTGCTCCGTTCTTCC-39 and 59-TTACGCAGCGGCCTTAGCCTTCT-

TCTTGGC-39).

Immunoblot Analysis

Cells were lysed by sonication in a pH 7.5 200 mM HEPES buffer

containing 150 mM NaCl and a protease inhibitor cocktail for plant cells

(P8849 Sigma-Aldrich). SDS (1.5% final concentration) was added

before precipitation in acetone 80%. The protein pellet was resus-

pended in denaturing blue NuPage (Invitrogen). About 10 mg of proteins

were loaded on 13% SDS-PAGE gels and transferred to nitrocellulose

membrane using a semidry transfer technique when not specified

otherwise. Immunodetection was performed using antibodies raised

against PSAD (Naumann et al., 2005), LHCSR3 (Naumann et al., 2007),

LHCA3 (Moseley et al., 2002), LHCBM6 (Hippler et al., 2001), PGRL1

(Naumann et al., 2007), and CF1 (Moseley et al., 2002). PSBA and

COX2B antibodies were obtained from Agrisera, and HYDA antibody

was a kind gift from Peter J. Nixon (Imperial College, London). A protein

gel blotting kit (Roche) was usedwith anti-rabbit peroxidase-conjugated

antibodies. A specific polyclonal antibody was raised against a poly His-

tagged recombinant PGRL1 protein. A fragment of the gene encoding

middle part of the PGRL1 protein was cloned in the Escherichia coli

expression vector pQE60 (Qiagen). The DNA fragment was amplified

with the primers PGRL1pQE30F (59-GGCCGGATCCTCGGCGAAGA-

AGGACGATGG-39; Tm = 708C) and PGRL1pQE60R (59-GGCCAGATC-

TAGGCTCGGCATCGGCATAC-39; Tm = 678C) (in italics are the added

restriction sites for BamHI and BglII, respectively). The PCR was per-

formed with Phusion High-Fidelity PCR master mix (Finnzymes). The

resulting plasmid was used to transform the E. coli strain M15pREP4

for the production of His-tagged PGRL1 fragment. Upon induction by
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isopropyl b-D-1-thiogalactopyranoside, the His-tagged PGRL1 protein

was purified using a fast protein liquid chromatography system equipped

with a His Trap HP column (GE Healthcare). The PGRL1 antibody raised

in rabbit was used at a 1:4000 dilution. Relative quantification of PGRL1

was achieved in the complemented lines using a calibration curve ob-

tained by serial 4-fold dilutions of wild-type extracts. Images were cap-

tured using G:BOX Chemin XL (Syngene) followed by analysis of band

intensity using GeneTools software (Syngene).

Complementation of pgrl1

A genomic clone ofPGRL1with its own promoter (;1100 bp upstream the

59-untranslated region) was amplified by high fidelity TAQ polymerase

(Herculase Stratagène) from wild-type genomic DNA using the primers

59-TGTGGCGCTATCGCTCAGTA-39 and 59-GAATCCCGGGATTCATGT-

CACGCTCG-39 and cloned into a pSL-hyg vector carrying hygromycin

resistance (Berthold et al., 2002). Transformed cells were selected on 10

mM hygromycin and then screened for PGRL1 protein levels by immuno-

detection. Twopartially complemented lines, expressing around50 to 60%

of the wild-type PGRL1 level, were selected for further experimentation.

Measurement of H2 Photoproduction

Short-term rates of H2 production were determined using a water-

jacketed thermoregulated (258C) reaction vessel (1.5 mL) coupled to a

mass spectrometer (model Prima dB; Thermo Electron) through a mem-

brane inlet system. The cell suspension (;25 mg of chlorophyll per mL)

was placed in the reaction vessel, and glucose (20 mM final concentra-

tion), glucose oxidase (10 units), and 5000 units catalase were added to

reach and further maintain anoxia. After a 45-min induction period in the

dark, the suspension was illuminated at light intensities of 200 or 50 mmol

photons·m22·s21. In some experiments, FCCP (2 mM final concentration)

was added 3 min before illumination. O2, H2, and CO2 were monitored

simultaneously and gas exchange rates determined as described previ-

ously (Cournac et al., 2002). Long-term H2 photoproduction was mea-

sured in the pgrl1 knockout mutant under conditions of sulfur deficiency

(Chochois et al., 2009). Cells were grown in TAP medium until reach-

ing 6·106 cells·mL21 and then washed twice and resuspended in a

S-deprived medium at t0 in sealed 250-mL glass flasks (Schott). Cultures

were placed under continuous illumination (200 mmol photons·m22·s21)

with constant stirring at room temperature (258C). In some experiments,

DCMU was added (20 mM final concentration) to the cell suspension at

24 h. To ensure that anoxia was reached simultaneously in the different

flasks, all flasks were bubbled with N2 for 6 min either 46 h after t0 (or after

24 h in the case of DCMU experiments). H2 and O2 concentrations of

the gas phase were analyzed from a 0.5-mL gas sample at different time

intervals using a mass spectrometer (Prisma QMS 200; Pfeiffer Vacuum).

Accession Number

Sequence data from this article can be found in the Phytozome database

under accession number Cre07.g340200 (PGRL1).
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