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Supplemental Figure S1. Experimental device used for combined measurements of gas

exchange by using MIMS and chlorophyll fluorescence with a PAM. A. Picture of the

experimental device. B. Schematic view of the cuvette used for simultaneous measurements

of fluorescence and mass spectrometry.



Supplemental Figure S2. Representative chlorophyll fluorescence recordings obtained

during a dark to light transient in anaerobically acclimated C. reinhardtii cells. (A) wild-

type strain (WT). (B) flvB-208 mutant. Cells were harvested from photobioreactor cultures

and placed in the MIMS cuvette. Chlorophyll fluorescence was recorded during a dark to

light transient following 1h30 of dark anaerobic acclimation. Red spikes at the bottom of the

figure show saturating flashes.
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Supplemental Figure S3. Relationship between quantum yield of O2 evolution and

ΔF/FM in aerobiosis at a low chlorophyll concentration. Chlorophyll fluorescence

measurements were recorded using a PAM on top of a Hansatech cuvette linked to a

Membrane Inlet Mass Spectrometer (MIMS). Recorded PSII yields were correlated with O2

exchange measurements made with 18O2 using the MIMS in aerobic conditions after 10

minutes dark adaptation. Experimental relation between the ΔF/FM and the quantum yield of

O2 Evolution. In red is shown the linear regression for the points with a ΔF/FM lower than 0.6.

Chlorophyll concentration was set to 10µg Chl.mL-1.
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Supplemental Figure S4. Saturation curve of net photosynthesis with green light. Net O2

evolution was measured with a MIMS after 1 min illumination at different green light

intensities (mean +/- SD, n=5 biological replicates). The arrow indicates the light intensity

used throughout this work.



Supplemental Figure S5. Maximum fluorescence yield (FM’) upon a shift from dark

anaerobiosis to light as a control for assessing PSII absorbance changes. Maximum

fluorescence level during the first ten minutes of illumination. After 1h30 of dark anaerobic

acclimation in the MIMS cuvette, algal suspensions of wild type (red line) and flvB mutant

(grey and dark lines) strains were illuminated (660 µmol photons m-2 s-1 green light).

Maximum chlorophyll fluorescence level was measured before illumination (FM) and each

30s upon illumination (FM’). Shown are mean values (+/-SD, n=3 for the mutants, n=6 for the

WT), a star marks significant difference between the wt and the mutant strains (Pvalue <0.05)

based on ANOVA analysis (Tukey adjusted P value). Fm’ value at the onset of light was

normalized to 1 (r.u. relative units).
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Supplemental S6. Characterization of the mutant Chlamydomonas cells. (A)

Immunodetection of Flvs in anaerobically acclimated cells. Chlamydomonas cells were harvested

from exponential phase, centrifuged, resuspended at the same concentration in HSM medium and

hermetically sealed in glass flack. Cells were harvested after 3 hours anaerobiosis and

immunodetection was done on total cell extract. (B) Aerobic chlorophyll fluorescence pattern of

triple and double mutant. Cells were grown in TAP medium under low light and harvested during

exponential phase. Chlorophyll fluorescence measurements were performed using pulse

amplitude modulated fluorimeter in the dark (black boxes) and under red actinic light (100 µmol

photon m-2 s-1). Data are normalized on initial FM measurements. (C) In vivo hydrogenase

activities as measured by H/D exchange rates after 1h dark anaerobic acclimation. Shown are

mean values (+/-SD, n=2 for the mutants, n=4 for the WT).
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Supplemental Figure S7. Hydrogenase activity assayed in vivo by H/D exchange. After

1h30 of dark anaerobic acclimation in the MIMS cuvette, algal suspensions of wild type (red

box) and flvB mutant (grey and dark box) strains were saturated with Deuterium (D2). H2, HD

and D2 were then recorded with a MIMS and H/D exchange rate was calculated (Jouanneau et

al, 1980). (A) H/D exchange rates after dark anaerobic acclimation. Shown are mean values

(+/-SD, n=2 for the mutants, n=4 for the WT). (B) Percentage of the inhibition of the H/D

exchange rate after two minutes of illumination. Shown are mean values (+/-SD, n=2).
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Supplemental Figure S8. Differences in O2 concentration present in the MIMS

chamber containing flvB mutants compared to the WT during a dark to light

transient in anaerobically acclimated C. reinhardtii. Differences in O2 concentration

were calculated from absolute gas exchange as determined in Fig. 4. Shown are mean

values of the following calculation for each of the two mutants : [O2](flvB)-[O2](WT)

were [O2](flvB) and [O2](WT) are the O2 level in a mutant or a WT cell suspension

respectively (+/-SD, n=3).



B

A

Supplemental Figure S9. Net O2 and CO2 exchange rates in the light in C. reinhardtii

wild-type and two flvB mutants. After 95 min of dark anaerobic acclimation, WT (red) and

two independent flvB mutant (flvB-208 and flvB-308, dark and grey respectively) cell

suspensions were illuminated (660 µmol photons m-2 s-1 green light). O2 and CO2 gas exchange

were measured using a MIMS. (A). Mean values of net O2 evolution (B) and net CO2 uptake

rates measured between 1 min and 9 min of illumination Shown are mean values relative to the

absolute WT level at the same time point (+/-SD, n=3 for the mutants, n=6 for the WT)..

Letters (a, b and c) above the bars represent statistically significant differences (P value=0.05)

between strains for a given gas exchange measurement based on ANOVA analysis. Values for

CO2 at 2 min are all close to 0 and were not plotted for clarity of the other data.
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Supplemental Figure S10. PSI and PSII activities as measured by ElectroChromic Shift

(ECS) upon illumination of anaerobically-acclimated Chlamydomonas cells. ECS at 520

nm was measured after 95 min anerobic acclimation of Chlamydomonas cells (A, C) and after

a subsequent 10 min illumination (200 µmol photons m-2 s-1 white light) (B, D). (A, B) flv

mutants are compared to the CC-4533 parental strain. (C, D) hydA1/A2 mutants are

compared to the CC-124 parental strain. Shown are means +/- SD (n=3, biological replicates).

A B

C D

W
T

f l
v
B

-2
0
8

fl
v
B

-3
0
8

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0




/ 

P S I

P S II b e fo re

 illu m in a tio n

W
T

f l
v
B

-2
0
8

fl
v
B

-3
0
8

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0




/ 

P S I

P S II a fte r

 il lu m in a tio n

W
T

h
y
d
A

1
/A

2

h
y
d
A

1
/A

2
 f
lv

B
-1

h
y
d
A

1
/A

2
 f
lv

B
-2

h
y
d
A

1
/A

2
 f
lv

B
-3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0




/ 

P S I

P S II a fte r

 il lu m in a tio n

W
T

h
y
d
A

1
/A

2

h
y
d
A

1
/A

2
 f
lv

B
-1

h
y
d
A

1
/A

2
 f
lv

B
-2

h
y
d
A

1
/A

2
 f
lv

B
-3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0




/ 

P S I

P S II b e fo re

 illu m in a tio n



Chlamydomonas reinhardtii
Volvox carteri f. nagariensis

Bathycoccus prasinos
Micromonas pusilla CCMP1545
Ostreococcus lucimarinus CCE9901
Ostreococcus tauri

Cyanophora paradoxa

Plantae

Glaucophytes

Rhodophytes

Cyanidiophyceae

Porphyridiophyceae
Porphyridium purpureum

Chlorophytes

Prasinophyceae

Trebouxiophyceae

Chlorophyceae

Chlorodendrophyceae
Tetraselmis sp. CU2551

Chlorella variabilis NC64A
Coccomyxa subellipsoidea C-169
Chlorella protothecoides
Parachlorella kessleri

Cyanidioschyzon merolae
Galdieria sulphuraria

Chromista

Hacrobia

Haptophita ; Coccolithypheae

Cryptophyta ; Cryptophyceae
Guillardia theta CCMP2712

Emiliania huxleyi CCMP1516
Chrysochromulina sp. CCMP291
Tisochrysis lutea

Cercozoa ; Chloroarachniophyceae
Bigelowiella natans

Ochrophyta

Eustigmatophyceae

Phaeophyceae
Ectocarpus siliculosus

Nannochloropsis gaditana CCMP526

Bacillariophyta

Thalassiosira pseudonana CCMP1335
Thalassiosira oceanica
Cyclotella criptica

Mediophyceae

Phaeodactylum tricornutum
Bacillariophyta incertae sedisHarosa

Streptophytes
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Supplemental S11. Repartition of Flavodiiron proteins (Flv) and [Fe-Fe] hydrogenase on the

evolutionary tree of eukaryotic microalgae. The tree of life, representing the mains branchings

between different classes of eukaryotic algae was drawn using previously published trees (Leliaert et

al, 2012; Fucikova et al, 2014; Burlacot and Peltier, 2018) and sequenced organisms were placed on

it. Absence of a Flavodiiron was defined as the absence of any gene meeting the requirements used

in Supplemental Table 1. Presence or absence of Flvs is shown by the color of the organism name

(respectively blue or red). Presence of a [Fe-Fe] hydrogenase in the genome is shown by a disc right

of the organism name according to Burlacot and Peltier (2018), blue discs show the presence of

hydrogenase with a known activity, purple circles show putative hydrogenases with a yet

uncharacterized activity. In dashed line is shown the embranchment of streptophites with green algae

(Martin and Melkonian, 2010). Proposed origin of genes are shown with arrows.

Origin of hydrogenase

Origin of Flvs

Bangiophyceae
Porphyra umbilicalis



Organism Class
Number of 

Flvs
Accession Reference

Chlamydomonas 

reinhardtii
Chlorophyceae 2

XM_001699293.1
Merchant et al, 2007

XM_001692864.1

Volvox carteri f. 

nagariensis
Chlorophyceae 2

XM_002948441.1
Prochnik et al, 2010

XM_002948437.1

Chlorella variabilis

NC64A
Trebouxiophyceae 2

XM_005849680.1
Blanc et al, 2010

XM_005849412.1

Coccomyxa subelisoida Trebouxiophyceae 2
XM_005643392.1

Blanc et al, 2012
XM_005643394.1

Tetraselmis sp. GSL018 Chlorodendrophyceae 2
GBEZ01019221.1

D’Adamo et al, 2014
GBEZ01009242.1

Bathycoccus prasinos Prasinophyceae 2
XM_007514037.1

Moreau et al, 2012
XM_007514022.1

Micromonas pusilla

CCMP1545
Prasinophyceae 2

XM_003057449.1
Worden et al, 2009

XM_003056967.1

Ostreococcus

lucimarinus CCE9901
Prasinophyceae 2

XM_001416063.1
Palenik et al, 2007

XM_001416061.1

Ostreococcus tauri Prasinophyceae 2
XM_003075167.1

Derelle et al, 2006
XM_003075163.1

Supplemental Table S1. List of algae exhibiting a Flv in their genome. Genomic sequences

of FlvA and FlvB from Chlamydomonas reinhardtii

(https://phytozome.jgi.doe.gov/pz/portal.html Cre12.G531900 and Cre16.G691800

respectivelly) were BLAST against complete genome sequences of eukaryotic algae

(https://blast.ncbi.nlm.nih.gov/Blast.cgi ). Presence of a Flavodiiron protein was defined as the

presence of a gene showing a similarity score higher than 200 for one of the two reference Flvs

and coding for a protein having the 3 characteristic domains of eukaryotic Flvs (Romao et al,

2016).

https://www.ncbi.nlm.nih.gov/nucleotide/159472740?report=genbank&log$=nuclalign&blast_rank=1&RID=1SNAS1S3015
https://www.ncbi.nlm.nih.gov/nucleotide/XM_001692864?report=genbank&log$=nuclalign&blast_rank=2&RID=AMYSPPM4014
https://www.ncbi.nlm.nih.gov/nucleotide/302833847?report=genbank&log$=nuclalign&blast_rank=4&RID=1SNAS1S3015
https://www.ncbi.nlm.nih.gov/nucleotide/302833839?report=genbank&log$=nuclalign&blast_rank=9&RID=1SNBZCU701R
https://www.ncbi.nlm.nih.gov/nucleotide/552839185?report=genbank&log$=nuclalign&blast_rank=2&RID=EEJUXCYE013
https://www.ncbi.nlm.nih.gov/nucleotide/552837944?report=genbank&log$=nuclalign&blast_rank=1&RID=EEJUXCYE013
https://www.ncbi.nlm.nih.gov/nucleotide/545355294?report=genbank&log$=nuclalign&blast_rank=1&RID=ECU1WP04013
https://www.ncbi.nlm.nih.gov/nucleotide/545355299?report=genbank&log$=nuclalign&blast_rank=2&RID=ECU1WP04013
https://www.ncbi.nlm.nih.gov/nuccore/GBEZ01019221
https://www.ncbi.nlm.nih.gov/nuccore/GBEZ01009242
https://www.ncbi.nlm.nih.gov/nucleotide/612397159?report=genbank&log$=nuclalign&blast_rank=1&RID=211JJJPA01R
https://www.ncbi.nlm.nih.gov/nucleotide/612397129?report=genbank&log$=nuclalign&blast_rank=3&RID=211JJJPA01R
https://www.ncbi.nlm.nih.gov/nucleotide/303276401?report=genbank&log$=nuclalign&blast_rank=1&RID=210ZSNU8015
https://www.ncbi.nlm.nih.gov/nucleotide/303275437?report=genbank&log$=nuclalign&blast_rank=2&RID=210ZSNU8015
https://www.ncbi.nlm.nih.gov/nucleotide/145342028?report=genbank&log$=nuclalign&blast_rank=3&RID=210RR69P01R
https://www.ncbi.nlm.nih.gov/nucleotide/145342023?report=genbank&log$=nuclalign&blast_rank=2&RID=210RR69P01R
https://www.ncbi.nlm.nih.gov/nucleotide/308800867?report=genbank&log$=nuclalign&blast_rank=1&RID=210F8JET015
https://www.ncbi.nlm.nih.gov/nucleotide/308800859?report=genbank&log$=nuclalign&blast_rank=2&RID=210F8JET015
https://phytozome.jgi.doe.gov/pz/portal.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi


Supplemental Material and methods:

Absorption change measurements. Carotenoid ElectroChromic Shift (ECS) was measured
at 520 nm, using a JTS-10 (BioLogic, France). Cells were harvested from flasks cultures,
centrifuged at 450g for 4 min and resuspended in a 3 mL glass cuvette in a buffer
containing 20% Ficoll buffered with 20 mM HEPES (pH 7.2) at a final concentration of 20
µg Chl mL-1. ECS signal was measured as the rapid increase of absorbance signal at 520
nm upon a saturating laser flash (6 ns, 680 nm, 1mJ). Respective contributions of PSI and
PSII to the ECS signal were obtained accordingly to Bailleul et al (2010). Prior to
measurement, cells were incubated for 90 min in anaerobiosis, some were eventually
illuminated for 10 minutes.
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