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Supplementary Methods

Genetic complementation and Chlamydomonas transformation. For the
construction of pPSAD::LCI20:tPSAD, full-length genomic sequence of LCI20 was
obtained by PCR using the high fidelity KOD Hot Start DNA Polymerase (Merck
Millipore) from Chlamydomonas genomic DNA using LCI20 specific primers LCI20-
fwd-ATG (ATGAGTGCACTTCTGGCTAG) and LCI20-rev-TAA
(TTACCACCAGCCCAGCAGCT) flanked by the restriction site of Bbsl enzyme. Total
DNA was extracted by resuspending approximately 0.5 to 1 million cells in 50 uL of
NaEDTA 10 mM and heated for 10 min at 100°C in thermocycler. The PCR products
were cloned under the control of the PSAD promoter and terminator. For
transformation, the fragment harboring hygromycin resistance gene in addition to
pPSAD::LCI20:tPSAD from the digested plasmid was incorporated into the genome of
exponentially grown Chlamydomonas cells by electroporation and spread on TAP
hygromycin (15 mg L) agar plates. Transformants were screened by PCR using
LCI20 specific forward and reverse (TCATCGTGGTGTCGTTCTTCTTCGC and
TGCGCTCTCCCAGGCCCGTCTTCTC) primers respectively. For RT-PCR, total RNA
was extracted using the RNA reagent from Invitrogen (ref: 12322-012) following the
same protocol as inl. RT-PCR was performed using LCI20-fwd-ATG and LCi20-rev-
TAA primers to confirm the absence of LCI20 transcript. RACK1 transcript was
amplified as a control gene using forward (GAGTCCAACTACGGCTACGCC) and
reverse (CTCGCCAATGGTGTACTTGCAC) primers. The growth of hygromycin-
resistant colonies was assessed by spot test on agar plate under VL-CO, conditions
to screen for positive complemented lines.

Chlamydomonas confocal microscopy. LCI20-Venus transgenic strain
(CSI_FC1G02) harboring the pLM005-Cre06.9g260450-Venus-3xFLAG construct was
ordered from the Chlamydomonas center23. CC4533 and LCI20-Venus cells were
grown mixotrophically in TAP media prior to imaging. Cells were mounted on 18-well
chamber slides and overlayed with 1.5% low melting point agarose made with TP-
medium. Images were obtained with a LSM880 (Zeiss) equipped with an Airyscan
module using a 63x objective. Laser excitation and Emission setting for each channel
used were the following: Venus (Excitation: 514 nm; Emission 525 — 500 nm) and
Chlorophyll (Excitation: 633 nm; Emission 670 — 700 nm).

Generation of antibodies. Antipeptide antibodies were made by immunizing two
rabbits with synthetic peptides against LCI20 (DAPSSQNGVHHDPVPEC and
CDDSRKKMGSYLIQSQ), GYD1 (GEVNRILAAHQKKNKL), HPR1
(SNYAVGYNNVKVDEATKRC), GCSP (SAIARGKKPKFLVSSKC), HLA3
(RKMAEDFWSTRSAQGRNQ), LCI1 (DAEESHAMPNVHVTSDGATKYV) and LCIC
peptides as described*. Synthesis of the peptides, rabbit immunization, and purification
of antibodies were performed by Proteogenix SAS (Schiltigheim). Specificities of the
antibodies were then tested on total proteins extracted from whole-cell
Chlamydomonas parental lines (CC125 and CC4533) and the cia5 mutant.

Phylogenetic analysis. A phylogenetic tree of the dicarboxylate transporter family
was built from reviewed sequences of the InterPro entry IPR030676 / CitT-rel
(December 2023) and were completed with a selection of homologous sequences from
the Viridiplantae, including Chlorophyta, and malate transporters from Eubacteria. The
multiple sequence alignment was performed with MAFFT v7.49% using the L-INS-i
strategy, and filtered for saturation with BMGE v1.126 using the BLOSUMG62 matrix and
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removing sites with > 50% gaps without entropy-based trimming, to get a final
alignment containing 462 sites and 66 sequences. The tree was built using the
Maximum-Likelihood (ML) algorithm with IQ-TREE’ and the Q.LG+F+I+G4 substitution
model selected by ModelFinder® with the Bayesian Information Criterion (BIC) and
restricting model selection to the cpREV, WAG, Q.plant, Q.pfam and Q.LG matrices
(Supplementary Fig. 2). The statistical support of the branches was estimated using
a (UFBoot) approximation® implemented in IQ-TREE with 1000 replicates. A second
tree was built from a reduced dataset of 21 sequences inspired from10.11
(Supplementary Fig. 1c) using the same approach.

Supplementary Figures
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Supplementary Fig. 1. LCI20 putatively encodes a malate transporter expressed
under low CO: or at the onset of illumination during a day-night cycle. (a)
Expression level of LCI20, OMT1 and OMT2 genes in Chlamydomonas WT during a
day/night cycle. Data were obtained from!2. (b) Expression level of LCI20, OMT1 and
OMT2 genes in Chlamydomonas WT acclimated to different CO, levels. Data were
obtained from?3. (c) Unrooted Maximum Likelihood tree of the dicarboxylate transporter
family in plants, Chlamydomonas reinhardtii and Eubacteria showing the affiliation of
the LCI20 to the Dit2 group. The first two letters of the acronyms indicate the species
(At, Arabidopsis thaliana; Cr, Chlamydomonas reinhardtii; Cs, Clostridium
saccharobutylicum; Ec, Escherichia coli; Fb, Flaveria bidentis; Hi, Haemophilus
influenzae; Lc, Liquorilactobacillus cacaonum; Nt, Nicotiana tabacum; Sa,
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116  Staphylococcus aureus; So, Spinacia oleracea; Zm, Zea mays). The three following
117 letters indicate the group of transporters (DiT, dicarboxylate transporter; TST, L-
118 tartrate/succinate transporter; CST, citrate/succinate transporter; YIS, 2-
119  oxoglutarate/malate transporter). The tree was drawn to scale. The scale bar

120 represents the number of substitutions per site. Tree topology was tested using an
Chlamydomonas incerta | AOA835TGV0
LCI20 Chlamydomonas reinhardtii | AOA2K3DMN9
Gonium pectorale | AOA150GQJ9
Volvox africanus | AOASJ4EVU7
Edaphochlamys debaryana | AOA836BXF9
Tetradesmus obliquus | AOA383V2KO0
Ostreobium quekettii EAOA8S1JFB3
Coccomyxa sp. Obi | AOA8JIWQZ4

DiT2 group Auxenochlorella protothecoides | AOA087SSB8
Micractinium conductrix | AOA8J4EVU7
o Chiorella desiccata | AOAST2HRZS8 Chlorophyta

Spinacia oleracea | Q8L7Z9
Gossypium klotzschianum | AOA7J8UG71
Citrus clementina | V4SDZ6
Quercus lobata | AOA7TN2MWZ3
Quercus lobata | AOA7TN2MWI1
Sorghum bicolor | Q8L801
Zea mays | Q768R4
Setaria viridis | AOA4U6VZQ4
Sorghum bicolor | C5YJQ5
Zea mays | Q768R3
Setaria viridis | AOA4UBUBE2
Panicum virgatum | AOASTORF64
Flaveria bidentis | Q8L800
Nicotiana tabacum | Q8L7Z8
Sesamum indicum | AOAGI9TP66
Arabidopsis thaliana | QOFMF8
! Cucumis melo | AOA1S3CHW4
Brassica oleracea var. oleracea | AOAOD3BF55
_f Brassica oleracea var. oleracea | AOAOD3E252 Str
Arabidopsis thaliana | QOFMF7
incerta | AOA835W744

hard, ] =

0.3

100

Chlamydom
OMT2 Chlarr
OMT1 Chlamydomonas reinhardt
Gonium pectorale | AOA150GH02
Volvox africanus | AOA8J4BFJ9
Edaphochlamys debaryana | AOA836BUG7
Tetradesmus obliquus | AOA383VS18
Ostreobium quekettii | AOA8S1IYT3
Coccomyxa sp. Obi | AOA8JISB87
Chlorella desiccata | AOA8T214M7
Micractinium conductrix | AOA2P6V828
Auxenochlorella protothecoides | AOA087SG46 Ch I or ophyta
Panicum virgatum | AOA8TOUJX8

Setaria viridis | AOA4U6VJC6

Zea mays | Q768R5
Sorghum bicolor | C5YP76
Spinacia oleracea | Q41364
Nicotiana tabacum | AOA1S3ZBX4
Sesamum indicum | AOA6I9TA90
Gossypium klotzschianum | AOA7J8UJU2
Cucumis melo | AOA1S3BMM8

Citrus clementina | V4U5I9
Quercus lobata | AOA7TN2QX08
Brassica oleracea var. oleracea | AOAOD3EFY2 s -
. Arabidopsis thaliana | Q9LXV3 >
Others DiT pu Escherichia coli | P39414
* b Escherichia coli | POAE74

Clostridium saccharobutylicum | USMTI3
_:: Liquorilactobacillus cacaonum | AOAOR2CDY1
Staphylococcus aureus | Q2FUS2
Coriobacteriaceae bacterium | AOA143XAP0

Robertmurraya siralis | AOA919WI72
Bacillus Subtilis | 034726

DiT1 group

121  ultrafast bootstrap approximation approach with 1000 replicates. Gray circles
122 represent bootstrap values and are drawn to scale. Dotted branches represent
123 bacterial lineages. A full version of this tree with primary accession numbers is given
124  in Supplementary Fig. 2.

125 Supplementary Fig. 2. Maximum likelihood tree of the dicarboxylate transporter
126  family (Citrate carrier CitT-related / IPR030676). The tree was rooted with
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Eubacteria sequences. Each sequence is associated to its primary accession number
in the public database UniProtKB (https://www.uniprot.org). The tree was drawn to
scale. The scale bar represents the number of substitutions per site. Tree topology was
tested using an ultrafast bootstrap approximation approach with 1000 replicates. Gray
circles represent bootstrap values and are drawn to scale.

Venus Chlorophyll Merge

CC4533

5 pum

LCI20-Venus

Supplementary Fig. 3. Subcellular localization of LCI20 protein fused with the
Venus fluorescent reporter at its C-terminus. False colours were used to represent
Venus (green) and chlorophyll (magenta) fluorescence signal. Multiple cells (top panel)
and individual cell (bottom panel) are shown from CC4533 and LCI20-Venus strains.
Merge represents overlayed channel of Venus and chlorophyll autofluorescence. The
localization of LCI20-Venus in the chloroplast envelope was confirmed by three
independent experiments. Scale bar is 5 or 10 um as indicated.
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Supplementary Fig. 4. Genotyping Ici20 and of two complemented strains and
growth in liquid photoautotrophic cultures under various CO, concentrations.
(a) Genotyping and validation of genetic complementation of Ici20 insertional mutant
by PCR using LCI20 specific forward and reverse
(TCATCGTGGTGTCGTTCTTCTTCGC and TGCGCTCTCCCAGGCCCGTCTTCTC)
primers respectively. The illustration shows PCR amplification of the LCI20 gene using
primers flanking the paromomycin resistance gene insertion, resulting in a larger PCR
product in Ici20 and the complemented lines showing both the endogenous LCI20 and
the transgenic full length LCI20. (b) RT-PCR showing the absence of LCI20 transcript
in the Ici20 mutant and the restauration of LCI20 expression in the complemented lines.
RACK1 cDNA was amplified as a control gene. RT-PCR was performed using LCI20-
fwd-ATG and LCi20-rev-TAA primers to confirm the absence of LCI20 transcript.
RACK1 transcript was amplified as a control gene using forward
(GAGTCCAACTACGGCTACGCC) and reverse (CTCGCCAATGGTGTACTTGCAC)
primers. The results shown in (a) and (b) were repeated in three independent
experiments. (c) Photoautotrophic growth in liquid cultures of Ici20, its wild-type control
and a complemented line following the cell number over 7 days under H-CO,, during
acclimation to L-CO,, and VL-CO; 21% O,. (d) Same as (c) but growth was followed
by measuring the total cellular volume. Photoautotrophic H-CO, grown cells were used
to inoculate fresh MM growth media at 0.5 million cells mL? cell density at day zero.
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Light intensity was 80 umol photons m=2 s™1 throughout the experiment. Data are
means of three biological replicates for each strain £ SD.

b [ cc4533 VL-CO, 21% 02
A [ cc4533 VL-CO, 2% O2
AT SN ~
a Dy & Y 2.5+
c@% P & ¥ E g
F FF 5 2 3
@) 1.5
. S
5| w® @°°
O S o @ 0.125 s
I Q 0.0 T I ]
- & @ 003125 ° T T T T
‘- @ . 0.00781 oo Time (days)
o
PR a— 5 € 0. 1—
~ 0.5 g oo
3 0.125 5"
° 0.2
! 0.03125 il m. I
0.00781 © 00— T ' '
’ 1 2 3 4
~ d 10— Time (days)
S 2 =
S,' E 8- s
8 0.5 8
[0]
= 0.125 £,
N 0.03125 o
O 24
0.00781 ©
0
1 2 3 :;.
Time (days)

Supplementary Fig. 5. Growth characterization of Chlamydomonas wild-type
CC4533 under photorespiratory and non-photorespiratory conditions. (a)
Photoautotrophic growth of wild-type CC4533 on agar plates under H-CO,, during
acclimation to VL-CO, 21% and 2% O,. Images were taken after 5 days of growth
under 80 pmol photons m=2 s™1. The spot test was repeated in three independent
experiments. (b, ¢, d) Photoautotrophic growth in liquid cultures of wild-type CC4533
following the cell number (b), the cell volume (c) and the cell diameter (d) during
acclimation to VL-CO; 21% and 2% O,. Photoautotrophic H-CO, grown cells were
used for spot tests (a) or inoculating fresh MM growth media at 10 cells mL1 cell
density at day zero (b-d). Light intensity was 80 umol photons m=2s-1 throughout the
experiments. Data are means of three biological replicates for each strain +/- SD.
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Supplementary Fig. 6. Characterization of low CO2 inducible bestrophins (bsti)
and thylakoid lumen carbonic anhydrase (cah3) deficient mutants under
photorespiratory and non-photorespiratory conditions. (a) Photoautotrophic
growth of bsti and cah3 mutants on agar plates exposed to various CO, and O
concentrations. The spot test was repeated in three independent experiments. Cells
were grown in liquid culture in flasks photo-autotrophically under H-CO; prior to spot
test. Images were taken after 3 days (H-CO,) or 5 days (VL-CO,) of growth under 80
pumol photons m=2 s™1. (b) Quantification of the glycolate concentration in the culture
medium after a transition from H-CO;, to VL-CO; at 21% or 2% O,. Bars show the
average and dots show data from independent biological replicates (n=3 = SD).
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Supplementary Fig. 7: Quantification of photorespiration and CCM related
proteins under H-CO2 and during acclimation to VL-CO2 21% Oz or 2% Oz in Ici20.
(&) Immunoblot analysis of representative CCM and photorespiration related proteins
from three biological replicates of Ici20, its wild-type control CC4533 and one
complemented line (C1). a-tubulin was used as a loading control. (b) Relative
abundance of CCM and photorespiratory related proteins in Ici20, its wild-type control
CC4533 and one complemented line using the immunoblots shown in (a). All the
immunoblots were normalized by a-tubulin signals. Data are means of three
independent biological replicates (n=3 + SD). Asterisks represent statistically
significant difference compared to the wild-type CC4533 under VL-CO; 21% O, (*p <
0.05, * p <0.01, *™ p <£0.001 and **** p < 0.0001) using one-way ANOVA. Cells were
cultivated photo-autotrophically under H-CO, and 80 pmol photons m=2 s™1 and then
acclimated for 20 h at the indicated CO, and O levels prior to immunoblot analysis.
Uncropped immunoblots are provided as a Source Data file.
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Supplementary Fig. 8: Quantification of photorespiration and CCM related
proteins under H-CO; and during acclimation to VL-CO2 21% Oz or 2% O3 in ciab.
(&) Immunoblot analysis of representative CCM and photorespiration related proteins
from three biological replicates of cia5 and its wild-type control CC125. a-tubulin was
used as a loading control. (b) Relative abundance of CCM and photorespiratory related
proteins in ciab and its wild-type control CC125 using the immunoblots shown in (a).
All the immunoblots were normalized by a-tubulin signals. Data are means of three
independent biological replicates (n=3 + SD). Asterisks represent statistically
significant difference compared to the wild-type CC125 under VL-CO; 21% O, (* p <
0.05, * p<0.01, *™* p <0.001 and **** p < 0.0001) using one-way ANOVA. Cells were
cultivated photo-autotrophically under H-CO, and 80 umol photons m=2 s™! and then
acclimated for 20 h at the indicated CO, and O levels prior to immunoblot analysis.
Uncropped immunoblots are provided as a Source Data file.
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Supplementary Fig. 9. Growth characterization of glycolate dehydrogenase
gyd1l-1 mutant under various CO> concentrations. The gyd1-1 mutant and its wild-
type control (CC4533) were grown photoautotrophically in 1L photobioreactors
operated as turbidostats under a light intensity of 125 pmol photons. m-2 s in the
presence of 4% CO, (H-CO,), 1000 ppm (L-CO,) and 400 ppm (VL-CO,) in air. (a)
Growth was determined from dilution rates based on cell counting. (b) Dissolved CO,
concentration present in photobioreactors was determined by membrane inlet mass
spectrometry upon rapid filtration to ensure that L-CO, and VL-CO, have been reached
(note that the dissolved CO, concentration in equilibrium with air is around 10 pM).
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Supplementary Fig. 10. Representative chlorophyll fluorescence traces of Ici20,
its wild-type control and one complemented line recorded under various COo
levels. Chlorophyll fluorescence measurements were carried out using actinic red light
of stepwise increasing intensity: 0, 17, 110, 190, 390, 610 and 940 pmol photons m
s™1 respectively. The black and yellow boxes represent the dark and light phases
respectively. Saturating flashes, indicated by vertical lines, were supplied every 60s.
Data are normalized on initial Fm measurements and traces are shifted few seconds
to allow clarity. The initial Fm and Fo was determined after a 15 min dark adaptation.
Chlorophyll fluorescence traces such as the ones shown here were used to calculate
data shown in Fig. 4 as described in methods section.

11



251

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

Transition from H-CO,

VL-CO, VL-CO,

H-CO, L-CO, 21% 0, 2% 0,
< \‘.'\19 & \‘l"ﬂl'Q & \&0 & \61'0
L L L L A L 1 1

Alanine- ns Kook ns ns
Asparagine-] ns *k ns ns
Glycine ns ns ns ns
Isolucine ok Kk ns ns

Leucine+ ns ns ns .

Lysine ns ns N .
Ornithine+ ns ns ns ns
Phenylalanine] ns ns ns ns
Proline- ns ns ns ns
Serine ns ook ns ns
Threonine] ns * ns hs
TyrosineH ns ns ns ns
Valine+ ns * ns ns
Aspartic acid -] ns * « ns
Citric acid ns *rE ns o
Glutamic acid * kK . ns

Malic acid 4 ns ok . N
Pyroglutamic acid ns Hdek . ns
Pyruvic acid ns * « ns
Glyceric acid 4 ns ns ns ns
Sucrose-] ns ns ns ns

B
-2 0 2

Supplementary Fig. 11. Metabolomics analysis of Ici20 and its wild-type control
acclimated to H-CO2 and during acclimation to L- or VL-CO2 conditions. Heatmap
shows fold-changes of metabolites in the Ici20 as compared to the WT under H-CO,
and during acclimation to L-CO,, VL-CO, 21% O, and VL-CO, 2% O, for 20 h. Shown
represents the average of eight biological replicates for each strain. Asterisks
represent statistically significant differences compared to WT CC4533 (* p < 0.05, ** p
<0.01 and *** p < 0.001) using two-way ANOVA.
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