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Abstract

Global photosynthesis consumes ten times more CO> than net anthropogenic emissions, and
microalgae account for nearly half of this consumption'. The great efficiency of algal
photosynthesis relies on a mechanism concentrating CO2 (CCM) at the catalytic site of the
carboxylating enzyme RuBisCO, thus enhancing CO. fixation>. While many cellular
components involved in the transport and sequestration of inorganic carbon (C;) have been
uncovered®*, the way microalgae supply energy to concentrate CO, against a thermodynamic
gradient remains elusive*. Here, by monitoring dissolved CO2 consumption, unidirectional O
exchange and the chlorophyll fluorescence parameter NPQ in the green alga Chlamydomonas,
we show that the complementary effects of cyclic electron flow and Oz photoreduction,
respectively mediated by PGRL1 and flavodiiron proteins, generate the proton motive force
(pmf) required by C; transport across thylakoid membranes. We demonstrate that the trans-
thylakoid pmfis used by bestrophin-like C; transporters and further establish that a chloroplast-
to-mitochondria electron flow contributes to energize non-thylakoid C; transporters, most likely
by supplying ATP. We propose an integrated view of the CCM energy supply network,
describing how algal cells distribute photosynthesis energy to power different C; transporters,
thus paving the way to the transfer of a functional algal CCM in plants towards improving crop

productivity.
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Introduction
In aquatic ecosystems, microalgal photosynthesis has to cope with a low CO: availability
resulting from the slow diffusion of CO; in water’. Moreover, the CO»-fixing enzyme Ribulose-
1,5-Bisphosphate Carboxylase-Oxygenase (RuBisCO) has a low affinity for CO.®%, thus the
efficiency of algal photosynthesis strongly relies on a CO,-Concentrating Mechanism (CCM)°.
The algal CCM involves the sequential actions of inorganic carbon (C;i) transporters and
carbonic anhydrases located in different cellular compartments'®, and results in active
accumulation of CO> at the RuBisCO level*®. Several CCM components have been identified
in the green alga Chlamydomonas reinhardtii (Chlamydomonas hereafter)®*, particularly
putative C; transporters operating across the plasma membrane (High Light Activated 3,
HLA3)!!, the chloroplast envelope (Low Carbon Inducible A, LCIA)'*!3  and more recently
across the thylakoid membrane (bestrophin-like transporters, BSTs)!*. The transport of C;
across membrane bilayers against a concentration gradient is an energy-dependent process®!4,
and the role of photosynthesis in supplying the chemical energy required by the functioning of
CCM has been early recognized'.

During photosynthesis, sunlight is converted into chemical energy by two photosystems
(PSII and PSI) acting in series through the so-called Linear Electron Flow (LEF), reducing
NADP* into NADPH and producing a pmf across the thylakoid membrane. The pmf is then
used for ATP synthesis, and both NADPH and ATP supply energy for CO; fixation. However,
LEF produces less ATP than required for CO fixation as compared to NADPH', and
photosynthesis relies on additional mechanisms to fill this gap'’. These include i. cyclic electron
flow around PSI (CEF), which involves both Proton Gradient Regulation-5 (PGR5)'®!1? and

20,21

Proton Gradient Regulation Like-1 (PGRL1) proteins in plants and algae and ii. pseudo-

cyclic electron flow (PCEF) which diverts electrons to O at the PSI acceptor side*?, catalyzed

2425 and green microalgae?. Both

by flavodiiron proteins (FLVs) in cyanobacteria?®, bryophytes
CEF and PCEF generate a pmf without producing NADPH, thus re-equilibrating the high
NADPH/ATP ratio of LEF. Another pathway involving several metabolic shuttles between
chloroplast and mitochondrial respiration, called here chloroplast-to-mitochondria electron
flow (CMEF), can also supply extra ATP for CO; fixation when CEF is absent or deficient>"-%,
In this context, how photosynthesis energy is delivered to the different C; transporters and how
can this be done without compromising CO»> fixation capacity are pivotal questions*.

In this work, we addressed these questions by studying Chlamydomonas mutants of CEF

(pgrl1*"), PCEF (fIvB®) and of the recently discovered thylakoid C; transporters BSTs'*. We
show that CCM activity is unaffected in the single CEF or PCEF mutants but severely impaired
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in the double mutants and that the trans-thylakoid pmf produced by the cooperative action of
these mechanisms is used by BST thylakoid C; transporters. We further establish that CMEF is
involved in CCM functioning, most likely by supplying ATP to plasma membrane and/or
chloroplast envelope C; transporters, thus revealing how transport steps distant from the

thylakoid can be empowered.

Results

Combined deletion of FLVs and PGRL1 impairs Ci affinity and growth in air. To
investigate the involvement of FLV-mediated PCEF and PGRL1-mediated CEF in the energy
supply to the CCM, we first measured net photosynthetic O, production at various C;j
concentrations in Chlamydomonas flvB*® or pgriI*' single mutants. When cells were grown
under air (400 ppm COz, low COz), C; affinities were similar for control WT strains and single
mutants (Kj»2 ~10 uM), indicating a fully functional CCM (Fig. 1 A, B, H). Under high CO»
(3% CO; supplementation to air), flvB and pgrll mutants as well as their respective progenitors
showed similar affinity for C; with a K2 around 100 uM (Fig. 1 D, E, H). In order to assess
possible functional redundancy between FLVs and PGRL1, double mutants were obtained by
genetic crosses of the single pgrll and flvB mutants (Extended data Fig. 1 A). Among the
progenies, five independent double mutants were isolated (pgril flvB-1, 2, 3, 4 and 5) as well
as four independent control strains exhibiting normal accumulation of both FLVs and PGRL1
(thereafter called WT-1, 2, 3 and 4) (Fig. 1 G; Extended data Fig. 1). While no difference in
C; affinities was observed between these strains when grown at high CO2, double mutants
showed a 7 times lower affinity for C; as compared to control strains when grown at low CO

(Fig. 1 C, F, H; Extended data Fig. 2 B, D).
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Figure 1. Affinity of photosynthetic O; evolution for inorganic carbon (C;) is decreased in pgril
flvB double mutants, but unaffected in flvB and pgril single mutants. Net O, production was
measured at pH 7.2 in cells grown under 400 ppm CO, air (Low CO») (A, B and C) or 3% CO, (High
CO») (D, E and F). Shown are three replicates for each strain (dots) and hyperbolic fit with variability
(plain lines, dotted lines). For each replicate, net O» production was measured following stepwise C;
addition, and normalized to the maximum photosynthetic net O, production. Since these strains were
generated in different genetic backgrounds (CC-4533 and 137AH, respectively) showing contrasted
photosynthetic activities (Extended data Fig. 2 A, C), data shown are normalized to the maximal net
O; production rate. (A, D) 137AH and CC-4533 are the respective control strains for pgrll and flvB,
WT-1 to -4 are four independent control strains obtained from the pgril x flvB crossing. (B, E) flvB and
pgrll mutant strains. (C, F) pgrll flvB-1 to -5 are five independent double mutant strains. G
Immunodetection of PGRL1, FLVA and FLVB in the different strains with Coomassie blue staining as
the loading control. (H) K. values as determined from the hyperbolic fit for each strain. Shown are
mean + SD (n=3 for single mutants and their controls), values for all double mutant strains have been
pooled (“pgrll flvB all”, n=15) as well as their control strains (“WT all”, n=12). Asterisks represent
significant differences (p<0.05, one way ANOVA with Tukey correction).
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Mutants defective in the CCM often cannot grow properly in low CO». Here, we
compared growth at different CO> concentrations, pH and light intensities. While all strains
showed similar growth at high CO,, the growth of pgril flvB double mutants was impaired
under low COz and very low CO; (100 ppm CO in air) (Fig. 2 A), similar to the growth defect
observed in the CCM-deficient mutant cia5 (Fig. 2 A; Extended data Fig. 3). The growth
defect observed in double mutants worsened with light intensity but was barely affected by pH
(Extended data Fig. 3). The accumulation of the major CCM components, as evaluated by
immunodetection, was similar in all strains, with the exception of LCI1 which is present in
lower amount in double mutants (Fig. 2 B) and to a lesser extent in single mutants (Extended
data Fig.4 C). Since growth of the LCI1 knock-out mutant was shown to be not affected by
low CO,?, we conclude however that the pgrll flvB mutants growth defect is not due to the
lower LCII level. Carbonic anhydrase activity measured in vivo was induced in low CO2
reaching similar levels in all strains (Fig. 2 C). Double mutants and control strains showed
similar maximal Oz photosynthetic production (Extended data Fig. 2 A, C) and PSII quantum
yields (Extended data Fig. 4 A), as well as similar levels of major photosynthetic complexes
(Extended data Fig. 4 B). We conclude from these experiments that PGRL1-mediated CEF
and FLV-mediated PCEF contribute to the CCM operation likely by supplying energy, and can

compensate each other, as exemplified by the absence of phenotype in single mutants.
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Figure 2. Growth of pgril flvB double mutants is impaired at low CO; while CCM components
are present. (A). Growth tests performed on pgri1, flvB, and their corresponding control strains (137AH
and CC-4533 respectively) (left panels) and on double mutants (pgri/ flvB-1 to -5) and their control
strains (WT-1 to -4) (right panels); the CCM1 mutant cia5 was introduced as a CCM-deficient control
together with its reference strain CC-125. Cells were spotted on plates containing minimal medium at
pH 7.2 and grown under continuous illumination (60 pmol photon m? s™!) either under High CO», Low
CO; or Very Low CO; (100 ppm CO; in air). Shown are representative spots of ten independent
experiments. (B) Immunodetection of PGRL1, FLVA, FLVB and of the major CCM components in two
independent pgril flvB double mutants and controls grown in Low CO; or High CO,. (C) Carbonic
anhydrase (CA) activity was determined in vivo by following the unlabelling of '80-enriched CO, in the

same strains and conditions as in B. Shown are mean values and replicates (n=3).
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The pmf generated by CEF and PCEF energizes the CCM at the level of C; transport
across the thylakoid membrane mediated by BSTs. To gain further insight into the link
between CEF, PCEF and CCM energization, we assessed the level of the pmf dynamics across
the thylakoid membranes in the different mutant strains during the functioning of the CCM.
Currently, no direct measurement of pmf is available, but it can be inferred by the level of the
rapidly reversible non-photochemical-quenching component (qE). The Light-Harvesting
Complex Stress-Related 3 protein (LHCSR3), responsible for gE is activated by low luminal
pH, making qE a sensitive and reliable probe of luminal pH**3' (Fig. 3 A). We thus took
advantage of the presence of LHCSR3 in low CO»-grown cells (Fig. 2 B, Extended data Fig.
4 C) to quantify the luminal pH and the pmf. In both control lines and single mutants, the NPQ
level was maximal when C; level was low, and rapidly and reversibly decreased either in the
light upon C; injection or at low C; when light was turned off (Fig. 3 B; Extended data Fig. 5
A-E, I). In sharp contrast, no CO2-dependent NPQ could be observed in the pgrll flvB mutants
(Fig. 3 C; Extended data Fig. S F, J) where only a slowly inducible and irreversible NPQ was
observed. We conclude from this experiment that CEF and PCEF energize the CCM through
the generation of a trans-thylakoidal pmf, both mechanisms being able to substitute for each
other.

Recently, three BST-like proteins were proposed to transport C; at the thylakoid level 4.
To gain insight into the role of the pmfin the supply of energy to BSTs, we assessed the kinetics
of the Cij-dependent NPQ in a BST knock-down strain (bsti-1)'*. While the control strain
showed a Ci-dependent NPQ (Fig. 3 D), the NPQ of bsti-1 was barely affected during C;
depletion (Fig. 3 E; Extended data Fig. S G, H), thus indicating that the pmf is not consumed
during C; depletion in the bsti-1 mutant. The low NPQ levels in bsti-1 are attributable here to
the lower accumulation of LHCSR3 as compared to its control strain (Extended data Fig. 4
D). We conclude from this experiment that the pmf generated by CEF and PCEF is used by
BST proteins to transport C; across the thylakoid membranes (Fig. 3 A).
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Figure 3. The NPQ dependence to C; concentration is abolished in pgril flvB double mutants and
in the BST mutant bsti-1. (A) Schematic view describing the rationale of the experiment; NPQ, which
depends on the luminal pH (via LHCSR3) is used to probe the trans-thylakoidal pmf during the CCM
functioning. (B-E) Combined measurements of chlorophyll fluorescence (upper panels), C;
concentrations and NPQ (lower panels) during dark-light-dark transients in WT-2 (B), pgrli flvB-3 (C),
the bsti-1 control strain D66 (D) and bsti-1 (E). All strains were grown at low CO,. Shown are

representative experiments (n=3). Red arrows indicate addition of bicarbonate.

CMEF is the third protagonist of the triumvirate. In order to gain quantitative insight into
the nature of compensation mechanisms in pgril, we investigated the C; dependence of the
light-dependent O, consumption measured using '*O-labelled O2. As previously reported>3,
O consumption increased at low C; in control strains (Extended data Fig. 6 A, E). In pgrii,

O: uptake rates were higher than in control strains (Extended data Fig. 6 A-D), which was
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previously attributed to an increase of the FLV-mediated PCEF?’. O uptake rates were strongly
diminished in fIvB?, but surprisingly, a Ci-dependent O uptake process remained (Extended
data Fig. 6 E, F). In order to determine whether mitochondrial respiration is responsible for
the remaining light-dependent O; uptake, we used two mitochondrial respiration inhibitors,
myxothiazol and salicyl hydroxamic acid (SHAM), which inhibit the cytochrome bc; complex
and the mitochondrial alternative oxidase, respectively. We show that the remaining light-
dependent O2 uptake measured at low C; in flvB is indeed due to mitochondrial respiratory

activity driven by photosynthesis and therefore attributed to CMEF (Extended data Fig. 6 K).
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Figure 4. Mitochondrial inhibitors decrease the affinity of photosynthesis for C; in low CO;-grown
cells. Photosynthetic net O» production was measured as in Fig. 1 in High CO; (A) or Low CO; (B)
grown cells. K, values were determined from hyperbolic fits in the different strains in the presence or
absence of two mitochondrial inhibitors myxothiazol (Myxo, 2.5 uM) and salicyl hydroxamic acid
(SHAM, 400 uM), respectively acting on the cytochrome bc; complex and on the alternative oxidase.
Shown are mean values (n=3, £SD). All strains showed K., significantly different when treated with
myxothiazol and SHAM as compared to their control when grown in low CO, (p<0.05; one way

ANOVA with Tukey correction).


https://doi.org/10.1101/2021.02.25.432959
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.25.432959; this version posted February 27, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

We then investigated the contribution of mitochondria to CCM energization in wild-
type strains. While addition of respiratory inhibitors had no effect on the Vmax and C; affinity
of high CO;-grown strains (Ki2~100 uM) (Fig. 4 A, Extended data Fig. 7 D-F, I), it reduced
by half the C; affinity of low CO2-grown control strains (Ki2>20 uM) as compared to untreated
cells (Ki2 ~10 uM) (Fig. 4 B). The effect on C; affinity was observed only when myxothiazol
and SHAM were added together (Extended data Fig. 8), indicating that both alternative
oxidase and cytochrome bc; electron pathways contribute to CCM energization. Importantly,
respiratory inhibitors also increased the Kip of air-grown bsti-1 mutant (Fig. 4 B, Extended
data Fig. 7 H), thus showing that the contribution of mitochondria to CCM energization
operates at the level of other transporters than thylakoidal BSTs. The contribution of the
different pathways (CEF, PCEF and CMEF) was deduced from Oz consumption rates measured
in the different mutants during C; depletion (Extended data Fig. 6). While the contribution of
CEF remained relatively constant, the contribution of FLV-mediated PCEF and of CMEF
dramatically increased at low C; (Fig. S A).
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Figure 5. Proposed mechanism of CCM energization network in algal cells. (A) The relative
contribution of FLV-mediated PCEF, PGRL1-mediated CEF and CMEF to CCM energization at
different C; concentrations are quantified from O, exchange measurements performed in the different
mutant strains and expressed as a percentage of LEF (Extended data Fig. 6). (B) Schematic view of the
energy supply network to the CCM. CCM components including LCI1, HLA3, LCIA and BSTs
transporters, LCIB, LCIC, CAH3, EYPC1 and RuBisCO are shown in brown, and components of the
photosynthetic electron transport chain (PSIIL, PSI, Cytbe/f) in green. We propose here that energization
of BSTs-dependent C; transport is mediated by the pmf produced by the combined action of FLVs-
mediated O photoreduction and the PGRL1-mediated cyclic electron flow. CMEF would generate the
ATP needed to power other cellular C; transporters such as LCIA and HLA3.
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Discussion

Although the CCM’s requirement for photosynthesis energy has been early recognized'’, the
associated molecular mechanisms have remained poorly understood*. The participation of
PCEF?? or CEF** has been proposed, but their actual and respective contributions have not been
established. In this work, we demonstrate that both FLV-mediated PCEF and PGRL1-mediated
CEF cooperate to supply energy to the CCM. Moreover, we show that the trans-thylakoidal pmf
generated by both mechanisms is the energy vector used by the recently discovered trans-
thylakoidal BST-like C; transporters'*.

We further establish that mitochondrial respiration, the role of which in CCM
energization has so far been largely ignored, provides energy to other CCM transporters than
BSTs, through an efficient inter-organelles redox trafficking. From the analysis of the
respective contribution of each mechanism as a function of C; concentration, we conclude that
while CEF contribution is relatively constant, PCEF contribution increases at low C;
concentrations, and that contribution of CMEF also becomes important at the lowest C;
concentrations. Since these are typical conditions where putative ATP-dependent periplasmic
and chloroplast envelope transporters (HLA3 and LCIA respectively) are highly active*!>!3,
we propose that the ATP produced by CMEF at low C; supplies energy to one or both
transporters (Fig. 5). Interestingly, LCI1 accumulation, whose function is tightly linked to
HLA3%?°, decreased in pgril, flvB, pgrll flvB and bsti-1, indicating that impairments of C;
transport at the thylakoid level may regulate periplasmic transport processes mediated by LCI1.
This could be due to an increased cytosolic Ci concentration resulting from the absence of
functional thylakoid C; transport, which would in turn trigger down-regulation of LCI1
expression to avoid cytosolic C; over-accumulation.

The presence of an active CCM is a key factor influencing phytoplankton biomass

production in the oceans’

, especially for phytoplankton species producing large oceanic
blooms®>. However, the lack of knowledge on CCM operation in situ’ makes it difficult to
predict how global changes will affect phytoplankton communities®®. We demonstrate here that
the presence of a functional CCM can be probed by measuring Ci-dependent NPQ, which could
be used as a simple parameter to determine CCM activity in aquatic ecosystems. In diatoms
which are important in marine ecosystems®’ and well-studied species®, FLVs are absent (they
are restricted to the green algal lineage), and CEF is working at very low levels?®, and it was
proposed that the ATP requirement of photosynthesis was fulfilled by an efficient chloroplast

to mitochondria energy trafficking®®. Based on the dependence of CCM on mitochondrial

respiration observed here, we propose that in diatoms such energy trafficking between
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chloroplast and mitochondria could play an important role in fulfilling the ATP requirement of
CCM transporters, including BST-like transporters which are well conserved in most
microalgal phyla®.

A potential limitation of a thylakoid C; pump consuming the pmf would be competition
with the synthesis of ATP required for CO; fixation'*. This is particularly critical since LEF is
known to supply less ATP than required for CO; fixation'”. We suggest here that the combined
action of the three alternative mechanisms, CEF, PCEF and CMEF, which all result in an
increase of the ATP/NADPH ratio, allows to fulfill the energy requirement of the CCM without
compromising CO; fixation. A major biotechnological challenge in CCM research is the
improvement of crop productivity by transferring microalgal components into higher plants**-
42 Building a fully functional CCM in plants represents a tremendous scientific challenge,
which has recently regained considerable interest***. Our study shows that an integrated
understanding of the cellular energetics is key towards fulfilling the energy requirement of a
synthetic CCM without compromising the efficiency of photosynthetic CO> fixation. For
instance, the expression of FLVs in higher plants which has been shown to supply extra pmf

during photosynthesis***’

, appears as a promising starting point to supply the extra energy
needed to power thylakoid C; transporters of the BST family in plants. We foresee that future

research coupling energy source and CCM expression should help boost plant productivity.

Accession numbers

Genes studied in this article can be found on https://phytozome.jgi.doe.gov/ under the loci
Crel12.g531900 (FLVA), Crel6.g691800 (FLVB), Cre07.2g340200 (PGRL1), Crel16.g662600
(BST1), Crel6.g663400 (BST2), and Crel6.g663450 (BST3).

List of abbreviations. BST: Bestrophin-like proteins; CCM: Carbon Concentrating
Mechanism; CEF: Cyclic Electron Flow; Ci: Inorganic Carbon; CMEF: Chloroplast-
Mitochondria Electron Flow; HLA3: High Light Activated 3; LCI: Low Carbon Induced; LEF:
Linear Electron Flow; LHCSR3: Light Harvesting Complex Stress Related 3; Myxo :
Myxothiazol; NPQ: Non Photochemical Quenching; PCEF: Pseudo-Cyclic Electron Flow;
PGRL1: Proton Gradient Regulation Like-1; FLVs: Flavodiiron proteins; PSI: Photosystem I;
PSII: Photosystem II; RuBisCO: Ribulose Bisphosphate Carboxylase Oxygenase; SHAM:

Salicyl hydroxamic acid.
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Materials and Methods

Chlamydomonas flvB, pgrll, bsti-1 mutants and their respective wild-type CC-4533, 137AH
and D66 were previously described!*?!2°. All strains were grown phototrophically under
moderate light (80 pmol photons m™ s'!) in minimal medium either under low CO; or high CO..
Gas exchange rates were measured using a membrane inlet mass spectrometer*® and combined
NPQ measurements were done as previously described*. All replicates shown are biological

replicates from independent cultures. Other methods are described in Supplementary Materials

and Methods.
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List of Figures:

Figure 1. Affinity of photosynthetic O2 evolution for inorganic carbon (C;) is decreased in
pgrll flvB double mutants, but unaffected in fIvB and pgrll single mutants. Net O;
production was measured at pH 7.2 in cells grown under 400 ppm CO; air (Low CO) (A, B
and C) or 3% CO; (High CO) (D, E and F). Shown are three replicates for each strain (dots)
and hyperbolic fit with variability (plain lines, dotted lines). For each replicate, net O2

production was measured following stepwise C; addition, and normalized to the maximum
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photosynthetic net O> production. Since these strains were generated in different genetic
backgrounds (CC-4533 and 137AH, respectively) showing contrasted photosynthetic activities
(Extended data Fig. 2 A, C), data shown are normalized to the maximal net O production
rate. (A, D) 137AH and CC-4533 are the respective control strains for pgril and flvB, WT-1 to
-4 are four independent control strains obtained from the pgril X flvB crossing. (B, E) flvB and
pgrll mutant strains. (C, F) pgrll flvB-1 to -5 are five independent double mutant strains. G
Immunodetection of PGRL1, FLVA and FLVB in the different strains with Coomassie blue
staining as the loading control. (H) K/, values as determined from the hyperbolic fit for each
strain. Shown are mean + SD (n=3 for single mutants and their controls), values for all double
mutant strains have been pooled (“pgrll flvB all”’, n=15) as well as their control strains (“WT
all”, n=12). Asterisks represent significant differences (p<0.05, one way ANOVA with Tukey

correction).

Figure 2. Growth of pgrll flvB double mutants is impaired at low CO2 while CCM
components are present. (A). Growth tests performed on pgrll, flvB, and their corresponding
control strains (137AH and CC-4533 respectively) (left panels) and on double mutants (pgri]
flvB-1 to -5) and their control strains (WT-1 to -4) (right panels); the CCM1 mutant cia5 was
introduced as a CCM-deficient control together with its reference strain CC-125. Cells were
spotted on plates containing minimal medium at pH 7.2 and grown under continuous
illumination (60 pmol photon m s!) either under High CO,, Low CO; or Very Low CO> (100
ppm CO: in air). Shown are representative spots of ten independent experiments. (B)
Immunodetection of PGRL1, FLVA, FLVB and of the major CCM components in two
independent pgrll flvB double mutants and controls grown in Low CO; or High CO>. (C)
Carbonic anhydrase (CA) activity was determined in vivo by following the unlabelling of '80-
enriched COz in the same strains and conditions as in B. Shown are mean values and replicates

(n=3).

Figure 3. The NPQ dependence to Ci concentration is abolished in pgril flvB double
mutants and in the BST mutant bsti-1. (A) Schematic view describing the rationale of the
experiment; NPQ, which depends on the luminal pH (via LHCSR3) is used to probe the trans-
thylakoidal pmf during the CCM functioning. (B-E) Combined measurements of chlorophyll
fluorescence (upper panels), C; concentrations and NPQ (lower panels) during dark-light-dark

transients in WT-2 (B), pgrll flvB-3 (C), the bsti-1 control strain D66 (D) and bsti-1 (E). All
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strains were grown at low CO>. Shown are representative experiments (n=3). Red arrows

indicate addition of bicarbonate.

Figure 4. Mitochondrial inhibitors decrease the affinity of photosynthesis for C; in low
CO2z-grown cells. Photosynthetic net Oz production was measured as in Fig. 1 in High CO; (A)
or Low CO2 (B) grown cells. K12 values were determined from hyperbolic fits in the different
strains in the presence or absence of two mitochondrial inhibitors myxothiazol (Myxo, 2.5 uM)
and salicyl hydroxamic acid (SHAM, 400 uM), respectively acting on the cytochrome bc;
complex and on the alternative oxidase. Shown are mean values (n=3, £SD). All strains showed
K significantly different when treated with myxothiazol and SHAM as compared to their

control when grown in low COz (p<0.05; one way ANOVA with Tukey correction).

Figure 5. Proposed mechanism of CCM energization network in algal cells. (A) The
relative contribution of FLV-mediated PCEF, PGRL1-mediated CEF and CMEF to CCM
energization at different C; concentrations are quantified from O exchange measurements
performed in the different mutant strains and expressed as a percentage of LEF (Extended data
Fig. 6). (B) Schematic view of the energy supply network to the CCM. CCM components
including LCI1, HLA3, LCIA and BSTs transporters, LCIB, LCIC, CAH3, EYPC1 and
RuBisCO are shown in brown, and components of the photosynthetic electron transport chain
(PSII, PSI, Cytbe/f) in green. We propose here that energization of BSTs-dependent C; transport
is mediated by the pmf produced by the combined action of FLVs-mediated O2 photoreduction
and the PGRL1-mediated cyclic electron flow. CMEF would generate the ATP needed to power
other cellular C; transporters such as LCIA and HLA3.
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