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Abstract 
Microalgae contribute to about half of global net photosynthesis, which converts sunlight into the chemical energy (ATP and NADPH) 
used to transform CO2 into biomass. Alternative electron pathways of photosynthesis have been proposed to generate additional ATP 
that is required to sustain CO2 fixation. However, the relative importance of each alternative pathway remains elusive. Here, we 
dissect and quantify the contribution of cyclic, pseudo-cyclic, and chloroplast-to-mitochondrion electron flows for their ability to 
sustain net photosynthesis in the microalga Chlamydomonas reinhardtii. We show that (i) each alternative pathway can provide 
sufficient additional energy to sustain high CO2 fixation rates, (ii) the alternative pathways exhibit cross-compensation, and (iii) the 
activity of at least one of the three alternative pathways is necessary to sustain photosynthesis. We further show that all pathways 
have very different efficiencies at energizing CO2 fixation, with the chloroplast–mitochondrion interaction being the most efficient. 
Overall, our data lay bioenergetic foundations for biotechnological strategies to improve CO2 capture and fixation.
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Introduction
Oxygenic photosynthesis is the main process responsible for the 
carbon input into ecosystems on Earth, with net CO2 fixation by 
photosynthesis representing more than 10 times anthropogenic 
CO2 emissions (IPCC 2021). During photosynthesis, CO2 fixation is 
powered by the combined action of PSI and PSII, establishing a 
linear electron flow (LEF) that produces reducing power (NADPH) 
and a trans-thylakoid proton motive force (pmf) used to generate 
ATP. Both ATP and NADPH fuel the CO2 fixation via the 
Calvin–Benson–Bassham (CBB) cycle and the further processing 
of the glyceraldehyde-3-phosphate to regenerate ribulose-1,5- 
bisphosphate and produce building blocks used for the elaboration 
of biomass (Johnson and Alric 2013). However, given the insuffi-
ciency of LEF to generate an adequate pmf and the conversion effi-
ciency of the chloroplastic ATP-synthase (ATPase), it has been long 
recognized that LEF only generates 85% of the theoretical ATP 
requirements of the CBB cycle (Allen 2003).

Cyclic electron flow (CEF), which recycles reducing equivalents 
around PSI, and pseudo-cyclic electron flow (PCEF), which reduces 
molecular O2 at the acceptor side of PSI (Fig. 1), were proposed to 
contribute to the production of extra ATP during photosynthesis 
(Arnon 1959, 1984). In most angiosperms and mosses, CEF entails 
two main pathways, one involving the PROTON GRADIENT 
REGULATION 5 (PGR5) (Munekage et al. 2002) and PGR-LIKE 1 pro-
teins (DalCorso et al. 2008) and another involving the plastidial 

NAD(P)H dehydrogenase-like (NDH) complex NDH-1 (Joët et al. 
2001; Munekage et al. 2004). In many green microalgae, the plas-
tidial NDH-1 complex is absent (Peltier et al. 2016) although they 
still have two CEF pathways, one controlled by PGRL1 and PGR5 

(Tolleter et al. 2011; Johnson et al. 2014) and the other involving 

the plastidial NAD(P)H dehydrogenase Nda2 (Jans et al. 2008; 

Desplats et al. 2009; Saroussi et al. 2016). Since the Nda2 pathway 

is mostly active during nitrogen deprivation (Peltier and Schmidt 

1991; Saroussi et al. 2016), hereafter, CEF refers to the PGRL1/ 

PGR5-controlled CEF. PCEF involves flavodiiron proteins (FLVs) 

that catalyze O2 photoreduction at the PSI acceptor side (Fig. 1) 

in cyanobacteria (Helman et al. 2003; Allahverdiyeva et al. 2013), 

green microalgae (Chaux et al. 2017), mosses (Gerotto et al. 

2016), liverwort (Shimakawa et al. 2017), and gymnosperms (Ilík 

et al. 2017).
Another mechanism that can supply ATP to photosynthesis in-

volves metabolic cooperation between chloroplasts and mito-

chondria (Raghavendra and Padmasree 2003). Reducing power 

generated within the chloroplast is transferred to mitochondria 

by metabolic shuttles where it is converted to ATP by the mito-

chondrial respiratory chain and might be shuttled back to the cy-

tosol and the chloroplast (Fig. 1). Such a cooperation, called 

chloroplast-to-mitochondrion electron flow (CMEF), was first evi-

denced from the restoration of photoautotrophic growth in a mu-

tant of the green microalgae Chlamydomonas (Chlamydomonas 
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reinhardtii) deficient in the plastidial ATPase (Lemaire et al. 1988). 
Similar cooperation was later suggested from studies of 
Chlamydomonas mutants affected in mitochondrial respiration 
(Cardol et al. 2003) or in CEF (Dang et al. 2014) and was also ob-
served in the moss Physcomitrium patens (Mellon et al. 2021) and 
in diatoms (Bailleul et al. 2015).

It is generally considered that both PCEF and CMEF act essen-
tially as electron valves, operating either transiently in the case 
of PCEF to alleviate excess electrons generated by photosynthesis 
under light fluctuating regimes (Alric and Johnson 2017; Chaux 
et al. 2017; Alboresi et al. 2019) or more continuously for CMEF 
under high light stress (Kaye et al. 2019). Although, in 
Chlamydomonas, CMEF, PCEF, and CEF have been recently shown 
to all contribute to supply energy to the CO2 concentrating mech-
anism (CCM) (Burlacot et al. 2022), evidence for their role in 
powering the CBB cycle and downstream carbon metabolism 
processes is scarce.

In this work, we show that each pathway (CEF, PCEF, and CMEF) 
has the capacity to sustain net CO2 fixation to varying degrees and 
can compensate for the absence of the other pathways, whereas 
CO2 fixation is completely abolished in the absence of all three 
pathways. Moreover, we introduce a method to quantify the effi-
ciency and capacity of each pathway and use it to show that 
CMEF is by far the most efficient at energizing CO2 fixation. We 
further discuss our data in relation to the relative contribution 
and efficiency of the different alternative pathways to the net pri-
mary productivity of terrestrial and oceanic ecosystems.

Results
Net photosynthesis fully relies on mitochondrial 
respiration when PCEF and CEF are impaired
To test whether PCEF and CEF are required for maximal net photo-
synthesis (VMax), we first measured photosynthetic O2 exchange 
rates using membrane inlet mass spectrometry (MIMS) (Burlacot 
et al. 2020) in air-grown Chlamydomonas control cells (wild types 
[WTs] 2 and 3) and mutants impaired in both CEF and PCEF 
(pgrl1 flvB-1 and -3) (Burlacot et al. 2022). Since the pgrl1 and flvB 
mutants are both affected in the functioning of the CCM 
(Burlacot et al. 2022), photosynthesis measurements were per-
formed in the presence of a saturating concentration of inorganic 
carbon (Ci) when the CCM is inactive. As previously reported 
(Burlacot et al. 2022), pgrl1 flvB double mutants can perform pho-
tosynthesis at maximum rates comparable to the single pgrl1 or 
flvB mutants and to the parental and sibling control strains 
(Fig. 2; Supplementary Figs. S1A, S2, and S3), showing that neither 
CEF nor PCEF is essential to reach VMax. To test a possible contri-
bution of mitochondrial respiration to photosynthesis, pgrl1 flvB 
double mutants were treated with myxothiazol (Myxo) and sali-
cylhydroxamic acid (SHAM), inhibitors of mitochondrial electron 
transport, respectively acting on complex III and the alternative 
oxidases (AOX) (Fig. 1) (Schonbaum et al. 1971; von Jagow and 
Link 1986). While the addition of both respiratory inhibitors had 
a small impact (about 10% to 20% decrease) on the VMax of control 
strains (Fig. 2, A and C; Supplementary Figs. S1A, S2, and S3), they 
completely abolished photosynthesis in pgrl1 flvB double mutants 
(Fig. 2, B and C; Supplementary Figs. S1 and S2).

In Chlamydomonas, the cellular location of mitochondria depends 
on the CO2 supply, with the mitochondria located at the cell pe-
riphery in low CO2-grown cells and mostly inside the chloroplast 
cup in high CO2 (Geraghty and Spalding 1996) (Fig. 2, E and F). 
Since this location might affect CMEF (Burlacot and Peltier 2023), 

we sought to examine the involvement of the mitochondrial sub-
cellular localization on the role of CMEF. As with air-grown cells, 
mitochondrial inhibitors fully stopped net photosynthesis on 2% 
CO2-grown pgrl1 flvB mutants while having a marginal effect 
(about 10% to 20% decrease) on the control strains (Fig. 2D; 
Supplementary Fig. S4). To control the location of the mitochon-
dria in the different strains, we visualized the spatial distribution 
of an expressed, mitochondrion-targeted fluorophore (Clover). 
There was similar relocalization of mitochondria depending on 
the CO2 supply during growth (at periphery under very low CO2) 
of both the single and double mutants and a control strain 
(Fig. 2, E and F; Supplementary Fig. S5). We conclude from these 
experiments that the absence of CEF, PCEF, and CMEF abolishes 
net photosynthesis. Furthermore, in the absence of both CEF 
and PCEF, near WT levels of photosynthesis can be achieved 
that fully rely on CMEF, which does not appear to rely on the spa-
tial distribution of the mitochondria.

CEF, PCEF, and CMEF each have the potential to 
sustain most net photosynthesis
While CMEF can power all net photosynthesis, the potential of 
CEF, PCEF, and the two subpathways of CMEF to energize net 
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Figure 1. Electron transport pathways operating during oxygenic 
photosynthesis and their role in ATP generation. LEF (blue solid arrow) 
operates from PSII to PSI and reduces NADP+ to NADPH using electrons 
from water. It also generates a pmf across the thylakoid membrane 
composed of a proton gradient (ΔpH) and electrical gradient (ΔΨ); the 
pmf is used by the ATPase to generate ATP (proton translocation is 
shown in red dashed lines; ATP fluxes are shown in red plain lines). CEF 
(light pink solid arrow) and PCEF (magenta solid arrow) both contribute 
to the generation of the pmf but do not produce reducing equivalents 
since the e− used for PCEF reduces O2 to water. CMEF (pink solid arrow) 
encompasses multiple metabolic pathways by which reductants 
generated in the chloroplast are shuttled to the mitochondria and 
converted into ATP by the mitochondrial electron transport chain. 
NADPH and ATP generated by these different pathways are eventually 
used for transforming CO2 into biomass, which reflects net 
photosynthesis. AOX, alternative oxidase; CBB, Calvin–Benson– 
Bassham; FDX, ferredoxin; FLVs, flavodiiron proteins; FNR, 
ferredoxin-NADP+ reductase; Myxo, myxothiazol; PS, photosystem; 
PGR5/L1, PROTON GRADIENT REGULATION 5/like-1; SHAM, 
salicylhydroxamic acid; I, III, IV, respiratory complexes I, III, and IV.
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photosynthesis remains unclear. We sought to estimate it by 
measuring the effect of mitochondrial inhibitors on photosynthe-
sis rates in single and double pgrl1 and flvB mutants (Fig. 3, A to D). 
Inhibition of respiration decreased net photosynthesis by 40% to 
50% in both the flvB and pgrl1 single mutants (Fig. 3, A and B; 
Supplementary Figs. S1A and S2), showing that both CEF and 
PCEF, independently, have the potential to energize 50% to 60% 
of VMax (Fig. 3E; Supplementary Fig. S1, A and B). Inhibition of res-
piration decreased the VMax of all control strains by 10% to 20% 
(Supplementary Fig. S1A, S2, and S3) showing that combined ac-
tivities of CEF and PCEF can power approximately 85% of photo-
synthesis (Fig. 3E). Based on the effects of SHAM or Myxo 
individually, on VMax in pgrl1 flvB mutants (Fig. 3, C to E;
Supplementary Figs. S1A and S2), we conclude that while the 
complex III and IV pathway of CMEF (Fig. 1) can power most 
net photosynthesis on its own (Fig. 3D), the AOX pathway 
(Fig. 1) can only sustain approximately 45% of VMax (Fig. 3E). 
Because the amount of the terminal oxidases involved in CMEF 
does not differ in the pgrl1 flvB mutants and their control strains 
(Supplementary Fig. S6), these values likely reflect WT capaci-
ties. We also quantified net photosynthesis based on inorganic 
carbon (Ci) uptake (Supplementary Figs. S7 and S8). For all 
strains tested, the inhibitory effects on Vmax measured as net Ci 

uptake were similar to that observed on net O2 production 
(Supplementary Fig. S7). We conclude from these experiments 
that CEF, PCEF, and CMEF can sustain photosynthetic Ci uptake 
on their own but that only the complex III and IV pathway of 
CMEF is efficient enough to reach near-maximal photosynthesis 
levels.

CEF, PCEF, and CMEF show different efficiencies  
in sustaining net photosynthesis
The strong capacity of CMEF to power photosynthesis at its 
maximal rate by using less than 10% of additional electron 
flow relative to net photosynthesis (%-LEF) was surprising. 
This contrasts with around 30%-LEF of PCEF not being sufficient 
to reach maximal photosynthesis (Supplementary Fig. S3). We 
hypothesized that this difference could result from differences 
in the efficiencies of the alternative pathways to power net pho-
tosynthesis. Indeed, mechanistically, for each electron flowing 
once through the different pathways (CEF, PCEF, the AOX, or 
the complex III and IV pathways of CMEF), the total number of 
protons translocated across the thylakoid and/or the inner mi-
tochondrial membranes highly differs (Burlacot 2023). To ex-
perimentally quantify the efficiency of the different pathways 
in energizing net photosynthesis, we introduce a metric, the 
net electron (e−) yield of a pathway defined by the following 
equation:

net e− yield =
e−(net photosynthesis)

e−(net photosynthesis) + e−(alternative pathway)
, 

where e− (net photosynthesis) is the flux of photosynthetic elec-
trons directly used for net photosynthesis and e− (alternative 
pathway) is the flux of photosynthetic electrons through a given 
alternative pathway under conditions where only this alterna-
tive pathway is active (in addition to LEF). Therefore, the net 
e− yield of an alternative pathway, which is determined when 
only that specific alternative pathway is operating, characterizes 

pgrl1 flvB-1

A

B D

Air

2% CO2

C

WT2 pgrl1 flvB-1

2% CO2

Air

F

E

WT2 pgrl1 flvB-1

W
T 2

W
T 3

p g
r l1
f lv
B
-1

p g
r l1
f lv
B
-3

W
T 2

W
T 3

p g
r l1
f lv
B
-1

p g
r l1
f lv
B
-3

0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

N
e
t
O
2
e
x
c
h
a
n
g
e
ra
te

(µ
m
o
l
O
2
m
g
-1
c
h
l
m
in
-1
) C o n tro l M yxo & SHAM

W
T2

W
T 3

p g
r l1
f lv
B
-1

p g
r l1
f lv
B
-3

W
T 2

W
T 3

p g
r l1
f lv
B
-1

p g
r l1
f lv
B
-3

0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

N
e
t
O
2
e
x
c
h
a
n
g
e
ra
te

(µ
m
o
l
O
2
m
g
-1
c
h
l
m
in
-1
)

C o n tro l M yxo & SH AM

0 5 1 0 1 5
-1

0

1

2

3

T im e (m in )

O
2
e
x
c
h
a
n
g
e
ra
te
s

(µ
m
o
l
O
2
m
in

-1
m
g
-1
C
h
l) O 2 U p ta ke

O 2 E vo lu tion

O 2 Ne t

0 5 1 0 1 5
-1

0

1

2

3

T im e (m in )

O
2
e
x
c
h
a
n
g
e
ra
te
s

(µ
m
o
l
O
2
m
in

-1
m
g
-1
C
h
l) O 2 U p ta ke

O 2 E vo lu tion

O 2 Ne t

WT2

Figure 2. Dependence of net photosynthesis on CEF, PCEF, and CMEF. A, B) O2 exchange rates upon a dark-to-light transition in WT2 A) and pgrl1 flvB-1 
B). At t = 6 min, mitochondrial respiration inhibitors Myxo (2.5 µM) and SHAM (400 µM) were added to the reaction. Shown are representative traces of 
n = 3 biologically independent samples. C, D) Net O2 evolution in pgrl1 flvB-1 and pgrl1 flvB-3 and their control strains (WT2 and WT3) in the absence 
(control) or presence (Myxo and SHAM) of Myxo (2.5 µM) and SHAM (400 µM) in cells grown in air C) or in 2% CO2-enriched air D). Values are taken after 
9 min of illumination upon a dark to light transitions and normalized per chlorophyll content (chl). Bars show the average and dots show individual 
replicates (n = 3 biologically independent samples). Typical experiments used to extract these data are shown in Supplementary Fig. S2. E, F) Cross 
section images showing subcellular localization of mitochondrion-localized Clover (yellow fluorescence) in pgrl1 flvB-1 and a control strain (WT2), 
grown in air E) or 2% CO2-enriched air F). Images are representative of 2 independent experiments. Scale bar: 10 µm. Clover/chlorophyll merged signals 
are shown. Images are representative of 2 experiments. Scale bar: 10 µm.
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the efficiency of electrons passing through it in powering net pho-
tosynthesis under a given physiological condition. Note that the 
net e− yield, thus, does not reflect the rate or the importance of 
the pathway considered but rather its capacity to translocate H+ 

for each electron.
We used this equation and experiments from Fig. 3, A to E

to quantify the net e− yield of each pathway (Fig. 3F; 
Supplementary Fig. S9). The net e− yield of PCEF was estimated 
at 0.65, whereas that of CMEF at 0.85 (Fig. 3F), indicating a better 
efficiency of CMEF in driving CO2 fixation relative to PCEF. In the 
absence of an established method to quantifying CEF in physiolog-
ically relevant conditions (Burlacot et al. 2022), CEF net e− yield 
was estimated to be around 0.55 by hypothesizing that an electron 
passing once through CEF is 1.5 times less efficient at generating a 
pmf than if it would pass through PCEF (Kramer and Evans 2011; 

Burlacot 2023) (see Materials and Methods). In the case of CMEF, 
the net e− yield of the AOX pathway was lower than that of the 
complex III and IV pathway (Fig. 3F), likely reflecting the proton 
translocating capacity of each pathway (Fig. 1) (Burlacot 2023). 
Using the net e− yields of each pathway, we then compared the 
flux of electrons required to power the same amount of net photo-
synthesis relative to PCEF (Fig. 3G). Strikingly, theoretical values 
were in accord with values experimentally determined by the 
net e− yields (Fig. 3G). Suggesting that under our conditions, the 
measured differences of efficiencies to power net photosynthesis 
were due to their mechanistic H+/e− transfer capacity. We con-
clude from these experiments that CMEF pathways are more effi-
cient than PCEF and CEF at energizing CO2 fixation and that this 
difference arises from its higher H+/e− transfer capacity, which 
likely leads to a higher capacity to generate ATP.
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transition in flvB A), pgrl1 B), pgrl1 flvB-2 C, D), treated (gray dots) or not treated (black dots) with both Myxo (2.5 µM) and SHAM (400 µM) A, B) or with only 
one inhibitor C, D). Shown are representative traces of 3 biological replicates. E) Relative Vmax measured when a given set of alternative electron 
pathways are active after treatment with Myxo (2.5 µM), SHAM (400 µM), or both inhibitors; CEF (blue, flvB treated with Myxo and SHAM), PCEF (green, 
pgrl1 treated with Myxo and SHAM), CEF&PCEF (dark, control strains treated with Myxo and SHAM), CMEF via AOX (burgundy, pgrl1 flvB treated with 
Myxo), and CMEF via III/IV (red, pgrl1 flvB treated with SHAM). F) Net electron yield of PCEF (green), CMEF via AOX (purple), CMEF via III/IV (red), CMEF 
(pink), and CEF (dotted line). Similar net electron yields were also determined for PCEF in 2% CO2-grown cells and a slightly lower net electron yield for 
CMEF (Supplementary Fig. S9D). G) Electron flux relative to PCEF required to power similar levels of net photosynthesis when relying on a single 
pathway. Data shown are individual extrapolations based on measured net electron yields. In E), F), and G), bars show the average and dots show 
individual replicates (n ≥3 biologically independent samples).
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Estimating the respective contributions of CEF, 
PCEF, and CMEF during steady-state 
photosynthesis and growth
A key remaining question is to determine which set of pathways is 
active in vivo when all are functional and to what extent each of 
them contributes to net photosynthesis under physiological condi-
tions. We thus sought to estimate (i) the relative electron flux via 
each pathway and (ii) their contribution to energize net photosyn-
thesis during steady-state photosynthesis. We used two different 
approaches, one based on the effect of mutations and the other 
based on the effect of respiratory inhibitors. As both approaches 
are based on pathway inhibition, they are potentially biased by 
the high level of redundancy existing between them and the exis-
tence of compensatory mechanisms (Cardol et al. 2009; Dang 
et al. 2014; Burlacot et al. 2022). However, the two approaches differ 
in the way compensatory mechanisms contribute, with mutants 
being more subject to compensation than the short-term effects 
of inhibitors. In the mutant-based approach, PCEF was quantified 
by subtracting O2 uptake rates in the flvB mutant from its control 
parental strain (allowing the calculation of PCEFmut and CMEFmut) 
(Supplementary Fig. S10). In the inhibitor-based approach, CMEF 
was quantified by subtracting O2 uptake rates between SHAM 
plus Myxo treated and untreated control strains (allowing the cal-
culation of PCEFinhib and CMEFinhib) (Supplementary Fig. S10).

The two methods differ somewhat in their estimates of PCEF and 
CMEF (Fig. 4, A and B; Supplementary Fig. S11), with a higher CMEF 
contribution being estimated using the mutant method. On average, 
PCEF and CMEF represent a flux of between 10% to 20%-LEF and 5% 
to 10%-LEF, respectively (Fig. 4A). Based on the respective net e− yield 
of each pathway, we can estimate that 10% to 30% and 30% to 60% 
of CO2 fixation is sustained by PCEF and CMEF, respectively (Fig. 4B). 
Since CEF sustains the remaining net photosynthesis, we estimated 
that 25% to 30% of CO2 fixation is powered by CEF (Fig. 4B), which 
corresponds to a CEF of about 25%-LEF assuming a net e− yield of 
CEF of 0.55 (Fig. 4A). We also tried to use mutants impaired in the 
NADH DEHYDROGENASE 4 subunit of respiratory complex I (nd4), 
PGRL1, or both (nd4 pgrl1) (Larosa et al. 2018) as a third method for 
estimating respective contributions of the different pathways 
(Supplementary Fig. S12). However, the low inhibition of respiration 
rates in nd4 and nd4 pgrl1 mutants, indicating the existence of com-
plex I-independent respiration pathways (Supplementary Fig. S12A) 
makes these mutants unsuitable for this purpose.

To further assess the contribution of CEF, PCEF, and CMEF over 
the long term, growth tests were performed on the different strains 
in the absence or presence of the respiration inhibitor Myxo. While 
Myxo has no effect on the growth of control strains and single flvB 
or pgrl1 mutants in moderate light intensities (Fig. 4C), growth of 
pgrl1 flvB was impaired in the presence of the inhibitor (Fig. 4C; 
Supplementary Fig. S13, B and C). Interestingly, at low light inten-
sity (30 µmol photons m−2 s−1), the effect of Myxo on the double 
mutant was absent (Supplementary Fig. S13A), suggesting that 
the AOX pathway of CMEF has the potential to fully power net pho-
tosynthesis in low light conditions. Therefore, whereas CEF, PCEF, 
and CMEF all contribute to energizing photosynthesis, CMEF, 
although representing a relatively small flux, has the potential to 
fuel CO2 fixation and biomass accumulation thanks to its high ca-
pacity for H+ translocation per e−.

Discussion
Since the first description of CEF by Arnon (1959), the question was 
raised as to whether LEF could sustain the ATP requirement of 

photosynthetic CO2 fixation (Arnon 1959), and it was proposed 
that photosynthetic electron flows, other than LEF, are involved 
in balancing the ATP/NADPH ratio to sustain CBB cycle function 
(Arnon 1959; Allen 2003) and other metabolic processes. Since 
then, several mechanisms of CEF, PCEF, and CMEF have been un-
covered (Munekage et al. 2002, 2004; Helman et al. 2003; Tomaz 
et al. 2010) as well as some compensations among those different 
mechanisms (Cardol et al. 2009; Petroutsos et al. 2009; Dang et al. 
2014; Storti et al. 2019; Storti et al. 2020; Burlacot et al. 2022), but 
the importance and relative efficiency of each mechanism remain 
mostly unknown. Here, we have shown that in Chlamydomonas 
PGRL1-controlled CEF, FLV-mediated PCEF, and both the AOX 
and complex III/IV/cytochrome oxidase pathways of CMEF can 
all supply additional energy to complement LEF for CO2 fixation. 
The net e− yields of CEF, PCEF, and CMEF greatly differ; CMEF is 
the most electron efficient and contributes importantly to the ex-
tra ATP requirements of CO2 fixation in continuous, saturating 
light. Note that in spite of the ongoing controversy of how PGRL1 
is involved in CEF (Nawrocki et al. 2019), a clear integration is ob-
served among PGRL1-controlled CEF, PCEF, and CMEF, with these 
different pathways able to compensate for a reduction in the ac-
tivities of the other pathways. Importantly, we observed similar 
effects on net O2 and CO2 exchange (Supplementary Fig. S7), 
thus showing that all effects measured on net photosynthesis cor-
respond to changes in CO2 fixation and eventually biomass pro-
duction and growth (Fig. 4 C).

Some compensation between CEF, PCEF, and CMEF has been 
previously reported; a Chlamydomonas PGRL1-deficient strain 
exhibits increased CMEF and PCEF (Dang et al. 2014) and mutants 
of complexes I and III show enhanced rates of CEF (Cardol et al. 
2009). We observed an elevated CMEF in the absence of 
FLV (Fig. 4, A and B) with a higher level of terminal oxidases 
associated with CMEF (Supplementary Fig. S6), corroborating 
cross-compensation among the three mechanisms of alternative 
electron flow. In diatoms, while CMEF is considered to be a major 
driver of CO2 fixation, inhibition of CMEF only leads to a ∼20% de-
crease of the PSII yield (Bailleul et al. 2015), which might also re-
flect compensation by CEF. We also conclude, based on the fact 
that no CO2 fixation could be detected in the double pgrl1 flvB mu-
tants treated with inhibitors of mitochondrial respiration, that 
neither the NDA2-mediated CEF nor O2 reduction mediated by 
the plastid terminal oxidase or Mehler reactions has the potential 
by themselves to sustain a measurable amount of net photosyn-
thesis, which is in agreement with previous studies concluding 
that these pathways represent a small fraction of alternative elec-
tron flow (Alric et al. 2010; Houille-Vernes et al. 2011; Nawrocki 
et al. 2019) (Fig. 2 B).

Establishing the quantitative contribution of each pathway in 
the WT strain in the absence of perturbation of any alternative 
pathway is a challenging task to which the approaches we have 
developed here provide an imperfect answer. Indeed, the pro-
posed quantification of each pathway relies on the assumption 
that inhibiting one pathway (CMEF or PCEF) does not impact the 
flow through the others, an assumption not likely to be accurate 
since compensation among the different pathways has been pre-
viously documented (Cardol et al. 2009; Dang et al. 2014; Burlacot 
et al. 2022). Therefore, our approach attempts to evaluate the re-
spective contributions of each pathway until an integrative quan-
tification method is available. Here, the mutant method likely 
overestimates CMEF and the inhibitor method likely overesti-
mates PCEF; both approaches likely overestimate CEF. It is clear, 
however, that no single pathway sustains net photosynthesis by 
itself (Supplementary Fig. S11B), which might reflect a rather 
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balanced contribution of the different pathways to CO2 fixation in 
the WT. It is also noteworthy that, although concordant quantifi-
cations are seen in the different WT strains used, there is some 
level of variability (Supplementary Fig. S11), which might reflect 
the effect of the genetic background. In any case, it seems highly 
likely that, considering the high redundancy of alternative elec-
tron pathways of photosynthesis and the ability of each of them 
to sustain CO2 fixation at a high rate, a dynamic mix of the differ-
ent pathways may enable cells to better cope with variable envi-
ronmental conditions (Burlacot 2023).

The net e− yield, a tool to evaluate the efficiency  
of electron transport pathways
In support to LEF, the combined energetic outputs of 
PGRL1-controlled CEF and PCEF cannot sustain more than 80% 
of maximal CO2 fixation (Fig. 3E) whereas the flux of e− through 
each of these pathways individually can help sustain 60% of it 
(Fig. 3F). This suggests the existence of an intrinsic limitation of 
the flow of electrons through the photosynthetic electron trans-
port chain, which is likely due to a pmf-induced photosynthetic 
control occurring at the cytochrome b6f level (Rumberg et al. 
1968; Stiehl and Witt 1969; Johnson and Berry 2021; Malone 
et al. 2021), an elevated pmf eliciting a block in electron flow across 
the b6f complex. Engaging an electron pathway with a high net e− 

yield, such as CMEF, might be a way to avoid this limitation since 
fewer electrons would be needed to power the same level of CO2 

fixation. Such a strategy seems to be used by diatoms (Bailleul 
et al. 2015), which lack FLVs and mosses, whose photosynthetic 

activity is impaired by inactivation of the mitochondrial respira-
tory complex I (Mellon et al. 2021).

Throughout the green lineage, the nature and activity of 
alternative electron flows are quite different. For example, angio-
sperms lack FLV-dependent PCEF (Peltier et al. 2010), harbor a 
NDH-1-dependent CEF pathway (Peltier et al. 2016), and have a 
weakly active CMEF (Raghavendra and Padmasree 2003). Since 
the NDH-1-dependent CEF translocates 4H+/e− (Strand et al. 
2017), its net e− yield is probably close to that of CMEF, strongly 
suggesting that in angiosperms, the NDH-1 complex can compen-
sate when CMEF capacity is diminished. The latter is illustrated by 
the poor growth of Arabidopsis (Arabidopsis thaliana) mutants im-
paired in both CEF pathways (PGR and NDH-1) (Munekage et al. 
2004). Because of the number of key proteins and biochemical re-
actions involved in CMEF, its high net e− yield may not be as rap-
idly accessible as CEF or PCEF during environmental fluctuations. 
While, under light-limiting conditions, a high net e− yield pathway 
might be advantageous, a less efficient pathway would contribute 
to the safe dissipation of excess absorbed light energy and dimin-
ished reactive oxygen production at saturating light intensities. 
Overall, it remains to be determined to what extent harboring a 
palette of alternative electron flows with varying yields and likely 
different time responses is critical for sustaining photosynthetic 
performance under dynamic, natural conditions.

Note here that while modulation of the capacity of membranes 
to transform pmf into ATP may modulate the absolute net e− yield 
of each pathway, the relative net e− yield of CEF and PCEF would 
not change if they are embedded in the same thylakoid system. 
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Figure 4. Contribution of CEF, PCEF, and CMEF to the electron flow, net photosynthesis, and growth. A) Electron flow through PCEF, CEF, and CMEF 
relative to LEF was determined in the WT strain CC-4533 by 2 different methods, one based on the use of inhibitors (inhib) and the other on mutants 
(mut). Data used for these calculations are the same as for Fig. 2C and Supplementary Fig. S2. B) Proportion of net photosynthesis powered by each 
electron flow (PCEF, CEF, and CMEF) in the control strain CC-4533 as measured by the inhibition (inhib) or mutant (mut) method. CC-4533 was chosen 
because it is the control strain for flvB and is therefore the only strain where both methods could be used. Data used for these calculations are the same 
as for A). In A) and B), bars show the average and dots show individual replicates (n = 3 biologically independent samples). C) Growth tests for flvB and 
pgrl1 mutants, their corresponding control strains (CC-4533 and 137AH, respectively) and double mutants (pgrl1 flvB-1 and pgrl1 flv-3) and their 
corresponding control strains (WT2 and 3). Cells were spotted on plates containing minimal medium at pH 7.2 and grown under continuous 
illumination (60 µmol photon m−2 s−1) in the absence (upper panel) or presence (lower panel) of 2.5 µM Myxo in air enriched at 2% CO2. Spots shown are 
representative of 10 independent experiments.
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Similarly, even under conditions in which the mitochondrial res-
piration would be partially or fully uncoupled, the net e− yield of 
CMEF would be at least as good as PCEF due to the generation of 
a pmf across the thylakoid membranes (Burlacot 2023). Hence, if 
CEF, PCEF, and CMEF are all competing for the same photosyn-
thetic electrons, electrons passing through CMEF and PCEF should 
always be more efficient than CEF in powering net photosynthesis. 
Measuring a relative positioning of the net e− yield of each path-
way that is different than the one described here would be an in-
dication of spatially separated electron transport chains 
dedicated to specific pathways in vivo.

Additional energy cost of photosynthesis
Allen (2002) previously estimated that a PCEF representing only 
16%-LEF would be sufficient, in addition to LEF, to satisfy the 
ATP and NADPH requirement of the CBB cycle. Our conclusions 
are strikingly different since we estimate that if only PCEF was ac-
tive, it would have to represent 54%-LEF to sustain CO2 fixation. 
This discrepancy reflects the actual metabolic cost of CO2 fixation 
that exceeds the ATP and/or H+ requirement of the CBB cycle due 
to other processes that depend on proton gradient energization 
such as protein synthesis and transporter activities or to the pres-
ence of proton leakages through energized membranes. In addi-
tion to extra ATP/H+ requirements, our measurements reveal 
that for each CO2 molecule fixed, around two molecules of O2 

are generated (Supplementary Figs. S7 and S8), suggesting that 
half of the net reductant generated is used in metabolic processes 
other than the CBB cycle. It is worth noting here that similar con-
clusions have recently been reached in two marine diatoms 
(Shimakawa and Matsuda 2024) and in angiosperms where reduc-
tant and carbon fluxes are heavily channeled toward central 
carbon metabolism (Treves et al. 2022). Finally, in natural envi-
ronments, either terrestrial or aquatic, CO2 fixation is further lim-
ited by the concentration of atmospheric CO2, which can trigger 
photorespiration in C3 plants or induction of the CCM in C4 plants 
and algae. All these mechanisms would require additional energy 
for their activities (Osmond 1981; Takabayashi et al. 2005; Walker 
et al. 2014; Burlacot et al. 2022), making alternative electron path-
ways of photosynthesis even more critical for sustaining plant 
and algal CO2 capture. Given the strong capacity of CMEF to sus-
tain photosynthesis and its high H+/e− conversion capacity, it is 
timely to reevaluate its importance during photosynthesis across 
photosynthetic eukaryotes.

Materials and methods
Strains and growing conditions
C. reinhardtii flvB and pgrl1 single mutants and their respective pa-
rental strains CC-4533 (for flvB) and 137AH (for pgrl1) were previ-
ously described (Tolleter et al. 2011; Chaux et al. 2017). flvB 
pgrl1–1, -2, and -3 double mutant and their respective sibling 
strains WT2 and WT3 (used here as control strains) have been de-
scribed previously (Burlacot et al. 2022) and are all from the prog-
eny of a crossing of flvB and pgrl1 performed in Burlacot et al. 
(2022). Because pgrl1 flvB double mutants were obtained by cross-
ing the two single mutants that have different genetic back-
grounds (as described in Burlacot et al. 2022), the control strains 
used are siblings that resulted from the cross and that contained 
WT copies and levels of the FLVB and PGRL1 proteins. pgrl1-2 is a 
mutant impaired in accumulation of the PGRL1 protein originat-
ing from crossing flvB and pgrl1 performed in Burlacot et al. 
(2022). Complex I-deficient strains and the pgrl1 mutant used in 

Supplementary Fig. S12 have been described in Larosa et al. 
(2018). All strains were grown photoautotrophically in 125-mL 
flasks with cotton stoppers at 25°C in a buffered minimal me-
dium (20 mM MOPS pH 7.2) under constant illumination (80 µmol 
photons m−2 s−1) either under ambient CO2 or 2% CO2 in air. 
Among pgrl1 flvB double mutants and their control strains already 
described (Burlacot et al. 2022), pgrl1 flvB-1 and pgrl1 flvB-3 
and WT2 and 3, respectively, were used for physiological meas-
urements since their maximal photosynthesis was representative 
of other double mutants and control strains (Burlacot et al. 2022). 
All strains used in this study apart from the ones in Supplementary 
Fig. S12 are available under the same names used here (except 
for flvB, which is available as flvB-21) at the Chlamydomonas 
Resource Center (www.chlamycollection.org). The spectrum of 
the growing light used is shown in Supplementary Fig. S14. 
Throughout the manuscript, a “biologically independent experi-
ment” refers to a replication that has been done with a fresh new 
liquid culture of the strains described, seeded from the source 
plates.

Gas exchange measurements
Gas exchange rates were measured using MIMS. Cells grown in air 
enriched or not at 2% CO2 were collected during the exponential 
phase by centrifugation at 450 × g for 3 min and resuspended in 
1.5 mL of fresh buffered minimal medium (pH 7.2) at 30 μg chlor-
ophyll mL−1. HCO3

− was subsequently added to the cell suspension 
(10 mM final concentration). The cell suspension was then placed 
in the MIMS reaction vessel (mounted with a 1 mil Teflon mem-
brane), 2 mL of 18O-enriched O2 (97% 18O Eurisop, France) was 
bubbled in the suspension. After closing the vessel, gas exchange 
was recorded during a dark-to-light transition (2,000 µmol pho-
tons m−2 s−1; green LEDs picked at 525 nm; Luminus reference 
PT-121-G-L11-MPK). Light intensity was set to be saturating 
(Supplementary Fig. S15) using weakly absorbed green light for 
better homogeneity. Calculations of gross and net photosynthesis 
were done using the MIMS analysis software as previously de-
scribed (Burlacot et al. 2020). In some experiments, SHAM 
(400 µM final concentration) and Myxo (2.5 µM final concentration) 
were added 1 min before the beginning of the measurements, ex-
cept for the data presented in Fig. 2, A and B, where inhibitors were 
added during the measurement. Note here that SHAM has been 
reported to not inhibit the plastid terminal oxidase (Cournac 
et al. 2000). All net O2, net CO2, gross O2 exchange, net e− yield, 
e− flow, and net photosynthesis sustained shown as histograms 
in Figs. 2 to 4 and Supplementary Figs. S1, S7, S9, and S11 are based 
on measurements after 9 min of illumination.

Clover expressing cells
137AH, WT2, pgrl1, flvB, and pgrl1flvB-1 and -2 expressing 
the mitochondrion-targeted fluorophore Clover (mito-Clover) 
were generated as described in Harmon et al. (2022). Briefly, cells 
were transformed with a linearized plasmid encoding mito-Clover 
and a hygromycin resistance cassette using the Max Efficiency 
Reagent (Invitrogen). Clones resistant to hygromycin were 
screened for Clover fluorescence using a M1000 Tecan plate read-
er (excitation: 488/7 nm; emission: 515/10 nm) and mitochondrial 
signal was checked by confocal microscopy (described below). 
Selected clones were grown at 80 µmol photons m−2 s−1 in 25 mL 
minimal medium in 125-mL flasks, in the presence of either nor-
mal or 2% CO2-enriched air until they reached a density of 
∼10 µg chlorophyll mL−1. An aliquot of each culture was then 
briefly concentrated by centrifugation at 1,500 × g, and cells 
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were layered on an 18-well microscope slide. Images were ac-
quired using a TCS SP8 confocal laser-scanning microscope 
(Leica) and a 63× objective. Acquisition settings were as follows: 
Clover excitation 488 nm, emission 500 to 547 nm; chlorophyll ex-
citation 488 nm, and emission 694 to 733 nm. For homogeneity 
and clarity, signal intensities of each channel were adjusted 
using the Fiji software. Strains expressing mito-Clover used in 
this article are publicly available from the Chlamydomonas 
Resource Center (https://www.chlamycollection.org) under the 
following CC numbers: CC-6056 (137AH), CC-6059 (WT2), 
CC-6057 (flvB), CC-6058 (pgrl1), CC-6060 (pgrl1 flvB-1), and 
CC-6061 (pgrl1 flvB-1).

Growth tests
The different Chlamydomonas strains were cultivated at an air level 
of CO2 under moderate light (80 µmol photons m−2 s−1) at 25 °C. 
Cells were collected during exponential growth and diluted in 
fresh minimal medium to 0.125, 0.625, or 2.5 106 cells mL−1. 
Seven-microliter drops were spotted on 2% Agar plates of minimal 
medium (buffered with 20 mM MOPS pH 7.2) with or without 
Myxo (2.5 µM final concentration) and exposed to air enriched 
with 2% CO2. Homogeneous light was supplied by LED panels 
(see its spectrum in Supplementary Fig. S14B); the different 
light intensities were obtained with various neutral filters. 
Temperature was maintained at 25 °C at the level of plates by 
means of fans.

Net electron yield calculation
The net e− yield of a given alternative electron pathway is defined 
as the proportion of electrons generated downstream PSI that are 
used for net photosynthesis when only this alternative electron 
pathway is active, following this equation:

nete− yield=
e−(netphotosynthesis)

e−(netphotosynthesis)+e−(alternativepathway)
, (1) 

where e− (net photosynthesis) is the flux of photosynthetic elec-
trons directly used as reductants for net photosynthesis and e− (al-
ternative pathway) is the flux of photosynthetic electrons through 
an alternative pathway. Because, for PCEF and CMEF, the sum of 
e− (alternative pathway) and e− (net photosynthesis) equals gross 
photosynthesis, net electron yields of PCEF and CMEF were quan-
tified using gross and net O2 evolution in mutants harboring: only 
PCEF (pgrl1 and pgrl1-2 mutants treated with Myxo and SHAM) or 
only the AOX or the complex III/IV pathway of CMEF (pgrl1 flvB-1 
and -3 mutants treated with Myxo or SHAM, respectively). The 
net electron yield was then calculated for each pathway using 
the following equation:

net e− yield =
net O2 evolution

gross O2 evolution
. (2) 

The theoretical net electron yield of CEF was calculated based on 
the assumption that CEF translocates 1.5 less protons per electron 
across the thylakoid membranes than PCEF (Kramer and Evans 
2011; Burlacot 2023) and that this is the driving force leading to 
net photosynthesis energization. Note that this later assumption 
is well supported by the independent results from Fig. 3G showing 
that the relative net electron yield of CMEF pathways and PCEF 
corresponds to their relative capacity at translocating protons 
across membranes. Hence, for the same net photosynthesis pow-
ered, CEF should be 1.5 times higher than PCEF, and the net 

electron yields of CEF could be written as follows:

nete− yield (CEF)=
e−(netinpgrl1MyxoSHAM)

e−(netinpgrl1MyxoSHAM)+e−(PCEF)×1.5
, (3) 

where e− (net in pgrl1 Myxo SHAM) is the net photosynthesis meas-
ured in the pgrl1 mutant treated with Myxo and SHAM (hence hav-
ing only PCEF active) and e− (PCEF) is the O2 uptake rate in the 
same strain and condition.

Based on Equation (1), we can rewrite e− (PCEF) as follows:

e−(PCEF) =
(1 − net e− yield(PCEF))

net e− yield(PCEF)
× e−(net in pgrl1 Myxo SHAM) (4)

Hence, combining Equations (3) and (4):

net e− yield (CEF) =
net e− yield (PCEF)

1.5 −
net e− yield (PCEF)

2

. (5) 

The net electron yield of CEF shown in Fig. 3 is using Equation (5)
with the average net electron yield of PCEF. Note that the quanti-
fication of the net e− yield in Chlamydomonas assumes that remov-
ing two pathways (elimination of CEF and CMEF in the pgrl1 
mutant treated with inhibitors of respiration and CEF and PCEF 
in the pgrl1 flvB double mutants) makes CO2 fixation dependent 
only on the third pathway. This dependency is supported by 
the finding that the pgrl1 flvB double mutant treated with 
inhibitors of respiration is unable to support any CO2 fixation, 
which also support the hypothesis that the contribution of other 
pathways, such as the NDA2-dependent CEF, is marginal. Also 
note that by definition, the net electron yield of a pathway is 
independent of the maximal capacity of this pathway but rather 
reflects a per electron efficiency of the pathway in powering net 
photosynthesis under the physiological condition where it is 
assessed.

Calculation of electron flows via each pathway 
and their contribution to net photosynthesis  
in WT strains
The electron flow through PCEF and CMEF was deduced on WT 
strain using two independent methods based on measurements 
of gross O2 uptake made in Supplementary Figs. S2 and S3. In the 
so-called “mutant” method, CMEF was quantified as being the 
gross O2 uptake measured in the flvB mutant. Then, PCEF was 
quantified by subtracting the CMEF to the O2 uptake of CC-4533 
(Supplementary Fig. S10). This method was only used for CC-4533 
since it is the only control strain for the flvB mutant. In the so-called 
“inhibitor” method, PCEF was quantified as being the gross O2 up-
take remaining in control strains treated with SHAM and Myxo. 
Then, CMEF was quantified by subtracting the PCEF to the O2 uptake 
in the same untreated control strain (Supplementary Fig. S10). The 
calculated electron flows of PCEF and CMEF were then used for each 
strain to quantify the net photosynthesis powered by each of them 
following the equations derived from Equation (1):

net photoynthesis (AEF) = e−(AEF) ×
net e− yield (AEF)

1 − net e− yield (AEF)
, 

where net photosynthesis (AEF) is the net photosynthesis sustained 
by a specific alternative electron flow, e− (AEF) is the electron flow 
through this alternative electron flow, and net e− yield (AEF) is the 
net electron yield of this alternative electron flow.

The total of net photosynthesis powered in a strain by PCEF and 
CMEF was then compared to the measured net photosynthesis in 
this same strain to quantify the “missing” net photosynthesis that 
had to be powered by CEF. Then, the electron flow through CEF 
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(e− (CEF)) was calculated by the following equation derived from 
Equation (1):

e−(CEF) = missing net ×
1 − net e− yield (CEF)

net e− yield (CEF)
, 

where missing net is the calculated net photosynthesis that is not 
powered by PCEF and CMEF and net e− yield (CEF) is the net elec-
tron yield of CEF.

Protein extraction and immunodetection
Cells were harvested by centrifugation at 1,000 × g for 5 min. Total 
cellular protein was extracted by heating the cell pellet at 100°C 
for 1 min using an extraction aqueous solution composed of 1% 
(v/v) SDS, 100 mM DTT, 1 mM aminocaproic acid, and 1 mM benza-
midine hydrochloride buffered with 60 mM Tris (pH 6.8). The re-
sulting cell lysate was then centrifuged at 10,000 × g for 5 min to 
obtain the supernatant. The supernatant was subsequently incu-
bated with acetone (80% -v/v- final concentration) at −20°C for 
1 h. The protein pellet was collected by centrifugation at 5,000 × 
g for 5 min and stored in aqueous solution containing 1% (v/v) 
SDS and 5 mM DTT and buffered with 60 mM Tris (pH 6.8). 
Protein content was estimated (Microplate BCA Protein Assay 
Kit-reducing agent compatible, Thermo Scientific) with bovine se-
rum albumin as the standard. Protein extracts (10 µg protein) were 
loaded on a 12% SDS–PAGE gel and run for 1 h at 150 V in 
Tris-glycine SDS buffer and transferred onto a nitrocellulose 
membrane using semi-dry transfer (Trans-Blot Turbo, Bio-Rad). 
Immunoblot detection was performed using antibodies raised 
against FlvB (1:1,000) (Chaux et al. 2017) and Pgrl1 (1:5,000) 
(Tolleter et al. 2011). Other antibodies against AOX1 (1:10,000) 
(AS06 152) and COXIIB (1:10,000) (AS06 151) were obtained 
from Agrisera (https://www.agrisera.com/). An anti-rabbit HRP- 
conjugated antibody (1:50,000) (AS09 602, Agrisera) was used as 
a secondary antibody for immunodetection. Precision Plus 
Protein Dual Color Standards (Bio-Rad) was used as the molecular 
weight marker. Uncropped and unprocessed scans of the blots 
shown in this study are visible in Supplementary Fig. S16.

Accession numbers
Genes studied in this article can be found on https://phytozome- 
next.jgi.doe.gov/ under the loci Cre12.g531900 (FLVA), Cre16. 
g691800 (FLVB), Cre07.g340200 (PGRL1), Cre09.g395950 (AOX1), 
Cre03.g169550 (AOX2), and Cre01.g049500 (COXIIB).
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