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Part A. PERSONAL INFORMATION 

First name  José Luis 
Family name Crespo González   

Gender (*) Male Birth date 
(dd/mm/yyyy)  

Social Security, 
Passport, ID 
number 

   

e-mail  URL Web  
Open Researcher and Contributor ID (ORCID) (*)  

(*) Mandatory 
 
A.1. Current position 

Position Investigador Científico - Director of IBVF  
Initial date 17/02/2021  
Institution Consejo Superior de Investigaciones Científicas (CSIC)  
Department/Center IBVF Instituto de Bioquímica Vegetal y Fotosíntesis 

Country Spain  Teleph. 
number 954489574 

Key words TOR signaling, autophagy, CO2, stress, Chlamydomonas, alga  
 
A.2. Previous positions (research activity interuptions, indicate total months) 

Period Position/Institution/Country/Interruption cause 
2008-2021 Científico Titular (CSIC) at IBVF 
2003-2008 Ramón y Cajal researcher at IBVF 

1999-2003 FEBS postdoctoral fellow at the Prof. Michael Hall lab 
(Biozentrum, Basel, Switzerland) 

 
A.3. Education 

PhD, Licensed, Graduate University/Country Year 
PhD in Biology Universidad de Sevilla (US) 1999  
Degree in Biology Universidad de Sevilla (US) 1993  

 
Part B. CV SUMMARY (max. 5000 characters, including spaces) 
Research career: My research career was initiated with the study of nitrogen metabolism in 
cyanobacteria during my PhD at the University of Sevilla. After completing my PhD, I performed 
a postdoctoral stay (1999-2003) at the Biozentrum (University of Basel, CH) to investigate the 
TOR signaling pathway under the supervision of Prof. Michael Hall with the support of a FEBS 
long-term fellowship. In 2003 I got a Ramón y Cajal research position at the IBVF to investigate 
the TOR signaling pathway in photosynthetic organisms using the single-celled green alga 
Chlamydomonas reinhardtii as model system. In 2008, I got a permanent position at CSIC as 
Científico Titular to continue my research work on the TOR pathway and autophagy, a TOR-
controlled process highly conserved in all eukaryotes. In 2021, I was promoted to Investigador 
Científico at CSIC, and since March 2022 I am the Director of IBVF. 
Main research achievements: During my postdoctoral stay at the Prof. Hall’s lab, we found 
that Gln regulates the yeast TOR signaling pathway (Crespo et al. 2002 PNAS) and described 
for the first time the localization of the TOR kinase in two complexes, TORC1 and TORC2 
(Loewith et al. 2002 Mol Cell). Since 2003, I am responsible of the research group “TOR 
signaling and autophagy in microalgae” at IBVF. Our group has been a pioneer in the study of 
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the TOR pathway and autophagy in microalgae (Crespo et al. 2005 Plant Physiol; Pérez-Pérez 
et al. 2010 Plant Physiol; Díaz-Troya et al. 2011 Plant Physiol; Pérez-Pérez et al. 2012 
Autophagy). We have described the process of autophagy in algae and demonstrated that 
TOR negatively regulates this catabolic process for the first time in photosynthetic organisms 
(Pérez-Pérez et al. 2010 Plant Physiol). Our studies have shown that autophagy is subjected 
to redox regulation (Pérez-Pérez et al. 2012 Autophagy; Pérez-Pérez et al. 2014 Autophagy; 
Pérez-Martín et al. 2014 Plant Physiol; Pérez-Pérez et al. 2016 Plant Physiol; Pérez-Pérez et 
al. 2021 JXB) and maintains chloroplast homeostasis (Heredia-Martínez et al. 2018 Plant 
Physiol). More recently, our group has made significant contributions to understand the nutrient 
regulation of TOR and the underlying mechanisms in photosynthetic organisms. We have 
established that phosphorous availability regulates TOR activity in Chlamydomonas via LST8, 
a TORC1 core protein essential for TOR function (Couso et al. 2020 Plant Cell). Moreover, our 
group has demonstrated that photosynthetic assimilation of CO2 activates TOR (Mallén-Ponce 
et al. 2022 PNAS; Mallén-Ponce et al. 2022 JXB; Mallén-Ponce et al. 2022 New Phytol). This 
study revealed for the first time a direct link between CO2 fixation, photosynthesis and TOR. 
Recently, we identified dihydroxyacetone phosphate (DHAP) generated in the chloroplast as 
the key metabolite mediating CO2 and light signals to TOR in photosynthetic cells (Mallén-
Ponce, et al. Science Advance). Moreover, we have initiated a new research line to investigate 
TOR signaling and autophagy in extremophilic organisms (Pérez-Pérez et al. 2024 New 
Phytol) and their biotechnological and ecological potential. My current research work aims to 
unravel the nutrient regulation of the TOR kinase in photosynthetic cells, the TOR-target 
interactome as well as the potential biotechnological implications of this signaling pathway in 
microalgae. 
Research training experience: I have supervised the research work of 3 PhD researchers: 
Sandra Díaz-Troya (2009), currently professor at the University of Sevilla, Marta Pérez-Martín 
(2016), currently postdoc at University of Texas, Luis Heredia-Martínez (2022), who is a 
postdoc at University of Seville. Currently, I am supervising 2 Theses: Yosu Odriozola, 
supported by an FPI fellowship; and Irene Muñoz granted by the Garantía Juvenil program. I 
have also supervised the work of several PhD researchers during short-term stays performed 
in my lab in the frame of international collaborations: S. Schmolinger and P. Muller (from Dr 
Schroda lab), and S. Morisse (from Dr Lemaire lab). 
I have also mentored the work of several postdocs in my group: Emilio Gutiérrez-Beltran, first 
as Marie Curie-Sklodowska fellow (H2020-MSCA-IF-2015) and then as Juan de la Cierva-
Incorporación researcher (2018-2019), Inmaculada Couso-Liañez as Comfuturo researcher 
and Marie Curie-Sklodowska fellow (H2020-MSCA-IF-2016), Águila Ruiz-Sola (2019) and 
Manuel Mallén-Ponce (2021), both as Juan de la Cierva-Incorporación researchers in my 
group. Moreover, I have supervised international postdoc researchers for short-term stays: M. 
Bedhome (France), M. Carbó (Czech Republic) and C. Paliwal (Czech Republic). 
Internationalization: My research allowed me to establish a solid network of international 
collaborators: Dr Grossman, Standford; Dr Field, CEA Marseille; Dr Lemaire, CNRS Paris; Dr 
Schroda, Kaiserslautern; Dr Merchant, Berkeley; Dr Umen, Danford; Dr Hicks, U North 
Carolina. I have publications leaded by our group with most of them. In addition, I have been 
enrolled in a European consortium to set up Synthetic Biology tools in Chlamydomonas (Crozet 
et al 2018 ACS Synth Biol; Crozet et al in preparation).  
Reviewer experience: Member of the Evaluation Panel (PID2022) in the Biosciences and 
Biotechnology Section (Research National Agency). External reviewer for research programs 
from international institutions (ERC, Europe; ANR, France; SNF, USA; SNSF, Switzerland; 
BARD, Israel-USA; GIF, Germany-Israel; FONCYT, Argentina). Manuscript reviewer for 
different journals including The Plant Cell, Autophagy, Nature Comm, Plant Physiology, New 
Phytologist, J Exp Botany, etc. 
 
 
Part C. RELEVANT MERITS (sorted by typology) 
C.1. Publications (10 selected contributions from a total of 30 in last 10 years). CA, 
corresponding author. 
Research productivity (WoS): total number of publications in indexed journals: 61; total 
citations: 13.484; h index: 34. 



 

 

 

 

Pag 3 de 4 

1. Mallén-Ponce MJ, Quintero-Moreno A, Gámez-Arcas S, Grossman AR, Pérez-Pérez ME, 
Crespo JLCA (2025) Dihydroxyacetone phosphate generated in the chloroplast mediates the 
activation of TOR by CO2 and light. Science Advances 11(16):eadu1240. IF: 11.7. D1. 
https://doi.org/10.1126/sciadv.adu1240  

2. Pérez-Pérez MECA, Mallén-Ponce MJ, Odriozola-Gil Y, Rubio A, Salas JJ, Martínez-Force 
E, Pérez-Pulido AJ, Crespo JLCA (2024) Lipid turnover through lipophagy in the newly 
identified extremophilic green microalga Chlamydomonas urium. New Phytologist 243: 
284-298 IF: 9.4. D1. https://doi.org/10.1111/nph.19811. 

3. Mallén-Ponce MJ, Pérez-Pérez ME, Crespo JLCA (2022) Photosynthetic assimilation of CO2 
regulates TOR activity. Proc Natl Acad Sci USA 119 (2): e2115261119. IF: 11.205. D1 
https://doi.org/10.1073/pnas.2115261119. 

4. Mallén-Ponce MJ, Pérez-Pérez ME, Crespo JLCA (2022) Analyzing the impact of autotrophic 
and heterotrophic metabolism on the nutrient regulation of TOR. New Phytologist 236: 
1261-1266. IF: 9.4. D1 https://doi.org/10.1111/nph.18450. 

5. Mallén-Ponce MJ, Pérez-Pérez ME, Crespo JLCA (2022) Deciphering the function and 
evolution of the target of rapamycin signaling pathway in microalgae. J Exp Botany 73: 
6993-7005. IF:6.992. D1. https://doi.org/10.1093/jxb/erac264.  

6. Gutierrez-Beltran E, Elander PH, Dalman K, Dayhoff GW 2nd, Moschou PN, Uversky VN, 
Crespo JL, Bozhkov PV (2021) Tudor staphylococcal nuclease is a docking platform for 
stress granule components and is essential for SnRK1 activation in Arabidopsis. EMBO J 
40:e105043. IF: 11.598. D1 doi.org/10.15252/embj.2020105043. 

7. Couso I, Pérez-Pérez ME, Ford MM, Martínez-Force E, Hicks LM, Umen JG, Crespo JLCA 
(2020) Phosphorus availability regulates TORC1 signaling in Chlamydomonas. The Plant 
Cell 32: 69-80. IF:11.277. D1 https://doi.org/10.1105/tpc.19.00179. 

8. Laureano-Marín AM, Aroca A, Pérez-Pérez ME, Yruela I, Jurado-Flores A, Moreno I, Crespo 
JL, Romero LC, Gotor C (2020) Abscisic Acid-Triggered Persulfidation of the Cys Protease 
ATG4 Mediates Regulation of Autophagy by Sulfide. The Plant Cell 32(12): 3902-3920. 
IF:11.277. D1 https://doi.org/10.1105/tpc.20.00766. 

9. Heredia-Martínez LG, Andrés-Garrido A, Martínez-Force E, Pérez-Pérez MECA, Crespo JLCA 
(2018) Chloroplast damage induced by bthe inhibition of fatty acid synthesis triggers 
autophagy in Chlamydomonas. Plant Physiol 178(3): 1112-1129. IF: 6.305. D1. Selected 
for journal cover https://doi.org/10.1104/pp.18.00630. 

10. Pérez-Pérez MECA, Lemaire SD, Crespo JL (2016) Control of autophagy in 
Chlamydomonas is mediated through redox-dependent inactivation of the ATG4 protease. 
Plant Physiol 172: 2219-2234. IF: 6.456. D1 https://doi.org/10.1104/pp.16.01582. 

C.2. Congress 
Organizer: 
• EMBO Workshop Target of Rapamycin signaling in photosynthetic organisms. October 2021. 
• Sociedad Española de Autofagia (SEFAGIA) 2022. Toledo, November 2022. 
• Sociedad Española de Autofagia (SEFAGIA) 2020. Cáceres, March 2020. 
• Sociedad Española de Autofagia (SEFAGIA) 2018. Miraflores de la Sierra, November 2018. 
• Spanish Network for Autophagy Research (NEAR) 2017. Miraflores de la Sierra, Nov 2017. 
• Spanish Network for Autophagy Research (NEAR) 2016. Miraflores de la Sierra, June 2016. 
• First Joint Meeting of Nordic, Spanish and French Autophagy Networks. Tolouse, France 
September 2014. 
Scientiffic committee: 
• Plant Autophagy: Improving Crop and Energy Production. Transautophagy COST. Madrid, 
March 2017. 
• 16th International Conference on the Cell and Molecular Biology of Chlamydomonas. 
Asilomar, Pacific Grove, USA, June 2014. 
 
Keynote/invited at international conferences: 
• French Society of Photosynthesis. Paris, France, May 2025. 
• Plant Energy Management: Molecular Mechanisms and Signaling. Umea, Sweeden, Aug 
2024. 
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• 20th International Conference on the Cell and Molecular Biology of Chlamydomonas. 
Princeton, USA June 2023. 
• 19th International Conference on the Cell and Molecular Biology of Chlamydomonas. Ile des 
Embiez, France, August 2021. 
• 9th European Symposium on Plant Lipids. Marseille, July 2019. 
• EMBO Workshop Target of rapamycin (TOR) signaling in photosynthetic organisms. 
Bischoffsheim, France, May 2018. 
C.3. Research projects, indicating your personal contribution.  
International grants as Principal Investigator: 
• “Understanding how Inositol Polyphosphates regulate autophagy and lipid body formation in 
photosynthetic organisms: crosstalk with TOR signaling”. European Comission H2020-MSCA-
IF-2016. Duration: 2018-2020. Budget: 170.121 €. 
• “Functional analysis of Stress Granules formation in plant adaptation to stress”. European 
Comission H2020-MSCA-IF-2015. Duration: 2017-2019. Budget: 170.121 €. 
• “Molecular mechanism of autophagy in algae and its aplication in algal fuels”. Korean 
Research Institute of Bioscience & Biotechnology (KRIBB). Duration: 2015-2019. Budget: 
190.023 €. 
National grants as Principal Investigator: 
• “New insights in the molecular regulation of TOR by light and CO2 signals (RegulaTOR). 
Ministerio de Ciencia e Innovación (PID2024-162302NB-I00). Duration: 2025-2028. Budget: 
268.750 € (plus FPI fellow). 
• “Modulating the TOR signaling pathway to improve CO2 assimilation into biomass 
(TORCO2)”. Ministerio de Ciencia e Innovación (TED2021-130912-B-100). Duration: 2022-
2025. Budget: 230.000 €. 
• “Elucidating the nutrient regulation of TOR signaling in photosynthetic organisms 
(GREENTOR)”. Ministerio de Ciencia e Innovación (PID2021-123500-NB-100). Duration: 
2022-2025. Budget: 217.800 € (plus FPI fellowship). 
• “Elucidating the mechanisms for selective autophagy in the alga Chlamydomonas”. Ministerio 
de Economía y Competitividad (PGC2018-099048-B-100). Duration: 2019-2021. Budget: 
137.698 €. 
• “Redox control of autophagy”. Ministerio de Economía y Competitividad (BFU2015-68216-
P). Duration: 2016-2018. Budget: 201.586 € (plus FPI fellowship). 
• “Control of autophagy by TOR signaling and ROS in Chlamydomonas”. Ministerio de 
Economía y Competitividad (BFU2012-35913). Duration: 2013-2015. Budget: 138.060 €. 
Regional grants as Principal Investigator: 
• “Application of extremophilic microalgae for wastewater bioremediation (ALGAclean)”. 
Junta de Andalucía (DGP_PIDI_2024_01534). Under evaluation. 
• “Autophagy in a new extremophilic microalgae”. Junta de Andalucía/Proyectos de Excelencia 
(P20-00057). Duration: 01/01/2021-31/12/2022. Budget: 80.000 €. 
• “Autophagy as a cell adaptation process to stress in photosynthetic organisms”. Junta de 
andalucía (CVI-7336). Duration: 01/02/2013-30/09/2016. Budget: 158.705 €. 
C.4. Contracts, technological or transfer merits 
Research transfer to society: 
• Ellaboration of the CSIC White Paper on Sustainable Primary Production-Biotechnology and 
Plant Breeding (CSIC SCIENTIFIC CHALLENGES: TOWARDS 2030). 
• Collaboration with the company AGRISERA for the generation of ATG8 and ATG4 antibodies. 
• Participation in the project GENETDIESEL (960.000 €) with the company ALGAENERGY. 
Outreach activities: 
• Participation in Feria de la Ciencia, Café con Ciencia, and European Researchers Night. 
• Management of social media (X: @ChlamyAutophagy). 
C.5. Teaching activity 
• External prof. ⁠Master Molecular Genetics and Biotechnology (Univ. Sevilla), 2018-present 
• Degree in Biology (Univ. Sevilla), 2003-2008 
• Acreditation as “Profesor Contratado Doctor” (ANECA), 2008 
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P L A N T  S C I E N C E S

Dihydroxyacetone phosphate generated in the 
chloroplast mediates the activation of TOR by CO2 
and light
Manuel J. Mallén-Ponce1, Andrea M. Quintero-Moreno1, Samuel Gámez-Arcas1,  
Arthur R. Grossman2,3, María Esther Pérez-Pérez1, José L. Crespo1*

Light and CO2 assimilation activate the target of rapamycin (TOR) kinase in photosynthetic cells, but how these 
signals are transmitted to TOR is unknown. Using the green alga Chlamydomonas reinhardtii as a model system, 
we identified dihydroxyacetone phosphate (DHAP) as the key metabolite regulating TOR in response to carbon 
and light cues. Metabolomic analyses of synchronized cells revealed that DHAP levels change more than any oth-
er metabolite between dark- and light-grown cells and that the addition of the DHAP precursor, dihydroxyacetone 
(DHA), was sufficient to activate TOR in the dark. We also demonstrated that TOR was insensitive to light or inor-
ganic carbon but not to exogenous DHA in a Chlamydomonas mutant defective in the export of DHAP from the 
chloroplast. Our results provide a metabolic basis for the mode of TOR control by light and inorganic carbon and 
indicate that cytoplasmic DHAP is an important metabolic regulator of TOR.

INTRODUCTION
The highly conserved target of rapamycin (TOR) is a serine-threonine 
protein kinase that is a member of the phosphatidylinositol 3-kinase– 
related protein kinase family. This kinase integrates nutrient, energy, 
and environmental signals to promote cell growth in all eukaryotes. 
This nutrient sensor binds to the key proteins regulatory-associated 
protein of TOR (Raptor) and lethal with SEC13 protein 8 (LST8) to 
constitute the TOR complex 1 (TORC1), which is conserved through 
evolution (1). Control of TOR signaling by nutrients has been exten-
sively investigated in yeasts and mammals (2, 3). In these organisms, 
TOR responds to glucose and amino acids, particularly glutamine, 
leucine, and arginine, as main nutrient-activation signals with the 
underlying regulatory mechanisms connecting these nutrients to 
TOR activity partially elucidated (2, 3).

TOR and its associated proteins Raptor and LST8 are function-
ally and structurally conserved in the green lineage (4–7). In plants, 
TOR coordinates hormone, nutrient, and energy signals to regulate 
fundamental processes including translation, transcription, cell ex-
pansion, autophagy, metabolism, and nutrient assimilation. Carbon 
and nitrogen availability is the primary nutrient signal acting up-
stream of TOR in plants (8). Glucose has been shown to activate 
TOR kinase activity in the root apex through glycolysis and mito-
chondrial energetics (9), but light inputs are also required for full 
TOR activation in photosynthetic tissues (10). The mechanisms by 
which glucose and light cues are transmitted to TOR in plants are 
starting to be elucidated, with mounting evidence indicating that 
the Rho-related protein from plants 2 (ROP2) guanosine triphos-
phatase acts as a key regulator of TOR in plants. ROP2 binds to and 
activates TOR in response to both light and auxin signals (10, 11). 
However, glucose signaling does not appear to be mediated via ROP2, 
suggesting that glucose and light activation of TOR are elicited by dif-
ferent regulatory pathways (10). Plant TOR signaling is also regulated 
by inorganic nitrogen and amino acids such as glutamine and 

branched-chain amino acids (12–15). Although the precise underly-
ing mechanism linking nitrogen to TOR is not fully understood, it 
has been shown that nitrate, ammonium, and glutamine stimulate 
ROP2 to activate TOR (12).

The TOR pathway has also been investigated in microalgae, 
mostly in the model green alga Chlamydomonas reinhardtii (hereaf-
ter Chlamydomonas). Chemical inhibition of TOR mimics a nutrient 
starvation response, which includes activation of autophagy and an 
increase in the levels of triacylglycerol and starch, the main intracel-
lular carbon reservoirs (16–18). Under photosynthetic growth, mi-
croalgae use light energy to fix atmospheric carbon (CO2) through 
the Calvin-Benson-Bassham (CBB) cycle. Photosynthetic CO2 as-
similation provides carbon skeletons for all reactions in the cell, in-
cluding the mitochondrial tricarboxylic acid (TCA) cycle and the 
synthesis of starch and lipids (Fig. 1A) [reviewed in (19)]. In micro-
algae such as Chlamydomonas, fixed carbon is exported from the 
chloroplast mostly as triose phosphate [dihydroxyacetone phosphate 
(DHAP) and glyceraldehyde 3-phosphate (GAP)], which are then 
used for the biosynthesis of other metabolites and to drive respira-
tory activity (Fig. 1A). Metabolomic, transcriptomic, and proteomic 
studies revealed that TOR operates as a central hub regulating pri-
mary metabolism and integrating nutrient signals including phos-
phorus, nitrogen, amino acids, and inorganic carbon in microalgae 
(5, 20–24). The intracellular level of phosphorus regulates TOR ac-
tivity in Chlamydomonas via LST8, with phosphorus limitation 
causing a decrease in LST8 protein abundance and TOR activity 
(24). Nitrogen is an important nutrient acting upstream of TOR in 
Chlamydomonas, although the underlying mechanism remains un-
known (23). Amino acids are also major regulators of TOR activity 
in microalgae. A metabolomic analysis of Chlamydomonas cells treated 
with inhibitors of the synthesis of alanine or the branched-chain 
amino acids leucine and valine showed that TOR responds to the 
intracellular abundance of these amino acids (5). Furthermore, the 
photosynthetic assimilation of CO2 has also been demonstrated to 
regulate TOR activity in Chlamydomonas (5). Inhibition of CO2 fixa-
tion or photosynthetic electron transport inactivates TOR, but how 
carbon and light signals are linked to TOR in photosynthetic cells is 
unknown. In this study, we identify a central metabolite connecting 
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94305, USA.
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carbon and light signals to TOR using metabolomic, chemical, and 
genetic approaches in Chlamydomonas cells.

RESULTS
DHAP regulates TOR activity in response to light and 
inorganic carbon
We have previously demonstrated that TOR is activated by light and 
inactivated in the dark in Chlamydomonas cells (5). To understand 
the effect of light on TOR activity, we monitored RPS6 phosphoryla-
tion in synchronized cells (fig. S1A). TOR was markedly and pro-
gressively inactivated following transfer of the cells to the dark, whereas 
a sharp reactivation was observed upon illumination (Fig. 1B). The 
dark-mediated inactivation of TOR did not occur when the syn-
chronized cells were maintained in continuous light following the 
dark period (fig. S1B), suggesting that TOR activity is not subjected 
to circadian regulation in Chlamydomonas. The fast and strong acti-
vation of TOR by light prompted us to further characterize this pro-
cess. We initiated this characterization with an in-depth metabolomic 
analysis of synchronized Chlamydomonas cells over a diurnal cycle. 
The abundance of more than 50 primary metabolites was determined, 

including amino acids, energy-related metabolites, and intermedi-
ates from the CBB and TCA cycles. Our results revealed a pro-
nounced increase in some metabolites when cells enter the light phase 
of the diurnal cycle. The most highly up-regulated metabolites included 
the CBB cycle intermediates DHAP, ribulose 1,5-bisphosphate (RuBP), 
and fructose 1,6-bisphosphate (FBP), and the amino acid glutamine 
(Fig. 1C; fig. S2, A and B; and table S1). The levels of these metabo-
lites were elevated in the light and diminished in the dark phase of 
the diurnal cycle (Fig. 1D, fig. S2A, and table S1). In Chlamydomonas, 
FBP and RuBP are generated and metabolized in the chloroplast 
through the CBB cycle (19, 25), whereas DHAP is mostly synthesized 
in this organelle and actively exported to the cytoplasm (26). DHAP 
is converted to GAP, 3-phosphoglycerate (3PGA), and phospho-
enolpyruvate (PEP), which feeds the TCA cycle through the synthe-
sis of pyruvate and acetyl-CoA in mitochondria (Fig. 1A). Our 
metabolomic analysis indicated that the levels of GAP, 3PGA, and 
PEP did not increase in response to light (Fig. 1D and table S1). 
However, in notable contrast, the abundance of DHAP rose 20 times 
within 15 min of exposure to the light (Fig. 1D and table S1).

On the basis of these results, we speculated that DHAP might 
have a positive impact on TOR activity in Chlamydomonas. To test 

Fig. 1. Overview of TOR activity and central metabolism over the diurnal cycle in synchronized Chlamydomonas cells. (A) Schematic representation of CBB and TCA 
cycles in Chlamydomonas [adapted from (19)]. (B) Immunoblot analysis of P-RPS6/RPS6 in Chlamydomonas cells over one diurnal cycle. Coomassie brilliant blue–stained 
gels were used as loading control (19). h, hours. (C) Bar graph representation of fold change for CBB and TCA cycle intermediates, central metabolites, amino acids, and 
energy- and reducing power–related metabolites. Data were calculated using the relative levels in darkness (12 hours) and after 30 min of reillumination (12.5 hours). A 
fold change of 1 (no change) is indicated with a dashed line. (D) Relative abundance of central carbon intermediates (DHAP, GAP, PEP, and 3PGA) over one diurnal cycle. 
Chlamydomonas cells were grown in TP medium. Error bars in (B) to (D) correspond to SD from at least three biological replicates. Asterisks represent significant differ-
ences according to one-way ANOVA and Bonferroni’s test: ***P < 0.001; **P < 0.01; *P < 0.05; not significant, ≥0.05. The statistical analyses described apply to all statisti-
cal analyses in this figure (detailed in table S8). F6P, fructose 6-phosphate; E4P, erythrose 4-phosphate; S7P, sedoheptulose 7-phosphate; R5P, ribose 5-phosphate; Xy5P/
Ru5P, xylulose 5-phosphate/ribulose 5-phosphate; G1P, glucose 1-phosphate; ADPG, adenosine diphosphate glucose; Pyr, pyruvate; Cit, citrate; Aco, aconitate; Iso, 
isocitrate; Succ, succinate; Fum, fumarate; Mal, malate; OAA, oxaloacetate. Arg, arginine; Gln, glutamine; Asn, asparagine; Ala, alanine; Ser, serine; Thr, threonine, His, histidine; 
Cys, cysteine; Val, valine; Met, methionine, Tyr, tyrosine; Ile/Leu, isoleucine/leucine; Phe, phenylalanine; Asp, aspartate; Glu, glutamate; Trp, tryptophan. a.u., arbitrary units. 
White and black bars indicate light and dark phases, respectively.
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this hypothesis, we analyzed the effect of dihydroxyacetone (DHA), 
the triose precursor to DHAP (fig. S3), on TOR in Chlamydomonas 
cells after being kept in the dark for 6 hours, when TOR activity 
reached its lowest level (Fig. 1B). We first confirmed that exogenously 
added DHA was efficiently converted to DHAP in Chlamydomonas. 
DHAP was readily detected following DHA addition (Fig. 2A and 
table S2). Conversion of DHA to DHAP is catalyzed by the enzyme 
dihydroxyacetone kinase 1, whose expression has been confirmed in 
Chlamydomonas (27). Moreover, a rapid rise in TCA cycle interme-
diates and other metabolites was detected upon DHA addition (fig. 
S4A and table S2), indicating that DHA is first converted to DHAP 
and then further metabolized. The analysis of RPS6 phosphoryla-
tion in DHA-treated cells revealed a marked and rapid activation of 
TOR in the dark (Fig. 2A). Our results indicated that 2 mM DHA 
was sufficient to activate TOR within 30 min under dark conditions 
and higher concentrations of DHA did not further increase TOR 
activity (fig. S4B). The DHA-mediated induction of TOR was tran-
sient and TOR activity decreased within 60 min of DHA addition, 
likely as a consequence of the decrease in DHAP (Fig. 2A).

Given that DHAP also participates in the synthesis of fatty acids 
in the chloroplast, and lipids represent a major sink of fixed carbon 
in algae (28), we examined the effect of blocking fatty acid synthesis 
on both DHAP abundance and TOR activity by using the fatty acid 
synthase inhibitor cerulenin (Fig. 1A and fig. S3) (29). Treatment of 
Chlamydomonas cells with cerulenin in the light phase of the diurnal 
cycle caused an increase in the abundance of DHAP (Fig. 2B) and 
other metabolites (fig. S5A and table S3), particularly the fatty acid 
precursor malonyl-CoA, which displayed a 100-fold boost resulting 

from the efficient inhibition of fatty acid synthase activity (fig. S5, A 
and B). We detected rapid activation of TOR in cerulenin-treated 
cells (Fig. 2B), supporting a potential link between the level of 
DHAP and TOR activity.

TCA cycle intermediates and glutamine are not required for 
the activation of TOR by light
In plants, glucose activates TOR through glycolysis and mitochon-
drial function (9). To investigate whether TOR may respond to an 
increase in the level of TCA cycle intermediates in Chlamydomonas, 
cells maintained in the dark were supplemented with dimethyl-α-
ketoglutarate (DMKG), an esterified analog of α-ketoglutarate (AKG) 
that permeates the cell membranes and is hydrolyzed to α-ketoglutaric 
acid (30). Addition of DMKG to Chlamydomonas cells resulted in a 
rapid increase in AKG along with other TCA cycle intermediates in-
cluding malate, fumarate, and succinate (fig. S6, A and B, and table 
S4). DMKG had no significant effect on TOR activity (Fig. 2C), indi-
cating that TOR does not respond to changes in the abundance of 
TCA cycle metabolites under these experimental conditions. In addi-
tion, the DMKG treatment did not alter the abundance of DHAP 
(Fig. 2C). Together, these results suggested that activation of TOR by 
DHA is not due to the increase in TCA cycle intermediates detected 
following DHA supplementation.

The metabolomic analysis of synchronized Chlamydomonas cells 
showed that, like DHAP, glutamine abundance increased in the light 
and decreased in the dark (fig. S2A and table S1). Because this ami-
no acid regulates TOR in different organisms including microalgae 
(5,  31,  32), we investigated whether glutamine participates in the 

Fig. 2. Effect of DHA, cerulenin, DMKG, or MSX on TOR activity. (A) Immunoblot (upper panel) of P-RPS6/RPS6 in Chlamydomonas cells treated with 2 mM DHA (0, 15, 
30, and 60 min) over the night part of the diurnal cycle. Relative abundance (lower panel) of DHAP in cells treated with 2 mM DHA (0, 15, 30, and 60 min). (B) Immunoblot 
(upper panel) of P-RPS6/RPS6 in cells treated with 20 μM cerulenin (0, 15, 30, and 60 min) over the day part of the diurnal cycle. Relative abundance (lower panel) of DHAP 
in cells treated with 20 μM cerulenin (0, 15, 30, and 60 min). (C) Immunoblot (upper panel) of P-RPS6/RPS6 in cells treated with 2 mM DMKG (0, 15, 30, and 60 min) over 
the night part of the diurnal cycle. Relative abundance (lower panel) of DHAP in cells under the same conditions. (D) Immunoblot (upper panel) of P-RPS6/RPS6 and rela-
tive abundance (lower panel) of Gln in cells treated or not with 5 mM MSX for 2 hours over the night part of the diurnal cycle and then reilluminated for 30 min. (E) Im-
munoblot (upper panel) of P-RPS6/RPS6 and relative abundance (lower panel) of Gln and DHAP in cells treated or not with 5 mM MSX for 2 hours and then 2 mM DHA for 
30 min over the day part of the diurnal cycle. Coomassie brilliant blue–stained gels were used as a loading control. Chlamydomonas cells were grown in TP medium. Error 
bars correspond to SD from at least three biological replicates. Asterisks represent significant differences according to one-way ANOVA: ***P < 0.001; **P < 0.01; *P < 0.05; 
not significant, ≥0.05. The statistical analyses described apply to all statistical analyses in this figure (detailed in table S8). White and black bars indicate light and dark 
phases, respectively.
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up-regulation of TOR mediated by light and carbon. For this, we 
analyzed TOR activity and the metabolomic profile of Chlamydomonas 
cells upon illumination in the presence or absence of the glutamine 
synthetase inhibitor l-methionine sulfoximine (MSX) (fig. S3). In 
these assays, MSX was added before illumination to prevent the 
light-mediated induction of glutamine when cells are shifted from 
dark to light conditions. Our results revealed a similar activation 
of TOR by light in control and MSX-treated cells (Fig. 2D). As ex-
pected, MSX largely suppressed the light-triggered up-regulation 
of glutamine levels (Fig. 2D and table S5). Furthermore, we investi-
gated whether glutamine participates in the activation of TOR by 
DHA. These experiments were performed during the light part of 
the diurnal cycle because glutamine synthesis is repressed under 
dark conditions (fig. S2A). To study the role of glutamine in TOR 
activation by DHA, cells were treated with MSX before the addition 
of DHA. Metabolomic analysis of these cells showed that MSX treat-
ment resulted in a pronounced drop of the cellular glutamine level, 
whereas the addition of DHA raised the DHAP level in both un-
treated and MSX-treated cells (Fig. 2E; fig. S7, A and B; and table 
S6). Under these conditions, TOR was similarly activated by DHA 
regardless of the glutamine level (Fig. 2E). Together, these results 
strongly suggested that the intracellular abundance of glutamine 
does not play a major role in activation of TOR by light or DHA.

The cytoplasmic level of DHAP generated in the chloroplast 
regulates TOR activity
Our results indicated that DHAP is a key metabolite for light-driven 
up-regulation of TOR in Chlamydomonas. To further test whether 
DHAP controls TOR, we examined TOR activity in the t3ko2 mu-
tant, which lacks the chloroplast triose-phosphate translocator TPT3 
(fig. S3) (26). This protein resides in the inner chloroplast envelope 
membrane and is responsible for the export of photosynthetically 
synthesized DHAP to the cytoplasm while enabling the import of 
inorganic phosphate into the chloroplast (26). TPT3 is required for 
growth of Chlamydomonas under moderate or high light conditions, 
but the t3ko2 mutant can grow in low light in either tris-acetate-
phosphate (TAP) or acetate-free tris-phosphate (TP) medium (26). 
First, we determined TOR activity in wild-type (WT), t3ko2, and 
complemented (C_T3KO2) cells grown in TAP medium and low 
light because acetate stimulates TOR under mixotrophic conditions 
in Chlamydomonas (5). Our results revealed similar TOR activity in 
WT, t3ko2, and C_T3KO2 cells under these conditions (fig. S8A). 
Next, to investigate TOR regulation by light and DHAP in the t3ko2 
mutant, cells growing in TAP and low light were shifted to TP me-
dium and the dark for 8 hours and then exposed to light for 15, 30, 
or 60 min. As expected, TOR was down-regulated in the dark and 
quickly reactivated by light in WT and C_T3KO2 cells (Fig. 3A). 
However, although TOR activity decreased in t3ko2 cells shifted to 
the dark, no reactivation of TOR was detected upon illumination 
(Fig. 3A), indicating that TOR is not properly regulated by light in 
this mutant.

To understand why the t3ko2 mutant failed to activate TOR upon 
reillumination, we performed a detailed metabolomic analysis of 
these cells. We found that DHAP decreased in the dark and rapidly 
increased in the light in WT, t3ko2, and C_T3KO3 cells, although 
the mutant accumulated higher levels of this and other metabolites 
in the light (fig. S8B and table S7). Significantly larger pools of inter-
mediates of the CBB cycle and precursors of starch synthesis such as 
adenosine diphosphate glucose (ADPG) were also detected in the 

mutant compared with WT and complemented cells following reil-
lumination (fig. S8B). In contrast, we observed a decreased level of 
metabolites located outside the chloroplast such as pyruvate (fig. 
S8B and table S7).

We previously showed that the stimulation of CO2 fixation by 
supplementation of Chlamydomonas cultures with HCO3

− boosts 
TOR activity (5). Thus, we investigated whether the addition of 
HCO3

− could enhance TOR activity in the t3ko2 mutant using the 
same experimental setup described above but with the addition of 
HCO3

− followed by 15 and 30 min of illumination. In WT and C_
T3KO2 cells, TOR was further activated upon HCO3

− addition in 
the light (Fig. 3B), confirming the positive impact of CO2 fixation on 
TOR. By contrast, HCO3

− had no effect on TOR activity in the t3ko2 
mutant (Fig. 3B). Metabolomic analysis of these cells revealed a 
more pronounced accumulation of CBB cycle intermediates with 
HCO3

− than their accumulation in response to light alone (fig. S8B 
and table S7). Together, these results indicated that light/CO2–
derived signals cannot activate TOR in a mutant impaired in the 
export of DHAP from the chloroplast to the cytoplasm. On the basis 
of the findings that Chlamydomonas cells efficiently converted exog-
enous DHA to DHAP and this compound was sufficient to activate 
TOR (Fig. 2A), we hypothesized that the addition of DHA may re-
store the regulation of TOR in the t3ko2 mutant. Our results dem-
onstrated that the addition of DHA resulted in full activation of 
TOR in WT, t3ko2, and C_T3KO2 cells in the dark-to-light assays 
(Fig. 3C). The metabolomic analysis of these cells showed that most 
of the CBB cycle intermediates accumulated to lower levels follow-
ing the addition of DHA compared with HCO3

− in the t3ko2 mutant 
(fig. S8B and table S7). Moreover, a larger amount of starch was de-
tected in the t3ko2 mutant within 60 min of illumination, which was 
even higher with HCO3

− but not with DHA (fig. S9). Last, we found 
that the presence of DHA in the medium rescued the growth defect 
phenotype of t3ko2 cells in TP medium (Fig. 3D), showing that the 
inability to export DHAP outside the chloroplast impaired the cell 
growth of this mutant.

DISCUSSION
Although our current knowledge of the TOR signaling pathway as 
a plant energy master regulator has notably increased in the past 
years, the mechanisms by which light and carbon availability reg-
ulate TOR in photosynthetic organisms are largely unknown. In 
plants, TOR activity has been shown to be modulated by glucose via 
mitochondrial function (9) and light through the chloroplast elec-
tron transport chain (33). In microalgae, CO2 fixation is a primary 
activation signal connecting carbon and light to TOR (5), although the 
underlying mechanism is still unclear. In this study, we performed a 
detailed metabolomic analysis of synchronized Chlamydomonas 
cells to understand how carbon and light regulate TOR in photosyn-
thetic cells.

Our results uncovered DHAP, which is synthesized in the chlo-
roplast and exported to the cytoplasm (26), as a key metabolite 
connecting carbon availability and light signals to TOR (Fig. 3E). 
Supporting this hypothesis, we found that the addition of the DHAP 
precursor DHA to Chlamydomonas cells was sufficient to highly ac-
tivate TOR in the dark (Fig. 2A), bypassing any chloroplast function 
for this activation. Moreover, the experiments carried out in the 
t3ko2 mutant demonstrated that the transport of DHAP from the 
chloroplast to the cytoplasm is required for the proper regulation of 
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TOR by light (Fig. 3, A to C). This mutant was unable to activate 
TOR in response to light or HCO3

− but exhibited the full capacity 
for TOR induction with the addition of exogenous DHA. The mis-
regulation of TOR by light or HCO3

− in the t3ko2 mutant was not 
due to a defect in DHAP synthesis, as we found that this mutant ac-
cumulates large amounts of DHAP and all intermediates of the CBB 
cycle upon illumination of cells (fig. S8B and table S7). The larger 
abundance of these metabolites in the t3ko2 mutant is in close agree-
ment with a previous study showing higher levels of DHAP, 3PGA, 
FBP, glucose 6-phosphate (G6P), and PEP in the chloroplast stroma 
of t3ko2 cells because of the decreased ability of the mutant chloro-
plast to export fixed carbon (26). The t3ko2 mutant has been instru-
mental to dissect the regulation of TOR by light and inorganic carbon 
because of the high compartmentalization of the glycolytic pathway 
in green algae such as C. reinhardtii. In these organisms, the first 
part of glycolysis (from glucose to G3P) is exclusively chloroplastic, 
while the second part (from 3PGA to pyruvate and acetyl-CoA) is 
localized in the cytoplasm (19, 34). In contrast, plants have the entire 

glycolytic pathway in both the chloroplast and cytoplasm, and plant 
chloroplasts also have an efficient export system for hexose and tri-
ose phosphate to feed glycolysis in the cytoplasm (35).

In the cytoplasm, DHAP is converted to downstream metabolites 
such as GAP, 3PGA, or PEP, which feeds the TCA cycle in the mito-
chondria. Given that activation of TOR by glucose in Arabidopsis 
depends on glycolysis-mitochondria-mediated energy and metabol-
ic relays (9), it might be speculated that DHAP-derived metabolites 
promote the activation of TOR by light in Chlamydomonas. Howev-
er, unlike DHAP levels, the abundances of GAP, 3PGA, or PEP were 
not sharply controlled by light/dark oscillations (Fig. 1D). On this 
basis, we propose that these metabolites are unlikely to play a role in 
promoting TOR activation. Furthermore, feeding of the TCA cycle by 
exogenous DMKG had no impact on TOR activity in Chlamydomonas 
(Fig. 2C), suggesting that TCA cycle intermediates do not mediate 
light signaling to TOR under autotrophic growth. Nevertheless, we 
cannot rule out the notion that other metabolites, in addition to 
DHAP, might regulate TOR when Chlamydomonas cells are grown 

Fig. 3. TOR activity does not respond to inorganic carbon and light in the Chlamydomonas mutant lacking the DHAP transporter TPT3. (A) Immunoblot of P-RPS6/
RPS6 in WT, t3ko2, and C_T3KO2 Chlamydomonas cells transferred from TAP to acetate-free TP medium and darkness for 8 hours and then reilluminated for 15, 30, and 
60 min. (B) Immunoblot of P-RPS6/RPS6 in WT, t3ko2, and C_T3KO2 Chlamydomonas cells processed as described in (A) but reilluminated for 15 and 30 min in the presence 
(+) or absence (−) of 10 mM HCO3

−. (C) Immunoblot of P-RPS6/RPS6 in WT, t3ko2, and C_T3KO2 Chlamydomonas cells processed as described in (A) but reilluminated for 
15 and 30 min in the presence (+) or absence (−) of 2 mM DHA. Coomassie brilliant blue–stained gels were used as a loading control in (A) to (C). (D) Serial spot dilutions 
(10-fold) of WT, t3ko2, and C_T3KO2 Chlamydomonas cells on TP plates containing 10 mM DHA. Growth was recorded after 7-day incubation at 25°C under continuous il-
lumination. (E) Proposed model for the regulation of TOR activity by DHAP in Chlamydomonas. Photosynthesis provides reducing power [NADPH (reduced form of nico-
tinamide adenine dinucleotide phosphate)] and energy [ATP (adenosine 5′-triphosphate)] for CO2 fixation and the biosynthesis of organic carbon compounds. DHAP is 
synthesized in the chloroplast and exported to the cytoplasm through the TPT3 transporter. The abundance of cytoplasmic DHAP is transmitted to TOR to modulate its 
activity. Error bars correspond to SD from three biological replicates in (A) to (C). Asterisks represent significant differences according to one-way ANOVA and Bonferroni’s 
test: ***P < 0.001; **P < 0.01; *P < 0.05; not significant, ≥0.05. The statistical analyses described apply to all statistical analyses in this figure (detailed in table S8). White 
and black bars indicate light and dark phases, respectively.
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with a reduced carbon source such as acetate. In plants, the sugar 
small-molecule signal trehalose 6-phosphate has been shown to 
control root branching via SnRK1 and TOR kinases (36), but the 
contribution of this sugar to the regulation of the TOR pathway in 
microalgae has not been addressed yet. As unicellular autotrophic 
organisms, microalgae may have evolved signaling mechanisms con-
necting carbon and light inputs to TOR that are different from those 
described in plants, which have heterotrophic and autotrophic tis-
sues (5). Root and shoot apexes display distinct regulation of TOR 
activity by glucose and light (10). Whether DHAP or other specific 
metabolites regulate TOR in plant photosynthetic tissues remains to 
be explored.

Amino acids are key upstream signals for TOR regulation in all 
eukaryotes. Among them, glutamine plays a prominent role as a TOR 
regulator in different organisms including microalgae and plants 
(5, 13). Our results revealed that glutamine is not required for the 
activation of TOR by light or DHA (Fig. 2, D and E), strongly sug-
gesting that amino acids and inorganic carbon have distinct impacts 
on TOR. This hypothesis is in consonance with the presence of spe-
cific mechanisms that convey amino acid and glucose availability to 
TOR in yeasts and mammals (2). A recent study identified three dif-
ferent pathways through which glucose activates TORC1 in yeasts, 
demonstrating that FBP, G6P, and complete glycolysis are required 
for this activation (37). In mammals, glucose signaling to mechanis-
tic TORC1 (mTORC1) has been shown to be mediated by DHAP 
rather than by glucose itself (38). Similar to what we have observed in 
light/dark synchronized Chlamydomonas cells (Fig. 1D), DHAP lev-
els change more than any other glycolytic intermediate between high 
and low glucose conditions in mammalian cells (38). Moreover, 
DHA is sufficient to activate mTORC1 in the absence of glucose (38), 
in close agreement with our findings in Chlamydomonas showing 
full activation of TOR by exogenous DHA under dark conditions 
(Fig. 2A). Although there is no known plasma membrane transport-
er for DHAP in mammals (38), our study in Chlamydomonas using a 
mutant defective in the chloroplast DHAP transporter TPT3 provid-
ed genetic evidence connecting this central metabolite to TOR regula-
tion. Thus, we conclude that DHAP might be a conserved regulatory 
metabolite connecting carbon availability to TOR activity in autotro-
phic and heterotrophic eukaryotes. However, the precise molecular 
machinery involved in DHAP sensing by TOR remains to be eluci-
dated. In mammals, the GATOR-Rag pathway has been proposed 
to convey the DHAP signal to mTORC1 at the lysosomal surface 
(38, 39). Upstream regulators of mTORC1 such as the amino acid 
sensor GATOR or Rag guanosine triphosphatases are not conserved 
in the green lineage (40), but it is plausible that yet-to-be identified 
proteins with similar function may transmit DHAP availability to 
TOR in Chlamydomonas.

MATERIALS AND METHODS
C. reinhardtii strains and growth conditions
C. reinhardtii strains used in this study were WT 4A+ (CC-4051) and 
M10 (CC-4403, isogenic line derived from CC-124), t3ko2, and com-
plemented t3ko2 (termed as C_T3KO2) (26). Chlamydomonas cells 
were grown under standard (50 μmol photons m−2 s−1) illumination 
from light-emitting diode lamps in TP or TAP medium (41) on an or-
bital shaker (100 rpm) at 25°C. When required, TAP or TP medium 
was solidified with 1.2% Bacto agar (Difco). For synchronous diurnal 
cycles (12-hour light/12-hour dark), cells were inoculated from TP 

precultures at a starting optical density at 750 nm (OD750nm) of 0.05 in 
an Innova 42 incubator (New Brunswick Scientific) and maintained 
for 5 days under entraining conditions at an OD750nm of 0.4 to 0.5. When 
required, cells were treated with DHA (Sigma-Aldrich, 8.20482), DMKG 
(Sigma-Aldrich, 349631), MSX (Sigma-Aldrich, M5379), cerulenin 
(Sigma-Aldrich; C2389), or HCO3

− (Sigma-Aldrich, S5761) at the indi-
cated concentrations and times. For light-to-dark transition assays or 
when acetate was removed from the medium, cells growing in TAP me-
dium were washed three times with TP, transferred from standard illu-
mination to complete darkness for 8 hours, and then reilluminated for 
15, 30, or 60 min.

Protein preparation, Western blot assays, and TOR 
activity determination
Chlamydomonas cells from liquid cultures were collected by cen-
trifugation (4000g, 2 min), washed in lysis buffer [50 mM tris-HCl 
(pH 7.5)], and resuspended in 100 μl of the same buffer. Cells were 
lysed by two cycles of slow freezing to −80°C followed by thawing at 
room temperature. The soluble protein cell extract was separated 
from the insoluble fraction by centrifugation (15,000g, 20 min, 4°C). 
Proteins were quantified using the Coomassie dye binding method 
(Bio-Rad, 500-0006). For immunoblot analyses, total protein extracts 
(30 μg) were subjected to denaturing gel electrophoresis and then 
transferred to either polyvinylidene fluoride membranes (Amersh-
am, 10600023) that were previously activated in methanol for phos-
phorylated RPS6 (P-RPS6) detection or to nitrocellulose membranes 
(Amersham, 10600003) for RPS6 detection. Primary antibodies 
raised against Chlamydomonas P-RPS6 and RPS6 (24) and secondary 
anti-rabbit antibodies (Sigma-Aldrich, A6154) were diluted 1:3.000, 
1:3.000, and 1:10.000, respectively, in phosphate-buffered saline con-
taining 0.1% (v/v) Tween-20 (Applichem, A4974) and 5% (w/v) milk 
powder (Applichem, A0830). Proteins were detected with the Lumi-
nata Crescendo Merck Millipore immunoblotting detection system 
(Millipore, WBLUR0100) and visualized using an ImageQuant 800 mo-
lecular imaging system (Amersham). Coomassie brilliant blue–stained 
gels were used as protein loading controls. TOR activity was ana-
lyzed by monitoring the phosphorylation state of the RPS6 ribosom-
al protein with antibodies that specifically recognize phosphorylation 
of this protein at Ser245 (24). We have previously reported that phos-
phorylation of Ser245 in RPS6 is regulated by TOR in Chlamydomonas 
(24). The phosphorylation state of RPS6 has been widely used to 
monitor TOR activity in different systems including plants (33, 42–
44). To determine the phosphorylation state of RPS6, P-RPS6 and 
total RPS6 signals were quantified using ImageQuant TL analysis 
software (Amersham). The P-RPS6/RPS6 ratio was calculated as the 
P-RPS6 intensity divided by the RPS6 intensity. This value was nor-
malized to the mean control ratio for each treatment or condition 
analyzed (24).

Metabolomic analysis
Metabolites were analyzed as previously described (45). Briefly, 
Chlamydomonas cells growing under the indicated conditions were 
collected by centrifugation (4000g, 2 min, 4°C) and pellets were rap-
idly frozen in liquid nitrogen and immediately stored at −80°C. Frozen 
pellets were resuspended in ice-cold 70:30 (v/v) methanol:chloroform 
and homogenized by 15 cycles of 30 s of vortexing followed by im-
mersion in liquid nitrogen to keep the samples cool. Subsequently, 
Milli-Q water was added to the samples and, after centrifugation 
(15,000g, 20 min, 4°C), the polar phase was transferred to a new 
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tube to evaporate all of the solvent using a vacuum concentrator 
overnight. Last, metabolites were resuspended in 50 μl of Milli-Q 
water and analyzed using a liquid chromatography–tandem mass 
spectrometry system (Sciex Qtrap 6500+) at the Chromatography 
Facility of IBVF. For chromatography, a XSELECT HSS T3 XP col-
umn (Waters) with an UFLC XR HPLC (Shimadzu) was used. Mo-
bile phases were composed of 10 mM tributylamine, 10 mM acetic 
acid (pH 6.86), 5% methanol and 2% 2-propanol (mobile phase A) 
and 2-propanol (mobile phase B). The injection volume was 5 μl 
with full loop injection. Peak areas of all the metabolites identified 
were normalized by the peak areas of the internal standard acet-
aminophen. For mass spectrometry, operating conditions were set up 
according to the manufacturer’s instructions (https://sciex.com/
content/dam/SCIEX/pdf/tech-notes/all/quant_qual_Metabolomics_
AnalysisQTRAP.pdf).

Starch analysis
Cells were concentrated (OD750nm, 4 to 5), washed twice with Milli-Q 
water (Merck Millipore), and stored at −20°C until use. Subsequent-
ly, starch was obtained from the cell pellet by ethanolic extraction. 
Briefly, cells were resuspended in 1 ml of 80% ethanol, heated at 70°C 
for 30 min, and centrifuged for 5 min (15,000g, 4°C). After two ad-
ditional washing steps, the pellet was resuspended in 200 μl of 0.2 M 
KOH and heated at 95°C for 30 min, and last, 40 μl of 1 M acetic 
acid was added. The starch was digested with amyloglucosidase from 
Aspergillus niger (Sigma-Aldrich, A7095), and the glucose level was 
determined using the glucose oxidase/peroxidase method (Sigma-
Aldrich, GAGO20).

Statistical information
Data from at least three biological replicates were analyzed using 
GraphPad software. Two-tailed Student’s t tests and one-way analy-
sis of variance (ANOVA) were used to compare different strains or 
different growth conditions and treatments and to analyze the tem-
poral changes. Metabolites with a false discovery rate <0.05 were as-
signed as considered statistically significant in the volcano plots. For 
all other representations, P <  0.05 was taken as the threshold for 
statistical significance. Single (*), double (**), and triple (***) as-
terisks indicate a significant difference: P  <  0.05, P  <  0.01, and 
P < 0.001, respectively. When indicated, Bonferroni correction was 
applied for multiple comparisons. A summary of the statistical anal-
ysis of experiments shown in main and supplementary figures can 
be found in table S8.

Supplementary Materials
The PDF file includes:
Figs. S1 to S9
Table S8
Legends for tables S1 to S7

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S7
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Summary

� Autophagy is a central degradative pathway highly conserved among eukaryotes, including

microalgae, which remains unexplored in extremophilic organisms. In this study, we described

and characterized autophagy in the newly identified extremophilic green microalga Chlamy-

domonas urium, which was isolated from an acidic environment.
� The nuclear genome of C. urium was sequenced, assembled and annotated in order to

identify autophagy-related genes. Transmission electron microscopy, immunoblotting, meta-

bolomic and photosynthetic analyses were performed to investigate autophagy in this extre-

mophilic microalga.
� The analysis of the C. urium genome revealed the conservation of core autophagy-related

genes. We investigated the role of autophagy in C. urium by blocking autophagic flux with

the vacuolar ATPase inhibitor concanamycin A. Our results indicated that inhibition of autop-

hagic flux in this microalga resulted in a pronounced accumulation of triacylglycerols and lipid

droplets (LDs). Metabolomic and photosynthetic analyses indicated that C. urium cells with

impaired vacuolar function maintained an active metabolism. Such effects were not observed

in the neutrophilic microalga Chlamydomonas reinhardtii.
� Inhibition of autophagic flux in C. urium uncovered an active recycling of LDs through lipo-

phagy, a selective autophagy pathway for lipid turnover. This study provided the metabolic

basis by which extremophilic algae are able to catabolize lipids in the vacuole.

Introduction

Microalgae constitute a highly diverse group of aquatic photosyn-
thetic organisms encompassing green algae (Chlorophyta), red
algae (Rhodophyta), diatoms (Stramenopila) and prokaryotic
cyanobacteria among the most representative groups. Microalgae
produce c. 50% of the planet’s oxygen and are present in almost
all ecosystems ranging from oceans and freshwater to extreme
environments such as snow and acidic waters (Field et al., 1998).
However, photosynthesis in acidic environments is performed
only by eukaryotic phototrophs since cyanobacteria cannot grow
at low pH (Brock, 1973). A number of acidophilic green and red
algae, including Chlamydomonas, Chlorella and Cyanidium genus,
have been isolated from extremely acidic waters, including mine
drainage and geothermal hot springs (Aguilera, 2013; Malavasi
et al., 2020). The low pH of this acidic environment (pH < 3.0)
facilitates metal solubility and hence acidophilic algae are usually
adapted to live with toxic concentrations of heavy metals (Agui-
lera, 2013).

To respond to metal toxicity, microalgae activate several
mechanisms that include the regulated transport of metals into/-
out of the cell and the storage of metals in acidic vacuoles (Good-
enough et al., 2019; Schmollinger et al., 2021), which are
responsible for the degradation of damaged material. In the neu-
trophilic model green alga Chlamydomonas reinhardtii, it has
been reported that heavy metals activate autophagy (P�erez-Mart�ın
et al., 2015), a major degradative process required to maintain
cellular homeostasis under stress conditions. Autophagy is charac-
terized by the formation of double-membrane vesicles called
autophagosomes that engulf a wide range of intracellular compo-
nents and transport this cargo to the vacuole for its degradation
and recycling (Marshall & Vierstra, 2018; Soto-Burgos
et al., 2018). This complex catabolic process is catalyzed by > 40
autophagy-related (ATG ) genes. A subset of these ATG genes
constitutes the autophagy core machinery and is highly conserved
in all eukaryotes with the remarkable exception of red microalgae,
which likely lost ATG genes before diversification (Shemi
et al., 2015; Mall�en-Ponce et al., 2023). Under optimal growth,
eukaryotic cells recycle unnecessary cytoplasmic constituents by
maintaining a basal level of autophagy. However, this catabolic
process is upregulated in response to a wide range of stresses such*These authors contributed equally to this work.
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as nutrient limitation, oxidative damage and energy deficit to
maintain cellular homeostasis (Marshall & Vierstra, 2018).

Autophagy was originally described as an unspecific degra-
dation system but the identification of receptor and adaptor
proteins involved in the selective degradation of cellular mate-
rial via autophagy demonstrated that this degradative process
can also be highly specific. Autophagy selectively eliminates
specific proteins, protein aggregates, ribosomes, proteasomes,
fragments of endoplasmic reticulum or nuclei, and even entire
organelles such as peroxisomes, mitochondria and chloroplasts
(Marshall & Vierstra, 2018; Stephani & Dagdas, 2020).
Autophagy has also been reported to mediate lipid degrada-
tion in mammals, yeasts and plants through a process known
as lipophagy (Singh et al., 2009; van Zutphen et al., 2013;
Fan et al., 2019). Eukaryotic cells can store lipids, mostly tria-
cylglycerol (TAG), in specialized organelles called lipid dro-
plets (LDs) (Barros et al., 2020; Masclaux-Daubresse et al.,
2020). LDs are composed of a core of neutral lipids sur-
rounded by a phospholipid monolayer that includes periph-
eral and integral proteins. Although initially considered as
mere cytoplasmic inclusions of fat, LDs are now recognized to
play key functions in lipid and energy homeostasis (Olzmann
& Carvalho, 2019). Indeed, LDs are dynamic organelles that
reflect the status of cellular metabolism since lipids are stored
in LDs during excess nutrient availability and mobilized for
energy production under nutrient stress. LDs can be degraded
through enzymatic hydrolysis mediated by lipases or via lipo-
phagy, which requires the participation of ATG proteins (Fan
et al., 2019; Barros et al., 2020; Li-Beisson et al., 2021). Lipo-
phagy has been described in mammalian cells as a mechanism
by which small LDs are wrapped by autophagosomes and
delivered to the lysosome for degradation (Singh et al., 2009).
Eukaryotic cells also degrade LDs through microlipophagy, a
process by which lysosomes/vacuoles and LDs form stable
contacts that allow the transfer of lipid contents into these
lysosomes. Microlipophagy has been well characterized in the
budding yeast Saccharomyces cerevisiae, and several studies
indicate that the direct engulfment of LDs by vacuoles
requires the autophagy machinery (van Zutphen et al., 2013;
Seo et al., 2017).

Lipophagy has been described in plants and algae. In plants,
lipophagy is involved in pollen germination and contributes to
the degradation of LDs during seed germination and seedling
growth (Kurusu et al., 2014). Mounting studies in green algae
indicate that lipophagy may be involved in LD degradation. A
microlipophagy-like process has been described in Auxenochlor-
ella protothecoides (Zhao et al., 2014), Nannochloropsis oceanica
(Zienkiewicz et al., 2020) and C. reinhardtii (Tsai et al., 2018;
Tran et al., 2019). Direct interaction between LDs and
ATG8-labeled structures has been shown in C. reinhardtii cells
under nitrogen starvation (Tran et al., 2019). Our previous
results in C. reinhardtii reveal that inhibition of the autophagic
flux prevented the accumulation of TAGs and the formation of
LDs in nitrogen- or phosphate-starved cells, suggesting that a
vacuolar lytic function is needed for the synthesis of lipids under
nutrient limitation (Couso et al., 2018). Moreover, a functional

study performed in C. reinhardtii indicates that ATG8 is
involved in the degradation of TAGs (Kajikawa et al., 2019).
Finally, a lipophagy pathway seems to operate in the large unicel-
lular green alga Micrasterias denticulata by trapping LDs in
autophagosome-like vesicles that are delivered into vacuoles
(Schwarz et al., 2017).

Current knowledge of autophagy in extremophiles is very lim-
ited. Despite these organisms live under severe conditions that
usually trigger autophagy in other eukaryotes, little attention has
been paid to the role of this catabolic process in regulating the
physiology of extremophiles. To learn about the function of
autophagy in extremophilic organisms, in this study we blocked
autophagic flux with the vacuolar ATPase inhibitor concanamy-
cin A (ConcA) in Chlamydomonas urium, a new unicellular green
alga isolated from a highly acidic river from Spain. Our results
indicated that the core autophagy machinery is conserved in the
genome of C. urium and other acidophilic microalgae. Moreover,
transmission electron microscopy and metabolomic studies
revealed an active recycling of LDs via lipophagy upon inhibition
of autophagic flux in C. urium that does not seem to operate in
C. reinhardtii.

Materials and Methods

Strains, media and growth conditions

Samples from the source of the R�ıo Tinto (37°4301800N,
6°330200W) were collected in spring 2015. Chlamydomonas urium
strain was isolated and identified in this study as described in the
Results and Discussion section. Chlamydomonas reinhardtii
wild-type 4A+ (WT4A+) strain (CC-4051) was obtained from the
Chlamydomonas Resource Center (www.chlamycollection.org).

Typically, both Chlamydomonas strains were grown under
standard illumination (c. 50 lmol m�2 s�1 from led lamps) at
25°C in high salt medium (HSM) as described previously
(Harris, 1989). When required, cells in exponential growth phase
(c. 106 cells ml�1) were treated with different metals including
Cu2+ and Ni2+ or with ConcA (sc-202111A; Santa Cruz Biotech-
nology, Heidelberg, Germany) at the indicated concentrations.
Stock solutions of ConcA (100 lM) were prepared in dimethyl
sulfoxide (DMSO) and kept at �20°C, whereas stock solutions
of the different metals were freshly prepared 1000-times concen-
trated in redistilled water. For experiments at low pH, the HSM
medium was acidified with the required concentration of HCl
during its preparation. When required, ammonium chloride was
added to HSM medium which typically contains 7.5 mM
NH4Cl. For nitrogen limitation experiments, cells growing expo-
nentially in HSM medium were washed twice and then trans-
ferred to N-free HSM medium. When required, cells were grown
mixotrophically or heterotrophically in Tris–acetate–phosphate
(TAP) medium as described previously (Harris, 1989). Growth
curves were constructed using mean values of OD750 nm or cell
number per mL measurements performed at least in triplicate.
For growth on plates, 1.2% (w/v) bacto agar (214010; Becton,
Dickinson and Company, Le Pont de Claix, France) was added
to the medium.
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Optical microscopy

Chlamydomonas urium cells were collected by centrifugation and
resuspended in 1 ml of phosphate-buffered saline (PBS). Cells were
fixed with 2.5% (v/v) glutaraldehyde (G5882; Sigma-Aldrich) in
50 mM Tris–HCl (pH 7.5) for 1 h at 25°C. After fixing, cells
were washed four times with 50 mM Tris–HCl (pH 7.5) and
resuspended in the same buffer. Cells were examined with an opti-
cal microscope (AXIO Scope A1; Zeiss) equipped with DIC optics.
Images were registered with an Axiocam 105 camera (Zeiss) and
processed with ZEN v.2.3 software (Zeiss).

Electron microscopy

Chlamydomonas urium cells (c. 2 9 106 cells ml�1) treated with
0.2 lM ConcA for 8 h were fixed with 2.5% glutaraldehyde
(G5882; Sigma-Aldrich) in 0.1 M sodium cacodylate buffer
(pH 7.4) for 2 h at 25°C. After fixing, cells were washed five
times with 1 ml of the same buffer at 25°C. Then, samples were
postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer
(pH 7.4) for 1 h at 4°C. After washing, samples were immersed
in 2% uranyl acetate, dehydrated through a gradient acetone ser-
ies (50%, 70%, 90% and 100%, v/v) and embedded in Spurr
resin (Spurr, 1969). Semithin sections (300 nm thickness) were
obtained with a glass knife and stained with 1% (w/v) Toluidine
Blue for cell localization and reorientation using a conventional
optical microscope. Once a suitable block face of the selected area
was trimmed, several ultrathin sections (70 nm) were obtained
using an ultramicrotome (UC7; Leica, Wetzlar, Germany)
equipped with a diamond knife (Diatome, Nidau, Switzerland)
and collected on 200-mesh copper grids. Sections were examined
in a Zeiss Libra 120 transmission electron microscope and digi-
tized (2048 9 2048 9 16 bits) using an on-axis mounted TRS
camera.

Genomic DNA isolation and sequencing

Chlamydomonas urium cells growing autotrophically at the expo-
nential phase were collected by centrifugation (4000 g for
5 min) and washed once in 50 mM Tris–HCl (pH 7.5) buffer,
and then, pellets were frozen in liquid nitrogen and immediately
stored at �80°C. Total DNA was isolated from frozen cell pellets
using the Qiagen kit (69104; Qiagen) following the instructions
of the manufacturer. For genomic DNA sequencing, 200 ng of
total DNA was used to prepare genomic libraries with Illumina
DNA Prep. Paired-end (150-bp) libraries were sequenced with
Illumina NextSeq 500 Mid Output. Quality control of DNA
reads was performed with BASESPACE Onsite v.3.22.91.158 (Illu-
mina).

Genome assembly and annotation

The quality of the reads was evaluated by FASTQC v.0.11.9 (www.
bioinformatics.babraham.ac.uk/projects/fastqc). Reads with low
quality or length were removed (parameters, LEADING = 5,
TRAILING = 5, SLIDINGWINDOW = 3 : 15, MINLEN =

80), as well as the sequencing adaptors using TRIMMOMATIC

v.0.35 (ILLUMINACLIP:adapters_nextera.fa:2:30:10) (Bolger
et al., 2014). The remaining reads were normalized by the tool
bbnorm (https://sourceforge.net/projects/bbmap) and assembled
by the tool ABYSS v.2.2.5 with a k-mer interval optimized to 127,
P = 0.95 and b = 1000 000 (Jackman et al., 2017). Resulting
contigs with length shorter than 1000 bp were discarded, and
low-complexity regions were filtered using REPEATMASKER release
v.4.1.1 and default parameters (with Dfam database) (www.
repeatmasker.org). Then, protein-coding genes were predicted by
AUGUSTUS v.3.3.2 (parameters, --strand=both --genemodel=
partial --protein=on --introns=on --codingseq=on --gff3=on
--sample=100), and the corresponding protein sequences were
obtained (using the script getAnnoFasta.pl from the AUGUS-
TUS repository) (Stanke & Morgenstern, 2005). These
sequences were functionally annotated using SMA3S v.2 and UNI-

REF90 database (release 05/2017) (Casimiro-Soriguer
et al., 2017). The assembly was deposited in GenBank (BioPro-
ject PRJNA1037726).

Molecular phylogeny

The chloroplast genome of C. reinhardtii was used as reference
sequence (GenBank: BK000554.2). Both 16S and 23S ribosomal
RNA sequences were searched using the tool BARRNAP v.0.9 and a
reject threshold of 0.9 (www.github.com/tseemann/barrnap).
Then, these were used as query sequences in a similarity search
with BLASTN (filtering by identity 80% and query coverage lower
than 80%) (Altschul et al., 1997) against the chloroplast genomes
of the species listed in Supporting Information Table S1. Both
sequences were concatenated in the same order by species, and a
multiple alignment was performed using MAFFT v.7.271
(--globalpair --maxiterate 16 --phylipout) (Katoh & Standley,
2013), where regions with gaps in at least 10% of the sequences
where removed using TRIMAL v.1.2 (Capella-Guti�errez
et al., 2009). Finally, the molecular phylogeny was constructed
using the multiple alignment and the tool RAXML v.8.2.9 with
the method GTRCAT (proposed by MODELFINDER from the
package IQTREE v.2.0.3) and bootstrap 1000 (Stamatakis, 2014).
The phylogeny was displayed using the R package GGTREE

v.1.10.5.

Comparison of genes involved in autophagy

Genes related to autophagy of S. cerevisiae were used to search in
C. reinhardtii and A. thaliana, using BLASTP with low-restricted
parameters (e-value threshold = 0.0005, query coverage = 30%)
(Altschul et al., 1997), due to the expected low sequence conser-
vation. Then, sequences of each autophagy protein were aligned
using MAFFT v.7.271 with default parameters (Katoh & Stand-
ley, 2013). Alignments with orthologous proteins were converted
to HMM profiles with hmmbuild (package HMMER v.3.3.2)
(Eddy, 1998). Thus, these profiles were used to search for these
new orthologous proteins in the other species using HMMSEARCH

(parameters -E 0. 00001 and -noali). Proteomes were down-
loaded from JGI database (Table S1). To calculate a comparable
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identity percent for every found protein sequence, the
S. cerevisiae sequence was used as reference using the program ESL-
ALIPID (Eddy, 1998).

Modeling of C. urium and C. reinhardtii ATG8 proteins

Chlamydomonas urium ATG8 and C. reinhardtii ATG8 models
were created using Swiss-Model (Waterhouse et al., 2018). The
best model was selected based on QMEAN and sequence iden-
tity. Subsequently, the UCSF Chimera Modeller interface was
used for de novo modeling of N- and C-terminal regions based
on two different statistical scores (GA341 and zDOPE) (�Sali &
Blundell, 1993; Melo et al., 2002; Shen & Sali, 2006). Electro-
static potential surfaces were calculated using the APBS-PDB2PQR

software (Dolinsky et al., 2004; Jurrus et al., 2018).

Lipid analysis

For the TAG analysis under N starvation, C. urium cells growing
exponentially (c. 2 9 106 cells ml�1) in a N-replete HSM med-
ium were transferred to a N-depleted HSM medium (HSM-N)
or kept at the same medium (HSM) as control for 24 h. Then,
cells were collected by centrifugation (4000 g for 2 min), washed
once in 50 mM Tris–HCl (pH 7.5) buffer and immediately fro-
zen at �80°C until use. The frozen cell pellets were dried using a
SP VirTis BenchTop Pro Freeze Drier, and dry weight was mea-
sured using a Sartorius precision balance. For the TAG analysis
under ConcA treatment, C. urium in the absence (control) or
presence of 0.2 lM ConcA for 16 h in HSM or HSM-N were
collected as described previously. TAGs were analyzed as
described previously (Couso et al., 2018). The analysis of TAGs
was carried out by injecting 1 ll of the lipid extraction into the
GC (6890 GC; Agilent, Santa Clara, CA, USA), using hydrogen
as the carrier gas. The injector and detector temperatures were
both 370°C, the oven temperature was 335°C, and a head pres-
sure gradient from 70 to 120 kPa was applied. The GC column
used was a Quadrex Aluminium-Clad 400-65HT (30 m length,
0.25 mm id, 0.1 lm film thickness; Woodbridge, USA), and a
linear gas rate of 50 cm s�1, a split ratio 1 : 80, and a flame ioni-
zation detector (FID) were used. The TAG species were identi-
fied and quantified according to Fernandez-Moya et al. (2000).
Four biological replicates were analyzed for each condition.
Errors bars indicate SD of the values.

Metabolomic analysis

Chlamydomonas urium and C. reinhardtii cells growing autotro-
phically at the exponential phase (c. 2 9 106 cells ml�1) in HSM
medium were treated with 0.2 lM ConcA or drug vehicle for
16 h. Then, cells were collected by centrifugation (4000 g
for 2 min at 4°C) and pellets were rapidly frozen in liquid nitro-
gen and immediately stored at �80°C. Frozen pellets were resus-
pended in ice-cold 70 : 30 methanol : chloroform (v/v) and
homogenized by 15 cycles of 3000 vortex followed by immersion
in liquid nitrogen to keep the samples cool. Subsequently, milliQ
water was added to the samples and after centrifugation

(15 000 g for 20 min at 4°C), the polar phase was transferred to
a new tube to evaporate all the solvent using a vacuum concentra-
tor overnight. Finally, metabolites were resuspended in 50 ll
miliQ water and analyzed using a LC-MS/MS system (Sciex
Qtrap 6500+). Peak areas of all the metabolites identified were
normalized by the peak areas of internal standard acetaminophen.
For amino acids, cells were collected by centrifugation (4000 g
for 2 min at 4°C), lyophilized and 2 mg of dried weight was
used to extract amino acids as previously described (Mall�en-
Ponce et al., 2022a). Amino acid content was analyzed by LC-
MS/MS system (Sciex Qtrap 6500+). Four biological replicates
were analyzed for each condition. Metabolites and amino acids
were analyzed at the Chromatography Facility of IBVF.

Protein preparation and immunoblot analysis

Chlamydomonas urium and C. reinhardtii cells from liquid cul-
tures were collected by centrifugation (4000 g for 5 min),
washed in 50 mM Tris–HCl (pH 7.5) buffer and resuspended
in a minimal volume of the same solution. Cells were lysed by
two cycles of slow freezing to �80°C followed by thawing at
room temperature. The soluble cell extract was separated from
the insoluble fraction by centrifugation (15 000 g for 20 min) in
a microcentrifuge at 4°C. Proteins were quantified using the
Coomassie dye-binding method (500-0006; Bio-Rad). For
immunoblot analyses, total protein extracts (20 lg) were sub-
jected to 15% SDS-PAGE gels and then transferred to nitrocellu-
lose membranes (162-0115; Bio-Rad). Primary antibodies raised
against C. reinhardtii CrATG8 (P�erez-P�erez et al., 2010) and sec-
ondary anti-rabbit (A6154; Sigma) antibodies were diluted
1 : 3000 and 1 : 10 000, respectively, in PBS containing 0.1%
(v/v) Tween-20 (A4974; Applichem, Barcelona, Spain) and 5%
(w/v) milk powder (A0830; Applichem). The Luminata Cres-
cendo Millipore immunoblotting detection system
(WBLUR0500; Millipore) was used to detect the proteins. Red
Ponceau-staining membranes from the same Western blot analy-
sis were used as protein loading control.

Chlorophyll extraction and quantification

Chlorophyll was extracted from C. urium and C. reinhardtii cells
and analyzed according to Porra et al. (1989). The absorption at
750 nm (OD750) was used as a reference. Chla and Chlb were
then photometrically quantified using the equation of Porra
et al. (1989).

Chlorophyll fluorescence

Chlamydomonas urium and C. reinhardtii cells growing autotro-
phically at the exponential phase (c. 2 9 106 cells ml�1) in HSM
medium were used to calculate maximum fluorescence (Fm),
Fv/Fm parameter, the relative ETR (rETR) and maximum oxidiz-
able P700 (Pm) using a DUAL-PAM-100 (Walz). To calculate
the minimum fluorescence (F0), cells were dark-adapted for
10 min with constant stirring. To determine the maximum fluor-
escence (Fm), DCMU was added to a final concentration of
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20 lM on red light (25 lmol photons m�2 s�1) background.
To calculate rETR at growth light intensity, cells were
dark-adapted for 10 min with constant stirring and then exposed
to 50 lmol photons m�2 s�1 for 5 min. To determine rETR at
different light intensities, cells were dark-adapted for 10 min
with constant stirring and then exposed to the indicated light
intensities for 3 min. The Pm value was measured by the applica-
tion of a saturating red-light pulse (5000 lmol photons
m�2 s�1, duration 200 ms) on far-red light (75 W m�2) back-
ground. Fm and Pm measurements were performed on equal
amounts of chlorophyll (5 lg ml�1). Three biological replicates
were analyzed for each condition.

Oxygen evolution

Chlamydomonas urium and C. reinhardtii cells growing autotro-
phically at the exponential phase (c. 2 9 106 cells ml�1) in HSM
medium were used to perform a light response curve. To this
end, 2 ml of cells (c. 2 9 106 cells ml�1) were used to determine
oxygen evolution at 25°C with continuous stirring in a
Clark-type electrode (Chlorolab 2+ System; Hansatech, Norfolk,
UK). Cells were dark-adapted for 10 min with constant stirring,
then exposed to 50 lmol photons m�2 s�1 for 5 min, and
finally exposed to darkness for 5 min. For the light curves, cells
were exposed to the indicated light intensities for 3 min. O2 pro-
duction was calculated as the difference between oxygen produc-
tion in the light and oxygen consumption in the dark. Three
biological replicates were analyzed for each condition.

Results and Discussion

Isolation and characterization of a new extremophilic
microalga

R�ıo Tinto (Nerva, Spain) is a well-characterized extremely acidic
(mean pH 2.3) river with a high content of heavy metals (Fe,
Cu, Zn, As, etc.) and an unusual high microbial diversity (Agui-
lera, 2013; Amils, 2016). Early studies revealed that microalgae
contribute at least 60% of the total biomass in the Rio Tinto
(Amaral Zettler et al., 2002; Angeles et al., 2006), and some acid-
ophilic species from the Chlorella, Chlamydomonas and Euglena
genus have been isolated from this extreme environment (Agui-
lera et al., 2006, 2007). We have isolated several microalgae from
samples taken from the water source of R�ıo Tinto located at Pe~na
de Hierro (Nerva, Spain), a natural ecosystem with the character-
istic acidity and metal content of this river (Fig. 1a). Axenic cul-
tures of one of the isolated microalgae were obtained through
serial dilution (see the Materials and Methods section). Examina-
tion of this microalga by light and electron microscopy revealed a
morphology and cell size similar to members from the genus
Chlamydomonas. Cells were c. 10 lm in diameter and had two
apical cilia and a large cup-shaped chloroplast with a prominent
pyrenoid and numerous starch granules (Fig. 1b,c). Based on
morphological observations and a phylogenetic analysis (to be
described later), we named this new microalga C. urium since
urium was the original name of R�ıo Tinto coined by the Romans.

Another extreme acidophilic microalga, Chlamydomonas acido-
phila, was isolated from R�ıo Tinto (Aguilera et al., 2006) and an
acid lake from Japan (Nishikawa & Tominaga, 2001). Chlamydo-
monas acidophila strains exhibit high resistance to metals and
acidic pH but are unable to efficiently grow at neutral pH values
(Nishikawa & Tominaga, 2001).

We investigated the growth rate of C. urium under standard
laboratory conditions at 25°C in autotrophic minimal medium,
which has been widely used among Chlamydomonas species (Har-
ris, 2009). In consonance with its extreme original habitat,
C. urium cells were able to grow at low pH or in the presence of
toxic concentrations of metals (Fig. S1a,b). However, unlike
C. acidophila (Nishikawa & Tominaga, 2001), C. urium is able
to grow at neutral pH. Notably, the growth of C. urium and
C. reinhardtii cells was similar in minimal medium at pH 7
(Figs 1d, S1a, S2), indicating that this extremophilic microalga
exhibits a high growth rate likely associated with a stable carbon
assimilation in standard conditions. To investigate the photosyn-
thetic efficiency of C. urium cells under laboratory conditions
(25°C and 50 lmol photons m�2 s�1), we determined some
photosynthesis-related parameters using pulse amplitude-
modulated (PAM) fluorometry and a Clark electrode. The analy-
sis of the relative electron transport rate (rETR), the maximum
photochemical efficiency of PSII (Fv/Fm) and O2 evolution indi-
cated that the photosynthetic activity of C. urium is comparable
to C. reinhardtii at nonsaturating light intensity (Fig. 1e–g). We
also analyzed the total chlorophyll (Chl) content of C. urium cells
at standard growth conditions and both strains displayed a simi-
lar Chla : Chlb ratio, although C. urium contained lower levels
of total chlorophyll (Fig. 1h). Given that algal and plant cells lose
chlorophyll during nitrogen deprivation, we monitored the chlor-
ophyll content of C. urium and C. reinhardtii under nitrogen
stress. Both microalgae downregulated their chlorophyll level
with similar kinetics (Fig. S3). Nevertheless, the different total
chlorophyll content of both microalgae led us to perform a more
detailed photosynthetic study. We monitored the photosynthetic
response of C. urium and C. reinhardtii cells at different light
intensities. Oxygen production rates and rETR of C. urium were
similar to C. reinhardtii at low light intensities, including growth
light (50 lmol photons m�2 s�1). However, C. urium exhibited
higher oxygen production rates and rETR at light intensities
exceeding 150 lmol photons m�2 s�1 (Figs 1i,j, S4a). Accord-
ingly, the growth of C. urium cells was faster than C. reinhardtii
cells under high light conditions (Fig. S2). The significant differ-
ences detected in photosynthetic rates at saturating light intensi-
ties in C. urium and C. reinhardtii together with the lower total
chlorophyll content and similar Chla : Chlb ratio of C. urium
suggested that PSII and PSI might differ in these two microalgae.
Indeed, we found that the maximum fluorescence of PSII (Fm)
was higher in C. urium, whereas the total amount of photo-
oxidizable P700 at PSI (Pm) was reduced in the acidophilic
microalga (Figs 1k,l, S4b,c). As part of the photosynthetic charac-
terization of C. urium, we determined the respiration rates in
darkness and directly after light exposure. No significant differ-
ences were found between C. urium and C. reinhardtii under
standard growth conditions (Fig. S4d).
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We also investigated the capacity of C. urium to use organic
compounds such as acetate or glucose as carbon source. In con-
trast to C. reinhardtii, C. urium was unable to metabolize acetate
in dark conditions and the presence of this organic carbon in the
medium had a negative effect on C. urium cell growth in the light

(Fig. S1c). As described previously for C. reinhardtii (Xenie &
Jean, 2013), we found that C. urium does not use glucose as
carbon source (Fig. S1d). The natural acidic environment of
C. urium does not preserve well the organic matter, which is
mostly generated by photosynthetic and chemolithoautotrophic

(a)

(d)

(i) (j) (k) (l)

(e) (f) (g) (h)

(b) (c)

**
***

*

*

m
l–1

×

Chla : Chlb

Fig. 1 Chlamydomonas urium, a newly identified green microalga isolated from the R�ıo Tinto. (a) Natural environment of R�ıo Tinto (Nerva, Spain).
(b) Optical microscopy image of C. urium from axenic cultures grown autotrophically at the exponential phase in high salt medium (HSM) medium. Bar,
5 lm. (c) Electron microscopy image of C. urium grown as described in (b). Bar, 1 lm. S, starch granule; P, pyrenoid. (d) Growth curve of C. urium cells
(pink) and Chlamydomonas reinhardtii cells (green) in HSMmedium. Four biological replicates were taken, and the cell number ml�1 was measured.
Photosynthetic parameters of both Chlamydomonas species including Fv/Fm ratio (e), O2 production (f) and relative electron transport rate (rETR) (g).
(h) Chlorophyll content of C. urium and C. reinhardtii cells. Inset panel shows the Chla : Chlb ratio. Oxygen production (i) and rETR (j) of C. urium and
C. reinhardtii in response to different light intensities. (k) Maximum fluorescence (Fm) of both Chlamydomonas strains. (l) Maximum amount of photo-
oxidizable P700 (Pm) of both Chlamydomonas strains. At least three biological replicates were measured. Error bars indicate SD. For panels (d–h), (k) and
(l), cells were grown in HSM medium at 25°C and 50 lmol m�2 s�1 of light intensity. A.u. indicates arbitrary units. Asterisks represent significant
differences according to two-tailed Student’s t-test: ***, P < 0.001; **, P < 0.01; *, P < 0.05. Not significant ≥ 0.05. The statistical analysis is detailed in
Supporting Information Table S3.
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activity (L�opez-Archilla et al., 2001). Thus, it is likely that
C. urium did not acquire the capacity to transport and/or meta-
bolize organic compounds.

Analysis of the C. urium nuclear genome

To investigate the phylogenetic relationships of C. urium, we
sequenced the genome of this microalga. Illumina NextSeq 500
reads of genomic DNA were obtained and processed for quality
control. The sequences of 16S and 23S ribosomal RNA genes
were identified and used to perform a molecular phylogenetic
study. This evolutionary analysis indicated that C. urium belongs
to the Chlorophyceae class and is closely related to Chlamydomonas
eustigma, an acidophilic microalga isolated from sulfuric acid
mine drainage (Hirooka et al., 2017) (Fig. 2a). In the phyloge-
netic tree, C. urium is more distant to its neutrophilic relative
C. reinhardtii although both microalgae evolved from a common
ancestor (Fig. 2a). In close agreement, whole-genome compari-
sons between neutrophilic and acidophilic green algae indicate
that acidophiles evolved from neutrophilic ancestors (Hirooka
et al., 2017). The sequenced C. urium DNA reads were
assembled into 8823 contigs (N50 = 16.8 kb) with a total length

of 73.4 Mb (Fig. 2b). The GC content of the C. urium genome
is 60%, which is similar to other members of the order Chlamy-
domonadales but significantly higher than its closest relative
C. eustigma (45%) (Fig. 2c). A total of 12 400 protein-coding
genes were identified in the assembled C. urium draft genome
using AUGUSTUS software (Fig. 2b).

Autophagy is conserved in C. urium

Autophagy has been described in green algae and core ATG pro-
teins are well conserved in these organisms (D�ıaz-Troya
et al., 2008; P�erez-P�erez et al., 2010; Shemi et al., 2015; Mall�en-
Ponce et al., 2023). However, this major degradative pathway has
not been yet investigated in extremophiles, which prompted us to
analyze this catabolic process in C. urium. First, we searched for
homologs of ATG genes in the assembled C. urium draft genome.
Our survey identified ATG genes encoding proteins that regulate
the initiation of autophagy, including the ATG1 kinase, proteins
involved in early steps of autophagosome formation such as
ATG6, ATG9 and ATG14, and proteins from the ATG8 lipida-
tion system including ATG3, ATG7 and ATG8 (Fig. 3a). Core
ATG genes were also identified in the genome of C. eustigma and

(a)

(b) (c) Fig. 2 Genome comparison of Chlamydomonas
urium and other organisms. (a) Molecular
phylogeny of different photosynthetic organisms
based on the sequences of 16S and 23S
ribosomal RNA genes. The different classes are
indicated with a color code on the right.
Bootstrap values below 70 are indicated by red
dots. (b) Parameters of the genomes including
contigs, N50, genome size and number of
proteins from C. urium and other
Chlamydomonas species. (c) AT and GC content
(in %) of C. urium genome compared to other
Chlamydomonas species. A, adenine; T, thymine;
C, cytosine; G, guanine. The 50% value is
indicated with a dashed line. Chlamydomonas
species used in this analysis: C. urium;
C. reinhardtii; C. eustigma; C. applanata;
C. asymmetrica; C. sphaeroides.
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C. applanata (Fig. 3a), strongly suggesting that autophagy might
be conserved in acidophilic green algae. This contrasts markedly
with extremophilic unicellular species of red algae such as Cyani-
dioschyzon merolae or Galdieria sulphuraria, which lack ATG

genes (Shemi et al., 2015). The absence of core autophagy com-
ponents in red algae suggests that a divergent evolution in ATG
genes could take place in Chlorophyta and Rhodophyta. In addi-
tion to ATG proteins, we found that all components of the

(a)

(b) (c)

– –

Fig. 3 Autophagy in the extremophilic microalga C. urium. (a) Conservation of ATG genes in C. urium and other organisms. Species abbreviations:
G. sulphuraria, Galdieria sulphuraria; C. merolae, Cyanidioschyzon merolae;M. commoda,Micromonas commoda; A. thaliana, Arabidopsis thaliana;
K. nitens, Klebsormidium nitens; Coccomyxa sp., Coccomyxa sp.; C. sphaeroides, Chlamydomonas sphaeroides; C. reinhardtii, Chlamydomonas

reinhardtii; C. variabilis NC64A, Chlorella variabilis NC64A;O. tauri,Ostreococcus tauri;M. viride,Mesostigma viride; C. eustigma, Chlamydomonas

eustigma; V. carteri, Volvox carteri; C. eustigma, Chlamydomonas eustigma; C. paradoxa, Cyanophora paradoxa; C. asymmetrica, Chlamydomonas
asymmetrica; C. applanata, Chlamydomonas applanata; C. urium, Chlamydomonas urium. (b) Structural modeling of C. urium and C. reinhardtii ATG8
proteins. The C terminus of both proteins is colored in pink, and the highly conserved Gly (Gly108 from C. urium and Gly120 from C. reinhardtii) are
highlighted. (c) Immunoblot analysis of ATG8 from C. urium and C. reinhardtii in the absence (�) or presence (+) of 0.2 lMConcanamycin A (ConcA).
Lipidated ATG8 (ATG8-PE) is indicated with asterisks. Coomassie-stained gel was used as loading control.
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TORC1 complex (TOR1, LST8 and Raptor), a main negative
regulator of autophagy in all eukaryotes (Mall�en-Ponce
et al., 2022b), are conserved in C. urium (Fig. 3a).

Among the identified ATG proteins, ATG8 displayed the
highest conservation in green algae (Figs 3a, S5a). ATG8 plays a
central role in autophagosome formation, selective cargo recruit-
ment and vacuolar fusion of autophagosomes (Nakato-
gawa, 2020). This protein is cleaved by the ATG4 protease at a
highly conserved Gly located at the C-terminus, which is then
conjugated to phosphatidylethanolamine (PE) in a process called
ATG8 conjugation or ATG8 lipidation (Nakatogawa, 2020).
Modified ATG8 (ATG8-PE) interacts with proteins from the
core autophagy machinery as well as with autophagy adaptors
and receptors. This interaction takes place through conserved
hydrophobic pockets on ATG8 known as AIM and UIM for
ATG8- and ubiquitin-interacting motif, respectively (Xie
et al., 2016; Kellner et al., 2017; Gatica et al., 2018; Marshall
et al., 2022). The ATG8 gene from C. urium encodes a
protein with 118 amino acids and a predicted molecular mass
of 13.5 kDa. Similar to other microalgae (Mall�en-Ponce
et al., 2023), structural modeling of C. urium ATG8 revealed a
characteristic ubiquitin-like folding with conserved a-helices and
b-strands (Fig. 3b), two hydrophobic pockets that bind to the
AIM motif and a hydrophobic patch that binds to the UIM
motif (Fig. S5b). As described for ATG8 proteins from other
microalgae including C. reinhardtii (P�erez-P�erez et al., 2010;
Mall�en-Ponce et al., 2023), the C-terminus of C. urium ATG8
includes an extension after the conserved Gly108 that must be
processed for its conjugation to autophagosomal membrane
(Figs 3b, S5a).

To confirm the presence of ATG8 in C. urium, we used a poly-
clonal antibody raised against C. reinhardtii ATG8 that cross-
reacts with ATG8 proteins from other microalgae and plants (P�e-
rez-P�erez et al., 2010; �Alvarez et al., 2012). In agreement with the
predicted size of the protein, a single band of lower size than
C. reinhardtii ATG8 was detected in total extracts from log-phase
C. urium cells grown under standard conditions (Fig. 3c). Next,
we investigated whether autophagy might operate in C. urium
cells under these conditions. Basal autophagy can be monitored
in microalgae by blocking autophagic flux with ConcA (Couso
et al., 2018), a specific inhibitor of vacuolar ATPase that prevents
the degradative capacity of this compartment (Dr€ose & Alten-
dorf, 1997). As described previously in C. reinhardtii (Couso
et al., 2018; Fig. 3c), treatment of C. urium cells with ConcA
resulted in an increase in the abundance of ATG8 and the detec-
tion of ATG8-PE (Fig. 3c). Taken together, our observations
strongly suggested that an active autophagy machinery is present
in the extremophilic microalga C. urium.

Inhibition of autophagic flux reveals the conservation of
lipophagy in C. urium

To further investigate the effect of inhibiting autophagic flux in
C. urium, we performed an ultrastructural analysis by electron
microscopy. It has been reported that inhibition of autophagic
flux by ConcA in C. reinhardtii results in a higher degree of

vacuolization and a pronounced increase in vacuole size (Couso
et al., 2018). Some of the most prominent structures at the
electron microscope in C. urium cells under standard growth
conditions were the pyrenoid and starch granules localized in
the chloroplast, whereas vacuoles were occasionally found
between the nucleus and the concave surface of the chloroplast
(Figs 1c, 4a). However, treatment with ConcA had a profound
effect on the size and number of vacuoles in C. urium. Large
vacuoles with internal material and small vesicles inside were
readily detected in C. urium cells upon autophagic flux inhibition
(Fig. 4b,c). A similar effect has already been reported in
C. reinhardtii cells following ConcA treatment (Couso
et al., 2018), supporting the notion that this drug inhibits autop-
hagic flux in C. urium. Remarkably, we detected LDs in close
contact with vacuoles or engulfed by these organelles in C. urium
cells treated with ConcA (Figs 4b,c, S6a–d). LDs were even
detected inside the vacuole in some cells (Fig. S6c), suggesting
that these lipid storage organelles were likely enclosed by the
vacuole via a lipophagy-like process. It is worth noting that LDs
were rarely found in untreated C. urium cells, indicating that the
detection of these organelles was a consequence of autophagic
flux inhibition. The effect of ConcA in LD formation found in
C. urium does not seem to take place in C. reinhardtii (Couso
et al., 2018). Thus, our results suggested that these two microal-
gae likely differ in the mechanisms regulating LD turnover, at
least under standard growth conditions.

LDs are mainly composed of TAGs surrounded by a mono-
layer of phospholipids and specific proteins (Goold et al., 2015).
Therefore, we speculated that an increase in the number of LDs
in C. urium cells treated with ConcA might also result in an
increase in the level of TAGs. To test this hypothesis, we deter-
mined the TAG content of C. urium in response to ConcA. Our
results showed a significant increase in TAGs in C. urium cells
treated with ConcA (Fig. 4d), in agreement with the detection of
LDs in these cells. Given that ConcA is an effective inhibitor
of autophagic flux in multiple organisms including algae (Couso
et al., 2018), the most plausible explanation for the detection of
LDs in contact with vacuoles in C. urium is that ConcA blocks
the degradation of these lipid storage organelles in the vacuole.
These results strongly suggest that the extremophilic microalgae
C. urium exhibits an active basal autophagy process for the recy-
cling of TAGs that can be readily detected upon blockage of
vacuolar function. Our results are in line with a study connecting
TAG metabolism and autophagy in the marine microalga Nan-
nochloropsis oceanica. Chemical inhibition of the phosphatidyli-
nositol kinase VPS34, which regulates autophagy initiation
(Nakatogawa, 2020), results in increased TAG level in
N. oceanica, suggesting that TAGs might be degraded via autop-
hagy in this marine microalga (Zienkiewicz et al., 2020). In addi-
tion to lipophagy, algae and plants also mobilize lipids through
lipolysis and fatty acid b-oxidation (Kong et al., 2018; Li-Beisson
et al., 2021). A number of enzymes involved in the lipolysis of
acyl-lipids and the b-oxidation of fatty acids have been described
in algal genomes (Li-Beisson et al., 2015). We identified in
the genome of C. urium genes participating in lipolysis and
b-oxidation, including acyl-CoA oxidases, dehydrogenases,
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hydrolases and lipases (Table S2). Therefore, these lipid catabolic
pathways may likely contribute to lipid degradation besides lipo-
phagy in C. urium under specific conditions.

Nitrogen starvation boosts lipophagy

Algae tend to upregulate the synthesis of TAGs and LDs upon
exposure to different stress conditions, particularly nitrogen star-
vation (Wang et al., 2009). In C. reinhardtii, nitrogen limitation
triggers autophagy, allowing the recycling of cellular material to
support cell survival (P�erez-P�erez et al., 2010). We analyzed the
efficiency of C. urium to generate TAGs and LDs under nitrogen
deprivation. A 10-fold increase in the level of TAGs was detected
in nitrogen-starved C. urium cells (Fig. 5a). In agreement with
the high TAG content, electron microscopy analysis of
nitrogen-starved C. urium cells showed the presence of a variable
number of LDs per cell (Fig. 5b). This ultrastructural study also
revealed close contacts between LDs and vacuoles (Fig. 5b–e)
similar to the ones detected in ConcA-treated cells (Fig. 4b,c).
These results suggested that there might be an interplay between
LDs and vacuoles under nitrogen starvation likely mediated
through lipophagy. To test this hypothesis, we blocked autopha-
gic flux with ConcA in nitrogen-starved C. urium cells and ana-
lyzed the LDs by electron microscopy. Inhibition of autophagic
flux resulted in a pronounced detection of large LDs that were
frequently localized inside or in close contact with vacuoles
(Figs 5f–i, S6). We also analyzed the TAG content in nitrogen-
starved and ConcA-treated cells. Interestingly, the level of TAGs
in these cells was similar to the one detected in nitrogen-starved
cells (Fig. 5a), indicating that the inhibition of autophagic flux

did not further increase the TAG content under nitrogen stress.
Taken together, our results indicated that LDs generated under
nitrogen starvation are recycled in the vacuole via lipophagy
in C. urium. Lipophagy-like processes have also been described in
other microalgae under nutrient-limiting conditions. Carbon
starvation leads to the degradation of lipids by the vacuole in
the freshwater microalgae Micrasterias denticulata (Schwarz
et al., 2017) and Auxenochlorella protothecoides (Zhao
et al., 2014). Nitrogen deprivation assays revealed direct contacts
between LDs and vacuoles in the green oleaginous microalga
Lobosphaera incisa (Kokabi et al., 2020) and the marine microalga
Nannochloropsis oceanica (Zienkiewicz et al., 2020). Mounting
evidence indicates that autophagy also participates in TAG
hydrolysis and LD turnover in C. reinhardtii. Direct interaction
between autophagosomes and LDs has been described at early
stages of nitrogen starvation (Tran et al., 2019). Moreover, a
C. reinhardtii atg8 insertional mutant displays a delay in TAG
hydrolysis in nitrogen resupply assays (Kajikawa et al., 2019),
suggesting that autophagy participates in LD catabolism in this
microalga.

Chlamydomonas uriummaintains an active central
metabolism upon autophagic flux inhibition

The capability of C. urium to accumulate large amounts of TAGs
in response to ConcA suggested that the lytic activity of the
vacuole regulates lipid homeostasis in this extremophilic alga.
Because lipids constitute an important carbon sink in algae
(Li-Beisson et al., 2019), we speculated that autophagic flux inhi-
bition could lead to a metabolic shift toward other cellular

(a) (b)

(c) (d)

***

Fig. 4 Ultrastructural analysis of
Chlamydomonas urium cells upon autophagic
flux inhibition. Electron microscopy images of
C. urium cells in the absence (a) or presence (b)
of 0.2 lMConcanamycin A (ConcA). Bars, 1 lm.
(c) Enlargement of (b) showing vacuole-lipid
droplet (LD) contact sites. Vacuoles (V) and LDs
(*) are indicated in the images. Bar, 500 nm.
(d) Quantification of triacylglycerols (TAGs) from
C. urium cells in the absence or presence of
0.2 lMConcA. DW indicates dry weight. Three
biological replicates were analyzed for each
condition. Error bars indicate SD. Asterisks
represent significant differences according to
two-tailed Student’s t-test: ***, P < 0.001. The
statistical analysis is detailed in Supporting
Information Table S3.
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pathways. To test this hypothesis, we performed a metabolomic
analysis of C. urium in response to ConcA. Under normal
growth, the abundance of some intermediates from the Calvin–
Benson–Bassham (CBB) cycle such as RuBP, 3PGA, DHAP and
Ru5P/X5P were higher (Log2FC ≥ 1, ≤ �1 and P-value of
< 0.05) in C. urium while Acetyl-CoA and CoA were signifi-
cantly lower in this extremophilic microalga in comparison with
the levels detected in C. reinhardtii (Fig. S7a). The total amino
acid content was higher in C. urium due to the larger levels of
Gly, Ala, Ser, Asp and Lys (Fig. S7b,c). In consonance with
these results, it has been recently proposed that higher metabolite
levels might confer an increased metabolic flexibility to the

extremophilic microalga Chlorella ohadii to cope with extreme
stress (Treves et al., 2022).

The addition of ConcA had different effects in both microalgae,
with a strong impact on CBB and TCA cycle intermediates, central
metabolites and some amino acids. Inhibition of autophagic flux in
C. reinhardtii led to a general drop of all intermediates from the
CBB cycle, some intermediates from the TCA cycle and central
metabolites connecting both cycles such as PEP and pyruvate
(Fig. 6a). Moreover, the level of Acetyl-CoA, a precursor for the
biosynthesis of fatty acids, strongly decreased in C. reinhardtii
(Fig. 6a). By contrast, treatment of C. urium cells with ConcA had
a lower effect on the CBB cycle while causing a substantial increase

(a)

(c)

(f)

(h) (i)

(g)

(d) (e)

(b)
***

*

Fig. 5 Ultrastructural analysis of
Chlamydomonas urium cells upon nitrogen
starvation and autophagic flux inhibition.
(a) Production of triacylglycerols (TAG) in
C. urium cells subjected to N-starvation in the
absence or presence of 0.2 lMConcanamycin A
(ConcA). DW indicates dry weight. Three
biological replicates were analyzed for each
condition. Error bars indicate SD. (b) Electron
microscopy image of nitrogen-starved C. urium.
Bar, 2 lm. (c–e) Images showing lipid droplets
(LDs) in close contact with vacuoles in nitrogen-
starved cells. (c) Enlargement of (b). Bars,
300 nm. (f–i) Electron microscopy images of N-
starved C. urium cells in the presence of 0.2 lM
ConcA. Bars, 1 lm. Lipid droplets are labeled
with an asterisk. Asterisks represent significant
differences according to two-tailed Student’s t-
test: ***, P < 0.001; *, P < 0.05. The statistical
analysis is detailed in Supporting Information
Table S3.
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in TCA cycle intermediates, particularly citrate, aconitate and isoci-
trate (Fig. 6a). We also detected a substantial increase in the abun-
dance of the fatty acid precursor malonyl in C. urium cells treated
with ConcA (Fig. 6a), in close agreement with the high level of
TAGs and LDs found in these cells (Fig. 4). Finally, the abundance
of some amino acids including Gln, Arg, Leu, Val, Ile, Asn, Phe,
Tyr and Trp was also upregulated in C. urium but not in
C. reinhardtii upon autophagic flux inhibition (Fig. 6b).

We hypothesized that the production of TAGs and LDs in
C. urium cells with impaired vacuolar function must be sustained
by a robust carbon assimilation. Thus, we determined the photo-
synthetic capacity of C. urium upon autophagic flux inhibition.
At nonsaturating light intensity (50 lmol photons m�2 s�1),

ConcA had only a mild impact on O2 production and rETR in
C. urium while the effect was much stronger in C. reinhardtii
(Fig. 6c,d). The effect of ConcA on these photosynthetic para-
meters was more pronounced at high light intensities in both
microalgae but C. urium exhibited higher capacities (Fig. S8). As
organic acids from the TCA cycle are consumed by respiration,
we also analyzed the O2 consumption of both microalgae in
response to ConcA. In line with the higher level of TCA cycle
intermediates detected in C. urium cells treated with ConcA,
respiration was upregulated in darkness and directly after light
exposure in these cells (Fig. 6e). In C. reinhardtii, cells displayed
lower respiration rates and no effect was observed upon ConcA
treatment (Fig. 6e). These results indicated that the inhibition of

(a) (c)

(d)

(e)

(b)

*

*

**

**

–2

–4

–2

–4

Fig. 6 Effect of autophagic flux inhibition on carbon metabolism. (a) Metabolomic analysis of Chlamydomonas urium and Chlamydomonas reinhardtii
cells grown in high salt medium (HSM) medium and treated with 0.2 lMConcanamycin A (ConcA). Relative abundance of metabolites from the CBB
cycle, lipid metabolism and TCA cycle. (b) Relative abundance of individual amino acids. The metabolite levels from ConcA-treated cells were related to
untreated cells (log2 ConcA/Control). Four biological replicates were analyzed for each condition. Error bars represent SD of the mean values. Boxplot
elements in (a, b): enter lines represent median; box limits indicate upper and lower quartiles; and whiskers indicate Min to Max values. (c) Relative
electron transport rate (rETR) from C. urium and C. reinhardtii cells in the absence or presence of 0.2 lMConcA. (d) Oxygen production from C. urium

and C. reinhardtii cells in the absence or presence of 0.2 lMConcA. (e) Oxygen consumption from both Chlamydomonas strains treated with 0.2 lM
ConcA. Respiration rates were determined after 5 min of dark (D) or after reillumination for 10 min and then in the dark for 5 min (D > L). Three
biological replicates were analyzed for each condition. Error bars represent SD of the mean values. Asterisks represent significant differences according to
two-tailed Student’s t-test: **, P < 0.01; *, P < 0.05; not significant ≥ 0.05. The statistical analysis is detailed in Supporting Information Table S3.
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autophagic flux does not abrogate the capacity of C. urium cells
to assimilate carbon via photosynthesis and thus generate carbon
storage compounds such as TAGs and LDs.

Together, our results illustrate the different impacts of ConcA
on the photosynthetic metabolism of C. urium and C. reinhardtii,
and provide the metabolic basis for the capacity of an extremophilic
alga to catabolize TAGs and LDs through lipophagy. LDs are
highly dynamic structures that may also serve to buffer the levels of
potentially toxic fatty acids, which are very sensitive to reactive oxy-
gen species (ROS) damage. Excessive lipids in the cytoplasm or
chloroplast may be detrimental to cells, generating ROS and caus-
ing organelle damage (Van Breusegem & Dat, 2006; Mullineaux
& Baker, 2010; Yin et al., 2011). Given that lipids are an impor-
tant carbon sink in microalgae, especially those inhabiting extreme
environments (Li-Beisson et al., 2019; Treves et al., 2022), we pro-
pose that the elevated level of basal lipophagy found in C. urium
might serve as a mechanism to adjust lipid levels according to the
cellular requirements. It is therefore likely that acidophilic microal-
gae such as C. urium utilize lipophagy to get the metabolic flexibil-
ity required for the adaptation of extremophilic organisms to their
challenging environment. Neutrophilic microalgae including
C. reinhardtii may activate lipophagy in response to stress but this
lipid catabolic process is not active or operates at a low rate under
optimal growth conditions. Whether other extremophilic microal-
gae utilize lipophagy to overcome extreme conditions remains to be
investigated.
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The target of rapamycin (TOR) kinase is a master regulator that
integrates nutrient signals to promote cell growth in all eukar-
yotes. It is well established that amino acids and glucose are major
regulators of TOR signaling in yeast and metazoan, but whether
and how TOR responds to carbon availability in photosynthetic
organisms is less understood. In this study, we showed that photo-
synthetic assimilation of CO2 by the Calvin–Benson–Bassham (CBB)
cycle regulates TOR activity in the model single-celled microalga
Chlamydomonas reinhardtii. Stimulation of CO2 fixation boosted
TOR activity, whereas inhibition of the CBB cycle and photosynthe-
sis down-regulated TOR. We uncovered a tight link between TOR
activity and the endogenous level of a set of amino acids including
Ala, Glu, Gln, Leu, and Val through the modulation of CO2 fixation
and the use of amino acid synthesis inhibitors. Moreover, the
finding that the Chlamydomonas starch-deficient mutant sta6
displayed disproportionate TOR activity and high levels of most
amino acids, particularly Gln, further connected carbon assimila-
tion and amino acids to TOR signaling. Thus, our results showed
that CO2 fixation regulates TOR signaling, likely through the syn-
thesis of key amino acids.

TOR kinase j CO2 j amino acids j Chlamydomonas

The target of rapamycin (TOR) kinase is a fundamental reg-
ulator of cell growth and metabolism that integrates nutri-

ent and energy signals to the cell growth machinery (1, 2).
TOR associates to other proteins to constitute two functionally
and architecturally distinct complexes, termed TOR complexes
1 and 2 (TORC1 and TORC2) (3). The core components of
TORC1 include the TOR kinase, Raptor/Kog1 and LST8,
whereas TORC2 is composed of TOR, LST8, Sin1/Avo1, and
Rictor/Avo3. Like TOR itself, TORC1 and TORC2 are highly
conserved in eukaryotes, although TORC2-specific components
have not been identified in the green lineage (Viridiplantae).

TOR promotes cell growth in response to the availability of
nutrients, activating anabolism and inhibiting catabolism under
favorable conditions. Amino acids are main activators of
TORC1 signaling in yeast and metazoans, although activation
of this pathway in multicellular organisms requires additional
input from growth factors (4, 5). In mammals, amino acid abun-
dance is mainly signaled to mTORC1 via the small GTPases
RAGs and RHEB and the lysosomal Ragulator complex, while
amino acid signaling to TOR is partially conserved in yeast (4,
6). It is currently unknown how many different amino acids are
sensed by TORC1 in yeast and mammals, but leucine and argi-
nine are key regulators of mTORC1 activity, and yeast TORC1
responds preferentially to glutamine (4).

TORC1 is structurally and functionally conserved in plants.
In Arabidopsis thaliana, TORC1 promotes cell growth by regu-
lating fundamental processes, including ribosome biogenesis,
transcription, cell expansion, autophagy, metabolism, and nutri-
ent assimilation (7–9). However, upstream regulators of yeast
and mammalian TORC1 such as RAGs and RHEB are not
conserved in plants, suggesting that different regulatory mecha-
nisms may operate in these organisms. Plant TOR integrates
hormone and stress signals, but the underlying mechanisms are
poorly understood. The plant hormones auxin and ABA have

been identified as positive and negative regulators, respectively,
of TOR signaling in Arabidopsis (10, 11).

Energy and nutrients are also key regulators of TOR activity
in plants. An original study performed in Arabidopsis seedlings
demonstrated that exogenous glucose activates TOR kinase
activity through glycolysis-mitochondria–mediated energy and
metabolic relays (12). Neither hormones nor amino acids can
substitute for glucose, suggesting that different inputs may act
on plant TOR (12). Mounting evidence indicates that amino
acid availability modulates TOR activity in plants. Inhibition of
branched chain amino acid biosynthesis by genetic or chemical
approaches led to TOR inhibition (13, 14), whereas addition of
glutamine or isoleucine to leaf discs from Arabidopsis stimulates
TOR activity (15). In plants, nitrogen is taken up by roots, and
studies performed in TOR-overexpressing seedlings correlated
root elongation with TOR function under excess nitrate, sug-
gesting that nitrogen is an important nutrient for TOR signal-
ing (16). Supporting this hypothesis, it has been shown that
nitrate, ammonium, and glutamine promote TOR activity via
activation of the small GTPase ROP2 (17).

TORC1 components are widely conserved in algal genomes,
including freshwater and marine species (18, 19). Studies per-
formed in the model green alga Chlamydomonas reinhardtii
(hereafter Chlamydomonas) provided new insights into TOR
signaling in photosynthetic eukaryotes (20). Biochemical evi-
dence revealed the presence of Chlamydomonas TOR in a
high-molecular-mass complex that associates with microsomal

Significance

Photosynthetic organisms are responsible for the incorpora-
tion of inorganic carbon in the biosphere through a funda-
mental process known as carbon fixation. This reaction
allows the reduction of inorganic carbon, mostly atmo-
spheric CO2, to organic compounds such as carbohydrates
and amino acids. Despite the biological relevance of carbon
fixation in nature, how photosynthetic cells sense carbon
availability remains poorly understood. Using the model
microalga Chlamydomonas reinhardtii, we found that the
photosynthetic assimilation of CO2 regulates the activity of
the target of rapamycin (TOR) kinase, a master regulator of
cell growth and nutrient sensor widely conserved in all
eukaryotes. Our study revealed that inorganic carbon fixa-
tion and photosynthesis regulate TOR activity, likely through
the synthesis of central amino acids in carbon metabolism.
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membranes (21). The sensitivity of Chlamydomonas to rapamy-
cin has been exploited to dissect TOR signaling in this alga
(22). Chemical inhibition of Chlamydomonas TORC1 with
rapamycin blocks translation (23), induces the synthesis and
storage of triacylglycerol (24), and triggers autophagy (25).
Transcriptomic and metabolomic studies of Chlamydomonas
cells treated with rapamycin uncovered TOR as a central regu-
lator of primary metabolism (26, 27). Moreover, quantitative
phosphoproteomic analysis following TOR inhibition identified
proteins involved in translation, carotenoid biosynthesis,
autophagy, and cell signaling (28, 29).

Despite recent progress on the study of TOR signaling in algae,
little is known about upstream regulation of this pathway by
nutrients and the underlying mechanisms. The similar response of
TOR inhibition and nitrogen starvation suggested that this nutri-
ent might regulate TOR signaling in Chlamydomonas (22, 24, 25,
27, 30). The TOR kinase has also been connected to inositol poly-
phosphate metabolism in Chlamydomonas, but the precise role of
these molecules in TOR signaling is currently unknown (31). A
recent study demonstrated that phosphorus availability regulates
TOR activity via LST8 in Chlamydomonas. Phosphorus starvation
results in a sharp decrease in LST8 abundance and down-
regulation of TOR activity (32). The transcription factor PSR1, a
global regulator of the phosphorus starvation response in Chlamy-
domonas (33), has been linked to the control of TOR signaling,
as neither LST8 level nor TOR activity is properly regulated in
PSR1-defective cells (32).

Photosynthetic organisms are able to fix inorganic carbon
species like CO2 to more reduced organic forms, a fundamental
process that sustains life on Earth. This reaction is driven by
the Calvin-Benson-Bassham (CBB) cycle in the chloroplast of
plant and algal cells. Although nutrients such as nitrogen, phos-
phorus, sulfur, amino acids, and glucose have been shown to
regulate TOR in different organisms, it is currently unknown
whether this signaling pathway responds to inorganic carbon.
In this study, we aimed to investigate whether carbon availabil-
ity regulates TOR signaling using Chlamydomonas as model
system. Our results demonstrated that the carbon source is a
main regulator of TOR activity. We found that the photosyn-
thetic assimilation of CO2 efficiently activates TOR, probably
through the synthesis of central amino acids.

Results
The Carbon Source Modulates TOR Activity. Given the fundamen-
tal role of TOR in coupling nutrient availability to cell growth,
we investigated whether the carbon source regulates TOR in
Chlamydomonas. To this aim, we monitored TOR activity in
wild-type cells with atmospheric CO2 as the sole carbon source
(high saline medium, HSM) or using acetate as an additional
carbon source [Tris-acetate-phosphate (TAP) medium], which
sustains robust growth and biomass productivity in Chlamydo-
monas (ref. 34; Fig. 1A). The analysis of RPS6 phosphorylation,
an established readout of TOR activity in Chlamydomonas
(32), revealed a twofold increase in TOR activity in TAP-grown
cells (Fig. 1B), which is consistent with a previous report show-
ing stimulation of TOR activity under mixotrophic conditions
in Chlamydomonas (30). The abundance of TOR and LST8
proteins was similar in cells grown either with acetate or
atmospheric CO2 (Fig. 1B), indicating that the carbon source
might influence TOR activity without altering the level of
TORC1 proteins.

Amino acids are main regulators of TOR signaling (4, 5),
and a significant portion of assimilated carbon is invested in the
synthesis of amino acids in Chlamydomonas (34). Thus, to
understand why TAP-grown cells displayed higher TOR activity
compared to HSM-grown cells, we analyzed the concentration
of all amino acids in both conditions. The total amino acid

content was around 40% higher in cells using acetate as addi-
tional carbon source (SI Appendix, Fig. S1A), and the level of
eight amino acids increased significantly (Fig. 1C). This subset
of up-regulated amino acids included Glu, Gln, Ala, Val, Leu,
Met, Gly, and Pro, some of which (Ala, Leu, Glu, Gln) are
among the most abundant amino acids in Chlamydomonas (SI
Appendix, Fig. S1B). Taken together, these results showed that
the carbon source controls TOR activity in Chlamydomonas
and pinpoint amino acids as potential TOR regulators.

CO2 Fixation Promotes TOR Activity. To investigate the link
between TOR and carbon assimilation in Chlamydomonas, we
analyzed the effect of HCO3

� on RPS6 phosphorylation under
autotrophic growth conditions. In aquatic systems, microalgae
like Chlamydomonas actively transport and efficiently use
HCO3

� as the carbon source for photosynthesis (ref. 35; Fig.
2A). Accordingly, it is well established that the addition of
HCO3

� to Chlamydomonas cells potently augments photosyn-
thesis (ref. 36; Fig. 2B). In this study, we found that HCO3

�

boosted RPS6 phosphorylation within 30 min, indicating that the
assimilation of HCO3

� triggers TOR activity in Chlamydomonas
(Fig. 2C). The impact of HCO3

� on TOR activity mirrored the
stimulation of photosynthesis as both RPS6 phosphorylation and
O2 production gradually decreased following the 30-min HCO3

�

boost (Fig. 2 B and C). We also analyzed whether HCO3
� might

change the abundance of TOR and LST8 proteins, but no signif-
icant effect was detected (Fig. 2C). To demonstrate that TOR
mediates the increased phosphorylation of RPS6 in response to
HCO3

�, we examined RPS6 phosphorylation upon HCO3
�

addition in rapamycin-treated cells. Indeed, inhibition of TOR
by rapamycin fully prevented the HCO3

�-induced phosphoryla-
tion of RPS6 (Fig. 2D).

We next investigated the mechanism by which HCO3
� pro-

motes TOR activity in Chlamydomonas. For its assimilation,
HCO3

� must be converted to CO2 through the carbonic anhy-
drase CAH3 localized in the thylakoid lumen, and then rubisco
catalyzes the formation of 3-phosphoglycerate (3PG) from ribu-
lose-1,5-bisphosphate (RuBP) and CO2, a key reaction in the
CBB cycle (ref. 34; Fig. 2A). To study the possible effect of dis-
rupting CO2 fixation on TOR, we used glycolaldehyde (GLA),
a specific inhibitor of phosphoribulokinase (PRK) activity that
interrupts the CBB cycle and inactivates photosynthesis (37).
We indeed confirmed that GLA blocks PSII activity in our
experimental setup within 30 to 60 min (SI Appendix, Fig. S2).
GLA treatment led to a strong decrease of RPS6 phosphoryla-
tion that was detectable within 2 h following GLA addition
(Fig. 2E). Moreover, we found that the inhibition of the CBB
cycle by GLA abolished the HCO3

�-mediated up-regulation of
TOR activity (Fig. 2F), indicating that disruption of CO2 fixa-
tion inhibits TOR activity in Chlamydomonas.

Photosynthetic carbon assimilation constitutes a major
source of intermediates for the synthesis of amino acids. We
thus analyzed whether HCO3

�-induced stimulation of photo-
synthesis might change the amino acid content in Chlamydomo-
nas. Excluding Ser and Gly, the level of all amino acids
increased within 30 min of HCO3

� addition (Fig. 2G). Some
amino acids (Val, Leu, Ile, Thr, Pro, Met, Phe, Tyr) remained
high, while others (Ala, Glu, Gln, Cys, Asp, Asn, Lys, His, Arg,
Trp) gradually decreased in the time course of the experiment.
Among the transiently up-regulated amino acids, Ala, Glu,
Gln, Asp, and Asn displayed a similar trend to TOR activity,
peaking at 30 min after HCO3

� addition. Moreover, Ala and
Glu were the amino acids most highly induced by HCO3

� at 30
min (Fig. 2G). We also studied the effect of GLA on the amino
acid content in Chlamydomonas. In contrast to HCO3

�, inhibi-
tion of CO2 fixation by GLA caused a progressive decline of
most amino acids (Fig. 2H). The negative effect of GLA on the
amino acid content and TOR activity was evident after 2 to 4
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h since the absolute levels of amino acids at the 1-h time point
might still be sufficient to activate TOR, despite a reduction in
the relative amount (Fig. 2 E and H). Actually, the level of
some amino acids that might be important for TOR activation
such as Gln, Leu, and Val were not decreased after 1 h GLA
treatment (Fig. 2H). Gln was the only amino acid that
remained high in GLA-treated cells, probably because of a
decrease in the C/N ratio upon photosynthesis inhibition and
the availability of NH4

+ under these conditions (SI Appendix,
Fig. S2). These results revealed a tight link between TOR activ-
ity and the endogenous level of some amino acids including
Ala, Glu, Gln, Leu, and Val in response to the stimulation or
inhibition of CO2 fixation.

Inhibition of Photosynthesis Down-Regulates TOR Activity. Photo-
synthesis provides ATP and NADPH required for carbon fixa-
tion. Based on the regulatory role that CO2 fixation plays on
TOR activity (Fig. 2), we speculated that the disruption of pho-
tosynthesis might disturb TOR signaling in Chlamydomonas. To
test this hypothesis, we monitored TOR activity in air-grown
cells subjected to darkness or treated with 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU), an inhibitor of photosyn-
thetic electron transport at PSII level. Our results showed that
the inhibition of photosynthesis by darkness or DCMU (SI
Appendix, Fig. S2) led to a gradual and pronounced decrease of
TOR activity (Fig. 3 A and B). To characterize the regulation of
TOR by light, we analyzed the effect of a dark-to-light transition
on TOR activity. Interestingly, reillumination of dark-adapted
cells resulted in a fast and strong reactivation of TOR (Fig. 3C).

Moreover, we found that inhibition of CO2 fixation by GLA fully
prevented the reactivation of TOR by light (Fig. 3C), further
supporting the regulation of TOR by carbon fixation.

We also determined the amino acid content in Chlamydomo-
nas cells subjected to darkness or treated with DCMU. Two
clusters of amino acids with similar patterns were detected
under both conditions. About half of the amino acids declined,
following a similar trend to TOR activity, while the other half
increased in response to photosynthesis inhibition (Fig. 3D).
The subset of down-regulated amino acids included Ala, Glu,
Gln, Leu, and Val, whose levels were also found to correlate
with TOR activity under different carbon sources (Fig. 1) and
in response to the stimulation or inhibition of CO2 fixation
(Fig. 2).

The Abundance of Intracellular Amino Acids Regulates TOR Activity.
We aimed to establish a direct role of amino acids in the con-
trol of TOR signaling by carbon fixation. Given the inability of
Chlamydomonas cells to transport amino acids other than Arg
(38), in order to show a direct link between intracellular amino
acids and TOR, we blocked the synthesis of central amino
acids. For this purpose, we treated Chlamydomonas cells with
sulfometuron methyl (SMM), an inhibitor of acetolactate syn-
thase that catalyzes the first common step in the biosynthesis of
Leu and Val (ref. 39; Fig. 4A), and aminooxyacetate (AOA),
which blocks Ala formation by inhibiting alanine aminotrans-
ferase (ref. 40; Fig. 4A). The analysis of the amino acid profile
of SMM- and AOA-treated cells confirmed the efficiency of the
two inhibitors. As expected, SMM caused a sharp drop of Leu

Fig. 1. Carbon source modulates TOR activity in Chlamydomonas. (A) Growth rate of wild-type 4A+ Chlamydomonas cells under autotrophic (HSM) or
mixotrophic (TAP) conditions. Growth rate is expressed in h�1, and it was calculated as the increase in cell number during a time period (see Materials
and Methods). Five biological replicates were analyzed for each condition. (B) Immunoblot analysis of phosphorylated RPS6 (P-RPS6), RPS6, TOR, and LST8
proteins in cells growing exponentially in HSM or TAP medium. TOR activity was determined as the ratio of phosphorylated to total RPS6 protein from
three biological replicates (a. u., arbitrary units). Coomassie brilliant blue–stained gels were used as protein loading control. (C) Amino acid content of
Chlamydomonas in HSM or TAP medium. Amino acids up-regulated and down-regulated in the presence of acetate (TAP) are shown in red and blue,
respectively. Amino acids with no significant change in both media are shown in gray. Each condition included at least eight biological replicates. Error
bars represent SD of the mean values. Asterisks represent significant differences according to two-tailed Student’s t test, ***P < 0.001. DW, dry weight.
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and Val, whereas AOA led to a pronounced decrease of Ala
(Fig. 4B). However, the down-regulation of Leu, Val, and Ala
synthesis by SMM and AOA also resulted in a strong increase
of some amino acids, probably because of the redirection of
fixed carbon to the synthesis of other amino acids and/or the
activity of transaminases. Indeed, SMM boosted the level of
Gln, Glu, and Ala among other amino acids while AOA mark-
edly raised Leu, Val, Gln, Glu, Asp, Asn, and Pro abundance
(Fig. 4B). We next analyzed the effect of SMM and AOA on
TOR activity. Notably, TOR activity was up-regulated in cells
treated with these inhibitors, indicating that TOR responds to
changes in amino acid abundance (Fig. 4C). Moreover, we

found that the inhibition of carbon fixation by GLA fully pre-
vented the up-regulation of TOR induced by SMM and AOA
(Fig. 4D). Thus, our results revealed that carbon fixation is the
primary regulator of TOR activity in SMM- and AOA-treated
cells and demonstrated a direct link between the abundance of
intracellular amino acids and TOR in Chlamydomonas.

Starch Deficiency Up-Regulates TOR Activity. Starch biosynthesis is
an essential outlet of photosynthetic electron transport. In
Chlamydomonas, it has been shown that the disruption of
starch synthesis results in a pronounced drop in photosynthetic
capacity and the redirection of photosynthetically fixed carbon

Fig. 2. CO2 fixation activates TOR signaling in Chlamydomonas. (A) Schematic representation of photosynthesis and CO2 fixation. The incorporation of
HCO3

� to the CBB cycle and the inhibitory effect of GLA are indicated. (B) Photosynthetic rate of Chlamydomonas cells growing in the presence of 10 mM
HCO3

� (0, 0.5, 1, 2, and 4 h) in HSM. Three biological replicates were analyzed for each time point. (C) Immunoblot analysis of P-RPS6, RPS6, TOR, and
LST8 of Chlamydomonas cells grown as described in B. (D) Western blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (�) with 1
μM rap for 2 h and then 10 mM HCO3

� for 0.5 h. (E) Western blot analysis of P-RPS6 and RPS6 of Chlamydomonas cells treated with 10 mM GLA for 0,
0.5, 1, 2, and 4 h. (F) Western blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (�) with 10 mM GLA for 2 h and then 10 mM
HCO3

� for 0.5 h. Coomassie brilliant blue–stained gels were used as protein loading control. For TOR activity determination in C to F, the P-RPS6/RPS6
ratio was calculated from three biological replicates (a.u., arbitrary units). Untreated cells were used as control. Error bars represent SD of the mean val-
ues. Asterisks in B, C, and E represent significant differences according to one-way ANOVA and Bonferroni’s test: *P < 0.05, **P < 0.01, and ***P < 0.001.
Asterisks in D and F represent significant differences according to two-tailed Student’s t test: **P < 0.01 and ***P < 0.001. (G, H) Hierarchical clustering
analysis showing the relative abundance of each amino acid over the time course in HCO3

� (G) or GLA (H) treatment after normalization to untreated
(0 h) sample using log2 transformation. Four biological replicates were analyzed for each treatment.
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under autotrophic conditions (41). Thus, to further explore the
connection between TOR and carbon fixation in Chlamydomonas,
we analyzed TOR activity in the sta6 mutant, which is unable to
synthesize starch because of the lack of the enzyme ADP glucose
pyrophosphorylase (42). Since the sta6 mutant was generated in
the cell wall–deficient cw15 background (42), first of all we con-
firmed that cw15 and wild-type cells display the same basal TOR
activity in our experimental setup (SI Appendix, Fig. S3A). Actu-
ally, we also determined the amino acid profile in both strains,
and no significant differences were detected for any amino acid
(SI Appendix, Fig. S3B). Remarkably, the analysis of RPS6 phos-
phorylation in sta6 cells revealed a much higher TOR activity in
this mutant compared to the cw15 strain (Fig. 5A), indicating
that the inability to synthesize starch up-regulates TOR. To
exclude that the up-regulation of TOR activity in sta6 cells might
be related to additional mutations reported in this strain (43),
we also monitored RPS6 phosphorylation in a sta6-rescued
strain (44). As anticipated, the complemented sta6 strain exhib-
ited the same level of RPS6 phosphorylation as cw15 cells (SI
Appendix, Fig. S4A).

Given the tight connection found between TOR activity and
the amino acid content in Chlamydomonas, we determined the

amino acid abundance of sta6 cells under autotrophic growth.
The total amino acid content was around 60% higher in the
sta6 mutant (SI Appendix, Fig. S4B). All amino acids other than
Ile, Tyr, Thr, Trp, and Phe were up-regulated in sta6 cells (Fig.
5B), although the most remarkable increase was detected in the
Gln content, which was eight times higher (SI Appendix, Fig.
S4C). To further investigate the misregulation of TOR in the
starch-deficient sta6 mutant, we determined TOR activity and
amino acid abundance in this strain under conditions that
either increase or diminish the activity of TOR. On the one
hand, addition of HCO3

� to cw15 and sta6 cells stimulated
TOR activity in both strains, although to a different range. Like
in wild-type cells (Fig. 2B), HCO3

� led to a sevenfold raise of
TOR activity in cw15 cells, whereas this increase was less pro-
nounced in the sta6 mutant (Fig. 5C). The effect of HCO3

� in
the amino acid content of cw15 and sta6 cells was similar, but
some amino acids like Gln did not increase in the sta6 mutant
(Fig. 5B), probably because of the massive concentration of this
amino acid before HCO3

� addition (SI Appendix, Fig. S4C).
On the other hand, inhibition of CO2 fixation or photosynthesis
down-regulated TOR activity in sta6 cells to levels comparable
to the ones detected in cw15 cells despite the much higher

Fig. 3. Inhibition of photosynthesis down-regulates TOR activity in Chlamydomonas. (A) Western blot analysis of P-RPS6 and RPS6 in wild-type Chlamydo-
monas cells in HSM transferred from standard light illumination (0 h) to darkness for 0.5, 1, 2, and 4 h. (B) Western blot analysis of P-RPS6 and RPS6
in Chlamydomonas cells grown in HSM and treated with 20 μM DCMU for 0, 0.5, 1, 2, and 4 h. TOR activity in A and B was determined as described in
Fig. 1B. (C) Hierarchical clustering analysis showing the relative abundance of each amino acid over the time course in cells shifted from light to dark or
treated with 20 μM DCMU after normalization to 0 h sample using log2 transformation. Four biological replicates were analyzed for each treatment in
B and C. (D) Cells growing in the light were shifted to dark for 12 h and then reilluminated for 15 or 30 min. Prior to the dark-to-light transition, cells
were treated with 10 mM GLA for 30 min. P-RPS6 and RPS6 were detected by Western blot in these conditions. Coomassie brilliant blue–stained gels
were used as protein loading control. For TOR activity quantification in A, B, and D, the P-RPS6/RPS6 ratio was calculated from five, four, and three bio-
logical replicates, respectively. Untreated cells were used as control. Error bars represent SD of the mean values. Asterisks in A and B represent significant
differences according to one-way ANOVA and Bonferroni’s test: *P < 0.05, **P < 0.01, and ***P < 0.001. Asterisks in C represent significant differences
according to two-tailed Student’s t test: **P < 0.01 and ***P < 0.001.
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TOR activity inherent to the starchless mutant (Fig. 5 D–F).
The analysis of the amino acid content under these conditions
revealed similar effects for most amino acids except Ile, Tyr,
Thr, Trp, and Phe, which were less abundant in the sta6 mutant
and markedly increased in response to the inhibition of CO2

fixation or photosynthesis (Fig. 5B). Taken together, these
results suggested that the higher TOR activity of the sta6
mutant might be due to the elevated concentration of key
amino acids such as Gln, which activates TOR signaling in yeast
and mammalian cells (4).

Discussion
The CBB cycle catalyzes the incorporation of inorganic CO2

into organic molecules, an essential process performed by pho-
tosynthetic organisms that keeps life on Earth. In this study, we
found that CO2 fixation promotes the activity of the cell growth
master regulator TOR in the green alga Chlamydomonas. The
TOR pathway integrates different nutrient signals including the
availability of organic carbon compounds like glucose. In non-
photosynthetic eukaryotes, glucose is the major carbon source
and TOR perceives glucose deficiency through the AMPK/Snf1
kinase (4). In plants, it has been shown that exogenous glucose
taken up by root glucose transporters activates TOR kinase

activity (12). Glucose-TOR signaling seems to be a main chan-
nel for the regulation of central metabolism in plants, as pro-
found transcriptional reprograming takes place in metabolic
networks upon glucose stimulation of TOR (12). Chemical tar-
geting of mitochondria demonstrated that glucose-mediated
activation of plant TOR depends on mitochondrial electron
transport chain and oxidative phosphorylation (12).

In the absence of exogenous carbon supply, CO2 fixation
provides carbon skeletons for all reactions in photosynthetic
cells. In order to sustain cell growth, a significant portion of
fixed carbon is invested in the synthesis of amino acids (34). In
close agreement, we found that HCO3

� addition to Chlamydo-
monas cells quickly increased the level of all amino acids except
Gly and Ser, which are likely down-regulated due to a decrease
of rubisco oxygenase activity and photorespiration (Fig. 2G).
Conversely, inhibition of CO2 fixation resulted in a sharp drop
of most amino acids (Fig. 2H), corroborating the role of fixed
carbon in the synthesis of amino acids. Our results also demon-
strated that carbon fixation regulates TOR activity in Chlamy-
domonas. Stimulation of CO2 fixation with HCO3

� boosted
TOR activity, whereas inhibition of this fundamental process
led to a strong decline of TOR activity (Fig. 2). Moreover, the
amino acid profile of Chlamydomonas cells subjected to differ-
ent carbon sources or treated with inhibitors of carbon fixation,

Fig. 4. TOR activity responds to the intracellular abundance of amino acids. (A) Schematic representation of CO2 fixation and the metabolic pathways
for the synthesis of Val, Leu, Ala, Glu, and Gln. The inhibitory effect of GLA, SMM, and AOA is indicated. (B) Heat map showing the relative abundance
of each amino acid over the time course in SMM or AOA treatment after normalization to untreated (0 h) sample using log2 transformation. (C) Western
blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells grown in HSM and treated with 5 μM SMM or 1 mM AOA for 1 and 2 h, respectively. (D) West-
ern blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (�) with 10 mM GLA for 2 h and 5 μM SMM or 1 mM AOA for 1 h. Coo-
massie brilliant blue–stained gels were used as protein loading control. For TOR activity determination in C and D, the P-RPS6/RPS6 ratio was calculated
from three biological replicates (a.u.). Untreated cells were used as control. Error bars represent SD of the mean values. Asterisks in C and D represent sig-
nificant differences according to Bonferroni’s test and one-way ANOVA, respectively: *P < 0.05, **P < 0.01, and ***P < 0.001.
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photosynthesis, or amino acid synthesis uncovered a close link
between the kinase activity of TOR and the abundance of Ala,
Glu, Gln, Leu, and Val (Fig. 6). Thus, in close agreement with
the established and evolutionarily conserved role of amino
acids as TOR regulators (4), our study strongly suggests that
the modulation of TOR activity by fixed carbon in Chlamydo-
monas is ultimately governed by the intracellular abundance of
a subset of key amino acids (Fig. 6).

In yeast and mammalian cells, Leu and Gln regulate TORC1
signaling via the RAG family of small GTPases (4). Recent studies
performed in Arabidopsis indicated that amino acids are also key

upstream signals for plant TOR activation. Accumulation of
branched chained amino acids, particularly Val, in a mutant defec-
tive in Leu biosynthesis leads to up-regulation of TOR activity
(13). Moreover, the same study showed that exogenous feeding of
plants with Val, Leu, and Ile stimulated TOR activity (13). Simi-
larly, incubation of Arabidopsis leaf discs in Ile or Gln
up-regulated TOR activity (15). An in-depth analysis of TOR reg-
ulation by nitrogen and amino acids in Arabidopsis revealed an
efficient activation of TOR by exogenously supplied amino acids,
although with different capacities (17). A group of amino acids
composed by Ala, Gln, Gly, Cys, Ser, Glu, Asp, and Leu exhibited

Fig. 5. TOR activity is up-regulated in the Chlamydomonas starchless mutant sta6. (A) Western blot analysis of P-RPS6 and RPS6 in cw15 and sta6 Chlamy-
domonas strains growing exponentially in HSM. Three biological replicates were analyzed in both strains. (B) Heat map showing the relative abundance
of each amino acid in cw15 and sta6 cells under the following conditions: control, HCO3

� (10 mM, 30 min), GLA (10 mM, 2 h), dark (2 h), and DCMU μM,
2 h). On the Left, each amino acid level is shown normalized to cw15 cells. On the Right, each amino acid level is displayed under the different treatments
normalized to untreated cells in both strains. The normalization was calculated using log2 transformation. Four biological replicates were analyzed for
each treatment in both strains. (C–F) Western blot analysis of P-RPS6 and RPS6 in cw15 and sta6 cells grown in HSM and subjected to the different condi-
tions shown in B. L and D in E refer to light and dark, respectively. Coomassie brilliant blue–stained gels were used as protein loading control in all cases.
For TOR activity measurements, the P-RPS6/RPS6 ratio was calculated from three biological replicates. Untreated cells were used as control. Error bars repre-
sent SD of the mean values. Asterisks in A and C to F represent significant differenced according to two-tailed Student’s t test: **P < 0.01 and ***P < 0.001.
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high potency for Arabidopsis TOR activation, while other amino
acids had little or no regulatory effect on TOR activity (17).

Despite the evolutionary distance between plants and algae,
our study in Chlamydomonas also connected TOR activity reg-
ulation to a similar set of amino acids. Fluctuations in carbon

availability resulted in profound changes in TOR activity and the
endogenous level of Ala, Glu, Gln, Leu, and Val, reinforcing the
tight relationship among carbon fixation, amino acids, and TOR
in photosynthetic organisms (Fig. 6). Furthermore, experiments
performed with amino acid synthesis inhibitors demonstrated a
direct connection between intracellular amino acid abundance
and TOR. Blocking the synthesis of Ala or the branched chain
amino acids Val and Leu resulted in a marked increase of other
central amino acids and the up-regulation of TOR activity (Fig.
4). The amino acids identified in Chlamydomonas as potential
TOR regulators are generated from the central carbon-skeleton
donors pyruvate (Ala, Leu, and Val) and α-ketoglutarate (Glu
and Gln) (SI Appendix, Fig. S5). Remarkably, a similar conclu-
sion was reached in Arabidopsis since addition of amino acids
derived from pyruvate or the nitrogen-assimilation pathway
exhibited the highest TOR-activating capacity (17). The same
study also concluded that external supply of amino acids origi-
nating from glycolate (Gly, Ser) and sulfur-assimilation (Cys)
pathways led to high activation of TOR (17). However, the
endogenous levels of Gly, Ser, and Cys followed an opposite
trend to TOR activation in Chlamydomonas (SI Appendix, Fig.
S5), precluding these amino acids as potential regulators of
TOR activity in response to carbon availability.

The molecular mechanisms by which TOR perceives amino
acids have been reported only in yeast and mammals. Yeast
TORC1 seems to sense Leu availability through the
Leu–transfer RNA synthetase (45). In mammalian cells, the
cytosolic proteins SESTRIN2 and CASTOR1 have been identi-
fied respectively as specific sensors of Leu and Arg acting
upstream of mTORC1 (5). How mTORC1 perceives Gln is
unclear, but it has been reported that activation of mTORC1 by
Gln occurs via glutaminolysis (46). Neither orthologs of Leu
and Arg sensors nor upstream mTORC1 regulators have been
identified in plant and algal genomes, suggesting that the TOR
pathway might have experienced specific evolutionary adapta-
tions in the green lineage. Unlike yeast and mammals, algae
and plants are autotrophic and can synthesize all amino acids
using CO2 as the sole carbon source. Thus, photosynthetic
eukaryotes might have developed unique mechanisms to signal
carbon and amino acid sufficiency to the TOR pathway.

The finding that the Chlamydomonas starchless mutant sta6
displays excessive TOR activity provided a further connection
of carbon assimilation and amino acids to TOR signaling. Our
results indicate that the inability of sta6 cells to synthesize
starch redirects part of the assimilated carbon to the synthesis
of amino acids (Fig. 5), as revealed by the higher abundance
detected in the sta6 mutant of most amino acids, notably Gln,
which increased eight times. Given the direct link identified in
this study between amino acids and TOR (Fig. 4), it is plausible
that redirection of fixed carbon to the synthesis of amino acids
boosted TOR activity in the sta6 mutant (Fig. 6). Supporting
this conclusion, we found that inhibition of carbon fixation or
photosynthesis abolished the hyperactivation of TOR in sta6
cells (Fig. 5). The TOR pathway has been shown to regulate
starch metabolism in plants and algae. Mutations in the LST8-1
gene or down-regulation of AtTOR expression triggers starch
accumulation in Arabidopsis (47, 48). Similarly, treatment of
Chlamydomonas or the unicellular red alga Cyanidioschyzon
merolae with rapamycin increases the starch content (26, 49).
However, the impact of starch deficiency on plant TOR signal-
ing has not been explored yet. Our study suggests that starch
might regulate cell growth in Chlamydomonas since starch defi-
ciency activates TOR, the main growth-promoting pathway in
the cell. This hypothesis is in agreement with a previous study
in plants showing that starch acts as a major integrator in the
regulation of plant growth (50).

In conclusion, we have shown that CO2 fixation and photo-
synthesis activate TOR signaling in Chlamydomonas, likely

Fig. 6. Proposed model for the regulation of TOR activity by inorganic
carbon in Chlamydomonas. The CBB cycle catalyzes the incorporation of
inorganic CO2 into organic molecules such as amino acids and starch, a
main carbon sink in photosynthetic cells. Photosynthesis provides ATP and
NADPH to fuel chemical reactions from the CBB cycle. The availability of
fixed carbon modulates the endogenous level of Ala, Glu, Gln, Leu, and
Val, increasing with HCO3

� and decreasing upon inhibition of CO2 fixation
(GLA) or photosynthesis (DCMU, dark). These amino acids regulate TOR
activity, which couples carbon sufficiency to cell growth. The inability of
the sta6 mutant to synthesize starch redirects part of the fixed carbon to
the synthesis of amino acids, particularly Gln, leading to a massive increase
of TOR activity. Heat maps show the relative levels of amino acids and
TOR activity in Chlamydomonas cells under the conditions indicated in
Figs. 2, 3, and 5. Inhibitors of CO2 fixation (GLA), photosynthesis (DCMU),
and TOR (rap) are indicated.

8 of 10 j PNAS Mall�en-Ponce et al.
https://doi.org/10.1073/pnas.2115261119 Photosynthetic assimilation of CO2 regulates TOR activity

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ja
nu

ar
y 

8,
 2

02
2 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115261119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115261119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115261119/-/DCSupplemental


through the synthesis of key amino acids. The regulation of
TOR and cell growth by inorganic carbon might have biotech-
nological implications in algae and plants. Photosynthetic
organisms are responsible for converting sunlight and CO2 into
organic matter and are therefore visualized as a resource for
the renewable fuel industry and a solution to mitigate the prob-
lem of raising concentrations of atmospheric CO2 (51). There-
fore, modulation of TOR activity by inorganic carbon might
help to improve biomass productivity in algae and plants,
directly influencing agricultural yield or biofuel production.

Materials and Methods
C. reinhardtii Strains and Growth Conditions. C. reinhardtii strains used in this
study were wild-type 4A+, cw15, sta6, and complemented sta6 (termed as C6)
and are available as CC-4051, CC-4349, CC-4348, and CC-4567, respectively,
from the Chlamydomonas Resource Center (https://www.chlamycollection.
org/). Chlamydomonas cells were grown under standard illumination (∼50 μE
m�2 s�1 from light-emitting diode lamps) in HSM or TAP medium (38) on an
orbital shaker (100 rpm) at 25 °C. When required, cells in exponential growth
phase (∼2 × 106 cells mL�1) were treated with HCO3

� (Sigma-Aldrich, S5761),
GLA (Sigma-Aldrich, G-9376), rapamycin (rap; Cayman Chemical, 53123–88-9),
DCMU (Sigma-Aldrich, D7763), SMM (Sigma-Aldrich, 34224), or AOA (Sigma-
Aldrich, C-13408) at the indicated concentrations and time. For light-to-dark
transition experiments, cells grown in HSM were transferred from standard
illumination to complete darkness for the indicated time. Growth rates were
estimated during exponential growth phase according to the formula μ =
ln(N/N0)/t, where N0 and N represent the cell number at t = 0 h and t = 24 h,
respectively. μ is expressed in h�1. Cell number was determined using a Count-
ess II FL Automated Cell Counter (Invitrogen).

Protein Preparation, Western Blot Assays, and TOR Activity Determination.
Protein electrophoresis in denaturing conditions was performed as previously
described (25). Chlamydomonas cells from liquid cultures were collected by
centrifugation (4,000 × g, 2 min), washed in lysis buffer [50 mM Tris�HCl (pH
7.5)], and resuspended in a minimal volume of the same buffer. Cells were
lysed by two cycles of slow freezing to �80 °C followed by thawing at room
temperature. The soluble protein cell extract was separated from the insolu-
ble fraction by centrifugation (15,000 × g, 20 min, 4 °C). Proteins were quanti-
fied using the Coomassie dye binding method (Bio-Rad, 500–0006) as
described by the manufacturer.

For immunoblot analyses, total protein extracts (15 to 40 μg) were sub-
jected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then
transferred to either polyvinylidene fluoride membrane (Millipore,
IPVH00010) previously activated in methanol for P-RPS6 detection or nitrocel-
lulose membrane (Amersham, 10600003) for detection of other proteins. Pri-
mary antibodies raised against Chlamydomonas P-RPS6 and RPS6 (32), TOR
(21), and LST8 (21) proteins and secondary anti-rabbit (Sigma-Aldrich, A6154)
were diluted 1:6,000, 1:6,000, 1:1,000, 1:6,000, and 1:10,000, respectively, in
phosphate-buffered saline containing 0.1% (vol/vol) Tween-20 (Applichem,
A4974) and 5% (wt/vol) milk powder (Applichem, A0830). Proteins were
detected with the Luminata Crescendo Millipore immunoblotting detection
system (Millipore, WBLUR0500) and visualized using a ChemiDoc Imaging Sys-
tem (Bio-Rad). Coomassie brilliant blue–stained gels were used as protein
loading control.

For determination of the phosphorylation status of RPS6, phosphory-
lated (P-RPS6) and total RPS6 were quantified using the ImageLab

software (Bio-Rad), and the P-RPS6/RPS6 ratio was calculated as previously
described (32).

Amino Acid Analysis. To determine the amino acid profile, Chlamydomonas
cells growing exponentially (∼2 × 106 cells mL�1) under the indicated treat-
ment were collected by centrifugation (4,000 × g, 2 min) and immediately
frozen in liquid nitrogen. Cells were then lyophilized and 2 mg of dried
weight for each condition were used to extract amino acids. Cells were resus-
pended with HCl 0.1 N, mixed by vortexing, and then incubated on ice for
1 h. After centrifugation (15,000 × g, 15 min) at 4 °C to remove cells debris,
the supernatant was transferred to a fresh tube and used to analyze the
amino acid content by mass spectrometry (Sciex 6500+ QTRAP hybrid triple
quadrupole liquid chromatography with tandem mass spectrometry). Amino
acids were quantified using a standard amino acid mixture (Sigma-Aldrich).
At least four biological replicates were analyzed for each condition.

Oxygen Evolution Measurement. Chlamydomonas cells growing autotrophy-
cally in HSM medium were incubated with bicarbonate, DCMU, or GLA for
the indicated time, and then 2 mL of cells (∼2 × 106 cells mL�1) was used to
determine oxygen evolution at 25 °C with continuous stirring in a Clark-type
electrode (Chlorolab 2+ System; Hansatech). Photosynthetic rate was calcu-
lated as the difference between oxygen production in the light and oxygen
consumption in the dark. Oxygen production was analyzed for 5 min at 60
μmol photons m�2 s�1. Cells were then exposed to darkness for 5 min to cal-
culate oxygen consumption.

Chlorophyll Fluorescence Measurement. Chlorophyll fluorescence measure-
ments were performed using a DUAL-PAM-100 (Walz). Chlamydomonas cells
growing autotrophycally in HSM medium were incubated with DCMU or GLA
for the indicated time, and then 2 mL of cells (∼2 × 106 cells mL�1) was used to
determine relative electron transport rate (rETR) and maximum photochemi-
cal efficiency (Fv/Fm). Cells were dark adapted for 15 min with constant stir-
ring to obtain the Fv/Fm ratio. Cells were then exposed to 50 μmol photons
m�2 s�1 for 5 min to quantify rETR values.

Statistics. Data from at least three independent experiments were analyzed
using SigmaPlot 11 software. Two-tailed Student’s t tests were used to com-
pare different strains, different growing conditions, and different treatments.
One-way ANOVA followed by Bonferroni’s post hoc comparisons tests were
used to analyze the temporal changes in the different treatments. P < 0.05
was taken as the threshold for statistical significance. Single (*), double (**),
and triple (***) asterisks indicate a significant difference: P < 0.05, P < 0.01,
and P < 0.001, respectively. For amino acid analysis, heat map showing the
fold changes were generated using the MeV software. Amino acid correla-
tions were clustered with hierarchical clustering using Pearson correlation for
the distancemeasure and average linkage for the linkagemethod. A summary
of the statistical analysis of experiments shown in main and supplementary
figures can be found in SI Appendix, Tables S1 and S2, respectively.

Data Availability. All study data are included in the article and/or SI Appendix.
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