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Part A. PERSONAL INFORMATION

First name José Luis
Family name Crespo Gonzélez
* Birth date
Gender (*) Male (dd/mmiyyyy)
Social Security,
Passport, ID
number
e-mail URL Web
Open Researcher and Contributor ID (ORCID) (*)
(*) Mandatory
A.1. Current position
Position Investigador Cientifico - Director of IBVF
Initial date 17/02/2021
Institution Consejo Superior de Investigaciones Cientificas (CSIC)
Department/Center IBVF | Instituto de Bioquimica Vegetal y Fotosintesis
: Teleph.
Country Spain number 954489574
Key words TOR signaling, autophagy, COg, stress, Chlamydomonas, alga
A.2. Previous positions (research activity interuptions, indicate total months)
Period Position/Institution/Country/Interruption cause
2008-2021 Cientifico Titular (CSIC) at IBVF
2003-2008 Ramoén y Cajal researcher at IBVF

FEBS postdoctoral fellow at the Prof. Michael Hall lab

1999-2003 (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, | 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 | got a Ramén 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, | got a permanent position at CSIC as
Cientifico Titular to continue my research work on the TOR pathway and autophagy, a TOR-
controlled process highly conserved in all eukaryotes. In 2021, | was promoted to Investigador
Cientifico at CSIC, and since March 2022 | am the Director of IBVF.

Main research achievements: During my postdoctoral stay at the Prof. Hall’s lab, we found
that Gin 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, | am responsible of the research group “TOR
signaling and autophagy in microalgae” at IBVF. Our group has been a pioneer in the study of

Pag1de 4



s AGENCIA
oy k ESTATALDE _
INVESTIGACION

Cofinanciado por
la Union Europea

the TOR pathway and autophagy in microalgae (Crespo et al. 2005 Plant Physiol; Pérez-Pérez
et al. 2010 Plant Physiol; Diaz-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-Martin et al. 2014 Plant Physiol; Pérez-Pérez et al. 2016 Plant Physiol; Pérez-Pérez et
al. 2021 JXB) and maintains chloroplast homeostasis (Heredia-Martinez 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 CO; 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 CO- fixation, photosynthesis and TOR.
Recently, we identified dihydroxyacetone phosphate (DHAP) generated in the chloroplast as
the key metabolite mediating CO, 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: | have supervised the research work of 3 PhD researchers:
Sandra Diaz-Troya (2009), currently professor at the University of Sevilla, Marta Pérez-Martin
(2016), currently postdoc at University of Texas, Luis Heredia-Martinez (2022), who is a
postdoc at University of Seville. Currently, | am supervising 2 Theses: Yosu Odriozola,
supported by an FPI fellowship; and Irene Mufoz granted by the Garantia Juvenil program. |
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-
Incomporacion researcher (2018-2019), Inmaculada Couso-Lianez as Comfuturo researcher
and Marie Curie-Sklodowska fellow (H2020-MSCA-IF-2016), Aguila Ruiz-Sola (2019) and
Manuel Mallén-Ponce (2021), both as Juan de la Cierva-Incorporacion researchers in my
group. Moreover, | have supervised international postdoc researchers for short-term stays: M.
Bedhome (France), M. Carbé6 (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. | have publications leaded by our group with most of them. In addition, | 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). A
corresponding author.

Research productivity (WoS): total number of publications in indexed journals: 61; total
citations: 13.484; h index: 34.
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1. Mallén-Ponce MJ, Quintero-Moreno A, Gamez-Arcas S, Grossman AR, Pérez-Pérez ME,
Crespo JL®* (2025) Dihydroxyacetone phosphate generated in the chloroplast mediates the
activation of TOR by CO. and light. Science Advances 11(16):eadu1240. IF: 11.7. D1.
https://doi.org/10.1126/sciadv.adu1240

2. Pérez-Pérez ME®", Mallén-Ponce MJ, Odriozola-Gil Y, Rubio A, Salas JJ, Martinez-Force
E, Pérez-Pulido AJ, Crespo JL®* (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 JL®* (2022) Photosynthetic assimilation of CO>
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 JL®* (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 JL®* (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
40:105043. IF: 11.598. D1 doi.org/10.15252/embj.2020105043.

7. Couso |, Pérez-Pérez ME, Ford MM, Martinez-Force E, Hicks LM, Umen JG, Crespo JL®*
(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-Marin AM, Aroca A, Pérez-Pérez ME, Yruela |, Jurado-Flores A, Moreno |, 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-Martinez LG, Andrés-Garrido A, Martinez-Force E, Pérez-Pérez ME®*, Crespo JL®*
(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 ME®A, 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 Espafiola de Autofagia (SEFAGIA) 2022. Toledo, November 2022.

» Sociedad Espafiola de Autofagia (SEFAGIA) 2020. Caceres, March 2020.

» Sociedad Espafiola 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.

« 16" 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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« 20" International Conference on the Cell and Molecular Biology of Chlamydomonas.
Princeton, USA June 2023.

+ 19" International Conference on the Cell and Molecular Biology of Chlamydomonas. lle des
Embiez, France, August 2021.

« 9" 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 Innovacion (PID2024-162302NB-100). Duration: 2025-2028. Budget:
268.750 € (plus FPI fellow).

* “Modulating the TOR signaling pathway to improve CO: assimilation into biomass
(TORCO2)". Ministerio de Ciencia e Innovacion (TED2021-130912-B-100). Duration: 2022-
2025. Budget: 230.000 €.

* “Elucidating the nutrient regulation of TOR signaling in photosynthetic organisms
(GREENTORY)". Ministerio de Ciencia e Innovacion (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 Economia y Competitividad (PGC2018-099048-B-100). Duration: 2019-2021. Budget:
137.698 €.

» “Redox control of autophagy”. Ministerio de Economia 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
Economia 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 Andalucia (DGP_PIDI_2024_01534). Under evaluation.

* “Autophagy in a new extremophilic microalgae”. Junta de Andalucia/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
andalucia (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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PLANT SCIENCES

Dihydroxyacetone phosphate generated in the
chloroplast mediates the activation of TOR by CO,

and light

Manuel J. Mallén-Ponce', Andrea M. Quintero-Moreno', Samuel Gamez-Arcas’',
Arthur R. Grossman?3, Maria Esther Pérez-Pérez’, José L. Crespo'*

Light and CO, 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,
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Attribution
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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 isa 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 (I). 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

YInstituto de Bioquimica Vegetal y Fotosintesis (CSIC-Universidad de Sevilla), 41092
Sevilla, Spain. 2Biosphere Sciences & Engineering, Carnegie Institution for Science,
Stanford, CA 94305, USA. 3Biology Department, Stanford University, Stanford, CA
94305, USA.

*Corresponding author. Email: crespo@ibvf.csic.es

Mallén-Ponce et al., Sci. Adv. 11, eadu1240 (2025) 18 April 2025

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 (CO,) through
the Calvin-Benson-Bassham (CBB) cycle. Photosynthetic CO, 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 CO; has also been demonstrated to
regulate TOR activity in Chlamydomonas (5). Inhibition of CO; 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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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 (79)]. (B) Immunoblot analysis of P-RPS6/RPS6 in Chlamydomonas cells over one diurnal cycle. Coomassie brilliant blue-stained
gels were used as loading control (79). 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; lle/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.

carbon and light signals to TOR using metabolomic, chemical, and  including amino acids, energy-related metabolites, and intermedi-
genetic approaches in Chlamydomonas cells. 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
RESULTS the CBB cycle intermediates DHAP, ribulose 1,5-bisphosphate (RuBP),
DHAP regulates TOR activity in response to light and and fructose 1,6-bisphosphate (FBP), and the amino acid glutamine
inorganic carbon (Fig. 1C; fig. S2, A and B; and table S1). The levels of these metabo-
We have previously demonstrated that TOR is activated by light and  lites were elevated in the light and diminished in the dark phase of
inactivated in the dark in Chlamydomonas cells (5). To understand  the diurnal cycle (Fig. 1D, fig. S2A, and table S1). In Chlamydomonas,
the effect of light on TOR activity, we monitored RPS6 phosphoryla- ~ FBP and RuBP are generated and metabolized in the chloroplast
tion in synchronized cells (fig. S1A). TOR was markedly and pro-  through the CBB cycle (19, 25), whereas DHAP is mostly synthesized
gressively inactivated following transfer of the cells to the dark, whereas  in this organelle and actively exported to the cytoplasm (26). DHAP
a sharp reactivation was observed upon illumination (Fig. 1B). The is converted to GAP, 3-phosphoglycerate (3PGA), and phospho-
dark-mediated inactivation of TOR did not occur when the syn- enolpyruvate (PEP), which feeds the TCA cycle through the synthe-
chronized cells were maintained in continuous light following the sis of pyruvate and acetyl-CoA in mitochondria (Fig. 1A). Our
dark period (fig. S1B), suggesting that TOR activity is not subjected  metabolomic analysis indicated that the levels of GAP, 3PGA, and
to circadian regulation in Chlamydomonas. The fast and strong acti- PEP did not increase in response to light (Fig. 1D and table S1).
vation of TOR by light prompted us to further characterize this pro- However, in notable contrast, the abundance of DHAP rose 20 times
cess. We initiated this characterization with an in-depth metabolomic  within 15 min of exposure to the light (Fig. 1D and table S1).
analysis of synchronized Chlamydomonas cells over a diurnal cycle. On the basis of these results, we speculated that DHAP might
The abundance of more than 50 primary metabolites was determined,  have a positive impact on TOR activity in Chlamydomonas. To test

Mallén-Ponce et al., Sci. Adv. 11, eadu1240 (2025) 18 April 2025 20f8
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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

A B

DHA
15 30 60

Cerulenin

Time (min) 0 Time(min) 0 15 30 60 Time (min) 0

DMKG
15 30 60

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-a-
ketoglutarate (DMKG), an esterified analog of a-ketoglutarate (AKG)
that permeates the cell membranes and is hydrolyzed to a-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
S$4). 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
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Fig. 2. Effect of DHA, cerulenin, DMKG, or MSX on TOR activity. (A) Inmunoblot (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 pM 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 pM 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 GIn 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 GIn 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 #3ko2 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_T3KO?2 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_T3KO?2 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 3ko2 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 W', 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
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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 CO, fixation by
supplementation of Chlamydomonas cultures with HCO3~ boosts
TOR activity (5). Thus, we investigated whether the addition of
HCO;™ could enhance TOR activity in the t3ko2 mutant using the
same experimental setup described above but with the addition of
HCO;™ followed by 15 and 30 min of illumination. In WT and C_
T3KO2 cells, TOR was further activated upon HCO;™ addition in
the light (Fig. 3B), confirming the positive impact of CO, 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
HCOj;™ than their accumulation in response to light alone (fig. S8B
and table S7). Together, these results indicated that light/CO,-
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_T3KO?2 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 HCO;™ 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, CO, 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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Fig. 3. TOR activity does not respond to inorganic carbon and light in the Chlamydomonas mutant lacking the DHAP transporter TPT3. (A) Inmunoblot 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 HCO5™. (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 CO, 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.

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
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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
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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 asa 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 TORCI in yeasts,
demonstrating that FBP, G6P, and complete glycolysis are required
for this activation (37). In mammals, glucose signaling to mechanis-
tic TORC1 (mTORCI) 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 mMTORCI1 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 mTORCI 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. reinhardetii strains and growth conditions

C. reinhardltii strains used in this study were WT 4A+ (CC-4051) and
M10 (CC-4403, isogenic line derived from CC-124), t3ko2, and com-
plemented #3ko2 (termed as C_T3KO02) (26). Chlamydomonas cells
were grown under standard (50 pmol photons m~2 s7}) 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
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precultures at a starting optical density at 750 nm (OD7505m) of 0.05 in
an Innova 42 incubator (New Brunswick Scientific) and maintained
for 5 days under entraining conditions at an OD750ym 0f 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 HCO;™ (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-HCIl
(pH 7.5)], and resuspended in 100 pl 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 (15,000¢, 20 min, 4°C).
Proteins were quantified using the Coomassie dye binding method
(Bio-Rad, 500-0006). For immunoblot analyses, total protein extracts
(30 pg) 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 immunobl