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            Abstract
In plants and algae, light serves both as the energy source for photosynthesis and a biological signal that triggers cellular responses via specific sensory photoreceptors. Red light is perceived by bilin-containing phytochromes and blue light by the flavin-containing cryptochromes and/or phototropins (PHOTs)1, the latter containing two photosensory light, oxygen, or voltage (LOV) domains2. Photoperception spans several orders of light intensity3, ranging from far below the threshold for photosynthesis to values beyond the capacity of photosynthetic CO2 assimilation. Excess light may cause oxidative damage and cell death, processes prevented by enhanced thermal dissipation via high-energy quenching (qE), a key photoprotective response4. Here we show the existence of a molecular link between photoreception, photosynthesis, and photoprotection in the green alga Chlamydomonas reinhardtii. We show that PHOT controls qE by inducing the expression of the qE effector protein LHCSR3 (light-harvesting complex stress-related protein 3) in high light intensities. This control requires blue-light perception by LOV domains on PHOT, LHCSR3 induction through PHOT kinase, and light dissipation in photosystem II via LHCSR3. Mutants deficient in the PHOT gene display severely reduced fitness under excessive light conditions, indicating that the sensing, utilization, and dissipation of light is a concerted process that plays a vital role in microalgal acclimation to environments of variable light intensities.
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                    Figure 1: PHOT controls induction of LHCSR3 and qE and is crucial for survival of C. reinhardtii in high light.[image: ]


Figure 2: Role of the different PHOT domains in controlling LHCSR3.[image: ]


Figure 3: PHOT-dependent control of LHCSR3 expression requires blue light perception by LOV, signal transduction by the C-terminal kinase domain of PHOT and photosynthesis.[image: ]


Figure 4: Possible signal transduction pathway for high-light-intensity-induced expression of LHCSR3.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Photosynthetic properties of acry and phot mutants.
a, Immunoblot analysis of aCRY accumulation in wild-type (137c) and acry cells. The two strains were grown as previously described16. Cells were harvested at the beginning of the light phase (LD2 phase16). Whole-cell samples with 2â€‰Î¼g of chlorophyll were loaded on each lane. Representative dataset of an experiment replicated 3 times on different biological samples. b, Immunoblot analysis of PHOT in wild-type (cw15-302) and phot cells after 4 h exposure to high-intensity white light. Representative dataset of an experiment replicated 3 times on different biological samples. c, Immunoblot analysis of LHCSR3 and ATPB in wild-type (137c), phot and acry cells in low light intensity and after 4 h exposure to high-intensity white light (HL). ATPB was used as a loading control. Representative dataset of an experiment replicated five times on different biological samples. d, e, NPQ induction kinetics of wild-type (137c) and acry cells (d) and wild-type (cw15-302) and phot cells (e) after 4â€‰h exposure to high-intensity white light. qE was recorded for 16â€‰min upon illumination with 440â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 (white bar) followed by 2â€‰min of darkness (black bar), to measure qE relaxation. Representative dataset of an experiment replicated 4 (d) and 7 (e) times on different biological samples. f, g, DES indicates the xanthophyll cycle de-epoxidation state ([zeaxanthin]â€‰+â€‰1/2[antheraxanthin])/([zeaxanthin]â€‰+â€‰[antheraxanthin]â€‰+â€‰[violaxanthin]) in wild-type (137c) and acry cells (f) and wild-type (cw15-302) and phot cells (g) after exposure to high light intensity for 4â€‰h (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.). h, i, ETR of wild-type (137c) and acry (h) and wild-type (cw15-302) and phot (i) cells exposed at 20, 240 and 750â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 for 10â€‰h. ETR (Î¼mol photons mâˆ’2â€‰sâˆ’1) was measured at actinic illumination of 41â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.).


Extended Data Figure 2 Accumulation of major photosynthetic complexes is unaltered in the phot cells upon exposure to different wavelengths of visible light.
a, Immunoblot analyses of ATPB, PsaA/B, D1, D2 and CP26 accumulation in wild-type (137c), phot and acry cells after 4â€‰h exposure to 250â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 of monochromatic light at the different wavelengths of the visible spectrum. b, Immunoblot analyses of major photosynthetic complexes of PSII, cyt b6f and PSII in wild-type, phot and acry cells after 4â€‰h exposure at 250â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 of white light. Representative dataset of an experiment replicated three times on different biological samples.


Extended Data Figure 3 Diminished LHCSR3 induction in phot is not caused by diminished photosynthesis.
a, Comparison of ETR in DCMU-titrated wild-type cells and DCMU-untreated phot cells exposed to high light intensity for 3â€‰h. ETR (Î¼mol photons mâˆ’2â€‰sâˆ’1) was measured upon exposure to light of 170â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.). b, Immunoblot analyses of LHCSR3 accumulations in the wild-type and phot samples described in a. ATPB was used as a loading control. Representative dataset of an experiment replicated five times on different biological samples.


Extended Data Figure 4 PHOT protein levels pigment content in phot mutants.
a, Immunoblot analyses of PHOT accumulation in wild-type (cw15-302) and PPHOT strains. PPHOT expresses a fused PHOTâ€“BLE protein, which has a higher molecular mass than wild-type PHOT. ATPB served as a loading control. Representative dataset of experiment replicated four times on different biological samples. b, Total cellular chlorophyll (aâ€‰+â€‰b) content in wild-type, phot, PPHOT, PKIN and PLOV cells exposed to light of 20, 200 or 750â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 for 20â€‰h as in Fig. 2d (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.). Diminished chlorophyll content is a signature of pigment bleaching following photo-damage.


Extended Data Figure 5 PHOT-independent LHCSR3 expression restores photoprotection in the phot mutant.
Relative qE and LHCSR3 expression under high-light-intensity conditions in wild-type (cw15-302), phot, and two phot-transformed lines expressing an additional copy of the LHCSR3.1 gene under the control of the PsaD promoter (PLHCSR3(B5) and PLHCSR3(G6)). ATPB was used as a loading control. qE values were normalized to wild-type cells (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.).


Extended Data Figure 6 Phosphorylation levels of LHCSR3 in phot, PPHOT, PLOV, PKIN, stt7 and wild-type cells.
Assessment of the phosphorylation levels of LHCSR3 in wild-type (cw15-302), phot, PPHOT, PLOV and PKIN cells by a mobility-shift detection of phosphorylated proteins (Phos-tag). The upper and lower bands correspond to the phosphorylated and non-phosphorylated forms of LHCSR3 (P-LHCSR3 and LHCSR3), respectively, as confirmed by treatment of the samples with either calf intestinal phosphatase (CIP) or Î»PP. The stt7 mutant41 was used to test the involvement of the chloroplastic serine/threonine kinase STT7 in the LHCSR3 phosphorylation. In this mutant, LHCSR3 was mostly present in the non-phosphorylated form, while an STT7-independent phosphorylation was also seen in agreement with recent findings42. Representative dataset of an experiment replicated three times on different biological samples.


Extended Data Figure 7 Phenotypic traits of the WTKIN genotype.
a, Immunoblot analyses of LHCSR3 accumulation after exposure to 240â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 of white light for 20â€‰h in wild-type (137c) and WTKIN cells. ATPB was used as a loading control. b, Erlenmeyer flasks containing wild-type and WTKIN (expressing the kinase domain of PHOT in the wild-type background) after 20â€‰h exposure to white light of 20, 200 and 750â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 and schematic drawings of the PHOT gene constructs in the two lines. Representative pictures from an experiment replicated three times on different biological samples. c, Action spectrum of LHCSR3 accumulation in wild-type and WTKIN. ATPB was used as a loading control. d, Densitometric quantification of LHCSR3 accumulation in wild-type (137c) and WTKIN (data normalized to ATPB). e, LHCSR3 protein accumulation in WTKIN at low and high light intensity in the absence and presence of the PSII inhibitor DCMU. Representative dataset of experiment replicated three times on different biological samples.


Extended Data Figure 8 Second messengers involved in the PHOT-dependent regulation of LHCSR3 expression.
a, Immunoblotting analyses of LHCSR3 accumulation after exposure to high-intensity white light for 20â€‰h in wild-type (cw15-302) and phot cells under control conditions (0.34â€‰mM Ca2+) or in the presence of increased Ca2+ concentration (3.4â€‰mM Ca2+). Representative dataset of an experiment replicated three times on different biological samples. b, Statistical analyses of LHCSR3 accumulation in high-light-intensity-treated wild-type or phot cells in the absence (control) and presence of IBMX, DB-cGMP and DB-cAMP (see conditions as in Fig. 4a). Data are normalized to LHCSR3 levels of wild-type control cells (nâ€‰=â€‰5 biological samples, meanâ€‰Â±â€‰s.d.). Asterisks indicate statistically significant difference from wild-type control cells (t-test, Pâ€‰<â€‰0.0001)


Extended Data Figure 9 LHCSR3.1 and LHCSR3.2 transcript stability in wild-type and phot cells.
Relative amounts of LHCSR3.1 and LHCSR3.2 mRNA in wild-type (cw15-302; black) and phot (red) cells were quantified by quantitative PCR. Cells exposed for 20â€‰h to 470â€‰nm LED light at 100â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1 were transfered to darkness at tâ€‰=â€‰0 and treated with actinomycin D to stop further mRNA synthesis. mRNA samples were collected at 0, 0.25, 0.5, 1, 2 and 4â€‰h after transition to darkness. LHCSR3.1 and LHCSR3.2 transcript amounts were normalized to the amounts of 18S rRNA as endogenous control and their values were set at 100% at tâ€‰=â€‰0 (nâ€‰=â€‰3 biological samples, meanâ€‰Â±â€‰s.d.).


Extended Data Figure 10 qE and LHCSR3 induction requires high light in C. reinhardtii.
a, Action spectrum of qE induction in wild-type cells as a function of the light intensity. b, Immunoblot analysis of LHCSR3 accumulation in darkness (D) and under white (WL), blue (470â€‰nm) and red (660â€‰nm) light of low (20â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1) and high intensity (250â€‰Î¼mol photons mâˆ’2â€‰sâˆ’1). ATPB was used as a loading control. Representative dataset of an experiment replicated two times on different biological samples.
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        Editorial Summary
Phototropin mediates photosynthesis regulation
Excessive light can overwhelm the photosynthetic system of plants and algae, leading to damage or even cell death. Consequently, plants have evolved systems to prevent such overload. Giovanni Finazzi and colleagues demonstrate that, in the green alga Chlamydomonas reinhardtii, the blue-light photoreceptor phototropin (PHOT) induces the expression of light-harvesting complex stress-related protein 3 (LHCSR3) when light levels are sufficiently high. This causes the dissipation of excess light from photosystem II. In the absence of PHOT activity, the fitness of the algae is severely compromised.
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