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A blue-light photoreceptor mediates the feedback 
regulation of photosynthesis
Dimitris Petroutsos1*, Ryutaro Tokutsu2,3,4*, Shinichiro Maruyama5, Serena Flori1, Andre Greiner6, Leonardo Magneschi1,7, 
Loic Cusant1, Tilman Kottke8, Maria Mittag9, Peter Hegemann6, Giovanni Finazzi1 & Jun Minagawa2,3,4

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.

In oxygenic photosynthesis, the absorption of light by pigments 
such as chlorophylls and carotenoids that are embedded in the light-
harvesting complexes (LHCs) facilitates the transfer of energy to 
reaction centres, triggers electron flow from H2O to NADPH and 
generates a proton motive force across the thylakoid membranes 
of chloroplasts that is used to drive ATP synthesis. The ATP and 
NADPH molecules that are generated are utilised in CO2 fixation in 
the Calvin–Benson cycle5. Whenever light is absorbed beyond the 
CO2-assimilation capacity, over-excitation of the photosystems leads 
to photodamage and possibly cell death. These negative consequences 
are prevented by non-photochemical quenching (NPQ), an intricate 
photoprotective process that dissipates excess absorbed energy. 
The major component of NPQ is qE, which occurs at the LHCs of 
photosystem II (ref. 6).The process of qE is driven by acidification 
of the thylakoid lumen that occurs under excess light, a process that  
modifies the pigment composition of LHCII via the xanthophyll cycle 
and activates specific qE protein effectors7. In the active state, these 
protein effectors (PSBS in plants and LHCSR proteins in green algae8,9) 
increase the energy dissipation capacity of LHCII via an unresolved 
mechanism10,11. Whereas plants constitutively express PSBS, the green 

alga C. reinhardtii only accumulates LHCSR3 (the major qE effector) 
following environmental stresses such as excess light and nutrient 
starvation12. Induction of LHCSR3 requires Ca2+ signalling and active 
photosynthesis13,14, but the molecular mechanism behind this process 
is largely unknown.

To gain insight into how LHCSR3 induction is regulated, we measured 
the light-colour dependency (action spectrum) of qE induction in C. 
reinhardtii. Low-light-acclimated cells were exposed for 4 h to highly 
intense monochromatic light at different wavelengths between 400 nm 
and 720 nm, provided by the Okazaki Large Spectrograph15, to induce 
LHCSR3. The kinetics of NPQ development were then followed 
under saturating white light for 5 min (Fig. 1a). The extent of NPQ 
observed at the end of illumination was used to evaluate the action 
spectrum of qE (Fig. 1b), corresponding to the fraction of NPQ that 
is rapidly reversible in the dark. This spectrum was comparable to the 
spectrum of LHCSR3 accumulation (Fig. 1c), confirming the close 
relationship between energy dissipation and LHCSR3 induction in 
this alga8. We found that blue light was more effective than red light 
in inducing the qE response (Fig. 1a, b) and LHCSR3 accumulation 
(Fig. 1c), although the cells absorbed both almost equally (Fig. 1b,  
grey area). This finding suggested that a blue-light-absorbing 
molecule (likely to be a blue-light receptor) is involved in the accu-
mulation of LHCSR3 in high light intensities. To test this hypothesis 
we compared the kinetics of NPQ (Fig. 1a), the action spectra of qE  
(Fig. 1b) and the induction of LHCSR3 (Fig. 1c) in wild-type  
C. reinhardtii cells and in mutants lacking blue-light receptors—
either the animal-like cryptochrome (aCRY)16, or PHOT17. We found  
that acry mutant cells (deficient in a functional ACRY gene, hereafter 
acry) (Extended Data Fig. 1a) showed wild-type levels of qE  
(Fig. 1b) and LHCSR3 accumulation (Fig. 1c) throughout the entire 
light spectrum, including red light, where aCRY acts16 in the absence of 
phytochromes in C. reinhardtii18. Conversely, phot mutant cells (deficient 
in a functional PHOT gene, hereafter phot; Extended Data Fig. 1b)  
specifically lacked blue-light induction of qE (Fig. 1b) and LHCSR3 
accumulation (Fig. 1c), and therefore were more prone to photodam-
age (Fig. 1d). Induction of LHCSR3 and NPQ in response to high-
intensity white light was also largely compromised in phot cells, in 
contrast to wild-type and acry cells (Extended Data Fig. 1c–e). The 
ability of phot cells to accumulate photoprotective carotenoids via 
the xanthophyll cycle was, however, similar to that of wild-type and 
acry cells (Extended Data Fig. 1f, g). The phenotype of phot cells was  
similar to that of npq4 cells ((cells deficient in functional LHCSR3.1 
and LHCSR3.2 genes8); Fig. 1b, d), that we used as a qE-lacking strain. 
PHOT-mediated blue-light control of LHCSR3 accumulation was 
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highly specific. Accumulation of the representative subunits of the 
major photosynthetic complexes was comparable in all cell lines and was 
wavelength-insensitive (Extended Data Fig. 2a, b). The photosynthetic 
electron transport rate (ETR) was reduced in phot cells, especially upon  
high light exposure (Extended Data Fig. 1h, i). As photosynthesis is 
required for proper LHCSR3 accumulation13,14, the lower electron flow 
capacity of phot cells could diminish LHCSR3 induction. To evaluate this 
hypothesis, we titrated the ETR in wild-type cells using increasing con-
centrations of the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea  
(DCMU), an inhibitor of electron transfer in photosystem II. The 
graduated addition of DCMU progressively reduced the ETR to a much 
lower extent in wild-type cells than in DCMU-free phot cells (Extended 
Data Fig. 3a). However, accumulation of LHCSR3 remained greater 
in DCMU-treated wild-type cells than in DCMU-untreated phot cells 
(Extended Data Fig. 3b). We therefore excluded the possibility that the 
diminished ETR observed in phot cells was the cause of the impaired 
LHCSR3 accumulation. We concluded instead that the impaired pho-
toprotection in phot cells was the cause of the reduced ETR (Extended 
Data Fig. 1i) and enhanced photosensitivity (Fig. 1d), indicating that 
PHOT is a central actor of photoprotection in this alga.

Phototropins are ubiquitous in plants and algae. Their function 
in light perception involves two structurally similar LOV domains 
(LOV1 and LOV2) at the N terminus and downstream signalling 
via a C-terminal serine/threonine kinase domain2. We dissected the 
role of the different PHOT domains in LHCSR3-induction using 
existing mutants19 (Fig. 2a). Complementation of phot cells with the 
full-length phot cDNA (giving the PPHOT strain) restored PHOT 
protein expression (Extended Data Fig. 4a), expression of LHCSR3.1 
and LHCSR3.2 transcripts (both of which encode LHCSR3 (ref. 8;  

Fig. 2b) and expression of LHCSR3 protein (Fig. 2c) to a limited extent. 
This partial restoration was nonetheless sufficient to largely rescue 
resistance to high-light-induced stress (Fig. 2d and Extended Data  
Fig. 4b). Moreover, introduction of the LHCSR3.1 gene into phot cells 
under the control of the strong, PHOT-independent PSAD promoter 
(the PLHCSR3 strain) also rescued qE and LHCSR3 levels (Extended 
Data Fig. 5). This therefore confirmed the univocal relationship 
between PHOT, LHCSR3 and photoprotection. Conversely, comple-
mentation of phot cells with truncated gene carrying only the photo-
sensory domains LOV1 and LOV2 (giving the PLOV strain) did not 
rescue either protein expression or photosensitivity (Fig. 2c, d and 
Extended Data Fig. 4b). Finally, complementation with the kinase 
domain of PHOT (giving the PKIN strain) fully restored expression of 
LHCSR3 and photoprotection (Fig. 2c, d and Extended Data Fig. 4b). 
In this strain, however, LHCSR3 accumulation became light–colour- 
independent (Fig. 3a, b), in contrast to the wild-type (Fig. 1a, c)  
and the PPHOT (Fig. 3a, b) strain. This indicates that removal  
of the LOV domains leads to the loss of inhibition of the kinase 
activity, as has been previously reported in plants20. Deregulation of 
the PHOT kinase activity (as in the PKIN strain) or removal of the 
kinase domain (as in phot cells and in PLOV) did not alter LHCSR3 
phosphorylation levels (Extended Data Fig. 6), ruling out any link 
between PHOT and LHCSR3 phosphorylation. We also found that 
LHCSR3 accumulation remained light-intensity-dependent in the 
PKIN strain (Fig. 3c, d), suggesting that in addition to PHOT, high-
light-intensity photosynthesis was required for the accumulation of 
LHCSR3. In another mutant, generated by inserting an additional 
copy of the kinase domain into wild-type C. reinhardtii cells (giving the 
WTKIN strain; Extended Data Fig. 7a–d), LHCSR3 accumulation also 
became largely wavelength-independent but was still sensitive to light 
intensity. Moreover, accumulation of LHCSR3 was completely blocked 
upon inhibition of photosynthesis by DCMU in the PKIN and WTKIN 
strains (Fig. 3c, d and Extended Data Fig. 7e). Additionally, LHCSR3 
was not accumulated under light from the far-red part of the spectrum 
(720 nm) in each cell line (Figs 1c, 3a, b and Extended Data Fig. 7c, d). 
This light is not absorbed by C. reinhardtii cells (Fig. 1b, grey area) and 
therefore does not activate photosynthesis.
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Figure 1 | PHOT controls induction of LHCSR3 and qE and is crucial 
for survival of C. reinhardtii in high light. a, NPQ in wild-type (137c), 
phot and acry cells after exposure for 4 h to different wavelengths  
of light (250 μ​mol photons m−2 s−1). Representative dataset of an 
experiment replicated three times on different biological samples.  
b, qE induction in wild-type (WT; black), acry (green) npq4 (blue) and 
phot (red) strains by 4 h illumination with different wavelengths of light 
(250 μmol photons m−2 s−1). n =​ 3 biological samples, mean ±​ s.d.  
Grey area, absorption spectrum of wild-type cells. RU, relative units.  
c, Immunoblot analysis of LHCSR3 accumulation (ATPB is the loading 
control). Representative dataset of an experiment replicated three times 
on different biological samples. d, Erlenmeyer flasks containing wild-type, 
acry, phot and npq4 cells after 16 h of exposure to light of 20, 200 and  
750 μmol photons m−2 s−1. Representative photographs from three 
biological replicates.
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Figure 2 | Role of the different PHOT domains in controlling LHCSR3. 
a, Domains of the PHOT gene in wild-type and complemented phot lines. 
LOV, photosensory domain; KINASE, kinase domain; BLE, bleomycin 
resistance cassette. b, LHCSR3.1 and LHCSR3.2 mRNA accumulation 
in wild-type (cw15-302), phot, and variously phot-complemented lines 
exposed to low or high light intensities (LL or HL, respectively). Values 
relative to an endogenous control gene (GBLP) were normalized to 
wild-type samples under high light intensity (n =​ 3 biological samples, 
mean ±​ s.d.). c, Immunoblot analysis of LHCSR3 in wild-type and  
phot mutants (ATPB is the loading control). Representative dataset  
of an experiment replicated six times on different biological samples.  
d, Erlenmeyer flasks containing wild-type, phot, PPHOT, PKIN and  
PLOV strains after 20 h exposure to light of 20, 200 or 750 μ​mol photons 
m−2 s−1. Representative pictures from four biological replicates.
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In Arabidopsis thaliana, PHOT proteins regulate the blue-light-
induced increase in cytosolic free Ca2+ (refs 21, 22). As PHOT 
controls LHCSR3 expression in C. reinhardtii (Fig. 1) and Ca2+ is 
required for the accumulation of LHCSR3 (ref. 13), a relationship 
between PHOT, Ca2+, and LHCSR3 can be conceived. However, 
a tenfold increase in extracellular Ca2+ (to 3.4 mM) did not restore 
LHCSR3 accumulation in the phot mutant (Extended Data Fig. 8a). 
This finding led us to conclude that Ca2+ signalling is not modulating 
LHCSR3 in the absence of PHOT. We propose that other second 
messengers, such as the cyclic nucleotides cAMP or cGMP, act as 
the signalling molecules downstream of PHOT. We tested this using 
a pharmacological approach and found that treatment of phot cells 
with 3-isobutyl-1-methylxanthine (IBMX), an inhibitor of cAMP and 
cGMP phosphodiesterases, rescued LHCSR3 expression (Fig. 4a and 
Extended Data Fig. 8b). We confirmed this effect by incubating phot 
cells with dibutyrylated cGMP and cAMP (DB-cGMP and DB-cAMP; 
Fig. 4a), suggesting that cyclic nucleotides are not only critical in 
mating and phototaxis18, but are also involved in photoprotection in  
C. reinhardtii through the regulation of LHCSR3 expression. On the 
other hand, induction of LHCSR3 in IBMX-treated wild-type or phot 
cells remained light-intensity-dependent (Fig. 4a), indicating that 
cAMP and/or cGMP require a high-light-photosynthesis-related signal 
to be effective on LHCSR3 accumulation.

Extensive research has focused on the nature and function of the 
molecular actors involved in the sensing (by photoreceptors) and 
utilization (by photosynthetic complexes) of environmental light. 
Our findings here uncover the molecular linkage between these two 
essential functions of photosynthetic organisms (Fig. 4b). Blue light 
perceived by PHOT mediates the photoprotection of the photosyn-
thetic machinery (qE) in a green alga. The LOV domains of PHOT 
provide blue-light sensitivity while the C-terminal kinase domain 
performs signal transduction, possibly via the initiation of a cyclic 
nucleotide monophosphate signalling cascade. Downstream of PHOT, 
this signal integrates with another regulatory signal from the chloro-
plast that carries information about the amount of absorbed light that is 

not used for CO2 fixation. This signal relies on photosynthetic electron 
transfer13,14 via an as-yet-unknown mechanism. The integrated signal 
affects accumulation of LHCSR3.1 and LHCSR3.2 transcripts (Fig. 2b), 
primarily owing to the activation of transcription and partially to the 
stabilization of the transcripts (Extended Data Fig. 9). This contrasts 
with plant PHOT proteins that have been suggested to destabilize 
transcripts23, while little evidence exists for their role in activation of 
transcription2. The LHCSR3 polypeptide is then imported into the 
chloroplast thylakoids, where it modulates qE (Fig. 4b).

Because LHCSR3 is an ancient light-harvesting protein8 found only 
in lower plants including green unicellular eukaryotic algae (chloro-
phytes) and mosses7, as well as in some algae with secondary plastids, 
we propose that the molecular link between photoreception, photo-
synthesis, and photoprotection discovered in this study has evolved 
in the environment in which photosynthesis originated during  
evolution—namely the water columns—where blue light dominates the 
available spectrum. Consistent with this hypothesis, photoprotection 
in cyanobacteria, which are thought to share a common ancestry with 
chloroplasts, also relies on blue light. The cyanobacterial NPQ protein 
effector OCP (orange carotenoid protein) binds a single blue-light- 
absorbing carotenoid. NPQ in cyanobacteria is also triggered by 
high-intensity blue light24. Evidences also show a link between  
blue light and photoprotection in diatoms25 via an uncharacterized 
mechanism. On the other hand, the blue-light-dependent control of 
photoprotection was apparently lost during land-colonization. Here, 
a new qE process evolved reliant on the constitutively expressed  
protein PsbS4. Land plants, however, seem to carry a remnant of 
ancestral qE control by blue light, named qM, as blue light still affects 
NPQ in these organisms, but only via the PHOT-triggered chloro-
plast avoidance movement that helps chloroplasts to avoid high light  
intensities26.

The transition from water to land was paralleled by the emergence 
of a second PHOT gene. Seed plants express both PHOT1, a protein 
that responds to low-intensity blue light signals, and PHOT2, a protein 
that triggers high-intensity blue light responses. Unicellular green algae 
such as Chlorella variabilis, Ostreococcus tauri and C. reinhardtii only 
contain one PHOT gene, an orthologue of PHOT2 (ref. 27). However, in  
C. reinhardtii blue light triggers different biological responses 
depending on the photon fluence rate. Low-intensity blue light (for 
example, 1 μmol photons m−2 s−1) triggers gametogenesis at low 
nitrogen abundance28 and gene expression29 whereas blue light at 
higher intensities desensitizes the eyespot19 and induces LHCSR3 
expression (for example, 60 μmol photon m−2 s−1, Extended Data  
Fig. 10a, b). Thus, we conclude that the same PHOT protein that 
ensures responses at low light intensities can trigger signalling at 
higher light intensities when acting in synergy with the photosynthetic 
signal. We propose that, although the transition from motility (algae) to 
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sessility (land plants) led to an increase in specialization of the function 
of photoreceptors, this process occurred at the expense of some 
essential functions in water, probably the regulation of photoprotection 
that is reported here.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
No statistical methods were used to predetermine sample size. The experiments 
were not randomized. The investigators were not blinded to allocation during 
experiments and outcome assessment.
Chemicals. Chemicals were purchased from Sigma (DCMU) and Enzo 
(3-isobutyl-1-methylxanthine (IBMX), dibutyryl cyclic AMP (DB-cAMP), and 
dibutyryl cyclic GMP (DB-cGMP)). Stock solutions of DCMU were prepared 
in ethanol (40 mM) or H2O (40 μ​M); IBMX was dissolved in DMSO at 250 mM; 
DB-cAMP and DB-GMP were dissolved in H2O.
Strains and conditions. Chlamydomonas reinhardtii strains were grown under 
20 μ​mol photons m−2 s−1 in Tris-acetate-phosphate (TAP) media30 at 23 °C. In 
all experiments cells were transferred to Sueoka's high salt medium31 at 2 million 
cells ml−1 and exposed to light intensities as described in the text and figure 
legends. Two C. reinhardtii wild-type strains, cw15-302 and 137c, were used as 
indicated in the figure legends. The phot mutant was previously generated using 
a homologous recombination strategy17. For the different complemented lines of 
phot, PsaD promoter and terminator were used for the expression of full-length 
PHOT cDNA (strain PPHOT; clone PPHOT3 or PPHOT4), the LOV domains 
(strain PLOV; clone PLOV1) and the kinase domain (strain PKIN; clone PKIN1), 
N-terminally fused to the zeocin resistance marker sh-Ble19. Using the same 
strategy, overexpression of the PHOT kinase domain in the wild-type background 
resulted in the strain WTKIN19. For the PHOT-independent expression of 
LHCSR3, the PsaD promoter and terminator were fused to a full-length genomic 
LHCSR3.1 gene. The generated construct with the APH7 marker gene was 
introduced into phot by electroporation with NEPA21 Super Electroporator (Nepa 
Gene). The transformants, PLHCSR3(B5) and PLHCSR3(G6), were screened for 
their resistance to 10 μ​g ml−1 hygromycin. The acry mutant, originally delivered in 
a SAG73.72 genetic background16, was backcrossed three times to wild-type strain 
137c. Unless otherwise stated, low-light-intensity conditions corresponded to  
20 μmol photons m−2 s−1 while high-light-intensity conditions corresponded to 
250 μmol photons m−2 s−1 of white light. All experiments were repeated three times 
on different biological samples to verify their reproducibility, unless otherwise 
stated.
Pigment and mRNA quantification. Extraction and quantification of chlo-
rophyll and xanthophylls, calculation of the de-epoxidation state DES, and 
mRNA quantification by quantitative PCR were performed as described 
previously14,32. A gene encoding G-protein-subunit-like protein (GBLP)33 
was used as the endogenous control, and relative expression values relative 
to GBLP (Figs 2b and 3c) were calculated from three biological replicates, 
each of which contained three technical replicates. The primers used were 
LHCSR3.1 (5′-CACAACACCTTGATGCGAGATG-3′​ and 5′-CCGTGT 
CTTGTCAGTCCCTG-3′), LHCSR3.2 (5′-TGTGAGGCACTCTGGTGAAG-3′ 
and 5′-CGCCTGTTGTCACCATCTTA-3′​), GBLP (5′-CAAGTACAC 
CATTGGCGAGC-3′ and 5′​-CTTGCAGTTGGTCAGGTTCC-3′), and 18S  
rRNA (5′​-AGCATGAGAGATGGCTACCACATC-3′ and 5′​-CATTCCAA 
TTACCAGACGCGAAGC-3′). The mRNA stability experiments were performed 
in the presence of the transcription inhibitor actinomycin D (Wako) at 160 μ​g ml−1 
(ref. 34). Reverse-transcription PCR was performed using Light cycler 96 (Roche) 
with AptaTaqDNA GM with ROX (Roche).
Immunoblotting. Protein samples of whole cell extracts (0.5 μ​g chlorophyll, unless 
stated otherwise) were loaded on 7% or 13% SDS–PAGE gels and blotted onto 
nitrocellulose membranes. Antisera against D1, D2 and ATPB were obtained from 
Agrisera; antisera against C. reinhardtii aCRY16, PHOT (LOV1 domain)17, and 
all others35,36 were previously described. ATPB was used as a loading control. An 
anti-rabbit horseradish-peroxidase-conjugated antiserum was used for detection. 
The blots were developed with ECL detection reagent and images of the blots 
were obtained using a CCD imager (ChemiDoc MP System, Bio-Rad). For the 

densitometric quantification of LHCSR3, data were normalized to ATPB. LHCSR3 
appears as a double band in some of the western blots (that is, Fig. 3 and Extended 
Data Figs 2, 4, 6–8). The upper band represents the phosphorylated form of 
LHCSR3 (see Extended Data Fig. 6). The extent of LHCSR3 phosphorylation 
was determined using a Phos-tag-based method as described37. For the dephos-
phorylation of LHCSR3, whole-cell extracts (1 μ​g total chlorophyll) were treated 
with either 20 U of calf intestine phosphatase (Promega) or 200 U of λ​ protein 
phosphatase (λ​PP) (New England Biolabs) in the presence of 0.05 (v/v) Triton 
X-100, at 30 °C for 1 h.
Fluorescence-based measurements. Fluorescence-based photosynthetic para
meters were measured with a fluorescence imaging setup previously described38. 
The photosynthetic electron transfer rate was calculated as ETR =​ (Fm′ −​ F)/Fm ′
×​ 0.84 ×​ 0.5 ×​ I (ref.39). qE was estimated as the fraction of NPQ that is rapidly 
inducible in the light and reversible in the dark, using the following equation: 
qE =​ (Fm −​ Fm′)/Fm′. where F and Fm′ are the fluorescence yields in steady state 
light and after a saturating pulse in the actinic light, respectively; Fm is the 
maximal fluorescence yield in dark-adapted cells; and I is the light irradiance in  
μmol photons m−2 s−1 (ref. 40). Before NPQ measurements, cells were exposed to 
high-intensity light for 4 h unless stated to induce LHCSR3 and dark acclimated for 
30 min. For NPQ measurements, actinic light was set at 750 μmol photons m−2 s−1. 
For action spectra measurements, 5 ml of concentrated cells (2 ×​ 107 cells ml−1) 
were placed in a Petri dish and exposed to intense (250 μmol photons m−2 s−1) 
monochromatic light (the spectral half width is 5.5 nm or less), provided by the 
Okazaki Large Spectrograph15 for 4 h. Samples were then collected and subjected 
to immunoblotting (0.1 ml) as well as qE measurement (0.2 ml) with a fluorescence 
video-imaging system (Fluorocam, Photon System Instruments).
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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 2 μ​g 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 4 h exposure to high-intensity white light. qE was 
recorded for 16 min upon illumination with 440 μ​mol photons m−2 s−1 
(white bar) followed by 2 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] +​ 1/2[antheraxanthin])/
([zeaxanthin] +​ [antheraxanthin] +​ [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 4 h (n =​ 3 biological samples, 
mean ±​ 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 750 μmol 
photons m−2 s−1 for 10 h. ETR (μ​mol photons m−2 s−1) was measured at 
actinic illumination of 41 μ​mol photons m−2 s−1 (n =​ 3 biological samples, 
mean ±​ s.d.).
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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 4 h exposure to 250 μ​mol photons m−2 s−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 4 h exposure at 250 μmol 
photons m−2 s−1 of white light. Representative dataset of an experiment 
replicated three times on different biological samples.
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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 3 h. ETR (μ​mol photons m−2 s−1) was measured upon 
exposure to light of 170 μ​mol photons m−2 s−1 (n =​ 3 biological samples, 
mean ±​ 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.
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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 PHOT–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 (a +​ b) content in wild-type, phot, PPHOT, PKIN and PLOV 
cells exposed to light of 20, 200 or 750 μ​mol photons m−2 s−1 for 20 h as 
in Fig. 2d (n =​ 3 biological samples, mean ±​ s.d.). Diminished chlorophyll 
content is a signature of pigment bleaching following photo-damage.
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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 (n =​ 3 biological samples, mean ±​ s.d.).
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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 λ​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.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | Phenotypic traits of the WTKIN genotype. 
a, Immunoblot analyses of LHCSR3 accumulation after exposure to 
240 μ​mol photons m−2 s−1 of white light for 20 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 20 h exposure to white light of 20, 200 
and 750 μ​mol photons m−2 s−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.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Letter RESEARCH

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 20 h in wild-type (cw15-302) and phot cells under 
control conditions (0.34 mM Ca2+) or in the presence of increased Ca2+ 
concentration (3.4 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 (n =​ 5 biological samples, mean ±​ s.d.). Asterisks 
indicate statistically significant difference from wild-type control cells  
(t-test, P <​ 0.0001)
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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 20 h to 470 nm LED light at  
100 μmol photons m−2 s−1 were transfered to darkness at t =​ 0 and treated 

with actinomycin D to stop further mRNA synthesis. mRNA samples were 
collected at 0, 0.25, 0.5, 1, 2 and 4 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 t =​ 0 
(n =​ 3 biological samples, mean ±​ s.d.).
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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 (470 nm) and 

red (660 nm) light of low (20 μ​mol photons m−2 s−1) and high intensity 
(250 μmol photons m−2 s−1). ATPB was used as a loading control. 
Representative dataset of an experiment replicated two times on different 
biological samples.
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