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An atypical short chain dehydrogenase/reductase functions in 
the Relaxation of Sustained Energy Dissipation in the Antenna 
of Photosystem II in Arabidopsis

Cynthia L. Amstutza,b, Rikard Fristedtc,d, Alex Schultinkb, Sabeeha S. Merchantd,e,1, 
Krishna K. Niyogia,b,f,*, Alizée Malnoëa,b,f,g,*

aHoward Hughes Medical Institute; bDepartment of Plant and Microbial Biology, University of 
California, Berkeley, Berkeley, CA 94720-3102, USA; cDepartment of Physics and Astronomy, 
Vrije University of Amsterdam, The Netherlands; dDepartment of Chemistry and Biochemistry, 
University of California, Los Angeles, Los Angeles, CA 90095, USA; eInstitute for Genomics and 
Proteomics, University of California, Los Angeles, Los Angeles, CA 90095, USA; fMolecular 
Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, 
CA 94720-3102, USA; gUmeå Plant Science Centre, Department of Plant Physiology, Umeå 
University, 901 87 Umeå, Sweden.

Abstract

Photosynthetic organisms experience wide fluctuations in light intensity and regulate light 

harvesting accordingly to prevent damage from excess energy. qH is a sustained form of energy 

dissipation that protects the photosynthetic apparatus under stress conditions. This photoprotective 

mechanism requires the plastid lipocalin, LCNP, and is prevented by SUPPRESSOR OF 

QUENCHING1 (SOQ1) under non-stress conditions. However, molecular insight into qH 

relaxation has yet to be resolved. Here, we isolated and characterized RELAXATION OF QH1 

(ROQH1), an atypical short chain dehydrogenase/reductase that functions as a qH relaxation factor 

in Arabidopsis. The ROQH1 gene belongs to the GreenCut2 inventory specific to photosynthetic 

organisms, and the ROQH1 protein localizes to the chloroplast stroma lamellae membrane. After a 

cold and high light treatment, qH does not relax in roqh1 mutants, whereas qH does not occur in 

ROQH1 overexpressors. When the soq1 and roqh1 mutations are combined, qH can neither be 

prevented nor relaxed, and soq1 roqh1 displays constitutive qH and light-limited growth. We 
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propose that LCNP and ROQH1 perform dosage-dependent, antagonistic functions to protect the 

photosynthetic apparatus and maintain light harvesting efficiency in plants.

In natural environments, photosynthetic organisms experience daily fluctuations in light 

intensity and quality. Light stress occurs when light energy is absorbed in excess of 

photosynthesis, leading to oxidative damage to the photosynthetic apparatus1. Thus, 

photosynthetic organisms have evolved a suite of photoprotective responses to prevent 

damage, including ways to minimize light absorption, detoxify reactive oxygen species, and 

dissipate excess absorbed light energy as heat2. Thermal dissipation is commonly known as 

non-photochemical quenching of chlorophyll fluorescence (NPQ) and is comprised of 

several different processes, originally defined based on their relaxation kinetics and 

sensitivities to chemical inhibitors3. Currently, different NPQ processes are defined based on 

the molecular players involved (for review see ref4).

Energy-dependent quenching, qE, occurs within seconds under excess light when 

acidification of the thylakoid lumen results in protonation of lumen-exposed residues of 

photosystem II subunit S (PsbS)5 and of violaxanthin de-epoxidase (VDE)6,7. Once 

protonated, the VDE enzyme is active and can convert violaxanthin to zeaxanthin, a 

photoprotective carotenoid required alongside PsbS for quenching site formation8–10. 

Zeaxanthin-dependent quenching, qZ, also relies on zeaxanthin yet it does not require PsbS 

or a pH gradient (ΔpH) once zeaxanthin has been produced. Instead, qZ involves the binding 

of zeaxanthin to monomeric antenna proteins11,12, and takes tens of minutes to turn on and 

off13. Previously, photoinhibitory quenching, qI, included all mechanisms that resulted in the 

light-induced decrease in the quantum yield of Photosystem II (PSII). This term included all 

components with slow relaxation kinetics, such as photoinhibition due to PSII 

photoinactivation and uncharacterized modes of sustained thermal dissipation2,14,15. 

However, qH, a sustained form of antenna quenching, was recently identified as a distinct 

NPQ component independent of PsbS, ΔpH, zeaxanthin, STN7 kinase, PSII core protein D1 

inactivation and other qI processes16,17.

Previously, a suppressor screen on the Arabidopsis (A. thaliana) npq4 mutant lacking PsbS 

helped to uncover qH, which is negatively regulated by the SUPPRESSOR OF 

QUENCHING1 (SOQ1) protein16. SOQ1 is a multi-domain protein of 104 kD that spans the 

thylakoid membrane. The stroma-exposed region of SOQ1 contains a haloacid 

dehalogenase-like hydrolase (HAD) domain, and the lumen-exposed region contains a 

thioredoxin (Trx)-like and β-propeller NHL domain. The lumenal domains are required to 

suppress qH, whereas the stromal domain is not required16. To gain insight on the molecular 

mechanism of qH and to identify possible targets of SOQ1, a second suppressor screen was 

performed on soq1 npq4 and the peripheral antenna of PSII and the plastid lipocalin protein, 

LCNP, were found to be required for qH to occur17. LCNP is a soluble protein of 29 kD that 

is localized in the thylakoid lumen and upregulated during abiotic stress such as drought and 

high light18. Lipocalin proteins can bind small hydrophobic molecules such as fatty acids, 

pigments, or steroids and have enzymatic activity19. However, the identity of the putative 

ligand or substrate of LCNP is unknown. Our working model is that under stress conditions, 

such as cold and high light, SOQ1 inhibition is relieved, and LCNP is either directly 
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involved in quenching site formation, or indirectly through changes to the membrane 

environment via modification of a hydrophobic molecule. Under non-stress conditions, 

SOQ1 negatively regulates LCNP either directly or indirectly.

In addition to the chlorina1 (lacking the peripheral antenna of PSII, i.e., light-harvesting 

complex II, LHCII) and the lcnp mutants, this second suppressor screen generated mutants 

with constitutive NPQ. We isolated and characterized these mutants, and found they were 

affected in an atypical short chain dehydrogenase/reductase, subsequently named 

RELAXATION OF QH1 (ROQH1). Interestingly, roqh1 single mutants display wild-type 

dark-acclimated chlorophyll fluorescence values and only when combined to the soq1 
mutation does the soq1 roqh1 double mutant display a low fluorescence phenotype 

indicative of possible constitutive NPQ. We tested whether the low, or ‘quenched’, 

fluorescence phenotype in soq1 roqh1 is LCNP- and antenna-dependent, and whether qH 

induction or relaxation is affected in roqh1 single mutants. Our findings demonstrate that 

ROQH1 functions in the relaxation of qH.

A genetic screen uncovered mutants with constitutively quenched 

fluorescence

Previously, a genetic screen was performed by chlorophyll fluorescence video imaging on 

mutagenized soq1 npq4 Arabidopsis plants, lacking both SOQ1 and PsbS, to identify 

molecular players involved in qH17. Through this approach, the chlorina1–4 and −5 and 

lcnp-2 and −3 mutations were isolated, demonstrating the requirement of LHCII and LCNP 

for qH to occur (see ref17). In addition, two mutants were isolated with altered maximum 

chlorophyll fluorescence yield in the dark (Fm) (Figure 1a). Mutant #164 showed severely 

decreased dark-acclimated minimal fluorescence (Fo) and Fm, and mutant #108 showed 

mildly decreased Fo and Fm (Figure 1a). The fluorescence yield of #164 and #108 remained 

low throughout a high light and dark treatment (Supplemental Figure 1a), indicating that the 

mutants were quenched constitutively. Thus, the NPQ levels of #164 and #108 could not be 

accurately measured through standard pulse-amplitude modulated fluorometry techniques 

(Figure 1b). The low fluorescence yield was not due to a lack of chlorophyll, as the total 

chlorophyll level determined by HPLC analysis of #164 and #108 was slightly higher and 

unchanged, respectively, compared to the parental strain, soq1 npq4 (Figure 1c). In addition, 

there were no major differences between wild type and #164 in the accumulation of 

photosynthetic proteins and complexes (Supplemental Figure 2). We hypothesized that the 

low Fm may be due to a constitutively active NPQ mechanism. However, #164 and #108 

lacked PsbS and accumulated wild type levels of zeaxanthin under standard growth 

conditions and after a high light treatment (Figure 1d). Thus, fluorescence quenching was 

not attributable to constitutive qE or qZ. Instead, we hypothesized that the quenched Fo and 

Fm may be the result of constitutive qH.
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Whole-genome sequencing revealed mutations in a gene encoding an 

atypical short chain dehydrogenase/reductase

To identify the mutation responsible for the low fluorescence phenotype, a mapping-by-

sequencing approach was used. Mutant #164 was backcrossed to soq1 npq4, and all progeny 

from the F1 generation displayed fluorescence and NPQ values similar to soq1 npq4 
(Supplemental Figure 3), indicating that the causative gene contained a recessive mutation. 

From the segregating F2 population, 20.6% of seedlings displayed low Fm, consistent with 

Mendelian inheritance of a single mutation. The seedlings with low Fm were pooled and 

compared to the parental strain through whole-genome sequencing. Single nucleotide 

polymorphism analysis (Supplemental Figure 4) revealed non-synonymous point mutations 

in seven nuclear genes on chromosome 4 that were enriched in the low Fm pool but absent in 

the parental strain (Supplemental Tables 1 and 2). The list of candidate genes potentially 

responsible for the low Fm phenotype was narrowed down using TargetP20 to genes 

encoding chloroplast-targeted proteins (because a protein involved in NPQ is most likely 

chloroplast localized). Among the two remaining candidates, only At4g31530 was also 

disrupted in the mutant #108, strongly suggesting that mutations in this gene caused the low 

fluorescence phenotype of #108 and #164.

At4g31530 encodes a 29 kD atypical short chain dehydrogenase/reductase protein, 

subsequently named RELAXATION OF QH1 (ROQH1). The ROQH1 protein is predicted 

to contain a Rossmann-fold with an NAD(P)-binding motif (GXXGXXG) and a partial 

catalytic tetrad (D-S-VXXXK) (Figure 2a). #164 and #108 contained allelic mutations in 

ROQH1, named roqh1–1 and roqh1–2, respectively. G-to-A point mutations were found in 

the first exon (roqh1–1) and sixth exon (roqh1–2) causing the following amino acid changes: 

Gly81Asp within the NAD(P)-binding motif in roqh1–1 and Gly211Glu within the partial 

catalytic tetrad in roqh1–2 (Figure 2a). In addition to roqh1–1 and roqh1–2, we obtained 

seven insertional mutants potentially affecting At4g31530 expression. Through PCR and 

immunoblot analysis, we confirmed that three insertional lines were disrupted in the ROQH1 
gene and in ROQH1 protein accumulation (Supplemental Figure 5). We proceeded with 

SALK_039706, subsequently named roqh1–3, which contained a T-DNA insertion in the 

second exon of ROQH1. To determine the effect of the roqh1–1, roqh1–2, and roqh1–3 
mutations on ROQH1 protein abundance, protein accumulation was investigated in the 

different mutant alleles. Both roqh1–1 and roqh1–2 showed decreased ROQH1 levels, 

accumulating approximately 50% in roqh1–1 and 25% in roqh1–2 in comparison to wild 

type (Figure 2b). The insertional mutant, roqh1–3, showed complete disruption of protein 

accumulation and is therefore a null allele (Figure 2b and Supplemental Figure 5c).

ROQH1 is enriched in the chloroplast stroma lamellae

A previous proteomics study of chloroplast membranes identified ROQH1 in the stroma 

lamellae within the chloroplast21. Subcellular localization of ROQH1 was confirmed by 

isolating and fractionating wild-type chloroplasts into thylakoid sub-compartments, 

including grana core, margins, stroma lamellae, and the soluble stroma fraction. Immunoblot 

analysis identified the majority of ROQH1 in the stroma lamellae fraction (Extended Figure 
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1), consistent with the previous report21. According to protein topology prediction tools, 

Aramemnon and Protter22,23, ROQH1 is predicted to contain either one or no 

transmembrane domains. To discern whether ROQH1 is an intrinsic or peripherally bound 

protein, we tested the strength of ROQH1 association to the stroma lamellae by subjecting 

isolated thylakoids to various salt treatments. After treatments with NaCl, Na2CO3, and 

CaCl2, ROQH1 was present in both the pellet and the supernatant fractions, indicating that a 

portion of ROQH1 is loosely associated to the stroma lamellae while a portion remains 

strongly bound (Supplemental Figure 6).

Constitutive quenching is due to the combination of soq1 and roqh1 

mutations

As ROQH1 had not been previously characterized, we investigated the phenotype of the 

roqh1 single mutants. By crossing #164 and #108 to the wild type, the roqh1–1 and roqh1–2 
mutations were isolated from the soq1 and npq4 mutations. When grown under standard 

growth conditions, all single roqh1 mutants displayed wild-type chlorophyll fluorescence 

levels, and roqh1–1 and roqh1–2 were indistinguishable from the wild type (Figure 3). The 

null allele, roqh1–3, had a developmental phenotype and overproduced leaves with short 

petioles (Figure 3). However, complementation of roqh1–3 with ROQH1 showed that this 

phenotype was independent of the roqh1 mutation, as complemented lines retained the 

developmental phenotype (Supplemental Figure 7). It is likely that the roqh1–3 growth 

phenotype is due to a mutation in a nearby gene and linked to the T-DNA insertion 

(approximately 2000 seedlings were screened from the cross soq1 × roqh1–3, and no roqh1–
3 mutant could be found without the short petiole phenotype). HPLC analysis of leaves 

showed that the pigment composition of all single mutants did not differ from the wild type 

(Figure 4a, Supplemental Figure 8).

In addition to the soq1 and roqh1 mutations, #164 and #108 also lacked PsbS due to the 

npq4 mutation. To determine which mutations were necessary for constitutive quenching, we 

outcrossed #164 and #108 to the wild type. Of the segregating F2 populations, 4% and 6% 

of seedlings displayed low Fm, indicating that two mutations were necessary for the 

phenotype. To determine if the npq4 mutation was required, we separated soq1 roqh1–1 and 

soq1 roqh1–2 from npq4. The Fo and Fm values of soq1 roqh1–1 and soq1 roqh1–2 
remained as low as the original soq1 npq4 roqh1–1 and soq1 npq4 roqh1–2 mutants (Figure 

3 and Supplemental Figure 1b, c). For independent confirmation, we crossed soq1 with the 

null allele, roqh1–3. Of the segregating F2 population, 5.3% of seedlings displayed low Fm, 

consistent with two mutations being required. The homozygous double mutant, soq1 roqh1–
3 displayed decreased Fo and Fm values similar to soq1 roqh1–1, further confirming that this 

phenotype required both soq1 and roqh1 mutations and was independent of npq4 (Figure 3). 

In addition, the soq1/soq1 ROQH1/roqh1–3 heterozygote displayed normal fluorescence and 

NPQ (Supplemental Figure 3b), indicating that roqh1–3 was also a recessive mutation.
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Constitutively quenched mutants grow slowly and contain an altered 

pigment composition

Compared to the single soq1 and roqh1 mutants, soq1 roqh1–1 and soq1 roqh1–3 showed 

severely decreased Fo, Fm, and photoautotrophic growth (Figure 3). Leaf thickness was also 

decreased by 70 μm compared to wild type (Figure 4d and Supplemental Figure 9). As a 

result, the leaves of the double mutants had lower fresh weight per area than wild type 

(Supplemental Figure 8a). Accordingly, pigment analysis was normalized to fresh weight 

rather than leaf area, and soq1 roqh1–1 and soq1 roqh1–3 showed equal total chlorophyll per 

mg of fresh weight compared to wild type (Supplemental Figure 8b). However, the pigment 

composition relative to total chlorophyll was altered, and both mutants contained 

significantly higher amounts of chlorophyll b and neoxanthin, and lower amounts of 

chlorophyll a and β-carotene (Figure 4a and Supplemental Table 3). The growth and 

carotenoid composition of the milder allele, soq1 roqh1–2, was unaltered, yet the 

chlorophyll a/b ratio was mildly decreased (Figure 3, Supplemental Figure 8, and 

Supplemental Table 4).

The constitutive quenching phenotype led us to question whether growth in the double 

mutants was limited by light. Under increased light intensity, growth of soq1 roqh1–1 and 

soq1 roqh1–3 improved as shown by an increase in dry rosette weight compared to standard 

light conditions (Figure 4b, c). For further confirmation of light limitation, the thylakoid 

ultrastructure of soq1 roqh1–1 was determined using transmission electron microscopy. The 

thylakoid membranes of soq1 roqh1–1 appeared to be more stacked and in larger grana 

compared to wild type (Supplemental Figure 9c, d), suggesting a light-limited thylakoid 

architecture.

The constitutive quenching observed in soq1 roqh1 is qH

qH occurs in the peripheral antenna of PSII, as mutants without chlorophyll b and thus 

major and minor LHCII in both trimeric and monomeric forms in PSII-LHCII, lack qH17. To 

determine whether quenching in soq1 roqh1 was constitutive qH, we tested whether the 

peripheral antenna of PSII was required by crossing soq1 roqh1–1 to chlorina1, a mutant 

lacking chlorophyll b24. Without chlorophyll b, the light-harvesting antenna proteins fail to 

organize into functional LHCII trimers or monomers25. Constitutive quenching was 

abolished in the triple mutant soq1 roqh1–1 chlorina1 indicated by the similar Fo and Fm 

values compared with soq1 chlorina1 (Figure 5a). This result suggests that the site of 

quenching in soq1 roqh1–1 is the peripheral antenna of PSII, consistent with the site of qH 

quenching.

Because the plastid lipocalin (LCNP) is required for qH, we tested whether LCNP was 

required for the constitutive quenching observed in soq1 roqh1–1. To this aim, the LCNP 

knockout mutant (lcnp) was combined with soq1 roqh1–1. Indeed, the fluorescence values, 

Fo and Fm, of the triple mutant soq1 roqh1–1 lcnp returned to wild-type levels (Figure 5b). 

In addition, soq1 roqh1–1 lcnp recovered wild type growth, pigment composition, and leaf 

thickness, confirming that these phenotypes were a consequence of quenching and not the 

soq1 and roqh1 mutations themselves (Figure 5b, c and Supplemental Figure 9). 
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Furthermore, the soq1 roqh1–1 LCNP/lcnp heterozygote recovered an intermediate Fm 

phenotype (Figure 5b and Supplemental Figure 10). This is consistent with the previously 

reported observation that qH is dependent on LCNP dosage17. Altogether, these results 

demonstrate that the constitutive quenching observed in soq1 roqh1–1 is qH.

Overexpression of ROQH1 prevents qH from occurring

While roqh1 has no discernible NPQ phenotype compared to wild type under standard 

growth conditions (Supplemental Figure 11), the constitutive quenching in soq1 roqh1 
implies that ROQH1 is required to prevent or relax quenching. However, qH can be induced 

by a 10-min high light treatment in the soq1 mutant grown under standard conditions 

(Supplemental Figure 11), which indicates either that qH can occur in the presence of 

ROQH1 and/or that the ROQH1 protein level is insufficient to prevent or relax quenching in 

this condition. The NPQ phenotype of soq1 led us to question whether the function of 

ROQH1 is dosage-dependent. To test the dosage effect of ROQH1, we overexpressed (OE) 

ROQH1-FLAG in the soq1 roqh1–1 mutant background and obtained lines with increased 

expression by a factor of >10 times that of wild type (Figure 6a and Supplemental Figures 7, 

12). Overexpression of ROQH1 returned growth of soq1 roqh1–1 to wild-type levels (Figure 

6b). Surprisingly, overexpression restored NPQ to wild-type levels and not to soq1 levels 

(Figure 6c), suggesting that ROQH1 overexpression prevents qH from occurring. To ensure 

that the NPQ phenotype was not due to any interaction between wild-type ROQH1 and the 

residual ROQH1-Gly81Asp protein that accumulated in soq1 roqh1–1, we overexpressed 

ROQH1-FLAG in the soq1 roqh1–3 mutant background (Supplemental Figure 7). The NPQ 

phenotype of soq1 roqh1–3: ROQH1 OE also reached wild-type levels (Supplemental Figure 

7), confirming that overexpression of ROQH1 prevents qH from occurring.

ROQH1 is required for relaxation of qH

Induction of qH in wild type has been observed under cold and high light conditions17. 

Although roqh1 displayed wild-type NPQ kinetics under standard growth conditions (Figure 

6 and Supplemental Figure 11), we hypothesized that roqh1 may be affected in qH induction 

and/or relaxation under stress conditions. To test qH kinetics in roqh1, NPQ induction was 

monitored as a quenching of Fm during a cold and high light treatment of 6°C and 1,600 

μmol photons m−2 s−1 (Figure 7a and Supplemental Figure 13). After 5 h of cold and high 

light, soq1, roqh1–1, and roqh1–3 displayed elevated NPQ levels of 11, 6, and 8, 

respectively, while soq1 roqh1–1: ROQH1 OE and soq1 roqh1–1 lcnp displayed decreased 

NPQ levels of 3.5 and 3, respectively, compared to wild type (Figure 7b). The additional 

NPQ observed in the soq1 and roqh1 mutants was attributed to qH rather than qZ or qI as 

zeaxanthin accumulation was comparable to wild type throughout the time course (Figure 

7c) and absence of ROQH1 did not lead to increased PSII photosensitivity or impaired repair 

(Supplemental Figure 14a, b) based on Fv/Fm values similar to wild type throughout a 

classical photoinhibition experiment. Despite the low Fv/Fm values in soq1 roqh1 
(Supplemental Figure 14c,d), the D1 protein levels of soq1 roqh1 were higher than wild-type 

at all timepoints (Supplemental Figure 14e) confirming that constitutive qH is not due to 

lack of D1 or impaired PSII repair processes. After quenching was induced by cold and high 

light, NPQ relaxation was monitored throughout recovery under standard growth conditions. 
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After 28 h of recovery, NPQ in soq1 had relaxed to nearly wild-type levels, while the roqh1 
mutants remained quenched, as indicated by their lower Fm and higher NPQ values (Figure 

7a, b). Notably, zeaxanthin levels were similarly close to zero in all lines after recovery 

(Figure 7c). The impaired qH relaxation in the roqh1 mutants indicated that ROQH1 is 

required for relaxing qH.

ROQH1 functions in a complex after cold and high light

To shed light on the molecular mechanism of qH relaxation by ROQH1, we checked 

whether ROQH1 interacts with any photosynthetic complex before and after a cold and high 

light treatment. Blue native PAGE (BN-PAGE) analyses of wild type and soq1 roqh1–1: 

ROQH1 OE thylakoids solubilized with either 1% n-dodecyl-β-D-maltoside (β-DM) or 1% 

digitonin and 1% α-DM showed no difference in photosynthetic complex abundance 

between genotypes (Figure 8a, Supplemental Figure 15a). As expected,26 solubilization with 

digitonin and α-DM preserved the high molecular weight PSII-LHCII supercomplexes 

better than solubilization with β-DM (Figure 8a, Supplemental Figure 15a). Both wild type 

and overexpressor in each detergent condition showed a decrease in PSII-LHCII 

supercomplexes and an increase in PSII monomers, RC47 assembly complexes, and LHCII 

monomers after 5 h cold and high light (Figure 8a). Immunoblotting the first dimension with 

an anti-FLAG antibody revealed that under standard growth conditions, ROQH1 migrates 

with unassembled proteins (Figure 8a, Supplemental Figure 15a). However, after the cold 

and high light treatment, ROQH1 protein level increased and a small portion migrated 

slightly above the PSI, PSII dimer band when solubilized with digitonin and α-DM 

(Supplemental Figure 15b). When solubilized with β-DM, a small portion migrated near the 

LHCII trimer and monomer band (Figure 8a).

To determine whether the ROQH1 complexes contained photosynthetic chain components, 

two-dimensional SDS-PAGE immunoblot analysis was performed with photosystem core 

and antenna subunits D1, PsaA, and Lhcb2 (Figure 8b, Extended Figure 2). In both detergent 

conditions, the ROQH1-Flag signal was mainly detected at the expected size of 37 kD as 

well as 50 kDa, suggesting post-translational covalent modification (Figure 8b, Extended 

Figure 2 and Supplemental Figure 15b). When solubilized with digitonin and α-DM, 

ROQH1 did not seem to comigrate with any photosynthetic chain components except 

potentially D1 at the PSII monomer (Supplemental Figure 15b). When solubilized with β-

DM, ROQH1 comigrated with Lhcb2 at the LHCII trimer and monomer (Figure 8b, 

Extended Figure 2), supporting the hypothesis that ROQH1 may function in a complex with 

LHCII.

Discussion and Conclusions

Both soq1 roqh1–1 and soq1 roqh1–3 (collectively termed here as soq1 roqh1) are 

constitutively quenched (Figure 3) and display features typically found in shade and low-

light-acclimated plants, including thinner leaves, a lower chlorophyll a/b ratio, and more 

thylakoid stacking compared to wild type (Figure 4 and Supplemental Figure 9). Under 

standard growth conditions, leaves and vasculature from soq1 roqh1 are respectively 70 μm 

and 150 μm thinner than wild type due to a decrease in cell size and number (Supplemental 
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Figure 9). This observation is consistent with shade and low-light-acclimated plants, where 

photosynthetically inactive leaf material such as the cell wall, epidermis, and vascular tissue 

is limited to maximize photosynthetically active tissue to total plant mass27,28. Compared to 

the wild type, soq1 roqh1 contains more antenna-associated pigments (chlorophyll b and 

neoxanthin) and fewer photosystem-associated pigments (chlorophyll a and β-carotene) per 

mole of total chlorophyll (Figure 4a and Supplemental Table 3), indicating that soq1 roqh1 
may have more antenna complexes associated with fewer reaction centers29. An increase in 

antenna size could allow for an increased light-harvesting capacity and has been observed in 

wild-type Arabidopsis under limiting light conditions30,31. In addition, the thylakoid 

architecture of soq1 roqh1–1 is highly stacked with limited stroma lamellae membrane 

(Supplemental Figure 9). Grana stacking also increases the functional antenna size by 

forming semi-crystalline arrays of PSII-LHCII supercomplexes32,33. This organization 

enables excitation energy to flow between membranes until an open PSII reaction center is 

found34. Similar adjustments to grana organization and structure have been observed in 

shade obligate species and Arabidopsis plants transferred from high to low light 

intensities33,35. Taken together, these similarities between soq1 roqh1 and low-light-

acclimated plants suggest that under standard growth conditions, the soq1 roqh1 mutants are 

light limited. This is confirmed under higher light intensities, where the growth of soq1 
roqh1 improves in comparison to low light (Figure 4b, c). The possibility remains that 

enlarged grana is a direct consequence of the soq1 roqh1 mutations, which might promote 

energy dissipation through PSII-PSI spillover, and this merits future investigation.

Light intensity and quality are perceived in higher plants by phytochromes, cryptochromes, 

phototropins, and UV RESISTANCE LOCUS 8 (UVR8)36. These photoreceptors, 

particularly PhyB and Cry1, elicit signaling networks to control the shade avoidance 

syndrome and low light acclimation in germinating and growing seedlings36,37. However, 

once the chloroplast and photosynthetic apparatus is fully developed, chloroplast redox 

signals act above cytosolic photoreceptors to control acclimation38,39. This notion is shown 

through photoreceptor mutants that retain their ability to acclimate to various light 

intensities40. Thus, it is reasonable to assume that the light-limited phenotype observed in 

soq1 roqh1 is due to redox signals from photosynthetic starvation, rather than a defect in 

light perception or signaling. Photosynthetic starvation occurs because the constitutive qH in 

soq1 roqh1 dissipates the majority of light energy absorbed, leaving little for 

photochemistry. This hypothesis finds confirmation through soq1 roqh1–1 lcnp, which lacks 

qH and recovers normal growth, pigment composition, and leaf thickness (Figure 5b and 

Supplemental Figure 9). A similar response has been observed in the Arabidopsis mutants 

lacking either all minor light-harvesting complexes (NoM)41 or the chloroplast NADPH 

thioredoxin reductase C (NTRC)42. Both NoM and ntrc display moderate light starvation 

phenotypes, either due to reduced excitation trapping in PSII41 or enhanced qE42. In the case 

of NoM, the mutant over-accumulates major LHCIIs as a compensation mechanism, similar 

to how soq1 roqh1 over-accumulates chlorophyll b and neoxanthin. In the case of the ntrc 
mutant, when combined with mutation affecting PsbS (ntrc npq4), qE is eliminated and the 

double mutant shows improved growth42, similar to soq1 roqh1–1 lcnp. The ntrc mutant 

further demonstrates the physiological consequences of overprotection by enhanced NPQ.
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Short chain dehydrogenases/reductases (SDR)s form a large NAD(P)H-dependent 

oxidoreductase protein superfamily. Members of this superfamily are found in all domains 

of life and perform diverse functions in lipid, amino acid, carbohydrate, steroid, and 

xenobiotic metabolism as well as in redox sensing43,44. SDRs are grouped by their 

conserved Rossmann-fold consisting of a central β-sheet with two or three α-helices 

flanking each side44. Within the Rossmann-fold, classical SDRs contain a dinucleotide 

binding motif (TGXXX[AG]XG) and a tetrad of catalytically active residues (D-S-

YXXXK), yet sequence conservation is otherwise quite low44,45. In fact, atypical SDRs are 

the least conserved SDR family and may contain sequence modifications to these domains46. 

Such is the case with ROQH1, which contains a cofactor binding motif similar to the 

extended SDR subfamily ([ST]GGXGXXG)44 and a valine instead of a tyrosine in the 

predicted catalytic tetrad (D-S-VXXXK) (Figure 2a and Supplemental Figure 16). Typically, 

enzymatic function relies on the tyrosine to donate or remove protons to or from the 

substrate44, thus ROQH1 and other atypical SDRs are currently not known to have catalytic 

activity46. Of the 178 SDRs in Arabidopsis, 8 are classified as atypical45. Among these eight 

are the chloroplast stem loop-binding proteins 41a (CSP41a), CSP41b, high chlorophyll 

fluorescence173 (HCF173) and HCF244, all of which participate in RNA metabolism in the 

chloroplast47,48. In fungi, atypical SDRs also function as transcriptional regulators and/or 

redox sensors, as in the case of NmrA in Aspergillus nidulans49. NmrA preferentially binds 

oxidized dinucleotide cofactors to negatively regulate nitrogen metabolite repression49,50. 

These examples highlight the diverse roles of atypical SDRs, even though catalytic activity 

may be absent.

Point mutations within the Rossmann fold of ROQH1 affect its stability and/or degradation 

as well as its function to varying degrees. The ROQH1-Gly81Asp (roqh1–1) and ROQH1-

Gly211Glu (roqh1–2) respectively accumulate 50% almost fully non-functional and 25% 

functional protein (Figures 2b, 3, 7). Indeed mutation to the putative NAD(P)H binding 

motif (GGTGGVG to GDTGGVG) in roqh1–1 results in a low fluorescence phenotype 

similar to the null allele, roqh1–3, when combined with the soq1 mutation (Figure 3). This 

result suggests that ROQH1-Gly81Asp is non-functional, however after a 5h cold and high 

light treatment, NPQ is slightly higher in roqh1–3 compared to roqh1–1 (Figure 7). This 

result indicates that the Gly81Asp mutation does not fully impair ROQH1 function. The 

point mutation in roqh1–2 disrupts a well conserved glycine residue (Supplemental Figure 

16) that precedes the valine in the D-S-VXXXK motif (Figure 2a) and results in an 

intermediate lower Fm when combined with soq1 (Figure 3). Low levels of ROQH1 protein 

are sufficient to partially turn off qH (the soq1 SALK_001123 mutant displays an 

intermediate Fm phenotype, Supplemental Figure 5). Furthermore, the wild-type NPQ 

phenotype of soq1 roqh1: ROQH1 OE lines revealed that ROQH1 function is dosage 

dependent at high concentrations (Figure 6 and Supplemental Figure 7). The milder 

fluorescence phenotype, together with the dosage dependence of ROQH1 for relaxation of 

qH, suggests that the Gly211Glu mutation does not impair ROQH1 function and that the 

soq1 roqh1–2 phenotype is due to decreased protein levels rather than modified function.

ROQH1 is specific to plastid-containing organisms and is a member of the GreenCut2 

inventory (named CGLD13 in Chlamydomonas reinhardtii)51,52. Among ROQH1 homologs, 

the predicted cofactor preference for NADP+ over NAD+ remains conserved. The cofactor 
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preference is predicted by charged residues at the C-terminal end of the β2-strand53, and the 

conserved arginine residue in the β2-strand of ROQH1 indicates a conserved preference for 

NADP+ (Supplemental Figure 16). In Synechocystis sp. PCC 6803, the closest ROQH1 gene 

homolog is sll1218, annotated as “hypothetical protein YCF39”. slr0399 encodes YCF39, a 

PSII assembly factor homolog of HCF244 in Arabidopsis54,55. YCF39 forms a complex 

with terminal chlorophyll synthase G (ChlG) and high-light-inducible proteins, HliC and 

HliD, to provide safe delivery of chlorophyll to nascent PSII55. During PSII assembly, 

energy is dissipated from chlorophyll a via direct energy transfer to β-carotene within 

HliD56,57. It is proposed that YCF39 influences the binding pocket of β-carotene within 

HliD, allowing this quenching reaction to occur56. Perhaps ROQH1 functions through a 

similar mechanism as YCF39, but to promote relaxation of quenching in Arabidopsis.

The SOQ1 and LCNP genes are conserved among all land plants, yet they do not belong to 

the GreenCut2 inventory. In the case of SOQ1, this may be due to its multi-domain protein 

structure. SOQ1 homologs have been identified in Chlamydomonas and Synechocystis sp. 

PCC 6803, but as two separate proteins that contain either the HAD domain or the NHL and 

Trx-like domains. In Arabidopsis, it was previously shown that alternative splicing occurs, 

producing truncated transcripts with only the HAD domain 70% of the time instead of the 

full-length protein58. This supports the hypothesis that the multi-domain structure of SOQ1 

in Arabidopsis is a recent protein fusion event and the HAD domain functions independently 

of the other domains59. Within the lipocalin superfamily, members show high structural 

similarity but poor sequence conservation60, thus LCNP gene homologs remain difficult to 

identify. Therefore, further investigation is required to determine whether qH is broadly 

conserved across the green lineage or restricted to land plants.

The low Fo and Fm values in dark-acclimated soq1 roqh1 are due to constitutive qH, as 

quenching requires the peripheral antenna of PSII and the LCNP protein17. The triple mutant 

combinations, soq1 roqh1–1 chlorina1, and soq1 roqh1–1 lcnp, indeed rescue fluorescence 

values to a similar level as their respective controls soq1 chlorina1 and soq1 lcnp (Figure 5). 

The combined effects of the soq1 and roqh1 mutations indicate that SOQ1 and ROQH1 have 

independent functions in qH. This notion becomes clear after a cold and high light 

treatment, where soq1 and roqh1 exhibit different qH induction and relaxation kinetics 

(Figure 7). Under cold and high light, roqh1 displays elevated levels of qH but to a lesser 

extent than soq1. Once returned to standard growth conditions, the additional qH relaxes 

normally in soq1 but fails to do so in roqh1. This inhibited relaxation explains the additional 

NPQ induced in roqh1. These results demonstrate that SOQ1 functions in inhibiting qH 

induction while ROQH1 functions in promoting qH relaxation (see working model, 

Extended Figure 3). Interestingly, by overexpressing ROQH1 in a soq1 roqh1 background, 

the NPQ induction and relaxation kinetics under standard conditions resemble those of wild 

type rather than soq1 (Figure 6 and Supplemental Figure 7). We hypothesize that the high 

levels of ROQH1 in the soq1 roqh1: ROQH1 OE lines may have inhibited qH by relaxing 

quenching sites faster than they are produced, even in the absence of SOQ1. Consistent with 

this hypothesis is the low NPQ in soq1 roqh1–1: ROQH1 OE under cold and high light 

compared to wild type (Figure 7). These results suggest that the functions of ROQH1 and 

LCNP are antagonistic and dosage dependent (Extended Figure 3). This concept is 

analogous to the photoprotective NPQ mechanism in cyanobacteria involving the orange 
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carotenoid protein (OCP) and the fluorescence recovery protein (FRP) (for review see ref61). 

In this photoprotective cycle, quenching is induced by OCP upon photoconversion from the 

inactive orange form to the active red form62. Under low irradiance, FRP is required for 

OCP inactivation and removal from the phycobilisome63,64. Without this recovery factor, 

quenching in the frp mutant fails to relax, similarly to roqh1, while FRP overexpression 

minimizes quenching63, similarly to ROQH1 overexpression. However, FRP-mediated 

fluorescence recovery is achieved through a direct interaction between OCP and FRP63,65, 

and in the case of qH, ROQH1 and LCNP are physically separated by a thylakoid 

membrane. Thus, any antagonistic interaction between ROQH1 and LCNP is probably 

indirect.

Our current working hypothesis is that the formation of strong quenchers in the LHCII at the 

grana margin could quench excitation energy received by LHCII within the grana core. 

Therefore, access to stroma-exposed LHCII would be sufficient to turn off qH. ROQH1 

could interact with antenna located on the outer grana and within the stroma lamellae 

consistent with its localization. Several stromal lamellae-localized proteins have been shown 

to have LHCII as their primary substrate, including the STN7 kinase and TAP38 

phosphatase involved in state transitions66. After a cold and high light treatment, one- and 

two-dimensional BN/SDS-PAGE indicates that ROQH1-FLAG protein level increases and 

assembles into higher molecular weight complexes (Figure 8, Supplemental Figure 15). The 

increase in ROQH1-FLAG is likely due to the light-regulated I-box element present in the 

35S promoter that is driving ROQH1 overexpression67,68. Strikingly a possible ROQH1-

LHCII complex was observed only upon solubilization with β-DM (Figure 8a, b, Extended 

Figure 2). It may be that with α-DM solubilization, the FLAG epitope of ROQH1-FLAG is 

buried into LHCII subcomplexes and cannot be detected by the anti-FLAG antibody (Figure 

8b, Extended Figure 2). The β-DM results are consistent with the potential involvement of 

ROQH1 in turning off qH at LHCII. Future experiments to determine the exact interacting 

partners and/or substrates of ROQH1, SOQ1 and LCNP will provide further insights into the 

overall quenching mechanism and its regulation.

METHODS

Plant material and growth conditions

The wild type and mutant Arabidopsis thaliana plants used in this study are of the Col-0 

ecotype. Mutants soq1 npq4 roqh1–1 (#164), soq1 npq4 roqh1–2 (#108), soq1 roqh1–1, 

soq1 roqh1–2, roqh1–1, and roqh1–2 were isolated in this study. The soq1–1 mutant allele, 

referred to throughout as soq1, and soq1–1 npq4–1 are from ref16. The soq1–1 lcnp-1 
mutant is from ref17. The lcnp T-DNA insertion line SALK_133049C was provided by F. 

Ouellet (Université du Québec à Montréal). The chlorina1–3 mutant25, referred to 

throughout as chlorina1, and the roqh1 T-DNA insertion lines SALK_039706.46.80 (roqh1–
3), SALK_061421.54.50, SALK_001123, SALK_059586, SALK_025967, and 

SAIL_896_F07 were obtained from the Arabidopsis Biological Resource Center. The T-

DNA insertion line GABI-KAT_446A01 was obtained from the University of Bielefeld.

Arabidopsis plants were grown on agar plates containing 0.5X Murashige and Skoog 

medium (VWR Scientific; 95026–314) under continuous light at 100 μmol photons m−2 s−1 
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at 21°C for 1.5–2 weeks and then transferred to soil (Sunshine Mix 4/LA4 potting mix; Sun 

Gro Horticulture Distribution). Once transplanted, plants were grown under a 10/14-h light/

dark photoperiod at 120–150 μmol photons m−2 s−1 (standard light) at 21°C or under an 

8/16-h light dark photoperiod at 1000–1,300 μmol photons m−2 s−1 (high light) at 21°C for 

4–7 weeks. For seedlings grown on agar plates, growth chamber light bulbs were cool white 

from General Electric (F17T8/SP41 17W). For plants grown on soil, growth chamber light 

bulbs were cool white (4100K) from Philips (F25T8/TL841 25W) for standard light 

conditions, and high-pressure sodium and metal halide lamps from Philips (C1000S52 

1000W) and Sylvania (MH1000U 1000W) for high light conditions. For the cold and high-

light treatment, detached leaves were placed for 5 h at 6°C and 1,600 μmol photons m−2 s−1 

using a JBeamBio LED panel with cool white LEDs (BXRA-56C1100-B-00). To determine 

rosette dry weight in Figure 5, rosettes from 5-week-old plants were harvested and baked in 

aluminum foil for 8 h at 105°C and then measured for dry weight.

Chlorophyll fluorescence video imaging suppressor screen and PAM fluorescence 
measurements

Mutagenesis and chlorophyll fluorescence screening of soq1 npq4 suppressors was 

performed as previously described17. Chlorophyll fluorescence measurements were 

determined at room temperature using an Imaging-PAM Maxi (Walz) or Dual-PAM-100 

(Walz) fluorometer. False-colored fluorescence images and their respective Fo, Fm, and 

Fv/Fm values were determined using the Imaging-PAM Maxi, while NPQ induction and 

relaxation were determined using the Dual-PAM-100. Plant material was dark acclimated for 

30 min prior to measurement unless stated otherwise. Maximum fluorescence levels after 

dark acclimation (Fm) and throughout an NPQ measurement (Fm’) were recorded after 

applying a saturating pulse of light. NPQ, calculated as (Fm-Fm’)/Fm’, was induced for 10 

min with 1,200 μmol photons m−2 s−1 and relaxed for 10 min in the dark.

Genetic mapping, crosses, and overexpression

Mutations in #164 were identified through whole-genome sequencing, and the causative 

SNP was mapped to ROQH1 as previously described17. Genetic crosses were performed 

using standard techniques69. For whole-genome sequencing, #164 was backcrossed to soq1 
npq4, and 146 seedlings with low Fm were pooled out of 709 total F2 progeny (20.6% 

segregation ratio). To obtain the double and single mutants, #164 and #108 were outcrossed 

to either soq1 or the wild type. From the cross between #164 and soq1, 33 seedlings out of 

140 F2 progeny were confirmed to have low Fm and both mutations (23.6% segregation 

ratio). From the cross between #164 and wild type, 29 seedlings out of 743 total F2 progeny 

were confirmed to have low Fm and both soq1 and roqh1–1 mutations (4% segregation 

ratio). From the cross between #108 and wild type, 12 seedlings out of 202 total F2 progeny 

were confirmed to have intermediate Fm and both soq1 and roqh1–2 mutations (6% 

segregation ratio). The double mutant, soq1 roqh1–3 was obtained from an independent 

cross between soq1 and the T-DNA insertional line SALK_039706. From this cross 103 

seedlings out of 1929 total F2 progeny were confirmed to have low Fm and both soq1 and 

roqh1–3 mutations (5.3% segregation ratio). The double mutant, soq1 SALK_001123 was 

obtained from an independent cross between soq1 and the T-DNA insertional line 

SALK_001123. From this cross 120 seedlings out of 2323 total F2 progeny displayed 
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intermediate Fm and contained both soq1 and SALK_001123 mutations (5.2% segregation 

ratio). ROQH1 overexpression was done by adding a C-terminal FLAG tag to ROQH1 
cDNA via round-the-horn PCR mutagenesis using the forward primer CA34 

(GACCCAGCTTTCTTGTACAA) and the reverse primer CA35 

(TTACTTATCATCATCATCCTTATAATCTTTGGATTCTGCAGCTTTA) and cloning 

ROQH1-FLAG into the pEarleyGate100 expression vector70 under the cauliflower mosaic 

virus 35S promoter. soq1 roqh1–1 and soq1 roqh1–3 plants were transformed with this 

construct using the floral dip method71, and transformants were selected on plates 

containing 10 μg/ml glufosinate ammonium. T1 transformants were allowed to self, and 

segregating T2s were screened for homozygosity on plates containing Murashige and Skoog 

medium with and without 10 μg/ml glufosinate ammonium. Heterozygous T2s and 

homozygous T3s were used in this study.

Genotyping primers

Genotyping was done using the Phire Plant Direct PCR kit and protocol (ThermoFisher 

Scientific) with gene specific primers indicated below. Genotyping for the soq1 mutation 

was done through PCR followed by digestion with the restriction enzyme, PstI. Genotyping 

for the roqh1–1 SNP was done through PCR followed by digestion with the restriction 

enzyme, AciI. The digestion products were run on a 3% agarose gel at 120V. The PCR 

product was digested by the restriction enzyme if it was the wild-type allele and undigested 

if it was the mutant allele. Genotyping insertional mutants was done using the LBb1.3 

border primer and gene specific primers made through the Salk Institute Genomic Analysis 

Laboratory T-DNA primer design tool.

Genotype Forward Primer Reverse Primer

soq1–1 GAAGTGGTTTCTTTTGTACAATTCTGCA CAATACGAATAGCGCACACG

roqh1–1 GCTACAAAATCCCAAATCAGAA GTAGTGTATCCGAAATAGTGAG

roqh1–3 TTGACCAATAACAACTGCACG TTTATCTTCGTCAATCACGCC

lcnp-1 CCGCTTTGACATTTACATTACG TATAGCAATGTCGGCTCCAAC

ROQH1 GCTACAAAATCCCAAATCAGAA ATTGCTGTGGATCACTTCCTG

Protein extraction, localization, and immunoblot analysis

Total proteins from whole cell extracts or isolated thylakoids were extracted, solubilized in 

either an SDS lysis buffer (100 mM EDTA (pH 8.0), 120 mM Tris-HCl (pH 6.8), 4% SDS, 

12% sucrose, 200 mM DTT, and 100 mM sodium carbonate for 10 min at 100°C) or LDS 

buffer (2% LDS, 30 mM Tris-HCl (pH 9.0), 30 mM Tris-HCl (pH 8.0), 60 mM DTT, 30% 

sucrose for 30 min at RT) and precipitated with methanol and chloroform. For immunoblots, 

samples were loaded by either equal leaf area or chlorophyll content on Any kD Mini-

PROTEAN TGX Precast Protein Gels (Bio-Rad), separated by SDS-PAGE, transferred to a 

0.45μm PVDF membrane (GE Healthcare), blocked with 3% nonfat dry milk, and incubated 

with the following antibodies. A rabbit antibody raised against a C-terminal peptide of 

SOQ117 was used at a 1:200 dilution. A rabbit polyclonal antibody raised against the C-

terminal portion (starting from amino acid sequence RLLLR) of recombinant ROQH1 was 
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used at a 1:2,500 dilution (AS12 2118). A rabbit antibody raised against recombinant LCNP 

protein18 was provided by F. Ouellet (Université du Québec à Montréal) and used at a 

1:2,000 dilution. An anti-FLAG antibody was obtained from Sigma-Aldrich and used at a 

1:1,500 dilution. A rabbit polyclonal antibody raised against a synthetic peptide of the beta 

subunit of ATP synthase was obtained from Agrisera and used at 1:10,000 dilution. 

Antibodies used for subcellular localization and membrane salt-wash experiments were D2, 

Lhca1, Lhcb2, Rubisco and PsaD, all from Agrisera, Vännäs, Sweden, catalog numbers 

AS06 146 (1:8,000 dilution), AS06 146 (1:8,000 dilution), AS01 003 (1:8,000 dilution), 

AS03 037 (1:10,000 dilution) and AS09 461 (1:10,000 dilution), respectively. After 

incubation with an HRP-conjugated, anti-rabbit secondary antibody from GE Healthcare 

(1:10,000 dilution), bands were detected by chemiluminescence using SuperSignal West 

Femto Maximum Sensitivity Substrate (Thermo Scientific).

For subcellular localization, 40 g of four-week old A. thaliana leaves were homogenized in 

30 mL preparation buffer (25 mM Tricine-NaOH, pH 7.8, 330 mM sorbitol, 1 mM EDTA, 

10 mM KCl, 0.15% [w/v] bovine serum albumin, 4 mM sodium ascorbate, and 7 mM L-

Cysteine) in a precooled Waring blender for five periods of 1 s at high speed. The 

homogenate was immediately filtered through four layers of Miracloth (20-μm pore size), 

and the pellet was collected from the filtrate by centrifugation for 3 min at 1,000 × g in the 

cold (4°C). The pellet was resuspended in the same buffer and centrifuged again for 5 min at 

1,000 × g. Intact chloroplasts were purified on 35%/80% (v/v) Percoll step gradients and 

separated by centrifugation at 2,000 × g for 15 min in a swinging-bucket rotor. For 

fractionation into stromal and thylakoid protein fractions, 30 mL of preparation buffer was 

gently mixed with the chloroplasts collected from the gradient. Subsequently, the 

chloroplasts were recovered by centrifugation at 2,500 × g for 4 min, resuspended in 3 mL 

of chloroplast lysis buffer (10 mM Tricine-NaOH, pH 7.8, and 5 mM MgCl2), and incubated 

on ice for 15 min. A Pyrex Potter-Elvehjem tissue grinder (homogenizer) was used to 

mediate complete lysis of the chloroplasts. The thylakoid membranes were collected by 

centrifugation for 5 min at 8,000 × g, resuspended in buffer (100 mM sorbitol, 25 mM 

Tricine-NaOH, pH 7.8, 5 mM MgCl2 and 10 mM KCl), and purified on a sucrose gradient 

(40%–80%) by centrifugation at 30,000 × g for 1 h. The soluble stromal proteins were 

collected from the supernatant of the chloroplast lysis. The stromal fraction was centrifuged 

at 8,000g for 4 min to remove any membrane particles and concentrated in a SpeedVac. For 

subfractionation thylakoids membranes were solubilized for 15 min on ice in the presence of 

1% digitonin. The reaction was quenched by addition of 10-fold volume of ice-cold 

resuspension buffer. After centrifugation at 1,000 × g for 3 min at 4°C, the supernatant was 

collected, and grana membranes were obtained by centrifugation at 10,000 g for 30 min at 

4°C. The supernatant was centrifuged at 40,000 × g for 30 min at 4 °C to collect the grana 

margins and then to pellet the stroma lamellae membranes, the supernatant was centrifuged 

at 145,000 × g for 1 h at 4°C.

For salt washing of thylakoid membranes and further immunolocalization of ROQH1, 

isolated thylakoid membranes described previously were vortexed for 1 min and then 

sonicated for 15 min on ice in the presence of 1M NaCl, 0.1M Na2CO3 or 0.1M CaCl2 in 

buffer (100 mM sorbitol, 25 mM Tricine-NaOH, pH 7.8, 5 mM MgCl2, and 10 mM KCl) 

before centrifugation to separate soluble and membrane fractions. 3 μg chlorophyll from 
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supernatant and pellets was loaded on the SDS-PAGE gel. For control, thylakoids without 

any treatment of salt were used.

Blue native PAGE

For BN-PAGE, thylakoids were isolated by sucrose cushion as described in ref72. Isolated 

thylakoids were resuspended in sucrose storage solution (20 mM tricine-KOH pH 7.8, 0.4 M 

sucrose, 15 mM NaCl, 5 mM MgCl2) to 1.0 mg chlorophyll/mL. An equal volume of storage 

solution containing 2% n-dodecyl-α-D-maltoside, digitonin, or n-dodecyl-β-D-maltoside 

was added to solubilize thylakoids at a final concentration of 1% detergent per 0.5 mg 

chlorophyll/mL. Thylakoids were solubilized on ice in the dark for 15 min. After 

solubilization, insolubilized material was pelleted by centrifugation at 14,000 × g for 10 

min. The supernatant was combined with one-tenth volume of loading buffer (100 mM Bis-

Tris-HCl pH 7, 500 mM aminocaproic acid, 30% sucrose, 5% Coomassie G250), and 8 μg 

total chlorophyll was separated on a 4–16% Bis-Tris Novex NativePAGE gel according to 

ref73. Before immunoblotting the first dimension, the native gel was soaked in denaturing 

buffer (0.1 M EDTA-NaOH pH 8.0, 0.12 M Tris-HCl pH 6.8, 4% SDS, 12% sucrose, 0.2 M 

DTT, 0.1 M Na2CO3, 8 M urea) for 30 min before transferring. For separation in the second 

dimension, lanes were cut and soaked in denaturing buffer for 30 min and placed on top of a 

10% Bis-Tris 2D Novex NuPAGE gel and further separated using MES running buffer (50 

mM MES, 50 mM Tris, 0.1% SDS, 1 mM EDTA-HCl pH 7.3). The 2D gel was transferred 

to a 0.45 μm PVDF membrane followed by immunoblotting with PsaA (1:10,000), FLAG 

(1:1,500 dilution), D1 (1:10,000 dilution), and Lhcb2 (1:5,000 dilution) antibodies.

Pigment extraction and analysis

Whole plants or detached leaves were sampled under standard light (120–150 μmol photons 

m−2 s−1) or treated with high light (1,000 μmol photons m−2 s−1) for 30 min prior to pigment 

analysis. Three samples from different individuals were weighed and pigment analysis was 

normalized by fresh weight and total chlorophyll. For the cold and high light treatment, three 

samples from different individuals of each genotype were taken at indicated time points (0, 

5, and 28 h) and zeaxanthin levels were normalized by total chlorophyll. Chlorophylls and 

carotenoids were extracted and quantified by HPLC analysis as previously described74.

Microscopy

For transmission electron microscopy, leaves were subjected to high pressure freezing, 

freeze-substitution in osmium tetroxide, and infiltration with epoxy resin75. Chloroplast 

ultrastructure was imaged on a Tecnai 12 and all grana on 10 representative chloroplast 

images of each genotype were quantified using ImageJ.

For light microscopy, leaves were embedded in 7% agarose and sectioned into 80–100 μm 

thick sections using a 752/M vibroslice tissue cutter from Campden Instruments Limited76. 

Sections were stained with 0.02% toluidine blue O for 30 s and imaged on a Zeiss 

AxioImager with a QImaging MicroPublisher color camera. For quantification of leaf and 

vein thickness, 10 representative images of each genotype were measured using ImageJ. 

Leaf thickness was measured approximately 150 μm away from the mid-vein where a lateral 
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vein or trichome was not present, and the mid-vein was measured from the adaxial surface to 

the abaxial surface.

Extended Data
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Extended Figure 1. ROQH1 is enriched at the chloroplast stroma lamellae.
Proteins were separated by SDS-PAGE and analyzed by immunodetection with antibodies 

against ROQH1, Rubisco, Lhcal, Lhcb2, D2, or PsaD. Coomassie blue (CB) or Ponceau are 

shown as loading controls. Molecular masses (kD) are indicated according to the migration 

of Precision Plus Protein Standards markers from Bio-Rad. Total leaf extract (Leaf) from 

plants grown under 120 μmol photons m−2 s−1, 21°C were fractionated into chloroplasts, 

thylakoids, grana (appressed membranes), grana margins, stroma, and stroma lamellae (non-

appressed membranes). Proteins were separated by SDS-PAGE and analyzed by 

immunodetection with antibodies against ROQH1, Rubisco, Lhca1, Lhcb2, D2, or PsaD. 

Coomassie blue (CB) or Ponceau are shown as loading controls. Molecular masses (kD) are 

indicated according to the migration of Precision Plus Protein Standards markers from Bio-

Rad. Samples were loaded by equal total chlorophyll content (3 μg). Immunoblot is 

representative of 5 biologically independent experiments.
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Extended Figure 2. ROQH1 functions in a complex after cold and high light.
Two-dimensional BN/SDS-PAGE analysis from wild-type thylakoids isolated before (−) and 

after (+) a 5 h cold and high light treatment (6°C and 1,600 μmol photons m−2 s−1), 

solubilized with 1% β-DM and immunoblotted with antibodies for Flag, PsaA, D1, and 

Lhcb2. For an internal loading control, 1 μg total chlorophyll of solubilized soq1 roqh1–1: 

ROQH1 OE thylakoids was loaded in the control lane. Immunoblots are representative of 2 

biologically independent experiments.
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Extended Figure 3. ROQH1 is required to turn off qH.
Under non-stress conditions, SOQ1 inhibits LCNP activity. Under stress conditions, such as 

cold and high light, SOQ1 inhibition is relieved (grey dashed line) and LCNP is active. 

Quenching sites indicated by purple color are produced in the peripheral antenna directly 

mediated by LCNP (solid arrow) or indirectly (dashed arrow) through LCNP modification of 

LHCII hydrophobic environment. ROQH1 recycle these quenching sites back to light 

harvesting sites either directly by acting at the antenna (solid line) or indirectly through 

modification of LHCII hydrophobic environment (dashed line). Adapted from ref17.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genetic screen uncovered mutants with constitutively quenched fluorescence.
(a) Image of plants and false-colored image of maximum fluorescence (Fm) of 4-week-old 

soq1 npq4, soq1 npq4 roqh1–1 (#164), and soq1 npq4 roqh1–2 (#108) grown under 150 

μmol photons m-2 s-1, 21°C. Average Fo, Fm, and Fv/Fm values ± SD are given with n = 5 

individuals. (b) NPQ kinetics of 5-week-old plants. Induction at 1,200 μmol photons m-2 s-1 

(white bar) and relaxation in the dark (black bar). Data represent means ± SD, n = 3 

individuals. (c) Total chlorophyll and (d) zeaxanthin levels determined by HPLC analysis of 

4-week-old plants under standard light conditions (150 μmol photons m-2 s-1) and after a 

30-min high light treatment (1,000 μmol photons m-2 s-1) to induce zeaxanthin 

accumulation. Under standard light conditions, zeaxanthin accumulation isbelow detection 

limit of 0.15pmol. Tukey’s multiple comparison test shows a significant increase in 

chlorophylllevels of soq1 npq4 roqh1–1 (#164) compared to soq1 npq4 and soq1 npq4 
roqh1–2 (#108). Data shownrepresents means ± SD, n = 3 individuals, * = p-value 0.0103.
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Figure 2. Schematic representation of ROQH1 protein and accumulation in roqh1 mutants.
(a) Schematic representation of ROQH1 protein with positions of mutations. Predicted 

chloroplast transit peptide (cTP; light grey) suggesting a mature size of 29 kD, Rossmann-

fold (grey), NAD(P)-binding motif (GXXGXXG; black), and partial catalytic tetrad of 

residues (D-SVXXXK; black lines). Numbers indicate amino acid positions and arrows 

indicate mutations. ROQH1–G81D (roqh1–1) and ROQH1–G211E (roqh1–2) from 

suppressor mutants #164 and #108, respectively; KO, knock-out mutant allele from T-DNA 

insertion (roqh1–3). (b) Total leaf extract from plants grown under 150 μmol photons m-2 

s-1, 21°C. Samples were loaded by equal total chlorophyll content (2.5 μg). Proteins were 

separated by SDS-PAGE and analyzed by immunodetection with antibodies against ROQH1, 

Rubisco, Lhca1, Lhcb2, D2, or PsaD. Coomassie blue (CB) or Ponceau are shown as 

loading controls. Molecular masses (kD) are indicated according to the migration of 

Precision Plus Protein Standards markers from Bio-Rad. The appearance of two bands in 

roqh1–1 (100) and roqh1–2 (100) are most likely due to protein shadowing by the LHC 

proteins, as only one band is present in the diluted (50) sample. Immunoblot is 

representative of 3 biologically independent experiments.
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Figure 3. Constitutive quenching is due to the combination of soq1 and roqh1 mutations.
Images of plants and false-colored images of maximum fluorescence (Fm) of detached 

leaves from 5-week-old plants grown under 150 μmol photons m−2 s−1, 21°C. Average Fo, 

Fm, and Fv/Fm values ± SD are given with n = 5 individuals for each genotype.
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Figure 4. Constitutively quenched mutants are light-limited.
(a) Pigment composition determined by HPLC analysis of 6-week-old plants, grown under 

standard light conditions (120 μmol photons m-2 s-1, 21°C). Under standard light 

conditions, zeaxanthin accumulation is below detection limit of 0.15pmol. Tukey’s multiple 

comparison test shows a significant increase in neoxanthin and chlorophyll b and a 

significant decrease in chlorophyll a and β-carotene in soq1 roqh1–1 and soq1 roqh1–3 

compared to wild type. **** = p-value 0.0001, *** = p-value 0.0007, ** = p-value 0.006, * 

= p-value 0.0321. Average values ± SD are given with n = 3 individuals per genotype. (b) 

Image of 5-week-old plants grown under low (100 μmol photons m-2 s-1) or high (1,300 
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μmol photons m-2 s-1) light. Image is representative of 3 biologically independent 

experiments. (c) Rosette dry weight harvested from plants indicated in (b). Average values ± 

SD are given with n = 8 individuals. Note the log scale Y-axis. (d) Microscopy images of 

leaf cross-sections at the mid-vein. Plants are 6–7 weeks old grown under 150 μmol photons 

m-2 s-1, 21°C. Scale bar represents 100 μm. Images are representative cross-sections from 2 

biologically independent experiments.
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Figure 5. Constitutive quenching requires the peripheral antenna of PSII and LCNP.
(a) and (b) Images of plants and false-colored images of maximum fluorescence (Fm) of 

detached leaves from 6-week-old plants grown under standard growth conditions (120 μmol 

photons m-2 s-1, 21°C). Average Fo, Fm, and Fv/Fm values ± SD are given with n = 3 

individuals for each genotype. (c) Pigment composition determined by HPLC analysis of 6-

week-old plants grown under standard growth conditions (120 μmol photons m-2 s-1, 21°C). 

Under standard light conditions, zeaxanthin accumulation is below detection limit of 

0.15pmol. Tukey’s multiple comparison test shows a significant increase in neoxanthin and 
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chlorophyll b and a significant decrease in chlorophyll a and β-carotene in soq1 roqh1–1 but 

not in soq1 roqh1–1 lcnp. **** = p-value 0.0001, ** = p-value 0.0036. Average values ± SD 

are given with n = 3 individuals per genotype.
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Figure 6. Overexpression of ROQH1 prevents qH from occurring.
Plants 1–4 of soq1 roqh1–1: ROQH1 OE corresponds to individuals from T2-T1-4. 

Additional independent lines can be found in Supplemental Figure 7. (a) Isolated whole cells 

from 6.5-week-old plants grown under 120 μmol photons m-2 s-1. Samples were loaded by 

same leaf area, separated by SDS-PAGE, and analyzed by immunodetection with antibodies 

against ROQH1, SOQ1 and FLAG. Coomassie blue (CB) is shown as loading control. 

Molecular masses (kD) are indicated according to the migration of Precision Plus Protein 

Standards markers from Bio-Rad. Wild type ROQH1 signal is weak to prevent overexposure 

Amstutz et al. Page 32

Nat Plants. Author manuscript; available in PMC 2020 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of soq1 roqh1–1: ROQH1 OE. Immunoblot is representative of 3 biologically independent 

experiments and consistent with additional independent lines and quantification 

immunoblots found in Supplementary Figures 7 and 12. (b) Images of 7-week-old plants 

grown under 120 μmol photons m-2 s-1. This OE line was used for all further experiments 

and phenotype was consistent throughout all experiments. (c) NPQ kinetics of WT, soq1, 

roqh1–1 and soq1 roqh1–1: ROQH1 OE. Induction at 1,200 μmol photons m-2 s-1 (white 

bar) and relaxation in the dark (black bar). Data shown represents means ± SD, n = 3 

individuals.
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Figure 7. ROQH1 is required for relaxation of qH.
Detached leaves from 5-week-old plants grown under standard light conditions (150 μmol 

photons m-2 s-1, 21°C) were subjected to a cold and high light treatment (white bar) of 6°C 

and 1,600 μmol photons m-2 s-1 for 5 hours, and a recovery treatment of 150 μmol photons 

m-2 s-1 and a 10 h/14 h day/night cycle at 21°C (black, night period and grey, day period 

bars) for 28 hours. (Aa Images of detached leaves and false-colored images of maximum 

fluorescence (Fm) of detached leaves before the cold and high light treatment (Time 0), after 

the cold and high light treatment (Time 5) and after a recovery period (Time 28). Leaves 

were dark-adapted for 10 minutes before fluorescence measurement to relax qE. Additional 

leaves between soq1 roqh1–1: ROQH1 OE and roqh1–3 were cropped out for simplicity, and 

an uncropped image can be found in Supplemental Figure 13. Average Fm values ± SD are 

given with n = 4 individuals from two biologically independent experiments. (b) NPQ 

kinetics calculated as (Fm Time 0 - Fm’)/Fm’ throughout the cold, high light and recovery 

treatment indicated in (a). Data represent means ± SD, n = 4 individuals. (c) Zeaxanthin 

levels before the cold and high light treatment (Time 0), after the cold and high light 
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treatment (Time 5) and after a recovery period (Time 28). Tukey’s multiple comparison test 

shows no significant difference in zeaxanthin levels among wild type and mutants before or 

after treatments. Data shown represents means ± SD, n = 3 individuals.
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Figure 8. ROQH1 functions in a complex after cold and high light.
(a) BN-PAGE analysis of thylakoids isolated from 5-week-old wild type and soq1 roqh1–1: 

ROQH1 OE plants before (−) and after (+) a 5 h cold and high light treatment (6°C and 

1,600 μmol photons m-2 s-1), solubilized with 1% β-DM and immunoblotted with a Flag 

antibody to detect ROQH1-Flag. Asterisk denotes nonspecific band detected by Flag 

antibody. Thylakoids were loaded based on 8 μg total chlorophyll. Immunoblot is 

representative of 3 biologically independent experiments. (b) Two-dimensional BN/SDS-

PAGE analysis from thylakoids isolated from soq1 roqh1–1: ROQH1 OE before (−) and 

after (+) a 5 h cold and high light treatment (6°C and 1,600 μmol photons m-2 s-1), 
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solubilized as indicated in (a), and immunoblotted with antibodies for Flag, PsaA, D1, and 

Lhcb2. For an internal loading control, 1 μg total chlorophyll of solubilized soq1 roqh1–1: 

ROQH1 OE thylakoids was loaded in the control lane. Two-dimensional BN/SDS-PAGE 

analysis from thylakoids isolated from wild type can be found in Extended Figure 2. 

Immunoblots are representative of 2 biologically independent experiments.
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