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High light-induced phosphorylation of Lhcb6 (CP24) enhances non-photochemical quenching 1 

dependent on the PSI-PSII megacomplexes 2 

Abstract 3 

Plants have evolved diverse photoprotective mechanisms to cope with fluctuating light environments, 4 

among which non-photochemical quenching (NPQ) plays a central role in dissipating excess excitation 5 

energy and preventing photosystem II (PSII) damage. While the molecular basis of NPQ is well 6 

established in model species such as Arabidopsis thaliana, its regulation in non-model plants remains 7 

less understood, offering untapped potential for discovering novel photoprotective strategies. Here, we 8 

report a previously unrecognized mechanism in angiosperms Berteroa incana: high light (HL)-induced 9 

phosphorylation of the minor antenna protein CP24 (Lhcb6), specifically at Thr178, serves as a critical 10 

regulator of NPQ, a close relative of Arabidopsis thaliana with exceptional phototolerance. Unlike 11 

LHCII phosphorylation mediated by STN7 kinases, CP24 phosphorylation is governed by a distinct 12 

kinase system and is selectively dephosphorylated by the phosphatase rPBCP. Using biochemical and 13 

functional analyses, we demonstrate that phosphorylated CP24 (P-CP24) predominantly resides within 14 

the PSII-PSI megacomplex (mc1), where it facilitates efficient energy transfer from CP47 to PSI. This 15 

mechanism drives a previously unreported Zeaxanthin- and Lutein-independent fluorescence quenching 16 

pathway under HL conditions in terrestrial plants. Our results suggest that P-CP24 enhances PSII 17 

photoprotection by dynamically redirecting excess excitation energy away from PSII reaction centers, 18 

thereby reducing reactive oxygen species (ROS) production, maintaining PSII activity, and optimizing 19 

energy utilization under stress. 20 

Keywords: CP24, phosphorylation, non-photochemical quenching, mc1, spillover, photoprotection 21 

Introduction 22 

Oxygenic photosynthesis underpins global carbon fixation, sustaining nearly all life on earth by 23 

converting solar energy into chemical energy. However, excessive light exposure poses a major threat to 24 

photosynthetic machinery, particularly the reaction center of photosystem II (PSII), where the D1 protein 25 

is highly susceptible to photodamage1,2. Irreversible PSII reaction center damage triggers a progressive 26 

decline in maximum quantum yield of PSII (Fv/Fm), a hallmark of photoinhibition. To counteract 27 

photodamage, oxygenic phototrophs have evolved a range of photoprotective mechanisms3-6. Among 28 

these, non-photochemical quenching (NPQ) plays a central role by dissipating excess excitation energy 29 

as heat. Recent studies have revealed that NPQ can enhance photosynthetic efficiency, increase biomass 30 

accumulation, and improve the economic yields of crops, highlighting its potential as a target for crop 31 

improvement strategies7-9. 32 

NPQ comprises three major components: qE (energy-dependent quenching), qT (state transition 33 

quenching), and qI (irreversible/slowly reversible quenching) (Horton & Hague, 1988; Ferroni et al., 34 

2014). The qT component is primarily mediated by phosphorylated light-harvesting complex II (P-35 

LHCII). Under low light or PSII- preferred conditions, plastoquinone (PQ) pool reduction activates 36 

STN7 kinase, inducing maximal phosphorylation of Lhcb1/Lhcb210. P-LHCII then migrates and binds 37 

to PSI via P- Lhcb2, forming the state 1 complex11,12. Conversely, under HL or PSI-preferred conditions 38 

trigger PQ pool oxidation, which inactivates STN7 through reduced thioredoxin13. The phosphatase 39 

TAP38/PPH1 subsequently dephosphorylates P-LHCII, facilitating its dissociation from PSI and return 40 

to PSII (state 2)14,15. 41 

In contrast to qT, qE dominates under high-light stress and is mainly regulated by conformational 42 

changes in the PSII antenna system triggered by lumen acidification16,17. This process is tightly linked to 43 



the activity of the PsbS protein and the xanthophyll cycle, especially zeaxanthin accumulation16−20. HL 44 

also induces phosphorylation of PSII core proteins, including CP43, D2, D1. The STN8 kinase13, 45 

phosphorylates these proteins to maintain structural integrity and facilitate their migration from grana to 46 

stroma by increasing thylakoid fluidity21,22. On the stromal side, the phosphatase PBCP reverses this 47 

modification, promoting D1 proteolysis and ribosome recruitment for PSII repair23,24. This 48 

phosphorylation/dephosphorylation cycle supports PSII repair and is closely associated with qI25. While 49 

both HL-induced PSII core phosphorylation and qE are elevated, they appear functionally uncoupled26.  50 

Notably, phosphorylated thylakoid membrane proteins have increasingly been recognized as 51 

important regulators of NPQ across diverse plant lineages. While much of our mechanistic understanding 52 

of NPQ comes from studies in the model species Arabidopsis thaliana (A. thaliana), recent evidence 53 

suggests that the roles and regulation of phosphorylated antenna proteins can vary significantly in other 54 

species. For instance, high-light induced phosphorylation of minor antenna proteins, such as CP29 in 55 

monocots like rice Oryza sativa (O. sativa)26, CP24 in lycophytes including Selaginella martensii (S. 56 

martensii) and Lycopodium squarrosum (L. squarrosum)27, as well as in the moss Physcomitrella patens 57 

(P. patens) —These findings suggest that key mechanisms underlying NPQ regulation by phosphorylated 58 

proteins may be conserved across broader plant lineages, but have not yet been identified in Arabidopsis. 59 

In O. sativa, STN8/PBCP-mediated CP29 phosphorylation enhances qE26, though the underlying 60 

mechanism remains elusive. In contrast, P-CP24 in lycophytes actively drives qT formation27, with its 61 

regulatory enzymes remaining uncharacterized. In P. patens, light-induced phosphorylation of CP24 has 62 

been observed and was dependent on STN8 kinase activity, though its physiological role remains 63 

uncharacterized. Furthermore, mass spectrometry analyses have identified phosphorylation events in 64 

CP29, PsbS and Thr42 of the CP24 chloroplast transit peptide in A. thaliana28-30; however, these 65 

modifications were minimal and had no significant impact on qE26. 66 

Beyond qE in PSII, an alternative photoprotective mechanism involves spillover — the transfer of 67 

excitation energy from PSII to PSI for dissipation—which reduces photodamage and enhances plant 68 

adaptation to high-light stress6,31. Energy dissipation by PSI is also supported by LHCSR1-dependent 69 

fluorescence quenching in Chlamydomonas reinhardtii (C. reinhardtii), where energy transfer from 70 

LHCII to PSI is facilitated for dissipation32. This mechanism requires the formation of PSII-PSI 71 

megacomplexes (mc1), which contain~50% of PSII in A. thaliana6 and are enriched in CP24. Functional 72 

studies show that mc1 facilitates energy transfer from PSII to PSI even when PSII is closed, thereby 73 

directly contributing to photoprotection6. Cryo-EM studies of red algae mc1 (PBS-PSII-PSI-LHCI) 74 

demonstrate that CP47 interacts with PsaO through hydrophobic interactions, thereby positioning it 75 

adjacent to PSI33. Chl a617 within CP47 is proposed as a key energy transfer site between PSII and PSI33. 76 

Previous work demonstrated that B. incana preferentially channels energy to CP47 over CP43, creating 77 

a substantial energy reservoir at this site34. Given CP47's strategic location with in mc1 and its capacity 78 

to store excitation energy, spillover likely contributes to the distinctive photoprotection mechanism in B. 79 

incana. Importantly, CP24 binds CP47 via CP29 within this supercomplex35, raising the possibility that 80 

HL-induced P-CP24 regulates spillover — a mechanism previously unreported in other angiosperms. 81 

B. incana exhibits several exceptional photoprotective traits, including preferential energy transfer 82 

to CP4734,36, rapid zeaxanthin synthesis36, and robust tolerance to HL stress37. Despite its physiological 83 

uniqueness, the molecular basis of these adaptations remains poorly defined. Here, we integrated 84 

phosphoproteomics with physiological and biochemical analyses to systematically elucidate the 85 

molecular mechanisms underlying HL adaptation in B. incana. We identified extensive phosphorylation 86 

of CP24, mediated by a distinct kinase/phosphatase system separate from that regulating LHCII 87 



phosphorylation. Functional characterization revealed that P-CP24 enhances qE specifically within PSI-88 

PSII megacomplexes under HL conditions. We propose that CP24 functions as a molecular switch, 89 

dynamically tuning energy flux into and out of CP47 via changes in its phosphorylation state, thereby 90 

optimizing photoprotection in B. incana. 91 

Results 92 

Superior photoprotection and PSII stability of B. incana under HL conditions compared to A. 93 

thaliana 94 

To compare the photoprotective capacity of B. incana and A. thaliana, we first assessed visible 95 

Fv/Fm and NPQ using a chlorophyll fluorescence imaging (CF-imager). Under normal physiological 96 

conditions, where Fv/Fm values were maintained above 0.8 for both species (Fig.1a), B. incana exhibited 97 

significantly higher NPQ levels compared to A. thaliana (Fig.1b). This observation suggests that B. 98 

incana has an enhanced capacity for dissipating excess light energy as heat under standard growth 99 

conditions. Consistently, Dual-PAM measurements revealed that B. incana exhibited both stronger NPQ 100 

induction under HL and faster NPQ relaxation compared to A. thaliana (Fig.1c, d). These findings 101 

demonstrate that B. incana possesses a superior capacity to rapidly initiate and complete the NPQ 102 

response, facilitating efficient adaptation to dynamically changing light conditions. To further dissect 103 

light energy utilization, we performed partitioning analysis of PSII-absorbed energy via Dual-PAM 104 

measurements of steady-state light response curves. When light intensity exceeded 500 μmol photons m-105 

² s-¹, B. incana showed a higher quantum yield of regulated non-photochemical quenching (Y(NPQ)) 106 

than A. thaliana (Fig.1e), indicating enhanced active regulation and thermal dissipation of excess energy. 107 

Conversely, A. thaliana maintained higher Y(NO) values across all light intensities (Fig.1f), reflecting 108 

greater energy loss as heat due to inefficient utilization or NPQ-independent dissipation. Since NPQ is 109 

quantified as the ratio of Y(NPQ) to Y(NO), B. incana exhibited consistently higher NPQ levels than A. 110 

thaliana (Fig.1g), which aligns with imaging-PAM measurements (Fig.1a, b). These findings collectively 111 

demonstrate the superior photoprotective capacity of B. incana. The enhanced photoprotection in B. 112 

incana correlates with sustained higher PSII activity. This is evidenced by faster electron transport rate 113 

(Fig.1i) and increased quantum yield of PSII (Fig.1j) under high-light conditions. The relatively higher 114 

ETR(II) and Y(II) values indicate that B. incana maintains superior photosynthetic performance even 115 

when exposed to excessive irradiance. 116 

Unique HL-dependent CP24 phosphorylation occurs in B. incana 117 

Given the established role of thylakoid membrane protein phosphorylation in 118 

photoprotection11,12,26,27, We compared PSII protein phosphorylation patterns between B. incana and A. 119 

thaliana under growth light (GL) and HL conditions (30, 60, and 90 min after GL-to-HL transfer) using 120 

anti-P-Thr immunoblotting (Fig.2a). Under GL conditions, both species exhibited basal phosphorylation 121 

of PSII core proteins (D1, D2), inner antenna CP43, and LHCII polypeptides (Fig.2a, GL). Upon HL 122 

treatment, D1, D2, and CP43 showed significant increases in phosphorylation in both species, while 123 

LHCII phosphorylation progressively declined with prolonged stress (Fig.2a, HL30 to HL90). Notably, 124 

B. incana specifically exhibited a novel HL-dependent phosphoprotein band corresponding to the size of 125 

CP24, which was absent in A. thaliana (Fig.2a, HL30 to HL90). This finding contrasts with previous 126 

reports that have exclusively documented P-CP24 in lycophytes and mosses27,38. This is the first 127 

observation of such a phosphorylated CP24-like protein in a dicot species. Parallel anti-CP24 128 

immunoblotting confirmed stable CP24 protein levels during HL stress (Fig.2a), indicating that the 129 

observed changes were specific to phosphorylation rather than protein abundance. 130 



To map the phosphorylation sites on P-CP24, we performed thylakoid membrane 131 

phosphoproteomics. The analysis identified Ser−24 (located in the chloroplast transit peptide) and Ser-132 

53, Thr−178, Thr−206 (all in the mature protein) as phosphorylation sites (Fig.2b and Supplementary 133 

Table 1). Among these, only Thr−178 showed HL-dependent upregulation (Fig.2c), suggesting its critical 134 

role in the HL response. Sequence alignment revealed that Thr−178 is conserved among B. incana, S. 135 

martensi and A. thaliana (Fig.2d), implying that differential phosphorylation patterns likely arise from 136 

kinase specificity rather than substrate sequence variation. This conservation underscores the potential 137 

functional significance of this site across different plant species, despite the unique HL-dependent 138 

phosphorylation observed in B. incana. 139 

CP24 phosphorylation/dephosphorylation is catalyzed by enzymes other than those for LHCII 140 

To characterize the HL-dependent phosphorylation dynamics of P-CP24 in B. incana, we analyzed 141 

PSII peptide phosphorylation patterns under diverse light conditions (Fig.3a). Plants were subjected to: 142 

(1) dark incubation for 12 h (D12); (2) red light (RED) preferentially exciting PSII for 2 h; (3) high light 143 

(HL, 2 h); (4) far-red light (FR) preferentially absorbed by PSI after HL treatment; and (5) dark recovery 144 

for 15 min, 1 h, 2 h, and 6 h after HL exposure. Under dark conditions, D1, D2, CP43, and LHCII 145 

exhibited basal phosphorylation (Fig.3a, D12). PSII-light exposure for 2 h enhanced phosphorylation of 146 

D2 and LHCII compared to D12 (Fig.3a, PSII). HL treatment for 2 h further increased D1 and D2 147 

phosphorylation relative to PSII-light and dark conditions (Fig.3a, HL), while LHCII phosphorylation 148 

was markedly reduced (Fig.3a, HL). Notably, a distinct P-CP24 band emerged under HL (Fig.3a and 149 

Supplementary Fig 1a, HL), rapidly reaching maximal phosphorylation levels (Supplementary Fig.1a, 150 

b). To assess PQ pool oxidation effects, PSI-light treatment (15 min) after HL stress slightly decreased 151 

PSII core subunit phosphorylation but markedly reduced LHCII phosphorylation (Fig.3a, PSI). In 152 

contrast, the P-CP24 band persisted under PSI-light conditions (Fig.3a, PSI). During dark recovery, 153 

LHCII phosphorylation rapidly increased, reaching GL-equivalent levels within 15 min (Fig.3a, Dark), 154 

whereas P-CP24 signals progressively declined and disappeared after 6 h (Fig.3a, Dark and 155 

Supplementary Fig.1b). These results demonstrate that CP24 phosphorylation occurs independently of 156 

the systemic light response, being rapidly induced by HL conditions but progressively dephosphorylated 157 

in darkness. This dynamic phosphorylation pattern exhibits an inverse relationship compared to that of 158 

LHCII. 159 

Given that CP24 exhibited a phosphorylation pattern more closely resembling PSII core proteins 160 

than LHCII (Fig.3a), we assessed recombinant PBCP (rPBCP) — mediated dephosphorylation of PSII 161 

components. Incubation with rPBCP for 10 min resulted in complete dephosphorylation of P-CP24 and 162 

significant dephosphorylation of PSII core proteins (D1/D2), whereas substantial P-LHCII remained 163 

even after 15 min (Fig.3b). Considering the antagonistic roles of STN8 (kinase) and PBCP (phosphatase) 164 

in PSII core phosphorylation dynamics24, we attempted to express B. incana STN8 kinase. Unfortunately, 165 

active STN8 could not be obtained. We therefore performed multiple sequence alignments of STN7 and 166 

STN8 kinases from B. incana and A. thaliana. While full-length STN7 exhibited high conservation 167 

(Supplementary Fig.2), STN8 displayed notable variation in its N-terminal stroma-binding domain but 168 

retained strong conservation in the C-terminal catalytic domain (Supplementary Fig.3). These structural 169 

differences suggest that STN8's broad substrate specificity — including CP24 phosphorylation—may 170 

arise from its unique stroma-binding domain architecture. These findings demonstrate that CP24 171 

phosphorylation and dephosphorylation are catalyzed by distinct enzymatic mechanisms from those 172 

governing LHCII. 173 

An in vitro assay for CP24 phosphorylation 174 



To elucidate the mechanisms underlying CP24 phosphorylation regulation, we established an in 175 

vitro system to recapitulate this process. Functional chloroplasts were exposed to HL under ATP-depleted 176 

or ATP-supplemented conditions, with or without dark incubation. Immunoblotting with anti-P-Thr 177 

antibody revealed that P-CP24 formation required both HL illumination and ATP supplementation, as 178 

evidenced by the absence of P-CP24 bands in dark controls and ATP-depleted conditions (Fig.3c). To 179 

determine the subcellular localization of the CP24 kinase, we compared CP24 phosphorylation levels in 180 

functional chloroplasts versus isolated thylakoid membranes under HL conditions. Notably, P-CP24 181 

abundance was comparable between these two fractions (Fig.3d), suggesting that the CP24 kinase is a 182 

thylakoid membrane-associated protein. 183 

Next, we aim to identify kinase inhibitors capable of suppressing CP24 phosphorylation in vitro, as 184 

this is essential for elucidating the functional substantial CP24 phosphorylation. we tested kinase 185 

inhibitors targeting distinct signaling pathways. Chloroplast extracts were treated with three inhibitors 186 

under HL conditions in the presence of ATP: k252a (50 μM), a broad-spectrum serine/threonine protein 187 

kinase inhibitor; U0126 (30 μM), a mitogen-activated protein kinase (MAPK) inhibitor; and W7 (100 188 

μM), a Ca²⁺-dependent protein kinase inhibitor. Immunoblotting revealed that only k252a significantly 189 

suppressed CP24 phosphorylation (Fig.3e), while U0126 and W7 showed no inhibitory effect. Dose-190 

response experiments further determined the optimal inhibitory concentration of k252a for CP24 191 

phosphorylation in chloroplasts (40 mg mL−1 chloroplasts final chlorophylls concentration) as 20 μM 192 

(Supplementary Fig.4). These findings identify CP24 kinase as a serine/threonine protein kinase, 193 

consistent with the phosphorylation mechanisms governing PSII core, CP29 and LHCII.  194 

To elucidate how redox states of the PQ pool and cytochrome b₆f (Cyt b₆f) complex regulate CP24 195 

phosphorylation, we treated chloroplasts with either 3-(3,4-dichlorophenyl)−1,1-dimethylurea (DCMU; 196 

100 μM) or 2,5-dibromo-6-isopropyl-3-methyl−1,4-benzoquinone (DBMIB; 200, 400, or 800 μM). 197 

DCMU completely abolished CP24 phosphorylation (Fig.3f), while DBMIB exhibited concentration-198 

dependent inhibition: partial suppression at 200 – 400 μM and complete inhibition at 800 μM (Fig.3f). 199 

Given that DCMU decreases and DBMIB increases the redox state of PQH2, these results suggest that 200 

the CP29 kinase is activated by the reduction of PQH2 and/or the cytochrome b6/f complex. 201 

Native localization of phosphorylated CP24 is predominant in mc1 (PSII-PSI megacomplexes) 202 

To elucidate the native localization of P-CP24, we performed two-dimensional large pore blue-203 

native/SDS-PAGE (2D lp-BN/SDS-PAGE) analysis on thylakoid membranes solubilized with β-dodecyl 204 

maltoside (β-DM) from B. incana exposed to GL or HL. Immunodetection using anti-P-Thr or anti-CP24 205 

antibodies in the second dimension revealed that P-CP24 was exclusively detected in HL-treated plants, 206 

predominantly localized to LHCII monomers and LHCII assembly, with minimal association with LHCII 207 

supercomplexes (Fig.4a, b). Parallel immunoblotting with anti-CP24 antibody confirmed the co-208 

localization of P-CP24 and CP24 in identical 2D lp-BN/SDS-PAGE spots (Fig.4b). This assignment was 209 

further validated by MALDI-TOF-TOF mass spectrometry, which assigned the phosphoprotein isolated 210 

from both LHCII assemblies and monomers as CP24 (Supplementary Fig.5a, b). 211 

The absence of apparent P-CP24/CP24 signal in any supercomplexes (Fig.4a, b) prompted us to 212 

hypothesized the β-DM might disrupt protein-protein interactions within supercomplexes due to its 213 

strong detergent properties. To address this, we employed digitonin, a milder detergent, for solubilizing 214 

stroma-exposed thylakoid membranes39. Based on previous reports40, the first-dimension PAGE bands 215 

(Fig.4c, d) were assigned as: (1) PSII-PSI megacomplexes I (mc1), (2) PSI megacomplexes (PSI and 216 

PSII mixed megacomplexes), (3) PSI-LHCII supercomplex, (4) PSI complexes, (5) PSII core dimer 217 

(C2)/ATPase complex, (6) PSII core monomers, (7) LHCII assemblies, (8) LHCII trimers, and (9) LHCII 218 



monomers. Immunoblotting revealed that P-CP24 and CP24 predominantly localized to mc1, with 219 

apparent distribution in LHCII assemblies and monomers, and minor signals in PSII core dimer 220 

(C2)/ATPase complex and PSI megacomplexes (Fig.4c, d). These findings demonstrate that P-CP24 is 221 

natively enriched in the mc1 complex, specifically within the stroma-exposed regions of PSI-enriched 222 

thylakoid membranes. 223 

In addition, we further characterized PsbS — a protein known to play a critical role in high-light-224 

induced NPQ and undergo extensive phosphorylation in Norway spruce Picea abies (P. abies). We found 225 

it primarily localizes to the LHCII monomer (Fig.4a-d); however, Western blotting failed to detect its 226 

phosphorylated isoforms in B. incana. Notably, under high-light conditions, PsbS abundance in the mc1 227 

decreased significantly (Fig.4c, d), implying it is unlikely to participate in the spillover process. 228 

CP24 phosphorylation enhances NPQ in B. incana 229 

To investigate the physiological role of CP24 phosphorylation, we employed k252a — a validated 230 

inhibitor of CP24 phosphorylation (Fig.3e and Supplementary Fig.4) — as a pharmacological tool, given 231 

the lack of a kinase mutant specifically targeting CP24 phosphorylation in B. incana. Considering B. 232 

incana exhibits exceptionally robust photoprotective capacity under HL34,36,37, we hypothesized that P-233 

CP24 may contribute to the enhanced NPQ observed under HL (Fig.1c). To test this, we evaluated NPQ 234 

dynamics in chloroplasts exposed to HL (1,000 μmol photons m-² s-¹) under three experimental conditions: 235 

(1) wild-type (WT) with ATP (WT + ATP); (2) WT with ATP and k252a (WT + ATP + k252a); and (3) 236 

WT without ATP or k252a (control: WT). Following the first light-dark cycle (16 min actinic light/10 237 

min dark), NPQ values were comparable between k252a-treated (0.55 ± 0.03) and untreated controls 238 

(0.53 ± 0.02), but increased by ~ 33% in +ATP samples (0.74 ± 0.04; Fig.5a). This difference 239 

progressively amplified across three light cycles, with the +ATP group exhibiting an NPQ value of 1.02 240 

± 0.03 after the third cycle (Fig.5a), indicating enhanced CP24 phosphorylation under repeated HL stress. 241 

Notably, dark relaxation kinetics were ~1.6-fold faster in k252a-treated samples versus + ATP controls 242 

after the third cycle (Fig.5a). To exclude photoinhibition as the underlying cause, we measured the Fv/Fm. 243 

Higher Fv/Fm values in + ATP samples versus k252a-treated controls (Fig.5b) confirmed that accelerated 244 

dark relaxation was not due to photodamage. Given that NPQ alleviates photoinhibition by scavenging 245 

reactive oxygen species (ROS), we employed Singlet Oxygen Sensor Green™ to quantify singlet oxygen 246 

(¹O₂) production. As predicted, k252a treatment significantly increased ¹O₂ levels (Fig.5c), linking CP24 247 

phosphorylation to enhanced photoprotection via ROS scavenging. 248 

To investigate whether phosphorylated PSII core proteins contribute to NPQ regulation in B. incana, 249 

given that its phosphorylation levels are similarly elevated under HL conditions and are suppressed by 250 

k252a. We analyzed chloroplasts isolated from B. incana plants exposed to systemic light treatment. 251 

Immunoblotting revealed markedly enhanced LHCII phosphorylation under PSII-light conditions, 252 

whereas PSI-light exposure significantly reduced phosphorylation of all PSII core proteins (Fig.5d). 253 

Contrary to expectations, NPQ measurements showed no significant differences among the light 254 

conditions (Fig.5e). This observation was further supported by analyses of A. thaliana stn7/8 double 255 

mutants, where PSII core phosphorylation was nearly abolished (Fig.5f) yet NPQ levels remained 256 

comparable to wild-type (WT) plants (Fig.5g). These findings demonstrate that PSII core protein 257 

phosphorylation does not drive NPQ enhancement, a conclusion with potential cross-species 258 

conservation. 259 

To assess whether P-CP24 modulates NPQ via zeaxanthin (Zea) and lutein (Lut) accumulation, we 260 

performed HPLC-based quantification of carotenoids. Contrary to expectations based on their established 261 

quenching roles19, Zea and Lut levels showed no significant differences between WT + ATP + k252a and 262 



WT + ATP samples (Supplementary Fig.6a-d), suggesting NPQ enhancement is independent of these 263 

carotenoids. To further dissect NPQ contributions, we manipulated Zea epoxidase (ZEP) activity by 264 

varying Na-ascorbate (Asc) availability in chloroplasts — a cofactor essential for Zea synthesis 265 

(Supplementary Fig.6e). Under Asc-deficient conditions (- Asc), NPQ levels were significantly reduced 266 

compared to Asc supplemented controls (Supplementary Fig.6f, - Asc vs + Asc). Notably, ATP addition 267 

to - Asc samples (-Asc + ATP) partially restored NPQ but remained below + Asc levels (Supplementary 268 

Fig.6f, - Asc + ATP vs + Asc). These results demonstrate that while both P-CP24 and Zea contribute 269 

additively to NPQ enhancement, their effects are mechanistically independent. Specifically, the NPQ 270 

increase in + Asc + ATP samples relative to + Asc controls (Supplementary Fig.6f, C2) reflects P-CP24 271 

— specific contributions beyond Zea/Lut-mediated quenching (Supplementary Fig.6f, C1) —a feature 272 

unique to B. incana under HL stress. 273 

HL-dependent CP24 phosphorylation is not involved in the state transition-like function 274 

Previous studies have demonstrated that HL-induced CP24 phosphorylation in lycophytes enhances 275 

qT under HL conditions27, suggesting a potential role for P-CP24 in mediating energy distribution to PSI. 276 

To assess whether P-CP24 exerts similar functions in B. incana, we evaluated state transitions by 277 

applying FR under HL to induce excitation redistribution from PSII to PSI. Contrary to expectations, FR 278 

light induced only marginal changes in Fm'/Fm under HL (Fig.6a), indicating that CP24 phosphorylation 279 

does not regulate energy distribution between photosystems in B. incana. This conclusion was further 280 

supported by analyzing NPQ dark relaxation kinetics. We monitored NPQ induction at GL (50 μmol 281 

photons m-² s-¹) and HL (800 μmol photons m-² s-¹), followed by dark relaxation (Fig.6b). Semi-282 

logarithmic plots of dark relaxation kinetics revealed biphasic decay patterns, with rapid qE relaxation 283 

and slower qT decay, while residual NPQ after 20 min in darkness was quantified as qI (Fig.6c). 284 

Quantitative analysis of NPQ components demonstrated that HL significantly increased qE and qI 285 

(Fig.6d), while qT fraction was reduced under HL compared to GL (Fig.6d). This dissociation between 286 

CP24 phosphorylation and qT enhancement in B. incana contrasts with observations in S. martensii27, 287 

despite similar HL-induced phosphorylation patterns in both species. This divergence suggests that the 288 

functional role of CP24 phosphorylation may be shaped by species-specific light adaptations. Notably, 289 

B.incana is a sun-adapted species with a high chlorophyll a/b ratio (3.3) (Fig.6e), whereas S. martensii 290 

is shade-adapted and exhibits a lower chlorophyll a/b value (2.3–2.7)41. 291 

Previous studies in C. reinhardtii and barley have demonstrated that P-CP29 translocates from PSII 292 

to PSI under HL conditions42,43. To investigate whether CP24 phosphorylation induces a similar 293 

suborganellar relocation in B. incana to balance energy distribution between the two photosystems, we 294 

performed SDS-PAGE analysis on gradient-separated thylakoid membrane fractions from plants grown 295 

under GL or HL stress. Immunoblotting revealed that PSII core proteins were primarily localized to grana 296 

stacks, whereas PSI and ATP synthase were predominantly distributed in stroma lamellae, with minor 297 

PSI fractions in grana membranes (Fig.6e). Consistent with the functional specialization of photosystems, 298 

the stromal fraction enriched in PSI exhibited a significantly higher chlorophyll a/b ratio (5.5) than the 299 

grana fraction (2.5) enriched in PSII (Fig.6e), as PSI predominantly contains chlorophyll a, whereas PSII 300 

is enriched in chlorophyll b44. Although anti-P-Thr immunodetection confirmed HL-induced CP24 301 

phosphorylation (Fig.6e), anti-CP24 immunoblotting showed no significant changes in CP24 protein 302 

levels between GL and HL conditions, regardless of suborganellar localization (Fig.6e, grana vs. stroma 303 

membranes). These findings demonstrate that P-CP24 occurs in situ without translocation between grana 304 

and stroma membranes. 305 

CP24 phosphorylation promotes energy transfer from CP47 to PSI under HL 306 



A notable spectral distinction of B. incana compared to A. thaliana is the significantly enhanced 307 

fluorescence emission peak at 695 nm — originating from CP47 — relative to the 685 nm peak associated 308 

with CP43, as revealed by 77K fluorescence emission spectra (Fig.7a). This spectral shift indicates a 309 

preferential energy transfer to CP47 in B. incana, in contrast to the preferential transfer to CP43 observed 310 

in A. thaliana36. Given that P-CP24 is mainly localized in mc1 — a megacomplexes facilitating PSII-to-311 

PSI energy transfer for photoprotection — and structurally positioned between CP47 and PSI6,35, we 312 

hypothesized that P-CP24 mediates excitation energy routing from CP47 to PSI in mc1. To test this, we 313 

measured time-resolved fluorescence spectra at 77K using thylakoid membranes from GL- or HL-treated 314 

B. incana and A. thaliana. HL treatment significantly shortened average fluorescence lifetimes (685 – 315 

716 nm) in B. incana (Fig.7b) but not in A. thaliana (Supplementary Fig.7a), indicating accelerated 316 

energy dissipation at CP47 (≈ 695 nm) via PSI transfer or in situ quenching in B. incana. Global analysis 317 

of fluorescence decay kinetics identified four components (Fig.7c and Supplementary Fig.7b): The first 318 

component (307-372 ps) showed PSII-to-PSI energy transfer and LHCII dissipation (conserved in both 319 

species). The second (1.1 ns) and third component (2.6 ns) indicated energy transfer to a putative 320 

quenching site (similar spectral patterns; enhanced PSI-region amplitudes under HL). The fourth 321 

component (5.1-5.4 ns) is associated with fluorescence emitted from the final energy traps in both PSII 322 

and PSI. Notably, B. incana exhibited reduced PSII (695 nm) amplitude under HL compared to GL, while 323 

A. thaliana showed no change (Fig.7c, 5.3-5.5 ns). This demonstrates that HL-induced P-CP24 facilitates 324 

energy dissipation or transfer from CP47 to PSI under high-light conditions in B. incana. 325 

To delineate the action site and mechanism of P-CP24 in enhancing NPQ, we isolated thylakoid 326 

membranes from B. incana grown under GL or HL conditions, performed clear-native (lp-CN)-PAGE 327 

separation of P-CP24-containing complexes (Supplementary Fig.8), and measured their fluorescence 328 

lifetimes. Room-temperature fluorescence decay analysis revealed that the mc1 (containing PSII-PSI 329 

complexes) under HL exhibited a significantly shortened 695 nm fluorescence lifetime compared to GL 330 

(Fig.7d). In contrast, PSI-megacomplexes (containing simple mixture of PSII and PSI) with minimal P-331 

CP24 content (Fig.4d) showed no light-dependent changes in the fluorescence lifetime (Fig.7e). 332 

Although LHCII assemblies and monomers contained abundant P-CP24, their 695 nm fluorescence 333 

lifetimes remained unchanged under both light conditions (Fig.7f, g). These results demonstrate that P-334 

CP24 does not mediate in situ energy dissipation at the PSII level but instead enhances PSII-to-PSI 335 

energy transfer to dissipate preferentially accumulated CP47 energy, thereby contributing to 336 

photoprotection.This further indicates that the reduction in 695 nm fluorescence lifetime of B. incana 337 

within the fourth lifetime component (5.1–5.4 ns) of DAS spectra (Fig.7c) is caused by energy spillover 338 

from CP47 to PSI. 339 

Discussion 340 

The phosphoproteins of the thylakoid membrane, as detectable by western blotting (WB), are 341 

dominated by PSII proteins such as CP43, D2, and D1, along with LHCII, and the small transmembrane 342 

protein PsbH45,46. Among these, PsbH maintains stable phosphorylation levels under both control and HL 343 

conditions45, suggesting a constitutive rather than regulatory role. In contrast, lineage-specific 344 

phosphorylated proteins have been identified across diverse plant lineages: P-CP24 is associated with 345 

enhanced qE in the sun-adapted dicotyledonous B. incana — and with qT in shade-adapted lycophytes 346 

under HL (Supplementary Fig.9)27; similarly, P-CP29 correlates with qE in monocots like O. sativa 347 

(Supplementary Fig.9)26. While mass spectrometry has identified phosphorylation events in other 348 

photosynthetic membrane proteins29,47,48, these modifications are typically low-abundance and show 349 

negligible contribution to qE enhancement26. Here, we report for the first time that CP24 in the 350 



angiosperms B. incana undergoes substantial phosphorylation, a phenomenon previously observed only 351 

in early land plants such as lycophytes and mosses, suggesting either evolutionary conservation or 352 

convergent adaptation, This finding further implies that CP24 phosphorylation may represent a conserved 353 

regulatory mechanism within the photosynthetic machinery of land plants, potentially preserved across 354 

angiosperms but yet to be widely recognized. We further investigated whether HL-induced reversible 355 

phosphorylation of CP24 in B. incana is mediated by the same enzymatic machinery known to regulate 356 

LHCII phosphorylation. Finally, we assessed how CP24 phosphorylation and the associated remodeling 357 

of energy transfer pathways contribute to enhanced photoprotection in B. incana. 358 

Unique regulation of CP24 phosphorylation in B. incana 359 

In angiosperms, STN7 and STN8 Ser/Thr protein kinases serve as master regulators of PSII protein 360 

phosphorylation within the thylakoid membrane, exhibiting distinct redox sensitivities: reduced 361 

thioredoxin inhibits STN7 but not STN813. Our functional characterization reveals that the CP24 kinase 362 

localizes to the thylakoid membrane (Fig.3d) and is potently inhibited by k252a (Fig.3e and 363 

Supplementary Fig.4a, b), a broad-spectrum Ser/Thr protein kinase inhibitor. While B. incana shares 364 

canonical regulation in LHCII phosphorylation with other angiosperms — positively regulated by 365 

reduced PQ (Fig.3a: PSI) and negatively regulated by reduced thioredoxin (Fig.3a: HL) — the CP24 366 

phosphorylation cascade displays unique features. Notably, CP24 phosphorylation is activated by 367 

reduced PQ and Cyt b₆f in vitro (Fig.3f), similar to STN7-mediated LHCII phosphorylation. However, 368 

unlike STN7 substrates, CP24 phosphorylation is enhanced under HL conditions, where reduced 369 

thioredoxin would normally suppress STN7-mediated phosphorylation (Fig.2a: HL; Fig.3a: HL; 370 

Supplementary Fig.1Fig.1). This inverse redox response may suggest that CP24 phosphorylation is 371 

predominantly mediated by STN8 rather than STN7. The STN8 exhibits an expanded substrate 372 

specificity, primarily targeting structurally distinct PSII core proteins and CP2923,45, which — similar to 373 

CP24 — undergo enhanced phosphorylation under HL stress. The conserved Thr−178 phosphorylation 374 

site across A. thaliana, S. martensii, and B. incana (Fig.2d) indicates that substrate sequence variation is 375 

not the primary determinant of CP24 phosphorylation patterns. Sequence alignment analyses reveal 376 

significant divergence in the N-terminal substrate-binding domain of STN8 between A. thaliana and B. 377 

incana (Supplementary Fig.3), which contrasts with the near-complete sequence conservation observed 378 

in STN7 (Supplementary Fig.2). These differences may underlie the expanded substrate repertoire of 379 

STN8 in B. incana. Functionally, STN8 and PBCP form a tightly coupled antagonistic pair. Our data 380 

demonstrate that recombinant rPBCP efficiently dephosphorylates PSII core protein and CP24, but shows 381 

markedly reduced activity toward P-LHCII (Fig.3b). This hierarchy of dephosphorylation efficiency 382 

aligns with previous studies23,24. Furthermore, this substrate hierarchy supports the notion that LHCII is 383 

not the primary physiological target of PBCP, whereas CP24 and other PSII core proteins represent key 384 

substrates for dynamic phosphorylation-dephosphorylation cycles under HL stress. 385 

CP24 phosphorylation mediates enhanced NPQ via spillover mechanism independent of 386 

xanthophyll cycle 387 

NPQ, a critical photoprotective mechanism that dissipates excess light energy as heat, is primarily 388 

localized to LHCII trimers19,49,50 and monomeric antennae such as CP24, CP26, and CP2949,51-53. These 389 

components are differentially regulated by xanthophyll cycle pigments and conformational changes 390 

within the antenna complexes53. While LHCII-mediated NPQ relies on Zea accumulation via the 391 

xanthophyll cycle and conformational rearrangements induced by Zea binding, monomeric antennae-392 

initiated NPQ requires coordinated enrichment of Zea, Lut, and carotenoid cation radicals19,54, 393 

highlighting divergent molecular dependencies between these two pathways. Strikingly, B. incana 394 



exhibits an exceptionally strong NPQ response: while HL-induced Zea accumulation initially elevates 395 

NPQ (Supplementary Fig.6a and f: + Asc vs - Asc), a subsequent phase of quenching enhancement occurs 396 

independently of further pigment accumulation (Supplementary Fig.6a-d and f: + Asc vs + Asc +ATP). 397 

This decoupling reveals an unanticipated regulatory layer, wherein P-CP24 specifically drives NPQ 398 

potentiation without concurrent increases in zeaxanthin or lutein levels. These findings challenge the 399 

prevailing paradigm that NPQ enhancement is tightly coupled to xanthophyll cycle pigment dynamics, 400 

suggesting instead that antenna protein phosphorylation — particularly at CP24 — may serve as a direct 401 

switch for advanced quenching states. This raises a critical question: whether phosphorylated monomeric 402 

antenna proteins (CP24) are truly energy dissipation sites? Our room-temperature fluorescence decay 403 

measurements reveal a significant 695 nm lifetime decrease exclusively within the mc1 complex (Fig.7d), 404 

despite the presence of P-CP24 in both LHCII assemblies (Fig.7f) and monomers (Fig.7g). This spatial 405 

mismatch — where P-CP24 is present but lifetime reduction occurs only in mc1 — strongly suggests its 406 

exclusion from direct PSII-level quenching. Interestingly, P-CP24 is predominantly localized to the mc1 407 

(Fig.4d) where spillover occurs, consistent with its functional role in energy transfer within mc1 and 408 

bypasses the xanthophyll cycle-dependent pathway. Crucially, PSI and PSII mixed megacomplexes (PSI-409 

megacomplexes) lack the characteristic 695 nm lifetime reduction (Fig.7e), underscoring that P-CP24-410 

mediated NPQ enhancement requires physiological spillover rather than simple protein proximity. 411 

Furthermore, despite substantial phosphorylation of PSII core components in the mc1 complex under HL 412 

conditions, comparative analyses of systemically light-treated B. incana (Fig.5d, e) and HL-exposed A. 413 

thaliana reveal no corresponding NPQ alterations (Fig.5f, g). This dissociation between PSII core 414 

phosphorylation and NPQ modulation strongly implicates P-CP24 as the primary molecular determinant 415 

of spillover initiation, rather than generalized PSII modifications. Notably, our phosphoproteomic 416 

analysis also revealed elevated phosphorylation of PsbS (Supplementary Table 2), a protein critically 417 

implicated in NPQ. However, its phosphorylation level was very weak, as evidenced by its 418 

undetectability via WB (Fig.4d). Previous reports have shown that heavily phosphorylated PsbS was 419 

exclusively detected in P. abies (Supplementary Fig.9), where its phosphorylation status specifically 420 

correlates with qH induction rather than qE activation55. In contrast, under HL conditions, PsbS protein 421 

levels were markedly reduced in the mc1 complex of B. incana (Fig.4c vs d), a spatial distribution pattern 422 

that sharply contrasts with a proposed regulatory role in spillover. Importantly, although PsbS 423 

phosphopeptides also were identified in A. thaliana through phospho-enrichment techniques48, their in 424 

vitro phosphorylation under high-induction conditions failed to enhance qE in A. thaliana 26. Collectively, 425 

these observations indicate that the PsbS phosphorylation is unlikely to underlie phosphorylation-426 

regulated spillover. 427 

Here, we report P-CP24 in the angiosperm B. incana, revealing a previously underappreciated NPQ 428 

mechanism that may be broadly conserved yet overlooked in terrestrial plants. Unlike previous 429 

observations in lycophytes, where P-CP24 is associated with enhanced qT27, our findings demonstrate 430 

that P-CP24 in B. incana enhances qE in an mc1-dependent manner. This functional divergence likely 431 

reflects their distinct evolutionary adaptations and ecological niches. Lycophytes, which typically grow 432 

in shade acclimation, endure high excitation pressure on PSII even under low-light conditions. 433 

Consequently, they may rely on state transitions to mitigate fluctuating light environments under limited 434 

strong light exposure; however, a spillover function of P-CP24 in lycophytes cannot be excluded. In 435 

contrast, B. incana, which is adapted to heliophilous conditions in temperate desert margins, frequently 436 

encounters light intensities of up to 2, 000 μmol photons m-² s-¹. Such extreme light exposure has driven 437 

the evolution of multiple photoprotective mechanisms in this species. 438 



Building upon structural insights from You et al., who elucidated the organization and energy 439 

transfer pathways in red algal PSII–PSI–LHC megacomplexes33, we propose a model (Fig. 8) that 440 

illustrates how P-CP24 contributes to NPQ via spillover under HL in this desert-adapted angiosperm B. 441 

incana. The energy transfer pattern in B. incana differs from that of typical angiosperms: energy is 442 

preferentially directed to the low-energy antenna protein CP47 rather than the high-energy CP43 (Fig.8a). 443 

This redistribution generates a distinct energy accumulation peak at 695 nm (Fig.8b), constituting a 444 

photoprotective strategy by limiting excitation transfer to the high-energy PSII reaction center. Notably, 445 

this unique energy distribution may be driven by conformational changes within the photosynthetic 446 

machinery — potentially induced or stabilized by P-CP24 phosphorylation. Furthermore, P-CP24 447 

localized within the mc1 facilitates accelerated energy transfer from CP47 to PSI for quenching (Fig. 8c), 448 

thereby significantly reducing excitation pressure on the PSII reaction center under HL conditions. This 449 

dynamic reorganization likely reflects both structural rearrangements and functional modulation 450 

mediated by P-CP24, ultimately ensuring robust photoprotection (Fig.8d). 451 

We conclude that the modified energy transfer dynamics under moderate light conditions, together 452 

with P-CP24-mediated spillover regulation under HL, synergistically confer B. incana with exceptional 453 

photoprotective capacity. These findings reveal a previously unrecognized adaptive strategy in terrestrial 454 

plants and significantly expand our current understanding of NPQ mechanisms. Moreover, this study 455 

highlights the vast potential of exploring natural variation to uncover novel photoprotective strategies, 456 

which may lead to the identification of new engineering targets for improving crop yield and biomass 457 

production. 458 

Methods 459 

Plant materials and growth condition 460 

Seeds of B. incana and A. thaliana were imbibed in the dark for 2 days at 4 °C to ensure 461 

synchronized germination. Subsequently, the seeds were sown and transferred to growth chambers (100 462 

µmol photons m−2 s−1, and 12 h light/12 h dark at 22 °C, 50 - 70% relative humidity) for the first 2 weeks. 463 

Then, the two-week-old seedlings were transferred and cultured in greenhouse at 23 °C with growth light 464 

of 100 µmol photons m−2 s−1. All analyses were performed with 4-week-old leaves. 465 

Membrane isolation, SDS-PAGE and immunoblotting 466 

Thylakoid membranes used for in vivo phosphorylation experiments were isolated as described 467 

previously in the presence of NaF to inhibit thylakoid proteins dephosphorylation56. Functional 468 

chloroplast/thylakoid used for in vitro phosphorylation experiments were isolated as described 469 

previously with slightly modified57. Briefly, 10 grams of B. incana leaves were rapidly homogenized 470 

using mortar and pestle in 10 mL of grinding buffer (GB) containing 0.4 M sorbitol, 5 mM EDTA, 5 mM 471 

EGTA, 5 mM MgCl2, 10 mM NaHCO2, 20 mM Tricine/NaOH (pH 8.4) and 0.5% (w/v) fatty acids-free 472 

BSA. The homogenate was filtered through 8 layers of cheesecloth, with a gentle hand pressure being 473 

applied in order to increase the final thylakoid yield. The suspension was centrifuged at 2600 g for 3 min 474 

at 4 °C, the supernatant was discarded and the pellet was resuspended in 2-3 mL of resuspending buffer 475 

(RB) containing 0.3 M sorbitol, 2.5 mM EDTA, 5 mM MgCl2, 10 mM NaHCO3, 20 mM HEPES (pH 476 

7.6) and 0.5% (w/v) fatty acids-free BSA. The above resuspended material was then loaded on top of a 477 

Percoll step gradient developed with 4 mL of 10%, 3 mL of 30%, and 2 mL of 50% Percoll in RB and 478 

centrifuged at 8000g for 20 min. Functional chloroplasts were collected from the interphase between 30 479 

and 50% Percoll, washed twice with RB. To obtain thylakoid membranes from functional chloroplasts, 480 

the chloroplasts were centrifuged at 2600 g for 3 minutes at 4 °C. Next, the resulting pellet was suspended 481 



in 20 mL of hypotonic buffer (HB) containing 2.5 mM EDTA, 5 mM MgCl2, 10 mM NaHCO3, 20 mM 482 

HEPES (pH 7.6) and 0.5% (w/v) fatty acids-free BSA followed by placing on the ice for 20 minutes. The 483 

thylakoid membranes were collected by centrifugation at 2600 g for 3 min at 4 °C. Finally, the pellet was 484 

resuspended in a small volume (0.5 - 1 ml) of RB and the suspension was stored in ice in the dark for 485 

use. Grana membranes and stroma lamellae were prepared as described previously by stepwise 486 

centrifugation (Morosinotto et al., 2010). All successive steps mentioned above were carried out in the 487 

dark at 4 °C and all materials and buffers were precooled before use. The chlorophyll concentrations 488 

were calculated from the absorbances at 645 and 663 nm after extraction with 80% (v/v) acetone.  489 

SDS-PAGE analysis was performed with 4% acrylamide stacking gel and 15% acrylamide resolving 490 

gel containing 6 M urea. For immunoblotting analysis, chloroplast or thylakoid proteins were loaded on 491 

SDS-PAGE and transferred to a nitrocellulose membrane. After blocking with 1% BSA, proteins were 492 

detected with the corresponding antibody from Agrisera (www. Agrisera. com). For detection of 493 

phosphoproteins, anti-P-Thr polyclonal antibody was used. 494 

High light treatments and phosphorylation experiment in vivo and in vitro 495 

High light conditions were provided by metal halide lamps with 20% blue light and 80% red ligh, 496 

and the light was filtered through a glass tray filled with cold water to avoid heat and UV effects.  497 

For in vivo phosphorylation experiments, plants were dark-adapted for 12 h prior to light treatments, 498 

followed by exposure to red light (30 μmol photons m−2 s−1) for 2 h or high light (1000 μmol photons 499 

m−2 s−1) for 30 min、1 h、1.5 h、2 h and 2.5 h. After 2 h high light treatment, plants were subjected to 500 

either far-red light (6 μmol photons m−2 s−1) for 15 min or directly transferred to darkness for 15 min, 1 501 

h, 2 h, or 6 h. In vitro phosphorylation experiments were performed using functional 502 

chloroplasts/thylakoids isolated from plants acclimated to growth light conditions. The isolated 503 

chloroplasts/thylakoids were resuspended in reaction buffer containing 10 mM methylviologen, 0.5 mM 504 

ATP, and 15 mM sodium ascorbate (Asc), and exposed to high light (1000 μmol photons m−2 s−1) for 30 505 

min at a final chlorophyll concentration of 40 μg mL−1. Thylakoid membranes were isolated from treated 506 

plants, and phosphorylation and dephosphorylation dynamics of target proteins were detected by western 507 

blotting using an anti-phosphothreonine (anti-p-Thr) antibody. 508 

Pre-treatment and analysis of phosphoproteomics 509 

For phosphoproteomic analysis, thylakoid membranes were isolated from 4-week-old leaves 510 

(approximately 60 µg Chl per sample). Each condition included two biological replicates for LC-MS/MS. 511 

Proteins were extracted from thylakoid membrane pellets using a lysis buffer containing 2% SDS, 100 512 

mM Tris-HCl (pH 8.0), 100 mM EDTA, 10 mM TCEP, 1× protease inhibitor cocktail, 1× phosphatase 513 

inhibitor cocktail, and PMSF, with a membrane pellet-to-lysis buffer ratio of 1:4 (w/v). Samples were 514 

sonicated on ice for 60 minutes at 4°C, followed by centrifugation to collect the supernatant. Proteins 515 

were precipitated by adding five volumes of pre-chilled acetone (−20°C) and incubating overnight at 516 

−20°C. After centrifugation at 4°C, the supernatant was discarded, and the pellet was washed twice with 517 

ice-cold 90% acetone. The precipitated proteins were dissolved in 8 M urea, and the protein concentration 518 

was determined using a BCA protein assay kit (Thermo, A55864). For digestion, 1 mg of total protein 519 

was aliquoted, reduced with TCEP to a final concentration of 10 mM, and alkylated with chloroacetamide 520 

(CAA) to a final concentration of 50 mM. The sample was incubated at 37°C for 30 minutes with shaking 521 

at 650 rpm. The urea concentration was then diluted to less than 1 M by adding 100 mM ammonium 522 

bicarbonate solution. Trypsin was added at an enzyme-to-substrate ratio of 1:25, and the sample was 523 

incubated overnight for digestion. The reaction was terminated by adding trifluoroacetic acid (TFA) to a 524 

final concentration of 2%, bringing the pH below 3. Peptides were desalted using C18 cartridges and 525 



quantified using a peptide quantification kit (Waters, WAT054955). For proteome analysis, 20 μg of 526 

peptides were dried and resuspended in 0.1% formic acid for LC-MS/MS analysis. For phosphoproteome 527 

analysis, 800 μg of peptides were dried and subjected to phosphopeptide enrichment using the High-528 

Select™ TiO2 Phosphopeptide Enrichment Kit (Thermo, A32993), followed by drying and resuspension 529 

in 0.1% formic acid for MS analysis. 530 

Samples were analyzed by LC-MS/MS using a tandem nano elute system timsTOF Pro2 mass 531 

spectrometer (Bruker Daltonics), with a total of 250 ng of sample uploaded. The mass spectrometer 532 

operated in diaPASEF mode for DIA data acquisition, and the relevant methods are described in 533 

(https://doi.org/10.1016/j.cell.2024.12.024). For data analysis of proteomics, Spectronaut18 software 534 

was used for DIA data analysis with default parameters (BGS Factory Settings). The sequence database 535 

utilized was fas.fa (NCBI), and trypsin digestion was specified. Fixed modifications included 536 

carbamidomethylation (C) 57.02, and variable modifications included oxidation (M) 15.99 and 537 

phosphorylation of serine, threonine, and tyrosine (79.91). Protein identification criteria were set to a 538 

precursor threshold of 1.0% FDR and a protein threshold of 1.0% FDR. A decoy database was generated 539 

using the mutated strategy, creating a similar number of amino acid sequences shuffled (minimum 2 540 

amino acids, maximum half of the total peptide length). Spectronaut performed automatic calibration and 541 

normalized data using a local normalization strategy, utilizing the average peak area of the top 3 peptides 542 

with FDR < 1.0% for protein group quantitation. Phosphorylation changes were quantified relative to 543 

peptide changes. All identified phosphopeptides are listed in Supplementary Table 1. Phosphopeptides 544 

from PSII and PSI subunits, identified in both replicates, with |log2 fold change| > 0.263 and an adjusted 545 

p-value < 0.05 were classified as significantly phospho-regulated peptides and listed in Supplementary 546 

Table 2. 547 

Sample separation using lpBN-PAGE and lpCN-PAGE 548 

LpBN-PAGE analysis was carried out according to the procedure described previously40. Thylakoid 549 

membranes equivalent to 50 µg of Chl were first pelleted at 8000 g for 5 min at 4 °C, then the supernatant 550 

was discarded. The pellet was resuspended in BTH buffer (25 mM Bis-Tris/HCl pH 7.0, 20% (w/v) 551 

glycerol, 10 mM sodium fluoride) followed centrifuged at 12000 g for 10 min at 4 °C, then resuspended 552 

in BTH buffer and recentrifuged as before. The pellet was solubilized in 95 µL BTH buffer contained 553 

either β-DM or digitonin with a final concentration of 1%. After solubilization for 10 min on ice (β-DM) 554 

or 5 min with continuous gentle agitation at room temperature, the insolubilized material was separated 555 

by centrifugation at 18000 g for 10 min at 4 °C. Finally, the supernatant contained 10 µL ACA buffer 556 

(100 mM Bis-Tris/HCl pH 7.0, 30% (w/v) glycerol, 5% G250, 0.5 M 6-aminocaproic acid) was used for 557 

the analysis of thylakoid membrane protein complexes by lp-BN-PAGE. The first-dimensional 558 

separation gel utilized in the experiment consisted of an acrylamide gradient of 3.5 – 12.5%. The ratio 559 

of bisacrylamide to total acrylamide in the gel was 3%. In the stacking gel, the total concentration of 560 

acrylamide was 3%, with a bisacrylamide-to-acrylamide ratio of 20%. Both gels were prepared using the 561 

gel buffer containing 0.5 M 6-aminocaproicacid and 50 mM BisTris/HCl pH 7.0. The anode buffer 562 

(50mM BisTris/HCl pH 7.0) and the cathode buffer (50mM Tricine, 15mM BisTris/HCl pH 7.0, 0.05%, 563 

0.1% Coomassie Brilliant Blue) were used. For 2D separation of the individual protein subunits, the 564 

strips were incubated for 30 min in Laemmli buffer containing 10% (v/v) β-mercaptoethanol and 565 

subsequently runned by 15% SDS-PAGE. LpCN-PAGE was performed essentially as described 566 

previously6. The only difference with lp-BN-PAGE was that the cathode buffer (50mM Tricine, 15mM 567 

BisTris/HCl pH 7.0, 0.05% sodium deoxycholate) did not contain Coomassie Brilliant Blue or dodecyl 568 

maltoside because the former acted as a competitive quencher of chlorophyll fluorescence in LHCII, and 569 



the latter deteriorated the megacomplex. 570 

Gel fixation, staining, excision, and MALDI-TOF-TOF MS/MS analysis 571 

Protein gel fixation, staining, excision, and MALDI-TOF-TOF MS/MS analysis were performed 572 

following a previously established method58. The gel shown in Supplementary Fig.5a was fixed overnight 573 

in a solution containing 50% (v/v) ethanol and 10% (v/v) orthophosphoric acid, washed with water for 1 574 

hour, and subsequently stained with Colloidal Coomassie Blue G−250 (CCB) following the method 575 

described previously. Selected protein spots of interest were manually excised from the 2-DE gel and 576 

processed through de-staining, dehydration, reduction with dithiothreitol (DTT), alkylation with 577 

iodoacetamide, and digestion with gold-grade trypsin (Mass Grade, Promega). The digested samples 578 

were analyzed using a MALDI-TOF-TOF tandem mass spectrometer (ABI 4800 Proteomics Analyzer, 579 

Applied Biosystems, Framingham, MN). For mass spectrometry analysis, 0.4 μL of each sample was 580 

spotted onto a MALDI plate followed by the addition of 0.4 μL of matrix solution (0.5 M CHCA in 50% 581 

(v/v) acetonitrile (HPLC grade, Fisher) and 0.05% (v/v) trifluoroacetic acid (HPLC grade, Merck)). Mass 582 

spectra were acquired using 4000 Series Explorer Software v3.5 in batch processing mode for both MS 583 

and MS/MS. All MS survey scans were recorded in the mass range of m/z 800–4000 using the reflection 584 

positive-ion mode. MS peaks were detected with a minimum signal-to-noise ratio (S/N) ≥ 10 and a cluster 585 

area S/N threshold ≥ 40, without smoothing or raw spectrum filtering. Peptide precursor ions 586 

corresponding to contaminants such as keratin and trypsin autolytic products were excluded within a 587 

mass tolerance of 0.5 Da. For protein identification, the acquired MS/MS data were analyzed using 588 

Protein Pilot software (Applied Biosystems, Framingham, MN) and searched against the NCBI non-589 

redundant protein sequence database (NCBI-nr) and the Swiss-Prot database. The search parameters 590 

included trypsin as the proteolytic enzyme, allowing for up to one missed cleavage; 591 

carbamidomethylation of cysteine was set as a fixed modification, while oxidation of methionine was 592 

considered a variable modification. Proteins with a Mowse score exceeding 60 (significant at a 95% 593 

confidence interval) were considered positively identified and are reported. 594 

Modulated chlorophyll fluorescence techniques 595 

The visible NPQ and Fv/Fm were measured using a modulated chlorophyll a fluorescence imager 596 

(CF imager, Technologica, UK). The system was equipped with a double-ring array of 96 LEDs providing 597 

actinic blue light, measuring light (~18 μmol photons m−2 s−1), and saturating pulses (12,000 μmol 598 

photons m−2 s−1, 600 ms duration) with a peak wavelength at 470 nm. A charge-coupled device (CCD) 599 

camera with a resolution of 640 × 480 pixels captured fluorescence images, which were visualized using 600 

a false-color scale (0 −1). For each measurement, plants were dark-acclimated for >30 min before 601 

measurement. The minimal fluorescence yield (Fo) was recorded under measuring light, and the maximal 602 

fluorescence yield (Fm) was measured immediately after applying a saturating pulse. Fv/Fm was 603 

calculated as (Fm − Fo)/Fm. To assess NPQ, leaves were exposed to actinic light (1,066 μmol photons 604 

m−2 s−1) for 10 min to induce steady-state photosynthesis. Subsequently, leaves were dark-adapted for 5 605 

min, and NPQ was calculated as (Fm −Fm′)/Fm′, where Fm′ is the maximal fluorescence yield under 606 

actinic light. 607 

The steady-state light response curves was measured with the Dual PAM100 (Walz, Effeltrich, 608 

Germany). Fully dark-adapted leaves (30 min) were exposed to a series of actinic light intensities ranging 609 

from 0 to 1805 μmol photons m−2 sec−1. Each light intensity was maintained for 2 min to ensure 610 

attainment of steady-state photosynthetic conditions, during which chlorophyll fluorescence parameters 611 

were recorded. Fluorescence parameters and coefficients were defined according to Rohácek59. The 612 

following yield values were calculated as described by Hendrickson et al. (2004)60: The yields of PSII 613 



photochemistry (Y(PSII) = (Fm′-F)/Fm'), regulated thermal dissipation (Y(NPQ) = F/Fm '- F/Fm) and 614 

constitutive energy loss (Y(NO) = F/Fm, which includes non-regulated thermal dissipation in PSII and 615 

fluorescence emission) were calculated as described in previous studies27. 616 

The state transition were monitored with the Dual PAM100 based on an experiment procedure 617 

described previously27. Dark-adapted (12 h) leaves were first exposed to HL (800 μmol photons m−2 s−1) 618 

for 10 min, followed by far-red light application for 10 min in the background of HL. The experimental 619 

sequence was repeated. During the experiment, a saturated pulse was used every minute to obtain the 620 

Fm'/Fm, which can reflect the change of PSII fluorescence. If P-CP24 was involved in the state transition 621 

in HL, the Fm'/Fm should increase in FR light duo to a transition to state 1 in the background of HL. It 622 

can also be reverted by turn off FR light in the background of white HL. 623 

For NPQ measurements on dark-adapted leaves, the Dual PAM−100 system was used. NPQ 624 

induction of leaves from dark-adapted 30 min plants was measured by exposed them to GL (50 µmol 625 

photons m−2 s−1) or HL (800 µmol photons m−2 s−1) for 10 min. Subsequently, NPQ relaxation was 626 

followed during a 20 min in darkness. The NPQ components were resolved in semi-logarithmic plots 627 

based on their t1/2 values as described in previous studies27,61. In the time scale used for relaxation 628 

experiments, NPQ relaxed biphasically. The residual NPQ fraction after 20 min approximated qI, which 629 

is almost irreversible over such an interval (Lichtenthaler et al., 2005).  630 

For NPQ measurements on functional chloroplasts, isolated chloroplasts (40 mg chlorophyll/mL) 631 

were suspended in buffer containing 10 mM methylviologen, 0.5 mM ATP, and 15 mM Asc. Chloroplast 632 

samples were divided into three groups: (1) wild-type with ATP and CP24 phosphorylation inhibitor 633 

k252a (WT + ATP + k252a), (2) wild-type with ATP only (WT + ATP), and (3) wild-type control without 634 

k252a and ATP (WT). Each 1.5 mL aliquot was loaded into a 3 mL quartz cuvette with a magnetic rotor 635 

to prevent sedimentation during measurements. NPQ was induced by 800 µmol photons m-² s-¹ 636 

illumination for 16 min, followed by 10 min of dark relaxation to monitor quenching recovery using the 637 

Dual PAM100. 638 

For Fv/Fm measurements on functional chloroplasts, the chloroplasts were first exposed to HL of 639 

1000 µmol photons m−2 s−1 followed by 30 min dark-adaption, and then Fv/Fm were measured using the 640 

Dual-PAM−100 system. 641 

Singlet oxygen production analysis 642 

Singlet oxygen production in functional chloroplasts was measured as described previously51. 643 

Briefly, the functional chloroplasts at 80 µg/ml concentration in a solution containing 0.03% α-DM, 20 644 

mM Hepes, pH 7.5, 2 µM Single Oxygen Sensor Green™62, 20 mM ATP and with or without k252a were 645 

illuminated at 1000 µmol photons m−2 s−1 for different times. The increase of the concentration of singlet 646 

oxygen in solution was detected by measuring the Sensor Green specific fluorescence at 530 nm, with a 647 

480 nm excitation. 648 

Purification of recombinant PBCP (rPBCP) and dephosphorylation assays of P-CP24 649 

The cDNA of B. incana was used as the template for PCR amplification, with primers designed 650 

based on the 20-bp upstream and downstream flanking sequences of the AtPBCP cDNA. Chloroplast 651 

transition peptide was determined using ChloroP method. cDNA sequences of the predicted mature PBCP 652 

proteins were cloned into pET28a (Invitrogen) to include a C-terminal 6×His tag and expressed in 653 

Escherchia coli strain BL21. IPTG was added to induce expression of the PBCP protein at 16 °C for 20 654 

h. Following cell lysis and centrifugation at 8000 g, the supernatant containing recombinant PBCP was 655 

loaded onto Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen). The Ni-NTA was washed with PBS buffer 656 

with 30 mM imidazole, and rPBCP was eluted with PBS buffer containing 300 mM imidazole. 657 



Recombinant PBCP eluted at the expected size of 30 kD was concentrated to stocks of 1 mg/ml. 658 

Subsequently, 1 µg rPBCP was incubated together with thylakoid membranes corresponding to 1 µg total 659 

chlorophylls in the dephosphorylation buffer contained 25 mM Tricine-NaOH (pH 7.8), 100 mM sorbitol, 660 

10 mM KCl, 5 mM MgCl2, and 10 mM DTT as described previously24. 661 

Identification and quantification of pigments by HPLC 662 

Pigments were extracted from chloroplast samples63 and analyzed by HPLC as described 663 

previously64 with slight modifications. HPLC was performed with a C−18 reversed-phase column (4.6 664 

mm×250 mm, 5 μm particle size, Grace, USA) in a Waters e2695 separation module equipped with a 665 

Waters 2998 photodiode array detector. The pigments were eluted at a flow rate of 1 ml min−1 using 666 

solvent A (acetonitrile: methanol, 75: 25) for the first 9 min, followed by a 3 min linear gradient with 667 

solvent B (methanol: ethylacetate, 70: 30), which continued isocratically until the end of the 27 min 668 

separation. The column was re-equilibrated in solvent A at a flow rate of 1 ml min−1 for 10 min prior to 669 

the next injection. Pigments were detected by their absorbance at 440 nm. The standard samples of Chl 670 

a, Chl b, zeaxanthine and lutein used were purchased from Sigma-Aldrich. The addition of Asc, a 671 

cofactor of violaxanthin de-epoxidase, is essential for the detection of zeaxanthin. 672 

Steady state fluorescence and time-resolved fluorescence analysis 673 

Low-temperature (77 K) spectra were recorded on thylakoid membranes (5 μg total Chl mL−1), 674 

by using a F-700 fluorescence spectrofluorimeter (Hitachi, Ltd, Japan). For the emission spectra, 675 

excitation was defined at 436 nm with a 5 nm bandwidth, with emission being measured between 676 

600 and 800 nm. Each spectrum was taken three times, and normalised at 0 and 1. Time-resolved 677 

fluorescence spectra were measured with time-correlated single-photon counting system at 77 K as 678 

described previously65. Excitation wavelength was 480 nm. The time interval for data acquisition was 679 

set 26 ps/channel. Spectral data were measured with a 2-nm interval. Fluorescence rise and decay curves 680 

were analyzed by global analysis66 to obtain fluorescence decay-associated spectra (FDAS). 681 

Room-temperatrure fluorescence decay analysis 682 

Time-resolved fluorescence decays at room temperature (23°C) were acquired using time-correlated 683 

single-photon counting on a FluoroCube (HORIBA Jobin-Yvon), as previously described32. The complex 684 

was excised from the lpCN-PAGE and placed on the FluoroCube. Chlorophylls were excited at 463 nm 685 

with a picosecond pulse diode laser (DD-470L; HORIBA Jobin Yvon) operating at a 10-MHz repetition 686 

rate (1.64 pJ per pulse). Emission was detected at 695 nm through a monochromatic detector with a 687 

bandwidth of 8 nm. 688 
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Figure legends 870 

 871 

Figure 1: B. incana maintains superior photoprotection and PSII stability relative to A. thaliana 872 

under HL conditions via enhanced NPQ 873 

a The maximal quantum yield of PSII in B. incana and A. thaliana, presented as the Fv/Fm ratio 874 

following dark acclimation, visualized as false-color images. b Comparative visualization of NPQ 875 

phenotypes under 1066 μmol photons m−2 s−1 in B. incana and A. thaliana using chlorophyll fluorescence 876 

imaging. Representative images show NPQ values. Data are means ± standard deviation (SD) from at 877 

least three independent biological replicates. c Dual-PAM characterization of NPQ kinetics in B. incana 878 

and A. thaliana. NPQ kinetics were monitored over a 360 s HL illumination period (1066 μmol photons 879 

m−2 s−1), followed by a 240 s dark relaxation phase. White and black bars in the panel denote the 880 

illumination and dark periods, respectively. Data are means ± SD from at least five independent 881 

biological replicates. d Minimum slope of NPQ relaxation immediately after lights-off derived from the 882 

data in panel (c) e – i Light-response curves of key photosynthetic parameters: measured after 30 min 883 

dark adaptation, at increasing light intensities (2 min per measurement). e Quantum yield of regulated 884 

thermal dissipation (Y(NPQ)). f Quantum yield of non-regulated thermal dissipation (Y(NO)). g Non-885 

photochemical quenching (NPQ). h Relative linear electron transport rate (rETR). i Quantum yield of 886 

PSII photochemistry (Y(II)). All symbols and error bars represent the mean ± SD calculated from at least 887 

three independent biological replicates. 888 
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 894 

Figure 2: HL induces enhancement of CP24 phosphorylation 895 

a Comparison of PSII phosphoproteins between B. incana and A. thaliana. Plants grown under growth 896 

light (GL,100 μmol photons m−2 s−1) were exposed to high light (HL, 1,000 μmol photons m−2 s−1 for 30, 897 

60 and 90 min), respectively. All lanes were loaded with 2 μg chlorophyll (Chl). b Mass spectrometric 898 

identification of the phosphopepide of CP24 contained P-Thr178. The peptide was dissociated using 899 

higher energy colision-induced disociation in mass spectrometer, which can break peptide bonds and 900 

yield a series of b and y ions. c Quantification of phosphopeptide of CP24 protein. Data are presented as 901 

mean ± SD (n=2). The abundance of phosphorylated CP24 peptides under HL treatment was compared 902 

with that under GL conditions using unpaired two-tailed t-tests. Statistical significance was defined as 903 

follows: *p＜0.05; **p＜0.01; ns, not significant. d Multiple sequence alignment of CP24 from B. 904 



incana, A. thaliana and S. martensi. Chloroplast transport peptides determined using ChloroP1.1 online 905 

software are marked with black lines below the amino acid sequence. The phosphorylated site were 906 

labeled with a green box. 907 
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 936 

Figure 3: Characteristics of kinase and phosphatase regulating CP24 phosphorylation 937 

a In vivo reversibility phosphorylation of CP24 in B. incana. Plants were dark adapted for 12 hours (D12) 938 

and then subjected to PSII light (red light, RED) at an intensity of 30 μmol photons m−2 s−1) or high light 939 

(HL, 1000 μmol photons m−2 s−1) for 2 hours. For recovery assays, HL-treated plants were transferred to 940 

darkness at defined intervals (15min – 6h), or exposed to PSI light (Far-red light (FR) at an intensity of 941 

6 μmol photons m−2 s−1) for 15min to monitor phosphorylation levels. b Recombinant PBCP (rPBCP) of 942 

B. incana can dephosphorylate P-CP24. Thylakoid membranes were illuminated for 30 min with white 943 

light (1000 μmol photons m−2 s−1) in the presence of ATP and then incubated for 10 or 15 min in the dark 944 

in the presence of 5 μg rPBCP in the dephosphorylation buffer. As a control, samples were resuspended 945 

in the dephosphorylation buffer and then incubated in the dark for 15 minutes. c In vitro phosphorylation 946 

of CP24 in isolated functional chloroplasts. Chloroplasts were exposed to HL (1000 μmol photons m−2 947 

s−1) for 30 min in the presence (HL + ATP) or absence of ATP (HL) or were adapted in the dark for 30 948 

min in the presence of ATP (D + ATP). d Localization of CP24 kinase was detected by inducing CP24 949 

phosphorylation in functional chloroplasts or thylakoids, illuminated with white light (1000 μmol 950 

photons m−2 s−1) for 30 min in the presence of ATP or were adapted in the dark for 30 min in the presence 951 

of ATP (D + ATP). e Effect of kinase inhibitors on CP24 phosphorylation in functional chloroplasts. 952 

Inhibitors used were k252a, W7 and U0126. The functional chloroplasts were illuminated with white 953 

light (1000 μmol photons m−2 s−1) for 30 min in the presence of these chemicals. f Effect of electron 954 

transfer inhibitors on CP24 phosphorylation in functional chloroplasts. The functional chloroplasts were 955 

illuminated with white light (1000 μmol photons m−2 s−1) for 30 min in the presence of DCMU or DBMIB. 956 

Immunodetection was performed using anti-P-Thr, anti-CP24 and anti-Rubisco (RbcL) antibody, 957 

respectively. All lanes were loaded with 3 μg Chl. 958 
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 967 

Figure 4: Native localization of phosphorylated CP24 in B. incana 968 

a Thylakoid membranes isolated from B. incana grown under GL (100 μmol photons m−2 s−1) were 969 

solubilized with β-dodecyl maltoside (β-DM, final concentration of 1% (w/v)) and subsequently 970 

separated by lp-BN/SDS-PAGE. b Thylakoid membranes isolated from B. incana exposed to HL (1000 971 

μmol photons m−2 s−1) for 1 h were solubilized with β-dodecyl maltoside (β-DM, final concentration of 972 

1% (w/v)) and subsequently separated by lp-BN/SDS-PAGE. c Thylakoid membranes isolated from B. 973 

incana grown under GL (100 μmol photons m−2 s−1) were solubilized with digitonin (dig, final 974 

concentration of 1% (w/v)) and subsequently separated by lp-BN/SDS-PAGE. d Thylakoid membranes 975 

isolated from B. incana exposed to HL (1000 μmol photons m−2 s−1) for 1 h were solubilized with 976 

digitonin (dig, final concentration of 1% (w/v)) and subsequently separated by lp-BN/SDS-PAGE. For 977 

lp-BN/SDS-PAGE, 10 μg of Chl was loaded per lane. Immunodetection was performed using anti-P-Thr, 978 

anti-CP24, and anti-PsbS antibodies, respectively. 979 
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 984 

Figure 5: Effect of CP24 phosphorylation on photoprotection in functional chloroplasts 985 

a NPQ Kinetics in B. incana chloroplasts. NPQ kinetics were monitored during three consecutive 986 

illumination cycles, each consisting of 15 min exposure to actinic light (1000 μmol photons m−2 s−1) 987 

followed by a 10 min dark recovery period. b Maximal quantum yields of PSII (Fv/Fm) in B. incana 988 

Chloroplasts.The Fv/Fm was measured in chloroplasts isolated from B. incana after exposure to actinic 989 

light (1000 μmol photons m−2 s−1) for 30 min or 60 min, in the presence or absence of the protein kinase 990 

inhibitor k252a. c Singlet oxygen production (1O2) in chloroplasts. The generation of 1O2 in isolated 991 

chloroplasts was quantified at multiple time points using the fluorescent probe Singlet Oxygen Sensor 992 

Green (SOSG). Experiments were performed under control conditions (absence of k252a) and in the 993 

presence of the protein kinase inhibitor k252a. d Immunodetection of thylakoid phosphoproteins in B. 994 

incana under different light conditions. Thylakoid membrane phosphoproteins were isolated from B. 995 

incana plants grown under growth light (100 μmol photons m−2 s−1) and exposed to either: PSII light 996 

(RED) for 2 hours, or PSI light (FR) for 4 hours. Immunodetection was performed to analyze light-997 

specific phosphorylation patterns. e NPQ kinetics in chloroplasts isolated from leaves exposed to three 998 

light qualities as described in (d) and activated by actinic light (1000 μmol photons m−2 s−1). f 999 

Immunodetection of thylakoid phosphoproteins isolated from A. thaliana wild-type (WT), stn7, stn8 and 1000 

stn7/8 mutant. Samples were analyzed using an anti-P-Thr antibody. g NPQ kinetics of A. thaliana WT 1001 

and stn7/8 mutant with actinic light of 1000 μmol photons m-2 s−1. For immunodetection experiments, all 1002 

lanes were loaded with 3 μg Chl. Symbols and error bars show mean ± SD from at least three biological 1003 

replicates. 1004 
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 1006 

Figure 6: Assays of state transition and resolution of NPQ components 1007 

a Demonstration of state transition by controlling the presence or absence of FR under a HL background. 1008 

b NPQ kinetics of B. incana was measured with actinic light at 100 μmol photons m-2 s−1 (GL) and 1000 1009 

μmol photons m-2 s−1 (HL), respectively. c Semi-logarithmic plots of NPQ. The data from the dark 1010 

relaxation for 20 min in (b) were used to generate Semi-logarithmic plots. These plots illustrate the 1011 

contribution of qT (state transitions) to NPQ. d Quantification of the three components of NPQ (qE, qT 1012 

and qI). The quantification was based on the semi-logarithmic plots of NPQ in (c). e Localization of P-1013 

CP24 and CP24 in thylakoid membranes fractions. Thylakoid membrane fractions (grana and stroma-1014 

enriched) were isolated from plants grown under GL (100 μmol photons m−2 s−1) or exposed to HL (1000 1015 

μmol photons m−2 s−1) for 2 hours. These fractions were subsequently separated by SDS-PAGE. The 1016 

localization of P-CP24 and total CP24 was determined by immunoblotting using anti-P-Thr and anti-1017 

CP24 antibodies, respectively. The chlorophyll a/b ratio (Chl a/b) for each sample was indicated below 1018 

the corresponding lane. Thylakoid membrane samples were loaded with 5 μg Chl, while other fractions 1019 

were loaded with 5 μg Chl. All data points, represented by symbols, and error bars denote the mean ± 1020 

SD derived from a minimum of three independent biological replicates. 1021 
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 1031 

Figure 7: CP24 phosphorylation promotes the transfer of energy captured by CP47 to PSI 1032 

a 77 K fluorescence emission spectra of thylakoid membrane isolated from B. incana (red line) and A. 1033 

thaliana (black line). Samples were excited at 436 nm. b Fluorescence average lifetime (τAV) of  1034 

thylakoid membranes isolated from B. incana grown under growth light (GL) and exposed to high light 1035 

(HL). c Time-resolved fluorescence decay-associated spectrum (DAS) analysis of thylakoid membranes 1036 

isolated from B. incana grown under GL and HL conditions.. The DAS were normalized at PSI maximum 1037 

fluorescence of the corresponding lifetime components. The sample was excited at 480 nm at 2 μg Chl 1038 

mL−1. (d – g) Time-correlated single-photon counting of fluorescence recorded at 695 nm for different 1039 

thylakoid membrane complexes separated by lpCN-PAGE (Supplementary Fig. 8): d mc1, e PSI-1040 

megacomplexes, f LHCII assembly, g LHCII monomer. 1041 
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 1057 

Figure 8: A model of CP24 phosphorylation enhancing qE via spillover regulation 1058 

a Energy pool formation by low-Energy CP47 domains in PSII supercomplexes. Under GL, two low-1059 

energy CP47 domains at the center of dimeric PSII supercomplexes form an energy pool (red ellipse). 1060 

Energy preferentially transfers to CP47 (indicated by red arrows for energy upconversion and green 1061 

arrows for energy downconversion in B. incana), establishing a photoprotective mechanism even under 1062 

moderate light intensity. This process limits energy transfer to high-energy PSII core units, which remain 1063 

susceptible to photodamage despite low-light conditions. b Energy accumulation in CP47 in GL in B. 1064 

incana. The accumulation of energy in CP47 is evidenced by a pronounced fluorescence emission peak 1065 

at 695 nm in fluorescence emission spectrum. c CP24 phosphorylation-induced spillover under HL. 1066 

Transition from GL to HL conditions triggers massive phosphorylation of the minor PSII antenna protein 1067 

CP24, inducing conformational changes that facilitate energy transfer from CP47 to PSI. This promotes 1068 

spillover, a process redirecting excess energy away from PSII. d P-CP24 promotes spillover for 1069 

photoprotection via PSI-mediated energy dissipation. CP24 phosphorylation enhances spillover 1070 

efficiency, accelerating CP47-to-PSI energy transfer. Energy quenching in PSI reduces the fluorescence 1071 

emission peak at 695 nm, alleviating excitation pressure on PSII at the molecular level. 1072 
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