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A B S T R A C T

Non-photochemical quenching (NPQ) is a collective term for photoprotective processes that safely dissipate 
excess light energy as heat. The moss Physcomitrium patens is an interesting species for the study of NPQ as it 
contains PsbS (indispensable for NPQ in vascular plants), LhcSR (indispensable for NPQ in green algae) and a 
xanthophyll cycle, which interconverts violaxanthin (Vx) and zeaxanthin (Zx) and is also imperative for NPQ. 
Here, we aimed to disentangle the individual contributions of PsbS, LhcSR and Zx to NPQ. NPQ induction and 
relaxation were measured for wild-type P. patens and thirteen mutants with altered NPQ at a wide range of light 
intensities. We applied a multivariate data analysis pipeline to find distinct kinetic components underlying NPQ, 
together with their contributions to NPQ. A slowly-rising component provides most NPQ, especially at higher 
light intensities. Another component contains a transient NPQ peak with a fast rise, providing quick protection, 
and requires the presence of either PsbS or LhcSR. Both components are enhanced by the combined presence of 
Zx and LhcSR. While PsbS-related NPQ is less dependent on Zx, in contrast to the situation in vascular plants, Vx 
to Zx conversion enhances LhcSR-related NPQ at all light intensities and within the first minute of illumination. 
The influence of Zx is thus broader than previously recognized, especially through its synergistic interaction with 
LhcSR.

1. Introduction

Photosynthesis converts light energy into chemical energy stored in 
the bonds of organic compounds. However, too much light is harmful for 
the photosynthetic apparatus. At higher light intensities, the rate of 
photon absorption exceeds the rate of photochemical quenching in the 
two photosystems. The excess energy increases the probability of triplet 
chlorophyll and singlet oxygen formation, which can cause photo
damage [1–3]. To prevent such damage, photosynthetic organisms have 
evolved different photoprotective mechanisms [4]. An important 
mechanism is non-photochemical quenching (NPQ), a collective term 
for processes that are activated upon exposure to excess light and safely 
dissipate excess energy as heat [5–9]. Understanding the principles of 
NPQ is critical not only for elucidating fundamental photosynthetic 
mechanisms, but also for efforts to improve crop productivity under 
fluctuating light conditions [10–12].

There are multiple molecular mechanisms that contribute to NPQ in 

photosynthetic organisms. In vascular plants, the protein Photosystem II 
Subunit S (PsbS) is essential for NPQ formation [13,14]. PsbS is a 
member of the light-harvesting complex (LHC) superfamily but does not 
bind pigments [15,16]. This is in contrast to Light-Harvesting Complex 
Stress-Related (LhcSR) proteins, indispensable for NPQ in green algae 
[17], which do bind chlorophylls and xanthophylls [18]. LhcSR proteins 
are also members of the LHC superfamily [19]. Both PsbS [13] and 
LhcSR [18,20] are able to sense the low luminal pH induced by excess 
light, triggering the activation of NPQ. Low pH in the lumen also acti
vates violaxanthin de-epoxidase (VDE) [21], which catalyzes the con
version of violaxanthin (Vx) to zeaxanthin (Zx) via antheraxanthin in the 
xanthophyll cycle [22,23]. Zx is a carotenoid that enhances NPQ and 
supports energy dissipation under excess light. Reconverting Zx back to 
Vx occurs in low-light conditions via zeaxanthin epoxidase (ZEP) [24]. 
Changes in the de-epoxidation state of the total pool of the xanthophyll 
pigments can be observed within minutes of light treatment [25,26]. 
Most Zx is reconverted to Vx within an hour after light stress [26,27]. In 
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vascular plants, the full contribution of Zx to NPQ requires the presence 
of PsbS [28,29]. The quenching mechanism activated by PsbS, in func
tional interaction with Zx, is not known, but could involve for example 
lutein and trimeric LHCII [9,30,31]. In diatoms, the xanthophyll- 
dependent quenching requires the presence of Lhcx proteins [32–34], 
closely related to LhcSR proteins [35]. Most of our understanding of 
NPQ kinetics and its molecular basis comes from vascular plants, which 
lack LhcSR [36,37]. As a result, the interplay between LhcSR, PsbS and 
Zx remains unclear.

The moss Physcomitrium patens, the descendant of an evolutionary 
intermediate between green algae and vascular plants, is an interesting 
species to study NPQ, as both PsbS and LhcSR are constitutively 
expressed [36] and it has an active xanthophyll cycle [38]. In P. patens, 
both PsbS and LhcSR contribute independently to NPQ, with little evi
dence of mutual interaction. Of the two, LhcSR plays a larger role in 
providing photoprotection [36,39]. P. patens contains two LhcSR pro
teins (LhcSR1 and LhcSR2), with LhcSR1 accumulating to higher levels 
and generating most NPQ [36,39]. P. patens shows higher levels of NPQ 
than Arabidopsis thaliana, a model species for vascular plants [36]. 
Knock-out studies have shown that the presence of Zx is important for 
the formation NPQ in P. patens [40]. However, the interactions between 
LhcSR, PsbS and Zx were only probed at high light intensities.

In this study, we aim to disentangle the individual contributions of 
LhcSR, PsbS and Zx to NPQ in P. patens for a wide range of light in
tensities. Therefore, we employed a multivariate analysis pipeline that 
was previously developed for and applied to A. thaliana [41]. In 
A. thaliana, NPQ induction has been resolved into a limited number of 
kinetic components that have distinct contributions at different light 
intensities [29,41]. These components were correlated to important 
NPQ processes by studying mutants with altered NPQ and chemically- 
treated plants. A slowly-rising component was linked to the accumula
tion of Zx in presence of PsbS, while two faster components with a 
transient peak were associated with the rapid pH-dependent activation 
of PsbS [13,41]. Applying the analysis pipeline to P. patens, which ex
presses both PsbS and LhcSR, offers a unique opportunity to distinguish 
the individual roles and interactions of these proteins across a physio
logically relevant light gradient.

We applied the multivariate data analysis pipeline [41] to P. patens to 
identify and quantify distinct kinetic components in NPQ induction and 
determine their association with PsbS, LhcSR, and Zx. NPQ induction 
and relaxation were measured with PAM fluorometry across a range of 
red actinic light intensities extending from below growth light to satu
rating light in wild-type P. patens and thirteen mutants affected in their 
NPQ. The resulting NPQ induction curves were analyzed with the 
multivariate analysis pipeline to resolve individual kinetic components 
and quantify their contributions to the total NPQ [41]. Analysis of the 
NPQ mutants enabled us to link individual kinetic components to PsbS, 
LhcSR and/or Zx. NPQ in P. patens can be accurately described with two 
kinetic components. A slowly-rising component is responsible for most 
NPQ, especially at higher light intensities. The contribution of this 
component is largely determined by the combination of Zx and LhcSR. 
The second component contains a transient peak and requires the 
presence of either PsbS or LhcSR, with LhcSR generating more NPQ. This 
component provides fast protection upon illumination changes. The 
LhcSR-related NPQ is heavily dependent on Vx to Zx conversion, at all 
light intensities and within a minute of illumination, while PsbS-related 
NPQ is less dependent on this conversion. Our results show that Vx to Zx 
conversion plays an extended role in NPQ, even at low light intensities, 
particularly in conjunction with LhcSR. These findings contribute to a 
more complete and quantitative understanding of photoprotection in 
early land plants.

2. Materials and methods

2.1. Plant material and growth conditions

P. patens Gransden wild type (WT) strain and mutants affected in 
their NPQ (vde KO [40], vde psbs KO [40], vde lhcsr1 lhcsr2 KO ([40] from 
now on referred to as vde lhcsr KO), psbs KO [36], lhcsr1 KO [36], lhcsr2 
KO[36], lhcsr1 lhcsr2 KO (from now on referred to as lhcsr KO) [36], psbs 
lhcsr1 KO [36], psbs lhcsr2 KO [39], psbs lhcsr1 lhcsr2 KO (from now on 
referred to as psbs lhcsr KO) [36], zep KO [42], zep psbs KO [43], zep 
lhcsr1 lhcsr2 KO (from now on referred to as zep lhcsr KO; [43]) were 
included in this study (summarized in Supplementary Table 1). Proto
nemal tissue of P. patens was grown on minimal medium [44], supple
mented with 0.5 g/L ammonium tartrate for both measurements and 
propagation. The plants were grown for 10–13 days at 50 μmol photons 
m− 2 s− 1 white light, with a 16 h light/8 h dark photoperiod and 60% 
relative humidity.

Chemical treatment was applied to inhibit certain processes impor
tant for NPQ. Protonemal tissue of P. patens was incubated with 5 mM D, 
L-dithiothreitol (DTT; inhibits among others the production of Zx) or 50 
μM Nigericin (disrupts the pH difference across the thylakoid mem
brane) in 150 mM sorbitol, 10 mM 4-(2-hydroxyethyl)-1- piper
azineethanesulfonic acid (HEPES; pH 7.5) buffer for at least 40 min in 
the dark at room temperature before measurements.

2.2. Pulse amplitude modulated (PAM) fluorometry

PAM fluorometry experiments were performed on a Mini-PAM-II 
(Walz), with a red actinic light source. Both red and blue light induce 
chloroplast movement in P. patens [45–47]. At higher light intensities, 
this light source could have initiated avoidance responses in chloro
plasts. These avoidance responses decrease chlorophyll fluorescence, 
which increases the measured NPQ compared to the actual NPQ.

Before the measurements, plants were dark acclimated for at least 45 
min. The measurement setup was controlled with a batch file in the 
WinControl-3.30 software supplied by Walz. Saturating pulses consisted 
of 6000 μmol photons m− 2 s− 1 for 800 ms. The Fv

Fm
= (Fm − Fo)/Fm was 

determined, followed by a period of darkness of 25 s. Subsequently, the 
red actinic light was switched on for 10 min at a light intensity between 
15 μmol photons m− 2 s− 1 and 1150 μmol photons m− 2 s− 1. The effect of 
the actinic light was probed with saturating pulses (Fm’) to determine 
NPQ (NPQ =

(
Fm − Fḿ

)
/Fḿ). Saturating pulses were applied every ten 

seconds for the first two minutes, to capture the complex changes in the 
NPQ during this period, and every 30 s for the rest of the actinic light 
period. This regime of saturating pulses is likely slightly actinic in nature 
but did not affect the kinetics of NPQ induction in A. thaliana [41]. After 
the illumination period, far-red light was switched on for two seconds, at 
intensity setting twelve, to open the Photosystem II (PSII) reaction 
centers (RCs). This allowed us to determine the Fo’ parameter, necessary 
for the calculation of the qP parameter (qP =

(
Fḿ − Fʹ)/

(
Fḿ − Fó

)
), 

which is a proxy for the fraction of open PSII reaction centers. For the Fo’ 
value, the minimum F value was determined in the thirty seconds after 
the far-red light was switched off. The mean of the ten F measurements 
surrounding this minimum value was taken as the Fo’ measurement to 
account for measurement noise. This was followed by a nine-minute 
period of darkness, to allow for relaxation of NPQ, with saturating 
pulses every minute. Per light intensity, measurements were performed 
on at least three biological replicates.

2.3. Correction for the zep KO mutants

The zep KO mutants quench in the dark-adapted state, which lowers 
the apparent NPQ value and the dark-adapted Fv

Fm 
value, measured with 

PAM fluorometry ([43]). The quenching in the dark can be identified by 
a decrease in the PSII fluorescence lifetime of the zep KOs in the dark- 
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adapted state when all RCs are closed (Fm). Based on the lifetime of WT 
in Fm, which does not quench in the dark-adapted state, a correction 
factor can be determined to correct for the lower Fm due to dark-adapted 
quenching [29]. This assumes the zep KO mutants would have the same 
dark-adapted Fm as WT plants in case they would not have had the dark- 
adapted quenching. This yields the following equation: 

FNo NPQ
m = FObserved

m

[
τNo NPQ

Fm

τObserved
Fm

]

where FNo NPQ
m is the estimated value of the dark-adapted fluorescence 

yield with fully closed PSII RCs and no NPQ, FObserved
m is the measured 

value of the dark-adapted fluorescence yield with fully closed PSII RCs 
with long-term quenching (as in the zep KO mutants), τNo NPQ

Fm 
is the 

theoretical value of the average dark-adapted fluorescence lifetime with 
fully closed PSII RCs and no NPQ (assumed to be the same as in WT 
plants) and τObserved

Fm 
is the measured value of the average dark-adapted 

fluorescence lifetime with fully closed PSII RCs with long-term 
quenching (as measured in the zep KO plants) [29].

To determine the average lifetimes necessary for the correction 
factor, the data from the streak-camera measurements on P. patens WT 
and zep KO's from Beraldo et al. [43] was used. These measurements 
were performed with PSII RCs that were closed by the application of 
DCMU. The MINI-PAM-II has a 700 nm cutoff for fluorescence. The 
streak-camera setup collects a wider range of the emission spectrum. To 
account for the cutoff in the MINI-PAM-II, the average lifetime was 
determined above 700 nm. This was achieved by determining the con
tributions of both the PSI and the PSII Decay-Associated Spectrum above 
700 nm and multiplying these with their corresponding lifetimes. This 
average lifetime above 700 nm was determined for WT P. patens, the zep 
KO, the zep psbs KO and the zep lhcsr KO (Supplementary Fig. 1). These 
were then applied to correct the dark-adapted Fm of the zep KO mutants 
to account for the dark-adapted quenching (Supplementary Table 2). 
This allows us to determine whether the zep KO mutants reach similar 
steady-state NPQ levels as their respective counterparts that do no 
accumulate Zx.

2.4. Data analysis

Data analysis was performed with the multivariate analysis pipeline 
developed to deconvolute NPQ kinetics in vascular plants [41]. This 
pipeline resolves individual kinetic NPQ components with distinct 
contributions to the total NPQ from NPQ induction curves. Plants with 
an Fv

Fm 
value of >0.65 were included in the data analysis pipeline, except 

for the zep KO [42], zep psbs [43], zep lhcsr KO [43] plants, where a cutoff 
value of 0.6 was applied, due to their quenching in the dark-adapted 
state ([43]).

Briefly, the pipeline first applies Principal Component Analysis 
(PCA) to extract components that vary strongly across the applied 
actinic light intensities (compared to the biological variance) (Supple
mentary Fig. 2) [48,49]. PCA can be performed with as many compo
nents as is necessary to account for most of the variance. A scree plot, 
which shows the percentage of the total explained variance versus the 
total number of components, helps to decide on the number of compo
nents. The elbow point, defined as the point with the maximum curva
ture, is a guideline for the number of components that are included [50]. 
Next, full harmonic phasor analysis (FH-phA) is applied to identify any 
additional components that do not vary as strongly with respect to the 
actinic light intensity changes (Supplementary Fig. 3) [51–54]. Each 
NPQ induction curve is transformed to the associated 2D phasor space, 
where the location of the point corresponds to the profile of the induc
tion curve. Biological variation among the NPQ induction curves in
troduces scatter in this phasor data cloud. Based on the data cloud, the 
location of the point representing the average NPQ curve of the dataset 
and the location of the point representing the principle component(s) 

found with PCA, an extra component is located using Euclidian geom
etry [53,54]. The spread induced by biological variation among the NPQ 
induction curves reduces the precision with which the underlying ki
netic components can be geometrically resolved. The combination of 
these techniques gives an approximation of the contributions of the in
duction profiles to the total NPQ, for each induction curve included in 
the data set. The contributions of the induction profiles are used as input 
for Non-negative Matrix Factorization (NMF) to allow for deconvolution 
of the data into NPQ components with distinct normalized induction 
profiles and their contributions to the total induced NPQ [41,55]. As 
NMF is applied to data with biological variation, the certainty with 
which component shapes can be resolved is correspondingly limited. 
The contributions of the individual components to each of the NPQ in
duction curves in the data set are fitted with either a linear relationship 
or a Hill-function, dependent on which fit results in the smallest error.

3. Results

In this study, we aimed to disentangle the kinetic components un
derlying NPQ in the moss P. patens. We have measured NPQ induction 
and relaxation curves with PAM fluorometry at a range of light in
tensities for WT P. patens and thirteen mutants with altered NPQ. The 
induction curves were analyzed with a multivariate analysis pipeline, 
previously developed to disentangle NPQ components in A. thaliana 
[41]. Analysis of the mutants, as well as chemically-treated P. patens to 
inhibit certain aspects of NPQ, enabled assignment of the obtained ki
netic components to specific underlying NPQ processes.

3.1. The shape of the NPQ induction curve changes across light intensities

NPQ induction and relaxation was measured in WT P. patens with 
different red actinic light intensities ranging from 15 μmol photons m− 2 

s− 1 to 1150 μmol photons m− 2 s− 1 (Fig. 1). The shape of the NPQ in
duction curve changed across the different light intensities. At low light 
intensities (<125 μmol photons m− 2 s− 1), a transient peak in NPQ 
occurred after approximately a minute of illumination and relaxed to a 
relatively steady level of NPQ within five minutes of illumination. This 
fast induction of NPQ is thus counteracted by other effects that diminish 
NPQ, such as the dissipation of the pH difference across the thylakoid 
membrane by the activation of the ATP synthase, linked to the activation 
of the Calvin-Benson-Bassham cycle. The action of K+-efflux antiporters 
can also diminish NPQ (see discussion) [56]. At higher light intensities, a 
small transient peak can still be observed, but instead of decaying to a 

Fig. 1. WT P. patens NPQ induction and relaxation measured at different light 
intensities. White background indicates the illumination period, while a gray 
background indicates darkness. Markers indicate the location of saturating 
pulses, with the connecting line being an interpolation between these data
points. Shading around the curves displays the standard error on the mea
surement. Light intensities are indicated in the legend. n ≥ 3.
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steady level, NPQ increased further to reach a steady state of NPQ at a 
level higher than the initial peak. The changes of the induction curve 
across light intensities indicate that there are distinct kinetic compo
nents underlying NPQ of which the contribution depends on the light 
intensity. A substantial part of the NPQ relaxed in the nine minutes of 
darkness following illumination.

3.2. Two distinct kinetic components can accurately describe NPQ 
induction in WT P. patens

Changes in the profile of the NPQ induction curves across a range of 
different light intensities can partly reveal the presence of different ki
netic components underlying NPQ. The NPQ induction curves measured 
at different light intensities were analyzed using the multivariate data 
analysis pipeline [41]. The NPQ induction curves were ordered ac
cording to the approximate fraction of PSII reaction centers (RCs) closed 
at the end of the illumination period where a steady-state (ss) of NPQ is 
reached ((1-qP)ss). This parameter is used instead of the actual light 
intensity as the light intensity the moss receives can vary slightly. 
Nevertheless, (1-qP)ss values correlated with the light intensity (Sup
plementary Fig. 4). Application of the (1-qP)ss parameter also allows for 
better comparison of the effect of light intensities across different 
strains. However, equal (1-qP)ss values do not necessarily correspond to 
equal luminal pH.

When fitting with two components, the data analysis pipeline results 
in two normalized, distinctly-shaped induction profiles (α and β) that 
underpin NPQ in WT P. patens (Fig. 2a). The α component rises slowly 
across the illumination period, reaching a steady state after 

approximately eight minutes. Fig. 2b shows the amount of NPQ corre
sponding to this component across the range of (1-qP)ss values at the end 
of the illumination period. The amount of NPQ ranged from 0.0 at low 
light (most PSII RCs open) to 5.0 at high light (most PSII RCs closed). The 
second component (β) contains a transient peak, which decays to a 
steady state of NPQ within five minutes of illumination (Fig. 2a). The 
amount of NPQ generated by this component remained relatively con
stant across (1-qP)ss values, starting at 1.8 for (1-qP)ss = 0.2 (low light 
intensity) and decreasing to 1.0 for (1-qP)ss = 0.8 (high light intensity) 
(Fig. 2c). The β component was responsible for most NPQ at low levels of 
RC closure, while at higher levels of RC closure, the α component 
generated more NPQ, explaining the complex shape changes observed in 
NPQ induction across light intensities (Fig. 1). Fig. 2d compares the 
reconstructed NPQ induction curves based on the analysis pipeline re
sults (solid line) and the data (markers). The two distinct kinetic com
ponents and their contributions uncovered with the data analysis 
pipeline could indeed accurately describe the complex NPQ induction 
curves across different light intensities. The accurate description of the 
data is reflected by the high average adjusted r2 value for the fit (0.96; 
Supplementary Fig. 5).

A fit with three components instead of two components only 
increased the average adjusted r2 value of the NPQ reconstruction 
slightly from 0.96 to 0.98 (Supplementary Fig. 6). As the biological 
variation on the P. patens NPQ induction data is relatively large, it is 
difficult to identify the exact shape of the kinetic components. This leads 
to difficulty separating similarly-shaped kinetic components, such as the 
β and γ kinetic components in the three-component fit, which both 
contain a transient peak. In this study, we have therefore chosen to fit 

Fig. 2. Summary of the data analysis pipeline result for WT P. patens, compared to the original dataset. a. The normalized induction profiles of the two decomposed 
kinetic components (α and β) that underpin the NPQ induction curves. b/c. The amount of NPQ generated by the α (b) and β (c) decomposed kinetic components. The 
scatter points reflect the contribution of the specific component to the total NPQ in each of the NPQ induction curves in the data set. The contributions vary linearly 
across the (1-qP)ss values. The fit is indicated by a dashed line and the standard deviation of the fit is shaded. d. Comparison of the NPQ reconstructed from the data 
analysis pipeline (solid line, where the shading indicates the standard error) and the original data (markers, with the standard error indicated by error bars). The data 
was binned according to its (1-qP)ss value with a bin size of 0.1. The (1-qP)ss bin of the data is indicated by the color bar. The NPQ constructed from the data analysis 
and the original data are only shown in the plot for bins with n ≥ 3. n ≥ 3 per light intensity for the original dataset (Fig. 1).
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with two distinct kinetic components as these also accurately fit the 
data. This accurate fit of the NPQ induction in P. patens with only two 
components may seem surprising considering that PsbS, LhcSR and Zx 
all contribute to its NPQ [36,40]. However, more than one process might 
contribute to each component.

3.3. Role of PsbS, LhcSR and Zeaxanthin in shaping NPQ kinetics

To determine how these distinct NPQ components are related to the 
activity of PsbS, LhcSR and Zx, NPQ induction of the mutants was 
analyzed with the same analytical pipeline as for WT [41]. First, NPQ 
was induced in the psbs lhcsr KO [36] (Fig. 3a). This mutant line lacks 
both the PsbS and LhcSR proteins and generates far less NPQ than WT. 
Notably, the NPQ induction curves of this mutant lack the transient peak 
characteristic of the WT NPQ induction curve at lower light intensities 
(Fig. 3a). Most of the generated NPQ did not relax in nine minutes in the 
dark compared to WT, which indicates photodamage-related quenching 

due to the lower level of photoprotection (Supplementary Fig. 7a). The 
NPQ induction curves of the psbs lhcsr KO mutant were similar to in
duction curves of WT treated with nigericin (Supplementary Fig. 8a), 
which is a pH uncoupler [57]. PsbS and LhcSR are activated upon 
acidification of the thylakoid lumen and are therefore not active in 
nigericin-treated WT [13,20]. Acidification of the thylakoid lumen ac
tivates VDE as well [21], so the generation of Zx is also impaired in 
nigericin-treated WT. The similarity between the psbs lhcsr KO and the 
nigericin-treated WT suggests that Zx-dependent NPQ is also impaired in 
this mutant.

For the dataset of the psbs lhcsr KO a fit with two components in the 
data analysis pipeline (the same number as for WT) accurately described 
the data, with an average adjusted r2 of 0.99 (Supplementary Fig. 7c). A 
slowly-rising NPQ component was present in the psbs lhcsr KO, similar to 
WT but with a slightly slower initial rise (Fig. 3c). This component 
generates much less NPQ compared to WT, with a maximum around one 
instead of five (Fig. 3b). WT development of the slowly-rising 

Fig. 3. Summary of the analysis pipeline result for psbs lhcsr KO and vde KO P. patens, compared to the original datasets. a/b. Comparison of the NPQ reconstructed 
from the data analysis pipeline (solid line, where the shading indicates the standard error) and the original data (markers, with the standard error indicated by error 
bars) for psbs lhcsr KO (a) and vde KO (b). The data was binned according to its (1-qP)ss value with steps of 0.1. The color bar indicates the (1-qP)ss bin of the data for 
both mutants. The NPQ constructed from the data analysis and the original data are only shown in the plot for bins with n ≥ 3. c/e. The normalized induction profile 
of the α (c) and β (e) kinetic components that underpin the NPQ induction curves of the different mutants. Data from WT (Fig. 2a) is added for ease of comparison. d/ 
f. The amount of NPQ generated by the α (d) and β (f) decomposed kinetic components for each mutant. The data from WT (Fig. 2b/c) is added for ease of com
parison. The scatter points reflect the contribution of the specific component to the total NPQ in each of the NPQ induction curves in the data set. The contributions 
vary linearly across the (1-qP)ss values. The fit is indicated by a dashed line and the standard deviation of the fit is shaded. n ≥ 3 per light intensity for the original 
dataset (Supplementary Fig. 7).
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component thus required the presence of PsbS and/or LhcSR. The sec
ond kinetic component, with a low contribution, had a completely 
different shape in the psbs lhcsr KO than in WT. In the mutant, the 
component lacked the transient peak and instead rose slowly over the 
entire illumination period. This suggests that during NPQ, quenching 
dependent on the presence of PsbS and/or LhcSR quickly rises and then 
relaxes to a steady state within a few minutes, potentially due to dissi
pation of the pH difference across the thylakoid membrane.

3.4. Zx enhances both components

Subsequently, NPQ was induced in the vde KO (unable to produce Zx 
from Vx; [40]) (Fig. 3). In contrast to the NPQ induction curves of the 
psbs lhcsr KO (Fig. 3a), the NPQ induction curves of the vde KO show a 
transient peak even at high levels of RC closure (Fig. 3b). The peak is 
reached approximately one minute after the start of the illumination and 
NPQ is lower compared to WT across the complete range of RC closure. 

This suggests Vx to Zx conversion influences NPQ production within a 
minute of illumination even at low light intensities. Like for the psbs lhcsr 
KO, a substantial part of the generated NPQ did not relax after the 
illumination period, which suggests photodamage-related quenching 
(Supplementary Fig. 7b). The NPQ induction in the vde KO indeed 
closely resembled NPQ induction in WT plants treated with DTT, which 
disrupts the xanthophyll cycle, preventing formation of Zx (Supple
mentary Fig. 8b) [58], suggesting that the lack of Zx is responsible for 
these changes.

A two-component fit of the NPQ induction curves of the vde KO in the 
data analysis pipeline resulted in an average adjusted r2 of 0.93 (Sup
plementary Fig. 7d). The vde KO contained a slowly-rising component as 
well, almost identical in shape to the WT component (Fig. 3c). This 
component generates similar levels of NPQ as the psbs lhcsr KO and much 
less NPQ than WT (around one instead of five) (Fig. 3b). The contribu
tion of the slowly-rising component at WT levels thus required Vx to Zx 
conversion and the presence of PsbS and/or LhcSR. In contrast to the 

Fig. 4. Summary of the analysis pipeline result for the lhcsr KO and psbs KO P. patens, compared to the original datasets. a/b. Comparison of the NPQ reconstructed 
from the data analysis pipeline (solid line, where the shading indicates the standard error) and the original data (markers, with the standard error indicated by error 
bars) for lhcsr KO (a) and psbs KO (b). The data was binned according to its (1-qP)ss value with steps of 0.1. The color bar indicates the (1-qP)ss bin of the data for both 
mutants. The NPQ constructed from the data analysis and the original data are only shown in the plot for bins with n ≥ 3. c/e. The normalized induction profile of the 
α (c) and β (e) kinetic components that underpin the NPQ induction curves of the different mutants. Data from WT (Fig. 2a) is added for ease of comparison. d/f. The 
amount of NPQ generated by the α (d) and β (f) kinetic components for the mutants. The data from WT (Fig. 2b) is added for ease of comparison. The scatter points 
reflect the contribution of the specific component to the total NPQ in each of the NPQ induction curves in the data set. The contributions vary linearly across the (1- 
qP)ss values. The fit is indicated by a dashed line and the standard deviation of the fit is shaded. n ≥ 3 per light intensity for the original dataset (Supplemen
tary Fig. 9).
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psbs lhcsr KO, the fastest induction profile of the vde KO was similar to 
the fastest profile in WT, where a transient peak in NPQ was formed due 
to the presence of PsbS/LhcSR. The contribution of this component was 
higher in WT than in the vde KO (around 1.8 instead of 0.9), indicating 
that the ability to form Zx enhances the contribution of this NPQ 
component as well, especially at lower light intensities. The conversion 
of Vx to Zx thus enhances both kinetic components.

3.5. Both LhcSR and PsbS generate NPQ quickly upon illumination, with 
LhcSR producing more NPQ

The presence of PsbS and/or LhcSR was required for the quick for
mation of NPQ upon illumination, as shown by the psbs lhcsr KO. The 
NPQ relaxes within four minutes at lower light intensities to form a 
transient peak. To determine how each of these proteins impacted NPQ, 
the induction curves of the psbs KO and the lhcsr KO mutants were 
measured at the same range of light intensities (Fig. 4). Compared to 
WT, a lack of LhcSR (both LhcSR1 and LhcSR2) decreases the NPQ 
substantially (approximately four-fold), while the lack of PsbS only 
slightly decreases the maximum level of NPQ. LhcSR thus provides a 
large contribution to NPQ formation. With only PsbS present, the 
prominence of the initial peak in NPQ is decreased compared to WT. 
There are no major changes in the shape of the NPQ induction curve 
between the psbs KO (that contains LhcSR) and the WT. Both the lhcsr KO 

and the psbs KO show relaxation of a substantial amount of NPQ in the 
nine minutes following illumination (Supplementary Fig. 9a/b).

To more precisely pinpoint the contributions of LhcSR and PsbS to 
NPQ, the NPQ induction curves were analyzed with the data analysis 
pipeline. Again, an accurate fit was reached with only two components 
(Supplementary Fig. 9c/d). Both mutants contained a slowly-rising 
component (Fig. 4c). At lower levels of RC closure (1-qP)ss (<0.25), 
this component generates almost no NPQ for all mutants (Fig. 4d). With 
more RCs closed, there were distinct differences between the mutants. In 
the psbs KO, the slowly-rising component generated almost as much NPQ 
as in WT, demonstrating the importance of LhcSR. In the lhcsr KO, the 
contribution of the slowly-rising component was much lower and similar 
to the contribution in the vde KO. Analysis of NPQ induction in the lhcsr 
KO and the vde KO indicates that both the ability to form Zx and the 
presence of LhcSR are required for full development of NPQ by the 
slowly-rising component.

Both the lhcsr KO and the psbs KO contained a second component 
with a transient peak that quickly rises in time, suggesting that both PsbS 
and LhcSR are capable of inducing NPQ quickly upon illumination. In 
the psbs KO, this component generated similar levels of NPQ compared 
to WT, but the contribution to NPQ was much lower in the lhcsr KO. The 
other combinations of psbs, lhcsr1 and lhcsr2 KOs were analyzed as well 
and indicated that LhcSR1 is responsible for most of the NPQ, with only 
a minor role for LhcSR2 (Supplementary Fig. 10). The similarity in shape 

Fig. 5. NPQ induction and relaxation for NPQ mutants of P. patens measured at different light intensities. a. WT (data in Fig. 2c, added for ease of comparison). b. 
psbs KO (data in Fig. 4b, added for ease of comparison). c. lhcsr KO (data in Fig. 4a, added for ease of comparison). d. vde KO (data in Fig. 3b, added for ease of 
comparison). e. vde psbs KO. f. vde lhcsr KO. g. zep KO. h. zep psbs KO. i. zep lhcsr KO. White background indicates the illumination period, while a gray background 
indicates darkness. The data was binned according to its (1-qP)ss value with steps of 0.1. The color bar below the graphs indicates the (1-qP)ss bin of the data for all 
mutants. Only bins with n ≥ 3 are shown in the plot. Shading displays the standard error on the measurement. n ≥ 3 per light intensity for the original datasets.
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of the NPQ induction profiles for the lhcsr KO and the psbs KO clarify why 
the contributions of PsbS and LhcSR are difficult to separate in WT 
P. patens. Both PsbS and LhcSR are thus able to generate NPQ quickly 
upon illumination, although PsbS-related NPQ is lower.

3.6. Zx enhances quenching by LhcSR

WT-level generation of NPQ requires the combined presence of Zx 
and LhcSR, with less dependence on PsbS. To further explore this 
requirement, NPQ induction curves were measured for mutants with 
both altered Zx levels (either no presence of Zx or a constitutive presence 
of Zx) and a knock-out of LhcSR or PsbS (Fig. 5).

The vde KO mutants do not produce Zx and therefore generate less 
NPQ. As discussed above, the vde KO contains a clear transient peak in 
NPQ across the complete range of RC closure (Fig. 3b, Fig. 5d). The NPQ 
induction curves of both the vde psbs KO and the vde lhcsr KO mutants 
follows a similar trajectory as the vde KO, but with a lower initial peak of 
around 0.5 instead of 1 (Fig. 5e–f). Both the vde psbs KO and the vde lhcsr 
KO mutant exhibit a higher rise in NPQ after the initial peak than the vde 
KO. This subsequent rise in NPQ might have been caused by 
photodamage-related quenching, as suggested by the lack of NPQ 
relaxation in darkness. The vde psbs KO, containing only LhcSR, gener
ates less NPQ than the vde lhcsr KO, containing only PsbS. This is sur
prising, as in P. patens able to convert Vx to Zx, LhcSR generates 
substantially more NPQ than PsbS (Fig. 4). The difference between the 
NPQ induction curves of the psbs KO mutant (containing LhcSR and Zx; 
Fig. 5b) and the vde psbs KO mutant (containing only LhcSR; Fig. 5e) 
started at the lowest levels of RC closure and was apparent within the 
first minute of illumination. This suggests a rapid effect of Vx to Zx 
conversion on the LhcSR-dependent NPQ even at low light intensities. 
The difference between the NPQ induction curves of the lhcsr KO mutant 
(containing PsbS and Zx; Fig. 5c) and the vde lhcsr KO mutant (con
taining only PsbS; Fig. 5f) is mostly in shape, with only a small increase 
in total NPQ (Supplementary Fig. 11 for the graphs shown on the same 
axis). The initial peak is broader in the lhcsr KO than in the vde lhcsr KO. 
The lhcsr KO treated with DTT to disrupt the xanthophyll cycle, pre
venting formation of Zx, also generated more NPQ compared to the DTT- 
treated psbs KO (Supplementary Fig. 12) [58]. This confirms that Zx 
formation is important for LhcSR-dependent quenching across different 
light intensities.

To better quantify the vde KO mutants, the NPQ induction curves of 
these mutants were analyzed with the data analysis pipeline (Supple
mentary Fig. 13). Two components were enough to reach an accurate fit 
(Supplementary Fig. 14 c/d). The shape of the two components was 
similar for all vde KOs. Comparison of the vde lhcsr KO and the lhcsr KO 
showed no enhancing effect of Vx to Zx conversion on the transient ki
netic component and only a 0.3-fold increase for the slowly-rising ki
netic component. This indicates that Zx only enhances PsbS-dependent 
quenching slightly. Between the psbs KO and the vde psbs KO, the 
enhancing effect of the Vx to Zx conversion on both components is clear 
with around an five-fold increase for the slowly-rising component and a 
four-fold increase for the transient component. This enhancing effect of 
Zx indicates the cooperativity between Zx and LhcSR. Overall, the 
enhancing effect of Zx suggests stronger cooperativity between Zx and 
LhcSR compared to Zx and PsbS.

3.7. Constitutive presence of Zx results in higher initial quenching

The interaction between Zx and PsbS and LhcSR was also investi
gated in zep KO mutants. While the vde KOs cannot produce Zx, the zep 
KOs have a constitutive presence of Zx, even in the dark-adapted state. 
Notably, these mutants reach lower levels of steady state NPQ compared 
to their respective mutants without constitutive accumulation of Zx 
(Fig. 5). This lower quenching could be due to quenching in the dark- 
adapted state, which is partly dependent on the presence of LhcSR, 
but not PsbS [43]. Indeed, the difference between the steady state NPQ 

levels is larger in the mutants that contain LhcSR compared to the 
mutant that does not contain LhcSR. This quenching in the dark-adapted 
state decreases the apparent/measured NPQ in these mutants as it de
creases the dark-adapted Fm value. A correction for this lower dark- 
adapted Fm value in the zep KO mutants can be applied under the 
assumption that major PSII properties affecting variable fluorescence do 
not differ substantially between strains and that the observed difference 
in Fm values arises from varying levels of dark-adapted quenching. If this 
assumption holds true, the zep KO mutnats could reach WT Fm values 
without this dark-adapted quenching. Once we perform this correction 
[29], using data from [43], the corrected steady-state NPQ values in the 
zep KOs are more similar compared to their respective mutants lacking 
the zep KO (Supplementary Fig. 15). This suggests that the lower steady 
state NPQ is mostly due to the quenched dark-adapted state.

The zep KO mutant (Fig. 5g), uncorrected for the dark-adapted 
quenching, exhibits higher NPQ in the initial timepoint after illumina
tion compared to the WT (Fig. 5a), most likely due to a pre-quenched 
state. The shape of the NPQ induction curve is somewhat different be
tween the WT and the zep KO as well, with a less pronounced transient 
peak in the zep KO mutant. This higher initial quenching and this less 
pronounced transient peak is observed in the zep psbs KO (Fig. 5h) 
compared to the zep lhcsr KO (Fig. 5b) as well. These differences seem 
smaller when comparing the zep lhscr KO (Fig. 5i) and the lhcsr KO 
(Fig. 5c). This lack of difference suggests that LhcSR is impacted more by 
the accumulated Zx compared to PsbS.

To further explore the effect of a constitutive presence of Zx, the NPQ 
induction curves of the zep KO mutants were analyzed with the data 
analysis pipeline (Supplementary Fig. 16). An accurate fit was reached 
with two components for all mutants (Supplementary Fig. 17). The 
shape of the slowly-rising component was similar for the zep KO mutants 
and WT P. patens (Supplementary Fig. 16d). The transient kinetic 
component was elevated at the beginning of the illumination period in 
the zep KO mutants, but followed a similar trajectory afterwards. The 
contributions are smaller for the zep KO compared to WT, most likely 
due to the dark-adapted quenching which lowers the apparent NPQ. 
Both components contribute more at lower (1-qP)ss values, potentially 
due to the pre-quenched state. These differences in contribution and 
shape of the kinetic components explain the changes observed in NPQ 
induction curves in the zep KO mutants.

4. Discussion

The coexistence of PsbS and LhcSR in P. patens offers an interesting 
model system for disentangling their respective contributions to NPQ 
and exploring their interactions. P. patens grows in moist, open soils 
along paths and in fields, as well as in seasonally wet areas [59] and as 
such can receive quite a high light intensity in its natural habitat, 
making efficient NPQ essential. During evolution, vascular plants have 
lost LhcSR and retained PsbS to provide NPQ [36,37]. Dissecting the 
contributions of PsbS and LhcSR to NPQ and their functional in
teractions with Zx may begin to provide insights into why vascular 
plants evolved to depend on PsbS rather than LhcSR.

While the effects of PsbS, LhcSR and Zx have been studied in P. patens 
before, this only occurred at higher light intensities (> 800 μmol pho
tons m− 2 s− 1) [29,36,39,40,60,61]. These studies revealed that PsbS and 
LhcSR contribute independently to NPQ, with the LhcSR-dependent 
NPQ being larger and more reliant on Zx. NPQ has only been induced 
with a range of light intensities in WT P. patens [61], but not in any NPQ 
mutants. Studying NPQ induced at a range of light intensities can reveal 
interactions not visible at high light. The differences between NPQ in
duction curves at different light intensities can also partly reveal the 
kinetic components underlying NPQ, which can thus be isolated. We 
employed a multivariate data analysis pipeline, previously applied to 
A. thaliana [41], to elucidate distinct NPQ components in P. patens. We 
measured NPQ induction and relaxation curves of WT P. patens and 
thirteen mutants with altered NPQ. The resulting kinetic profiles were 
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used to assess how Zx, PsbS, and LhcSR individually and collectively 
shape the NPQ response across different light intensities.

NPQ induction in P. patens could be accurately described with just 
two kinetic components. The first component slowly rises to a steady 
state in about 10 min. The second kinetic component necessary to 
describe NPQ induction is characterized by a transient peak in NPQ that 
reaches its maximum after approximately one minute of illumination. 
Due to the biological variation in P. patens, small differences in shape of 
the components between mutants may not be significant.

4.1. The slowly-rising kinetic component

The slowly-rising component provides most of the NPQ at the steady 
state, especially at higher light intensities. A similar kinetic component 
was found when disentangling the NPQ induction in WT A. thaliana 
(which lacks LhcSR, but does contain PsbS), although with a lower 
contribution to NPQ [41]. As a slowly-rising component occurs in all the 
mutants measured in this study, it is likely that different processes cause 
a similar NPQ induction profile.

Both the WT and the vde KO have a slowly-rising component that is 
nearly identical in shape, but this component has a much lower contri
bution to NPQ in the vde KO (Fig. 3). This difference in contribution 
suggests that the ability to generate Zx is important to fully generate 
NPQ with the slowly-rising component. The kinetics of this component 
are indeed similar to the kinetics of Zx formation, as measured by 
absorbance changes between 505 and 565 nm [62] and changes in the 
de-epoxidation state of the total pool of the xanthophyll pigments 
[26,63]. It has been shown in A. thaliana that the de-epoxidation state of 
the xanthophyll cycle pool, so the concentration of Zx relative to the 
total xanthophyll pool, regulates NPQ, instead of the amount of pro
duced Zx [64].

Interestingly, the kinetics of this slowly-rising component are similar 
for the WT and the zep KO, which has a constitutive presence of Zx 
(Supplementary Fig. 15). The contribution is slightly lower in the zep KO 
mutant (Supplementary Fig. 16), potentially due to its dark-adapted 
quenching [43]. This similarity in shape holds true as well in WT 
A. thaliana and the npq2 mutant with a constitutive presence of Zx [29]. 
This similarity in the shape and contribution of the kinetic component 
between WT and the zep KO suggests that the production of Zx alone is 
not sufficient for the quenching via this component, but that an addi
tional step or interaction partner is required. The lack of LhcSR lowers 
the contribution of this component (Fig. 4d). This suggests that an 
interaction with LhcSR is necessary for the formation of a quencher in 
this component. LhcSR is indeed able to bind Zx [18,40]. Without LhcSR 
present, there is a slight 0.3-fold enhancement of the slowly rising 
component if Zx is present, as indicated by a comparison of the lhcsr KO 
and the vde lhcsr KO (Supplementary Fig. 12). This slight increase sug
gests some functional interaction between PsbS and Zx. However, most 
of the quenching of this component is thus dependent on the presence of 
LhcSR. In summary, the slowly-rising NPQ component is strongly 
enhanced by the ability to form Zx and the presence of LhcSR.

A slowly-rising component was also present in mutants that lack 
LhcSR or VDE, although with a lower contribution to the total NPQ 
(Fig. 3). Processes not dependent on Vx to Zx conversion could therefore 
cause a limited amount of quenching that slowly rises across the illu
mination period as well. Due to the lower level of photoprotection, the 
chance of photodamage increases in the mutants without the ability to 
convert Vx to Zx. Photodamage-related quenching is expected to in
crease across the illumination period. Photodamage is slowly reversible 
and would not relax in the nine minutes of darkness following illumi
nation [65]. Indeed, a substantial part of the NPQ generated in the vde 
KO mutants or the psbs lhcsr KO mutant did not relax after illumination 
(Supplementary Fig. 7). In A. thaliana, a slowly-rising component of the 
npq1 mutant, unable to generate Zx, and the npq4 mutant, lacking PsbS, 
was also linked to photodamage [29,41]. Another effect that could be 
observed as quenching is chloroplast movement. Red light induces 

photoprotective avoidance responses by chloroplasts in P. patens 
[45–47]. This movement decreases the chlorophyll fluorescence during 
the illumination period, which is observed as NPQ due to its effect on Fḿ. 
Chloroplast movement can also impact the (1-qP)ss value through the 
decrease of fluorescence.

The slowly-rising component is therefore most likely a combination 
of the NPQ dependent on Vx to Zx conversion, especially in the inter
action with LhcSR, and to a smaller extent the avoidance responses by 
chloroplasts and photodamage, particularly when little photoprotective 
NPQ is generated. In absence of LhcSR, especially the more abundant 
LhcSR1, the amplitude of the slowly-rising component was severely 
reduced, indicating that LhcSR1 is the main protein driving the slowly- 
rising, Zx-dependent NPQ in P. patens. This highlights the critical role of 
LhcSR1, together with Zx, in facilitating effective photoprotection under 
high light.

4.2. The transient kinetic component

The second kinetic component necessary to describe NPQ induction 
is characterized by a transient peak in NPQ in all P. patens plants studied 
here except the psbs lhcsr KO. This component contains a transient NPQ 
peak that reaches its maximum after approximately one minute of illu
mination. The quick rise in NPQ provided by this kinetic component 
likely plays an important physiological role by providing rapid protec
tion during short light exposures or fluctuating light conditions, espe
cially when sustained photoprotection is not yet fully established. The 
relaxation of NPQ within a few minutes suggests that its fast induction is 
counteracted by processes that dissipate the proton gradient across the 
thylakoid membrane, especially at lower light intensities. Both PsbS 
[13] and LhcSR [18,20] are activated by the low luminal pH induced 
during illumination. As the pH difference across the thylakoid mem
brane contributes to the proton motive force that drives ATP synthesis, 
activation of the ATP synthase could decrease luminal acidification and 
thus reduce quenching. In addition, thylakoid-localized ion antiporters 
also modulate the pH difference and can influence NPQ [56,66,67]
[56,66,67]. Together, these processes likely explain the relaxation of 
NPQ after its initial induction, resulting in a transient peak. Indeed, in 
A. thaliana two components with a transient peak were also associated 
with the rapid pH-dependent activation of PsbS [29,41]. Both PsbS and 
LhcSR induce a similar rise of NPQ in time, ensuring fast quenching of 
light energy (Fig. 4e). Vx to Zx conversion enhances LhcSR-dependent 
quenching of the transient kinetic component (Supplementary 
Fig. 13). Constitutive accumulation of Zx increases the initial quenching 
upon illumination, with a more pronounced effect for LhcSR-dependent 
quenching. Both PsbS and LhcSR are therefore able to independently 
generate fast protection necessary for natural, fluctuating light condi
tions. However, the PsbS-dependent contribution of this component is 
lower than the LhcSR-dependent contribution.

4.3. Comparison PsbS and LhcSR

Both PsbS and LhcSR seem to generate a similar transient profile in 
NPQ, providing rapid photoprotection. However, there are clear dif
ferences between these two NPQ trigger molecules. First, PsbS and 
LhcSR have different dependencies on Zx. The LhcSR-related NPQ in 
both components was heavily dependent on Vx to Zx conversion. 
Comparison of the psbs KO (able to convert Vx to Zx and with LhcSR) and 
vde psbs KO (not able to convert Vx to Zx and with LhcSR) shows that the 
ability to convert Vx to Zx induced amplifications of ~5- and ~ 4-fold 
for the LhcSR-dependent slowly-rising and transient component, 
respectively. The NPQ generated by LhcSR is enhanced by the conver
sion of Vx to Zx, at all light intensities and within a minute of illumi
nation (Fig. 5). Because conversion of Vx to Zx proceeds on the several- 
minute timescale, only a small amount of Zx has formed after one minute 
[26], yet this limited amount of Zx or the difference in the de- 
epoxidation state of the xanthophyll pool [64] is sufficient to enhance 
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LhcSR-dependent quenching. That a limited amount of Zx is sufficient to 
drive NPQ has also been suggested for the seawater alga Nannochloropsis 
oceanica[68].

LhcSR has been shown to structurally interact with Zx [18,40], in 
contrast to PsbS which is not known to bind pigments [15,16]. A model 
based on in vitro studies on isolated LhcSR1 complexes suggested that 
LhcSR1 could adopt two distinct quenching states, one triggered by low 
luminal pH and the other by binding Zx [69]. A pH drop leads to a 
conformational change, which results in the quenched state [70]. In the 
zep KO, a pH-independent quenching state linked to LhcSR can occur in 
the dark, suggesting a quenching state dependent on Zx binding [43]. In 
vivo, the effect of quenching by LhcSR due to a drop in pH, without the 
presence of Zx, seems minimal compared to the quenching reached 
when able to interact with Zx (this study; [40]). P. patens LhcSR contains 
only four of the thirteen presumed protonatable residues found in LhcSR 
from C. reinhardtii [71]. Because protonatable residues are thought to 
play a key role in triggering conformational changes required for energy 
dissipation, this reduction could make P. patens LhcSR less responsive to 
lumen acidification alone. Consequently, P. patens LhcSR may rely more 
strongly on Zx binding to achieve efficient quenching, whereas NPQ in 
C. reinhardtii can proceed without Zx [18,37]. That accumulation of 
xanthophyll pigments is important for NPQ has been shown for proteins 
related to LhcSR as well. In the diatom Phaeodactylum tricornutum, NPQ 
has been shown to be proportional to the product of the concentration of 
Lhcx1, related to LhcSR proteins, and the proportion of the xanthophyll 
responsible for quenching (diatoxanthin) in the xanthophyll pool as a 
metric for the amount of Lhcx1 bound to diatoxanthin [33]. Determining 
the effect of different LhcSR concentrations and Zx accumulation on 
NPQ in P. patens would be interesting as well.

The nature of the interaction of PsbS and Zx remains unclear, as PsbS 
does not tightly bind pigments [15,16]. Comparison of the lhcsr KO (able 
to convert Vx to Zx and with PsbS) and vde lhcsr KO (not able to convert 
Vx to Zx and with PsbS) shows that Zx induced a slight amplification for 
the PsbS-dependent slowly-rising component. These differences are 
smaller than the Zx-induced differences observed in A. thaliana [29]. 
PsbS and Zx seem to amplify each other's quenching capacity, especially 
in vascular plants [29]. Second, while PsbS generally produces less NPQ, 
when grown under either high light or fluctuating light conditions, the 
production of PsbS increases more than the production of LhcSR 
[60,61]. This suggests that the regulation of PsbS production could be 
more in tune with environmental stressors [43].

5. Conclusion

NPQ in P. patens can be accurately described by two kinetic com
ponents. Our findings build on previous work demonstrating distinct 
NPQ components regulated by PsbS, LhcSR, and Zx [13,17,63]. The 
identification of two kinetic components with differential dependencies 
on these factors aligns with the multi-component NPQ models proposed 
in [8] and offers novel insights into the interplay of pigment-protein 
interactions. Fig. 6 shows a model that described NPQ in P. patens. A 
slowly-rising component (Fig. 6; left panel) provides most NPQ, espe
cially at higher light intensities. Multiple processes contribute to this 
component. The highest contribution to this component stems from the 
NPQ that results from the interaction between LhcSR (especially the 
more abundant LhcSR1) and Zx. A smaller contribution originates from 
the functional interaction of PsbS and Zx. The slowly-rising component 
is still present in the mutants that generate limited photoprotective NPQ. 
In these mutants, the slowly-rising component is likely caused by 
photodamage-related NPQ and potentially avoidance responses by 
chloroplasts. Another kinetic component (Fig. 6; right panel) quickly 
rises and contains a transient peak in NPQ. Multiple processes contribute 
to this component as well. This component requires the presence of 
either PsbS or LhcSR. Both PsbS and LhcSR are therefore able to generate 
the rapid quenching necessary in fluctuating light conditions. The 
transient component dependent on LhcSR is enhanced if P. patens has the 

ability to convert Vx to Zx. The PsbS-related transient component gen
erates less NPQ and is less dependent on Zx generation.

Our results corroborate and extend observations made in P. patens 
mutants in [40], emphasizing the central role of zeaxanthin in modu
lating LhcSR-dependent NPQ even at low light intensities. Furthermore, 
our data shows that Vx to Zx conversion plays a more extensive role in 
NPQ than previously appreciated, even at low light intensities and 
shortly after light exposure. The two distinct kinetic NPQ profiles are 
enhanced in plants that contain LhcSR and have the ability to convert Vx 
to Zx. The unexpected significance of Vx to Zx conversion in both 
transient and sustained NPQ components under low light challenges the 
traditional view of the xanthophyll cycle as being primarily a high-light 
response. This suggests that xanthophyll cycle-mediated modulation of 
NPQ begins earlier and may play a continuous role in photoprotection 
even during moderate fluctuating light conditions.
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