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Summary

� Understanding photosynthesis in natural, dynamic light environments requires knowledge

of long-term acclimation, short-term responses, and their mechanistic interactions. To

approach the latter, we systematically determined and characterized light-environmental

effects on thylakoid ion transport-mediated short-term responses during light fluctuations.
� For this, Arabidopsis thaliana wild-type and mutants of the Cl� channel VCCN1 and the K+

exchange antiporter KEA3 were grown under eight different light environments and charac-

terized for photosynthesis-associated parameters and factors in steady state and during light

fluctuations. For a detailed characterization of selected light conditions, we monitored ion flux

dynamics at unprecedented high temporal resolution by a modified spectroscopy approach.
� Our analyses reveal that daily light intensity sculpts photosynthetic capacity as a main accli-

matory driver with positive and negative effects on the function of KEA3 and VCCN1 during

high-light phases, respectively. Fluctuations in light intensity boost the accumulation of the

photoprotective pigment zeaxanthin (Zx). We show that KEA3 suppresses Zx accumulation

during the day, which together with its direct proton transport activity accelerates photosyn-

thetic transition to lower light intensities.
� In summary, both light-environment factors, intensity and variability, modulate the function

of thylakoid ion transport in dynamic photosynthesis with distinct effects on lumen pH, Zx

accumulation, photoprotection, and photosynthetic efficiency.

Introduction

Plants provide us with food and renewable energy. This involves
the process of photosynthesis, which uses light energy to fix CO2

and drive plant metabolism. In crop canopies, light availability
for photosynthesis can fluctuate immensely (Kaiser et al., 2017).
Our current knowledge of photosynthesis under natural dynamic
light conditions may pose a limitation for strategies to increase
plant production in the field (Kaiser et al., 2019; Long
et al., 2022). Mechanistic understanding is needed on at least two
different timescales: long-term acclimation to natural dynamic
light environments and short-term responses to changes in light
intensity. Extremely little is known about how both responses
interact.

For the model plant Arabidopsis thaliana (Arabidopsis), it has
been shown that light acclimation involves upregulation of pho-
tosynthetic capacity with light intensity (Walters & Hor-
ton, 1994, 1995; Bailey et al., 2001, 2004; Athanasiou
et al., 2009; Alter et al., 2012; Mishra et al., 2012; Schumann
et al., 2017; Vialet-Chabrand et al., 2017; Flannery et al., 2021)

and natural environment acclimation increases photoprotective
capacity (Mishra et al., 2012; Schumann et al., 2017; Pescheck &
Bilger, 2019).

Plants can dissipate absorbed light energy as heat via nonpho-
tochemical quenching (NPQ). Nonphotochemical quenching
provides a short-term regulatory mechanism that is required for
fitness in the field (K€ulheim et al., 2002). Energy-dependent
NPQ (qE) is the main and most rapid NPQ component in
plants. The qE responds to the proton concentration of the
lumen (Briantais et al., 1979; Niyogi, 1998; Li et al., 2000,
2004) and deactivates within seconds (Demmig-Adams
et al., 1996). Upon protonation, the PsbS protein catalyzes a rear-
rangement of the photosystem (PS) II supercomplex, which is
required for qE activation (Johnson et al., 2011). The pigment
zeaxanthin (Zx) plays an additional role in qE. Zeaxanthin is syn-
thesized from the epoxidated xanthophyll violaxanthin (Vx) by
the lumen-localized violaxanthin de-epoxidase (VDE) that is also
activated by protonation (Li et al., 2004; Arnoux et al., 2009).
The Zx levels respond to lumen pH on the minute timescale
(Hager, 1969; Demmig et al., 1987; Hartel et al., 1996;
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Niyogi, 1998). Recent data point toward a function of Zx in reg-
ulating qE dynamics rather than the dissipation process itself
(Holt et al., 2005; Johnson et al., 2009; Nilkens et al., 2010; Xu
et al., 2015; Sacharz et al., 2017; Tutkus et al., 2019).

The light reactions in the thylakoid membrane lead to an accu-
mulation of protons in the lumen, forming the proton motive
force (pmf). The pmf is composed of a membrane potential (Dw)
and the proton concentration gradient (DpH). Dw and DpH fuel
adenosine triphosphate (ATP) synthesis from adenosine diphos-
phate (ADP) and inorganic phosphate by driving protons
through the ATP synthase (Mitchell, 1966). When light intensity
increases, qE is activated, because rates of proton influx into the
lumen transiently become higher than efflux via the ATP syn-
thase. qE activation is further facilitated by Dw dissipation
through counter ion flux, which shifts pmf composition toward
higher DpH (Vredenberg, 1969; Van Kooten et al., 1986; Cruz
et al., 2001). The high Dw-activated Cl� channel VCCN1 was
shown to participate in Dw dissipation and accelerate qE induc-
tion (Duan et al., 2016; Herdean et al., 2016; Dukic
et al., 2019). The qE is rapidly switched off in low light through
the dissipation of DpH by a proton exchange mechanism (Arm-
bruster et al., 2014). Proton export from the lumen by the thy-
lakoid localized K+ exchange antiporter 3 (KEA3) changes pmf
composition toward higher Dw without large effects on pmf size
(Armbruster et al., 2014; Kunz et al., 2014). KEA3 activates after
the transition to photosynthesis-limiting light conditions, thereby
accelerating qE relaxation and increasing photosynthetic light use
efficiency (Armbruster et al., 2014, 2016). Under excess light,
KEA3 inactivates via its C-terminus (Armbruster et al., 2016;
Uflewski et al., 2021). The inhibition of KEA3 is required for
high qE, protecting the photosystems from photodamage in
excess light (Uflewski et al., 2021).

By rapidly adjusting the composition of the pmf and thus
lumen pH during light transients, ion transport mechanisms have
been proposed to speed up the synchronization of photosynthetic
light reactions with downstream metabolism via changing qE (Li
et al., 2021; Uflewski et al., 2021). In the present study, we sys-
tematically addressed how long-term acclimation to different
light intensities and patterns affects dynamic photosynthesis.
Thereby, we found that light-environmental factors interact with
the function of the two known thylakoid ion transport proteins
VCCN1 and KEA3. Further mechanistic understanding was
gained by a modified spectroscopy approach that allowed high
temporal resolution of qE and Dw dynamics.

Materials and Methods

Plant material and growth

Arabidopsis (A. thaliana (L.) Heynh.) plants were grown in 6-cm
pots on MPG horticultural substrate (Stender, Schermbeck, Ger-
many with 1 g l�1 Osmocote start) in phytochambers (BBC
York, Mannheim, Germany) with a 12-h light period, and tem-
peratures/relative humidity set to 20°C/60% in the light and
16°C/75% in the dark, under six different light conditions from
seed to mature rosette. Details on light treatments can be found

in Figs 1(a), S1, and Table S1. For natural day (ND) experi-
ments, plants were grown in 13-cm pots in a polytunnel at the
Max Planck Institute of Molecular Plant Physiology (coordinates:
52°24055.44″N, 12°5807.464″E). After 3 wk of pre-cultivation
in a phytotron (120 lmol photons m�2 s�1, climate conditions
as described above), plants were grown in the polytunnel from 21
March to 28 March 2019 (ND1) or 4 April to 14 April 2019
(ND2, Figs 1a, S1a). Measurements were performed on Days 7–
8 (ND1) or 8–9 (ND2) after transfer and on mature phytotron-
grown plants (FDL: 5–6 wk, FDM: 4–5 wk FDH: 3–4 wk,
DDS: 3–4 wk, DDF: 5–6 wk, DDSF: 4–5 wk) 1–2 wk before
bolting of wild-type Columbia-0 (WT) and mutants: vccn1-1:
Salk 103612; vccn1-2: Gabi-Kat 796C09, kea3-1: Gabi-Kat
170G09; kea3-2: Sail 556_E12, npq2: Salk_059469, npq2 kea3
(Armbruster et al., 2014; Duan et al., 2016; Herdean
et al., 2016) and npq4 (Niyogi, 1998). npq2 and npq2 kea3-1
together with controls were grown under elevated humidity using
a dome. Rosette dry weights at indicated times after sowing were
determined after oven-drying (75°C, 7 d). PFDmean represents
the average light intensity and PFDvar, the sum of light intensity,
changes over the day (Table S1).

Spectroscopic analyses

For Chla fluorescence analyses, the Maxi Imaging-PAM (Walz
GmbH, Effeltrich, Germany) or an integrated diode emitter
array spectrophotometer/fluorometer (IDEAspec, Hall et al.,
2013) was used on whole rosettes or section of a fully expanded
leaf, respectively. Saturation light pulses were applied after
30-min dark treatment to determine Fm and during illumination
with actinic light for Fm

0. Nonphotochemical quenching was cal-
culated as (Fm � Fm

0)/Fm0, ΦPSII as (Fm
0 � F0)/Fm0, and Fv/Fm as

(Fm – F0)/Fm (reviewed by Baker, 2008). For light fluctuations,
four iterations of 4-min low irradiance (LI, 90 lmol pho-
tons m�2 s�1) and 1-min high irradiance (HI; 900 lmol pho-
tons m�2 s�1) were applied; then, a final 4-min LI phase
followed by 5-min darkness. The first three fluctuations showed
strong differences between photosynthetic parameters. The third
and fourth fluctuations were comparable. Thus, the third fluctua-
tion was characterized.

Absorbance changes were measured at six wavelengths (475,
488, 505, 520, 535, and 545 nm) near-simultaneously on the
IDEAspec separated by 1-ms intervals and recorded every 30 ms.
Measuring light was supplied by red LEDs (655 nm, bandpass c.
20 nm; Hall et al., 2013). Normalized relative extinction coeffi-
cients for electrochromic shift (ECS), qE, Zx and drift at wave-
lengths k were derived according to published literature (Bilger
et al., 1989; Niyogi, 1998; Li et al., 2000; Sacksteder et al., 2000,
2001; Golding et al., 2005). The deconvolution equation and
additional information can be found in Table S2.

Absorbance measurements were performed under the same
light fluctuations as Chla fluorescence measurements with the
addition of a 30-s dark phase following every HI to LI transi-
tion after 20 s. Accordingly, plants were exposed to 4-min LI,
and then, four iterations of 60-s HI, 20-s LI, 30-s darkness,
and 220-s LI. Electrochromic shift and qE535 traces were
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drift-corrected using the last 15 s of the dark phase and 10 s
of the LI just before the HI transition, respectively. Dw and
DpH were calculated from the multiphasic ECS kinetics dur-
ing the 30-s dark interval (Cruz et al., 2001; Takizawa
et al., 2007). Total light-induced pmf (ECSt) and trans-
thylakoid proton conductivity of ATP synthase (g

Hþ ) were cal-
culated from relaxation kinetics at 520 nm during a 500 ms

dark interval (Kanazawa & Kramer, 2002). Because of the low
signal-to-noise ratio at 520 nm in LI, ECSt and g

Hþ were
averaged between the third and fourth fluctuation.

Gas exchange measurements used the Li-Cor 6400 gas
exchange system (Li-Cor Biosciences, Lincoln, NE, USA; flow
rate: 500 lmol s�1, CO2 concentration: 400 lmol mol�1, and
humidity: 60%) coupled to the Maxi Imaging-PAM on whole

Fig. 1 Environmental acclimation adjusts steady-state photosynthesis and thylakoid pigment composition. (a) Arabidopsis thalianawild-type (WT) was
grown in 12 h : 12 h, light : dark cycles under constant growth light (flat day, FD) at indicated intensities (low, FDL; medium, FDM; and high, FDH), dynamic
growth light (dynamic day, DD) with varying degrees of light fluctuations (sinusoidal, DDS; step-wise fluctuating, DDF; sinusoidal with random light fluctu-
ations, DDSF) or natural growth conditions in a polytunnel (natural day; ND1 and ND2). Humidity and temperature, as well as light spectra, can be found in
Fig. S1. Average and variable photon flux densities (PFDmean and PFDvar, respectively) are displayed (see Fig. S1; Table S1 for additional information). (b)
PSII quantum efficiency (ΦPSII, upper panel) at 700 lmol photonsm�2 s�1 and gross assimilation rate (Ag, lower panel) at 900 lmol photonsm�2 s�1 corre-
late positively with PFDmean as the main factor as determined by multiple regression analysis (MRA). PFDmean for ND was set as average of 3 d before the
measurement. Averages of n = 5–7� SE are shown. (c) Levels of photoprotective xanthophylls (VAZ, sum of violaxanthin, antheraxanthin, zeaxanthin, and
upper panel) and their de-epoxidation state (DEPS, lower panel) correlate positively with PFDvar as the main factor. Averages of n = 4� SE are shown. Thy-
lakoid pigment content can be found in Table S3. For thylakoid isolation, plants were removed from the growth chamber at 2 h after start of the light period
and harvest of whole rosettes was performed in the laboratory at room light. (b, c) The middle line and the lower and upper boundaries of the box repre-
sent the median and the 25th and 75th percentile, respectively. Whiskers extend to the maximum and minimum. An ANCOVA was used to determine the
effects of PFDmean and PFDvar on the displayed parameters. The main factor is indicated on top of the panels with ***, P < 0.0001. Different lower case let-
ters indicate significant differences between the light treatments. Statistical analyses can be found in Table S6.
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plants, or the GFS-3000 open gas exchange system with LED
array 3056-FL (Walz GmbH; flow: 600 lmol s�1, CO2 concen-
tration: 400 lmol mol�1, humidity: 60%) on the youngest fully
developed leaf in a custom-made 39 1 cm cuvette. Plants were
dark-acclimated for 30 min, inserted into the cuvette, and then
exposed to 10 min of 900, 10 min of 90 lmol m�2 s�1, and
5 min of darkness. CO2 assimilation rate was normalized on leaf
area. Net assimilation rates (An) and dark respiration (Rd) were
averaged over the final 30 s of the light or subsequent dark phase,
respectively. Gross assimilation rate (Ag) was calculated as
An + Rd.

All spectroscopic measurements were performed continuously
between 2 and 10 h into the photoperiod by repeating a fixed
sequence of different genotypes.

Quantification of photosynthetic proteins and pigments

Wild-type plants for total protein and thylakoid isolations were
removed from the growth chamber 2 h into the light period. Har-
vest of whole rosettes was performed in the laboratory at room
light. Total protein was extracted from ground tissue by incubat-
ing 20 mg with 200 ll protein extraction buffer (200-mM Tris,
pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, and 200-mM DTT)
at 65°C for 10 min (Armbruster et al., 2016). Proteins were sepa-
rated on SDS-PAGEs, blotted onto nitrocellulose, visualized with
Ponceau Red (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid, for
Rubisco quantification) and detected with antibodies specific for
KEA3 (Armbruster et al., 2014), Lhcb3 (AS01002), PsbD
(AS06146), PetA (AS08306), PsaA (AS06172), AtpB (AS05085;
all Agrisera, V€ann€as, Sweden), and Actin (A0480; Sigma-Aldrich;
all diluted according to the manufacturer’s instructions). Signal
intensities were quantified by IMAGEJ, normalized to FDM, and
corrected for loading by actin from the same blot.

Thylakoids were isolated from WT rosettes (Armbruster
et al., 2014) and used for quantifying pigment content and thy-
lakoid complex composition. For the latter, proteins were
extracted and digested with trypsin (Morgan et al., 2008). Sample
processing and LC–MS/MS data acquisition settings and raw
data processing were performed as described (Lassowskat
et al., 2017; Uflewski et al., 2021) with the following adjust-
ments: peptides were purified using SDP-RPS stage tips (Kulak
et al., 2014) before LC–MS analysis. MAXQUANT 1.6.17.0 (Cox
& Mann, 2008) was used with default settings. Match between
runs and intensity-based absolute quantification (iBAQ) were
additionally enabled (Lassowskat et al., 2017; Uflewski
et al., 2021). The iBAQ data were used for quantification to com-
pensate for contaminators during thylakoid preparation accord-
ing to Flannery et al. (2021).

For the quantification of leaf pigments and KEA3 content
from the different genotypes, entire rosettes were plunged into
liquid N2 before the start of or 6 h into the light period. Pigments
were extracted from 20 mg of ground leaf powder or from thy-
lakoid membranes, isolated as described in the previous section,
corresponding to 20 lg of chlorophyll by addition of 100% ace-
tone on ice and in the dark. The pigment extracts were analyzed
according to F€arber et al. (1997).

Statistics and clustering

Normality distribution and equal variance were analyzed by
ANOVA followed by Tukey’s test. In case of failed normality
and/or equal variance, ANOVA on ranks was carried out, fol-
lowed by Student–Newman–Keuls (SNK) or Dunn’s test. One-
way ANCOVA was performed using SAS 9.4 (SAS Institute,
Cary, NC, USA) with growth conditions as class variables and
PFDmean and PFDvar as covariates. Multiple regression analysis
(MRA) was performed using either SAS, SIGMAPLOT 14.5, or
PYTHON 3.7.4 (scikit-learn). Correlation analysis was performed
using PYTHON 3.7.4 (scipy) or SIGMAPLOT, employing Pearson’s
or Spearman’s rank correlation for linear or monotonic relation-
ships, respectively. K-mean clustering was performed on log2
transformed, normalized NPQ (mutant/WT) in PYTHON (sea-
born).

Results

Growth light intensity and fluctuations have distinct effects
on photosynthetic capacity and pigment composition

We grew A. thaliana (Arabidopsis) under different light treat-
ments in climate-controlled phytotrons and a polytunnel under
natural light and climate (Figs 1a, S1; Table S1). Steady-state
photosynthesis and composition of the thylakoid membrane
were determined from WT (Tables S3–S5). Results were ana-
lyzed by MRA using two light variables as covariates: fluctuations
in light intensity, quantified as the sum of light intensity changes
over 1 d (variable photon flux density, PFDvar); and, the mean
daily intensity (mean photon flux density, PFDmean, Tables S6,
S7). The results revealed PFDmean as the predominant light fac-
tor that could explain differences in the quantum efficiency of
photosystem II (ΦPSII) and gross CO2 assimilation rate (Ag) at
high irradiance (HI; Figs 1b, S2). Levels and de-epoxidation state
of the xanthophyll-cycle pigments violaxanthin, antheraxanthin,
and zeaxanthin (VAZ) correlated most strongly with PFDvar

(Figs 1c, S2).
Further small PFDmean effects were found on the levels of PSII

and the light-harvesting complex (LHC) of PSII (LHCII), which
correlated positively and negatively with PFDmean, respectively
(Fig. S3). A positive correlation of the photosystem reaction cen-
ter (RC) : LHC ratio with PFDmean was supported by levels of
RC-bound b-carotene and Chla/b ratio rising with PFDmean

(Chlb is only present in LHCs and not in RCs; Thornber &
Highkin, 1974). Additional small PFDvar effects were found on
the levels of Cyt b6f complex, ATP synthase, and Chla/b, which
correlated positively, and LHCII and PSI, which correlated nega-
tively (Fig. S3).

Our results from characterizing light acclimation effects on
photosynthesis are in line with previous smaller scale analyses
(Bailey et al., 2004; Alter et al., 2012; Schumann et al., 2017;
Vialet-Chabrand et al., 2017; Matthews et al., 2018; Pescheck &
Bilger, 2019): We show that PFDmean is a main determinant of
ΦPSII and Ag, which confirms that growth light intensity sculpts
photosynthetic capacity. Additionally, we show that levels of de-
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Fig. 2 Light acclimation interacts with the functions of KEA3 and VCCN1 in nonphotochemical quenching (NPQ) dynamics. (a) Chla fluorescence was
measured in dark-acclimated Arabidopsis thaliana wild-type (WT) and two mutant alleles each of kea3 and vccn1, grown under eight different light
environments (FD, flat day: FDL – low, FDM – medium, FDH – high; DD, dynamic day: DDS – sinusoidal, DDF – fluctuating, DDSF – sinusoidal fluctuat-
ing; and ND, natural day), during four iterations of 4-min low irradiance (LI, 90 lmol photonsm�2 s�1) and 1-min high irradiance (HI, 900 lmol pho-
tons m�2 s�1), a final 4-min LI phase followed by 5-min darkness. Measurements were performed continuously between 2 and 10 h into the
photoperiod by repeating a fixed sequence of different genotypes. Nonphotochemical quenching (NPQ) was calculated for all growth light conditions
and complete traces can be found in Fig. S5. Average of n = 6� SE is shown for NPQ of WT grown under FDM during the third fluctuation, end of
the final LI, as well as of the dark phase. (b) Scheme of the electron transport chain (ETC), the adenosine triphosphate synthase, the VCCN1 Cl� chan-
nel, and the KEA3 H+/K+ antiporter located in the thylakoid membrane (TM). Nonphotochemical quenching of the mutants as compared to WT serves
as readout for the activity of KEA3 and VCCN1 during light fluctuations and their effects on the proton concentration of the lumen. K-mean clustering
of log2 transformed NPQ ratios (mutant/WT) at six different time points (shown in (a)) is presented as a heatmap. Average NPQ values of n = 5–7
were used for the analysis. (c) Multiple regression analyses were performed on mutant/WT NPQ ratios at indicated time points (shown in a) using aver-
age and variable photon flux densities (PFDmean and PFDvar, respectively) as covariates. Significant effects on the mutant NPQ phenotype compared
with WT are indicated by plus and minus signs (+, deviating from, and �, approaching WT with increasing light factor; vccn1, blue; kea3, red). Number
of signs denotes the slope (b) determined by the MRA analysis as an indicator for the amplitude of the effects by PFDmean and PFDvar on NPQ as dis-
played in the figure. The complete statistical analyses can be found in Table S8. (d, e) Nonphotochemical quenching ratio of mutant/WT at indicated
timepoints (30 and 60 s after LI to HI shift, d, or 20 and 60 s after HI to LI shift), (e) plotted as a function of PFDmean (d) or PFDvar (e) with red or blue
broken lines representing the linear fits through mutant/WT NPQ ratios of kea3 or vccn1, respectively, and corresponding slopes (b). (a, d, e) Note that
some error bars are smaller than data point symbols and therefore not visible.
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epoxidized xanthophyll-cycle pigments, which have a photopro-
tective function, correlate positively with PFDvar. This finding
supports the upregulation of photoprotective mechanisms in fluc-
tuating growth light environments.

Thylakoid ion transport shapes dynamic NPQ in a light-
environment-dependent manner

Two mutant alleles each of kea3 and vccn1 were grown alongside
WT under different light environments. All mutants visually
resembled WT and showed comparable maximum PSII quan-
tum efficiency (Fv/Fm) under each growth condition (Fig. S4).
We determined the effects of environmental acclimation on the
function of VCCN1 as an accelerator of qE induction (Duan
et al., 2016; Herdean et al., 2016) and KEA3 as an accelerator of
qE relaxation (Armbruster et al., 2014). For this, we exposed
plants to a short, 10-fold fluctuation in light intensity between

90 (low irradiation, LI) and 900 lmol photons m�2 s�1 (high
irradiation, HI, 1 min) and determined NPQ from Chla fluores-
cence analyses (Figs 2a,b, S5). In previous reports on kea3 and
vccn1, plants had always been grown under low light intensities.
Mutant phenotypes for FDL were as previously published: vccn1
induced NPQ more slowly in HI (Duan et al., 2016; Herdean
et al., 2016), and kea3 showed delayed NPQ relaxation in LI
(Armbruster et al., 2014, 2016; Fig. S5). For a systematic com-
parison of growth light effects on mutant NPQ phenotypes, the
NPQ ratios of mutant/WT were calculated for six time points
during the light fluctuation (Fig. 2a). The NPQ ratios were K-
mean clustered and analyzed by MRA using PFDmean and
PFDvar as covariates. The clustered heatmap in Fig. 2(b) shows
two main groups. One contains only vccn1 and is characterized
by NPQ reduction during the HI phase. The second group is
dominated by kea3 (containing vccn1-1 in DDS) and character-
ized by elevated NPQ most strongly during the LI, but also in

Fig. 3 Growth light intensity determines the effect of thylakoid ion transport on photosynthetic efficiency. (a) Upper panels: PSII quantum efficiency (ΦPSII)
at 30 or 60 s after transfer from low irradiance (LI, 90 lmol photonsm�2 s�1) to high irradiance (HI, 900 lmol photonsm�2 s�1, as in Fig. 2) was plotted
against nonphotochemical quenching (NPQ) of Arabidopsis thalianawild-type (WT), kea3, and vccn1 from eight different growth conditions (FD, flat day:
FDL – low, FDM –medium, FDH – high; DD, dynamic day: DDS – sinusoidal, DDF – fluctuating, DDSF – sinusoidal fluctuating; and ND, natural day). Dashed
lines show linear fits throughWT and mutant data points of one growth condition. Lower panels: the negative slopes of the fits correlate strongly with aver-
age photon flux density (PFDmean; Table S10). (b) ΦPSII–NPQ relationships at 20 or 60 s after transfer from HI to LI show a strong negative correlation. (a,
b) Averages of n = 3–7� SE are shown. Some error bars are smaller than data point symbols and therefore not visible. Pearson correlation coefficient q and
slope b are given for all data points of one measurement. For significant correlations, Pearson correlation coefficient q is given for all points (qall) or those of
phytotron-grown plants only (qFD/DD; lower panel) with asterisks indicating *, P < 0.05; ***, P < 0.0001. Measurements were performed continuously
between 2 and 10 h into the photoperiod by repeating a fixed sequence of different genotypes.
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the HI phase (Fig. 2b). Multiple regression analyses revealed that
most changes in the mutant NPQ phenotypes between condi-
tions correlated with differences in PFDmean or PFDvar (Fig. 2c;
Table S8). PFDmean had opposing effects on the mutant/WT
NPQ ratios (i.e. the NPQ phenotypes) of vccn1 and kea3 during
the HI phase: while the low NPQ phenotype of vccn1 decreased
and NPQ became more similar to WT, the high NPQ pheno-
type of kea3 increased with PFDmean. Strongly elevated HI-
NPQ was seen in kea3 grown under higher PFDmean. The stron-
gest effect of PFDmean on the vccn1 NPQ phenotype was found
during the first measuring point at HI (30 s), while for the kea3
NPQ phenotype, it was highest at 60 s HI. The second light fac-
tor, PFDvar, explained an increase in the high NPQ phenotype
of kea3 mutants during LI (Fig. 2c). The strongest effect was
found at 60 s after transition from HI to LI. Multiple regression
analyses also revealed a significant effect of PFDvar on the vccn1
NPQ phenotype 5 min in the dark after the fluctuating light
treatment (time point 6). To visualize the correlation with
PFDmean at HI and PFDvar at LI, NPQ ratios were plotted
against the respective light factors and linear fits were performed
(Fig. 2d,e).

Together, the results show that the functions of both VCCN1
and KEA3 respond oppositely to PFDmean during a short HI
phase in a sequential manner and reveal an enhancing effect of
strong light fluctuations on the NPQ relaxation phenotype of
kea3 during LI.

Growth light intensity determines the impact of thylakoid
ion transport on photosynthetic efficiency at high
irradiances

To approximate light-environmental effects on photosynthetic
capacity during the short light fluctuation, ΦPSII was calculated.
Across all genotypes from phytotron conditions, ΦPSII correlated
positively with PFDmean during HI (Fig. S6a,b; Table S9). Gas
exchange measurements were performed on WT, kea3, and vccn1

from selected phytotron conditions, which confirmed the positive
ΦPSII correlation with PFDmean during HI (Fig. S6c).

Nonphotochemical quenching correlated negatively with
PFDmean 60 s after the LI to HI transition (Fig. S6d; Table S9).
The correlation was weaker for kea3 than for the other two geno-
types. This was expected because of the positive effect that
PFDmean had on KEA3-mediated NPQ suppression at this time
point. Here also, the ΦPSII correlation with PFDmean was weaker
for kea3 than for the other two genotypes, which suggested ΦPSII

was affected as a result of changes in NPQ. Thus, we performed a
systematic analysis of the NPQ and ΦPSII relationships. After 30 s
at HI, the overall inverse ΦPSII-NPQ correlation was relatively
weak (correlation coefficient q =�0.50; Fig. 3a, 30 s, upper
panel). However, when ΦPSII-NPQ relationships were deter-
mined separately for each of the light conditions, most were
found to have much higher correlation coefficients (Table S10)
and fitted negative slopes responded linearly to PFDmean (Fig. 3a,
30 s, lower panel). After 1-min HI, overall correlation increased
(qall =�0.73; Fig. 3a, 60 s, upper panel), but the impact of
PFDmean on the fitted slopes remained strong (Fig. 3a, 60 s, lower
panel). During NPQ relaxation in LI, ΦPSII correlated near-
linearly with NPQ, without evident environmental light effects
on the relationships (Fig. 3b).

The data reveal that changes in NPQ, elicited by alterations of
thylakoid ion transport, affect PSII quantum efficiency at HI
with a linear dependency on PFDmean. This may have been
expected because of the overall increase in ΦPSII with PFDmean.
The ΦPSII–NPQ relationship during NPQ relaxation at LI, in
turn, was much less affected by PFDmean.

The induction of qE is shaped by light acclimation,
thylakoid ion transport, and their interactions

Three environments with strongly differing effects on the NPQ
phenotypes of kea3 and vccn1 (i.e. FDL, FDH, and DDF) were
selected to delineate light acclimation effects on VCCN1 and

Fig. 4 Time-resolved measurements reveal regulatory responses that follow a sudden jump in light intensity. (a) Both pmf components can be simultane-
ously observed by monitoring energy-dependent quenching (qE), which approximates changes in DpH, and the electrochromic shift (ECS), which reflects
changes in membrane potential (Dw). S, stroma; L, lumen; TM, thylakoid membrane; pmf, proton motive force. (b) Spectroscopic setup with emitter (E),
detector (D), and reference detector (R), which measures absorption in attached mature leaves near-simultaneously at six wavelengths (left) and spectra of
leaf components that absorb at these wavelengths used for deconvolution of the qE and ECS signals (right). Component spectra were obtained as described
in Table S2. The deconvolution approach was verified using Arabidopsis thaliana knockout mutants of the PsbS protein (npq4) and zeaxanthin epoxidase
(npq2; Fig. S7). (c, d) Changes in the deconvoluted qE (qE535 (DA, rel); (c) and electrochromic shift signal (ECS (DA, rel); (d) of A. thalianawild-type (WT)
and two mutant alleles each of kea3 and vccn1 grown in FDL (flat day low, left panel), FDH (flat day high, middle panel), or DDF (dynamic day fluctuating,
right panel) during the transition from low irradiance (LI, 90 lmol photonsm�2 s�1) to high irradiance (HI, 900 lmol photonsm�2 s�1). Average traces of
n = 4–7� SE are shown for the period of 15 s LI before and 60 s HI during the third light fluctuation, with one fluctuation comprising a sequence of 60 s HI,
20 s LI, 30 s darkness, and then 220 s LI. The amplitude of the initial ECS increase and the amplitude of the signal decay after the spike were used for calcu-
lating ECS relaxation capacity (Table 1). Absorbance measurements were performed between 2 and 10 h into the photoperiod by repeating a fixed
sequence of different genotypes. (e, f) ECSt as an estimate for total pmf (e) and adenosine triphosphate (ATP) synthase conductivity (g

Hþ , (f)) determined
from short dark pulses applied to the same fluctuating light setup as in c and d of WT, kea3-1 and vccn1-1 grown in FDL (left), FDH (middle), and DDF

(right). Averages are shown for n = 4–6� SE. Some error bars are smaller than data point symbols and therefore not visible. Red arrows indicate approxi-
mate time points of KEA3 activation as estimated from (d). Note that in (e and f), time resolution is small compared with c and d yielding no information on
the actual g

Hþ minimum, which may be before the second measuring point. Statistically significant differences to WT, determined by one-way ANOVA and
the Tukey multiple comparison test, are indicated by asterisks with *, P < 0.05. Because of low signal-to-noise ratio at 520 nm in LI, ECSt and g

Hþ were aver-
aged between the third and fourth fluctuations. (c–f) y-Axes were scaled to emphasize differences between genotypes. Signal amplitudes depend on pig-
ment content and thus cannot be compared between conditions. (g) Model of the activity and function of VCCN1 and KEA3 during the HI phase as a
function of time of plants from different growth light conditions. Red arrow sizes signify proton transport activity of ATP synthase, and blue and purple
arrows indicate Cl� and K+ transport activities of VCCN1 and KEA3, respectively.
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KEA3 activation and function at millisecond time resolution. We
measured qE-related absorption changes at 535 nm (qE535) as a
proxy for the lumenal proton concentration, and the ECS

c. 520 nm, which reports on the thylakoid membrane potential
(Dw, Fig. 4a). For this, we performed near-simultaneous mea-
surements at six different wavelengths between 475 and 545 nm
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to obtain information on peaks and flanks of the two absorption
spectra as well as to correct for other signals in this region
(Fig. 4b). We validated this approach by analyzing mutants with
differences in qE and Zx accumulation (Fig. S7). Additionally,
we confirmed Chla fluorescence-based NPQ results from WT
and thylakoid ion transport mutants using the same spectrometer
(Fig. S8a). No consistent differences in total chlorophyll and
total carotenoid contents, visual leaf appearance, and rosette dry
weight were observed between WT, kea3, and vccn1 for a given
light environment (Table S11; Figs S4a,b, S8b). This permitted
the direct comparison of absorption signals between WT and
mutants from the same condition. Also, no significant differences
in KEA3 content were observed in WT and vccn1 between the
three conditions (Fig. S8c; Table S12).

In general, growth light conditions strongly affected the
dynamic responses of both qE535 and ECS, to a sudden increase
in light intensity (Fig. 4c,d; Tables S13, S14). Loss of VCCN1
or KEA3 further influenced these responses in an environment-
dependent manner. Directly after the transition from LI to HI,
loss of VCCN1 led to a lag in qE535 induction, which was more
pronounced in FDL than in DDF and FDH (Fig. 4c). A general
feature of the ECS (Dw) response to the increase in light intensity
was that it spiked within the first second after the shift, followed
by varying degrees of ECS relaxation (Fig. 4d; Table 1). Both
kea3 and vccn1 displayed a decreased capacity to relax the ECS
signal when compared to WT from the same condition. The lar-
gest difference was found in FDL between WT, which relaxed
ECS back to LI levels, and vccn1, which only relaxed ECS to
two-thirds of the initial incline.

During the entire HI phase, no qE535 differences were
observed between kea3 and WT from FDL (Figs 4c, S8a). The
kea3 from FDH and DDF instead had higher qE535 signals than
their corresponding WTs after initial similar induction kinetics
(Fig. 4c). Thus, differences in qE535 recapitulated the observed
changes in NPQ. The high qE535 in kea3 from FDH and DDF

was accompanied by lower ECS signals. While ECS showed a fast
second rise in WT and vccn1 at 6 and 8 s after the shift for FDH

and DDF, respectively, the kinetics of this rise were much slower
in kea3. A difference in this second ECS rise was particularly evi-
dent for kea3 from FDH, in which lower ECS as compared to
WT preceded the higher qE535 signal by multiple seconds
(Fig. 4c,d).

In summary, the results revealed vccn1 to have decreased
capacity for Dw relaxation after the initial steep rise, coinciding
with delayed qE535 induction. Both, Dw relaxation capacity and
qE induction, were most strongly impaired in vccn1 from FDL,
then DDF, and least in FDH. This supports VCCN1 function
during LI to HI transitions to be negatively affected by increas-
ing growth light intensities. Interestingly, also kea3 mutants
showed a reduced capacity for Dw relaxation, particularly in
DDF plants (Fig. 4d; Table 1). This may be explained by the dis-
sipation of Dw by outward K+ flux requiring KEA3-mediated
transport of K+ into the lumen. However, compared with vccn1,
the decreased capacity of kea3 to relax Dw after the initial spike
had minor impact on qE535. Instead, KEA3 contributed to
decreases in qE535 at later time points after the LI to HI transi-
tion in plants from FDH and DDF. This was accompanied by
KEA3-mediated increases in Dw as measured by the ECS signal.
These results can be explained by the following: a few seconds
after the shift from LI to HI, KEA3 is activated in plants from
FDH and DDF and lumenal protons are exchanged for stromal
potassium; this decreases the proton concentration of the lumen
and leads to simultaneous increases in the Dw component of the
pmf; as a result of the decrease in lumenal protons, qE is down-
regulated.

To further determine whether ECS differences reflected
changes at the level of pmf composition or total pmf, we deter-
mined the light–dark difference in the ECS signal at 520 nm as a
proxy for light-induced pmf (ECSt, Fig. 4e). For this, 0.5-s dark
pulses were applied every 10 s throughout the measurement.
Electrochromic shift decay kinetics were additionally used to
derive the trans-thylakoid proton conductivity (g

Hþ ; Fig. 4f), as a
measure for ATP synthase activity. The ECSt (i.e. light-induced
pmf) strongly increased after transition from LI to HI. As previ-
ously reported, vccn1 had higher ECSt as compared to WT (Her-
dean et al., 2016). The timing after the shift from LI to HI
depended on growth light condition: vccn1 from FDH and FDL

had higher ECSt as compared to WT at 10 and 45 s in HI,
respectively, and vccn1 from DDF at 26 and 46 s (Fig. 4e). The
ECSt was not influenced by lack of KEA3 under both FD condi-
tions (Fig. 4e). The similar ECSt values between WT and kea3
from FDH demonstrated that decreased ECS values in kea3 from
this condition reflected a lower Dw and higher DpH contribution
to the pmf. In DDF, kea3 plants showed reduced ECSt along
with the lower ECS signals at the later three measuring time
points.

g
Hþ decreased directly after the transition to HI and then

increased again after 10 s in FDH and DDF, while continuing to
decrease in FDL until stabilizing after c. 30 s at a minimum level
(Fig. 4f). Lack of both KEA3 and VCCN1 both positively
affected g

Hþ of DDF-grown plants: vccn1 had elevated g
Hþ after

Table 1 Recovery of the electrochromic shift (ECS) signal after a LI to HI
transition depends on both VCCN1 and KEA3.

Growth
condition

ECS relaxation capacity (%)

WT kea3-1 kea3-2 vccn1-1 vccn1-2

FDL 95 � 6a 80 � 5b 81 � 5b 70 � 2c 67 � 4c

FDH 26 � 3a 24 � 6ab 17 � 3b 23 � 3b 19 � 1b

DDF 56 � 5a 31 � 6b 32 � 2b 37 � 4b 37 � 2b

The deconvoluted signal of the ECS c. 520 nm of Arabidopsis thalianawild-
type (WT) and two independent mutant alleles each for kea3 and vccn1
was recorded during the transition from low irradiation (LI, 90 lmol pho-
tonsm�2 s�1) to high irradiation (HI, 900 lmol photonsm�2 s�1) as shown
in Fig. 4. Plants were selected from three different growth conditions (FDL/H,
flat day low/high; DDF, dynamic day fluctuating). After the light transition,
the ECS signal strongly increased and then decayed again. The ECS relax-
ation capacity was defined as the amplitude of the decayed signal relative
to the amplitude of the initial increase. Averages of n = 4–7� SE are shown.
Different lowercase letters in superscript indicate significant differences as
determined by one-way ANOVA for genotypes of a given condition and
the subsequent SNK multiple comparison.
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10 s at HI and kea3 throughout the entire HI period. Interest-
ingly, KEA3 activation in HI, as deduced from increases in Dw
during the second phase of ECS incline within c. 10 s after transi-
tion to HI (present in WT, but lacking in kea3), coincided with
increased g

Hþ in all genotypes (Fig. 4d,f, red arrows). This find-
ing suggests that the activities of ATP synthase and KEA3 are
synchronized.

Together, the results shown in Fig. 4 and Table 1 propose the
following sequential response to a 10-fold increase in light inten-
sity (Fig. 4g): (1) the membrane potential, which initially spikes,
is partially dissipated by passive ion flux across the thylakoid
membrane to establish qE with a direct function of Cl� via
VCCN1; (2) proton conductivity of the ATP synthase reaches a
minimum; and (3) adenosine triphosphate synthase is reactivated
with the simultaneous dissipation of DpH by KEA3-mediated
K+/H+ exchange, relaxing, or stabilizing qE. Responses (1) and
(3) show strong growth light dependency.

The effect of KEA3 on qE relaxation after a HI to LI shift is
not only due to direct activation

After transition back from HI to LI, qE535 behaved very simi-
larly between the three conditions in both WT and vccn1 and
fully relaxed within 20 s (Fig. 5a). In all genotypes and all
growth light conditions, ECS (Dw) collapsed immediately after
the LI transition, followed by a recovery phase (Fig. 5b). The
response of kea3 to the HI to LI shift was markedly different
from WT. qE535 of kea3 from DDF and FDL showed little-to-
no relaxation within the first 20 s after the shift. kea3 from
FDH showed qE535 relaxation, but delayed as compared to WT.
Electrochromic shift recovery after the initial drop was strikingly
reduced in kea3 from FDL and DDF and reached much lower
levels as compared to WT at 20 s after the shift (Fig. 5b). In
FDH plants, the effect of the kea3 lesion on Dw after the HI to
LI transition appeared to be minor. While ECS was much lower
in kea3 before the transition (see also Fig. 4d), it reached WT
levels after c. 5 s in LI.

After the transition to LI, ECSt (light-induced pmf) decreased,
while g

Hþ increased (Fig. 5c,d). No significant ECSt differences
were present between genotypes in LI, supporting that decreased
ECS signals in kea3 after the HI to LI shift represented a lower
Dw contribution to pmf in FDL and DDF. Interestingly, vccn1
from FDL and DDF, the conditions under which we observed a
stronger contribution of VCCN1 to Dw dissipation at HI,
showed an increase in g

Hþ after 10 s in LI (Fig. 5d). These obser-
vations may be linked, but cannot be easily explained as addi-
tional differences in spectroscopic parameters are missing. The LI
shift was followed by a dark phase to determine the contribution
of Dw and DpH to pmf 20 s after transition from HI to LI (Cruz
et al., 2001). Indeed, Dw contribution to total pmf was signifi-
cantly decreased in kea3 as compared to the other genotypes from
plants grown in FDL and DDF (Fig. 5e).

Together, our data support that KEA3 has an important func-
tion in the relaxation of qE after a HI to LI shift. In plants from
FDL and DDF, KEA3 appears to directly lower the proton con-
centration of the lumen and thereby the DpH fraction of the

pmf. In FDH, lack of KEA3 resulted likewise in attenuated qE
relaxation, however, without measurable differences in pmf com-
position. This finding suggests that in contrast to plants from the
other two light environments, the applied light shift did not
induce any KEA3 activity in FDH-grown plants. By comparing
qE535 dark relaxation of kea3 from FDL and DDF, we found
additional striking differences: in plants from FDL, qE535 of kea3
reached WT levels after a 30 s dark period, while in plants from
DDF, qE535 remained high as compared to WT and showed very
slow relaxation kinetics in the dark. We thus reasoned that in
comparison with WT, kea3 mutants from FDH and DDF must
contain (more of) at least one additional factor that slows down
qE relaxation kinetics.

KEA3 suppresses Zx accumulation

We then investigated whether Zx could be the additional factor
influencing qE relaxation kinetics. To this end, we measured pig-
ment content 6 h into the light period. This analysis demon-
strated that kea3 mutants had strongly elevated Zx levels as
compared to WT both in FDH and DDF, but not in FDL

(Fig. 6a). To investigate whether differences in Zx levels were
light-dependent, we measured pigments of DDF-grown plants
after overnight dark treatment. Here, the Zx content was much
lower as compared to 6 h in the light, and the difference between
kea3 and WT became smaller (Fig. 6a).

Together, our results propose an additional function for
KEA3, which is to suppress Zx accumulation in growth regimes
with high-light phases.

Excessive Zx delays the response of qE to KEA3-dependent
pH changes in the lumen

To address the question of whether Zx levels interact with the
proton transporting activity of KEA3 in shaping qE relaxation
kinetics, we employed the npq2 mutant, which lacks zeaxanthin
epoxidase (ZEP) and thus has a strongly increased VAZ pool
with 100% Zx (Figs 6b, S9a,b; Niyogi, 1998; Johnson
et al., 2009). We grew WT and kea3 together with npq2 and
npq2 kea3 double mutants (Armbruster et al., 2014) in FDL and
DDF and measured NPQ under light fluctuations (Fig. S9c,d;
Table S15). In line with our findings from WT and kea3, a
KEA3-dependent decrease in HI-NPQ in the npq2 background
was observed only in DDF, but not in FDL (Fig. S9c). This result
suggested that KEA3-dependent differences in HI-NPQ between
these two conditions were not strongly influenced by the high Zx
levels present in npq2. Nonphotochemical quenching relaxation
after the HI to LI transition was delayed in npq2 as compared to
WT, supporting that increased levels of Zx alone cause slower
NPQ relaxation kinetics (Fig. 6c). Because of the short time
frame of the LI period (4 min), we can assume relaxed NPQ to
represent mainly qE. The npq2 kea3-1 mutant exhibited slower
NPQ relaxation kinetics as compared to kea3-1, demonstrating
that high Zx levels and loss of KEA3 have an additive effect on
slowing down NPQ (qE) relaxation. The further delay of NPQ
relaxation by high Zx levels in npq2 kea3-1 as compared to kea3
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was less pronounced under DDF than under FDL. This finding is
in line with kea3-1 having increased Zx in DDF, which delays qE
relaxation. Comparing NPQ relaxation kinetics between the dif-
ferent genotypes showed that kea3 is strongly delayed at the first
measuring points 20 s after the transition (Fig. 6c). Particularly
in DDF, there was only little difference between kea3-1 and npq2
kea3-1 at this time point, suggesting minor influence of npq2-
dependent higher Zx on NPQ within the first 20 s. At subsequent
time points, however, the double mutant had strongly enhanced
NPQ as compared to kea3. This observation hints at proton

export from the lumen by KEA3 preceding some of the effects of
Zx on NPQ relaxation.

Discussion

This study has addressed the question of how light-
environmental acclimation interacts with the function of thy-
lakoid ion transport during light fluctuations. From different
growth environments, we extracted two light factors, light inten-
sity (PFDmean) and variability (PFDvar). Our data established that

Fig. 5 KEA3 function in qE relaxation is not
restricted to direct changes in proton motive
force (pmf) composition. (a, b) Changes in
the deconvoluted qE (qE535 (DA, rel); (a) and
electrochromic shift signals (ECS (DA, rel); (b)
of Arabidopsis thaliana wild-type (WT) and
two mutant alleles each of kea3 and vccn1
grown in FDL (flat day low, left panel), FDH

(flat day high, middle panel), or DDF

(dynamic day fluctuating, right panel) during
the transition from high irradiance (HI,
900 lmol photonsm�2 s�1) to low irradiance
(LI, 90 lmol photonsm�2 s�1). Average
traces of n = 4–7� SE are shown for the
period of 15-s HI, 20-s LI, and 30-s darkness
during the third light fluctuation after the
start of the measurement, with one
fluctuation comprising a sequence of 60 s HI,
20 s LI, 30 s darkness, and then 220 s LI. (c,
d) ECSt as an estimate for total pmf (c) and
adenosine triphosphate synthase
conductivity (g

Hþ , d) determined from short
dark pulses applied to the same fluctuating
light setup as in (a and b). Averages are
shown for n = 4–6� SE. Some error bars
were smaller than data point symbols and
therefore not visible. Statistically significant
differences to WT, determined by one-way
ANOVA and the Tukey multiple comparison
test, are indicated by asterisks with *,
P < 0.05. Because of low signal-to-noise ratio
at 520 nm in LI, ECSt and g

Hþ were averaged
between the third and fourth fluctuations. (e)
The Dw component of the pmf was
determined 20 s after the HI to LI shift.
Averages of n = 4–7 are provided. The lower
and upper boundaries of the box represent
the 25th and 75th percentile, and the median
is indicated by the middle line. Whiskers
extend to the maximum and minimum.
Lowercase letters above the box plots
indicate significant differences between
genotypes as determined by the two-way
ANOVA and subsequent SNK multiple
comparison test. (a–d) y-Axes were scaled to
emphasize differences between genotypes.
Signal amplitudes depend on pigment
content and thus cannot be compared
between conditions.
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photosynthetic capacity strongly correlates with PFDmean and
revealed that levels of de-epoxidized xanthophylls (Zx) rise with
PFDvar (Fig. 7a). We confirmed the previously published func-
tion of KEA3 in plants from low growth light conditions, which
is to accelerate NPQ/qE relaxation in LI (Armbruster
et al., 2014). In this study, we found KEA3-mediated NPQ/qE
suppression during high-light phases, in which it correlated posi-
tively with PFDmean; and, respond to PFDvar during relaxation.
Additionally, we revealed a function for KEA3 in the suppression
of Zx accumulation. The NPQ phenotype of vccn1 in HI, pub-
lished earlier for low growth light conditions (Duan et al., 2016;
Herdean et al., 2016), was shown to disappear with increasing
PFDmean. We propose that at least some of the effects of PFDmean

on the activities of both KEA3 and VCCN1 during short high-
light phases can be explained by changes in photosynthetic capac-
ity. Additionally, we link the PFDvar dependence of the kea3
NPQ/qE relaxation phenotype to an interaction of Zx levels with
KEA3 activity.

The results of our spectroscopic analyses of photosynthesis
during a 10-fold change in light intensity (used as an approxima-
tion for strong variations found in nature; Fig. 7b) are summa-
rized in two models.

Jump in light intensity: VCCN1 activity anticipates
metabolic limitations, which in turn precede KEA3
activation

During steady-state photosynthesis, light reactions and down-
stream metabolism are balanced (Fig. 7c). A sudden jump in light

intensity leads to rates of light reactions initially exceeding those
of downstream metabolism. This is due to a lag in the activation
of the carbon-fixing Calvin–Benson–Bassham cycle, which is tied
to a number of changes that occur on the second-to-minute time
scale. These involve stromal pH and magnesium, redox regula-
tion, and intermediate metabolite pools (Werdan et al., 1975;
Portis & Heldt, 1976; Sch€urmann et al., 1976; Purczeld
et al., 1978; Stitt et al., 2010). Increased rates of electron and pro-
ton transport cause the thylakoid membrane potential to rise. Dw
dissipation by ion flux involving the VCCN1 Cl� channel facili-
tates an increase in the lumen proton concentration and activa-
tion of qE. Our data suggest that the extent of Dw dissipation
after a jump in light intensity negatively correlates with growth
light intensity. Acclimation to low growth light favors strong Dw
dissipation after an increase in light intensity, which is necessary
for fast qE induction. Following Dw dissipation, the activity of
the ATP synthase (estimated by g

Hþ ) reaches a minimum. This
can be explained by high ATP : ADP ratios and low availability
of inorganic phosphate, which result from the lag in CBB-cycle
activation (Fig. 7c; Takizawa et al., 2008; Morales et al., 2017).
As soon as the CBB cycle catches up with the light reactions, rates
of ATP synthase rise again. Additionally, KEA3 is activated to
rapidly dissipate DpH, deactivate qE, and upregulate PSII activ-
ity. The qE deactivation may additionally be accelerated by
KEA3-mediated Zx-suppression (next paragraph). This last phase
in high light, which is characterized by the near-simultaneous
activation of KEA3 and ATP synthase and qE relaxation, is miss-
ing in plants grown under low light intensities (i.e. FDL).
Together, these findings are in line with KEA3 being controlled

Fig. 6 KEA3 suppresses zeaxanthin (Zx) in the light, with high Zx accumulation delaying the response of nonphotochemical quenching (NPQ) to changes in
lumen pH. (a) Zeaxanthin content was determined for Arabidopsis thalianawild-type (WT) and two mutant alleles each of kea3 and vccn1 as mmol mol�1

Chl. Samples were taken 6 h into the light period for FDL (flat day low), FDH (flat day high), or DDF (dynamic day fluctuating) and after an overnight dark
phase for DDF (> 12-h dark). In the light period, DDF plants were sampled only during the low-light phase of the fluctuations. (b) Zeaxanthin content of
WT, kea3-1, npq2, and npq2 kea3-1 from FDL or DDF 6 h into the light period. (a, b) Note that differences between pigment content from thylakoids
(Table S3) and whole rosette pigments can be explained by differences in sampling procedure. Averages of n = 4–5� SE are shown. Capital letters indicate
significantly different groups between treatments, and lowercase letters between genotypes within one treatment by the two-way ANOVA and the Tukey
(a) or SNK (b) multiple comparison test. (c) Normalized NPQ relaxation of WT, kea3-1, npq2, and npq2 kea3 grown in FDL (left panel) or DDF (right panel)
after a shift from high irradiance (HI, 900 lmol photonsm�2 s�1) to low irradiance (LI, 90 lmol photonsm�2 s�1) during the third fluctuation of a fluctuat-
ing light treatment with one fluctuation comprising of a sequence of 1 min HI and 4 min LI. Averages of n = 6� SE are shown. Measurements were per-
formed continuously between 2 and 10 h into the photoperiod by repeating a fixed sequence of different genotypes. Statistically significant differences
between nqp2 kea3 and kea3 or npq2 and WT, as determined by one-way ANOVA and the Tukey multiple comparison test, are indicated by asterisks in
yellow or purple, respectively, with *, P < 0.05 and ***, P < 0.05. Some error bars were smaller than data point symbols and therefore not visible. Values
for NPQ in PSII quantum efficiency (ΦPSII) during the entire fluctuating light treatment and corresponding statistical analyses can be found in Fig. S9(c,d)
and Table S15, respectively.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation.

New Phytologist (2023) 237: 160–176
www.newphytologist.com

New
Phytologist Research 171

 14698137, 2023, 1, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18534 by M

ichigan State U
niversity, W

iley O
nline Library on [21/12/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



by rates of downstream metabolism and activation occurring in
response to high CBB-cycle activity. The regulatory C-terminus
of KEA3 contains a nucleotide-binding domain, which may ren-
der KEA3 activity responsive to ATP/ADP or NADPH/NADP+

(Armbruster et al., 2016; Wang et al., 2017; Li et al., 2021;
Uflewski et al., 2021).

The loss of KEA3 but not VCCN1 affects Zx accumulation in
plants grown at higher light intensities. Zeaxanthin accumulates

when VDE activity in total exceeds that of ZEP, which converts
Zx back to Vx. The WT-like accumulation of Zx in vccn1,
despite measurable differences in qE under high light, must thus
derive from a similar ratio of VDE/ZEP activities as in WT. One
explanation is that the activities of both xanthophyll-cycle
enzymes are WT-like in vccn1. This would assume VDE to have
a lower pH activation threshold than PsbS, the activation of
which is the main contributor to qE. An alternative explanation
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would be that VDE activity is higher in vccn1 than in WT, but is
matched by increased ZEP activity. The ZEP activity has been
shown to respond to multiple factors including the redox state of
the chloroplast stroma (Siefermann & Yamamoto, 1975; Beth-
mann et al., 2019).

Drop in light intensity: KEA3 drives the inactivation of
energy dissipation in a bifactorial manner

We show in this study that the role of KEA3 in NPQ/qE relax-
ation after a drop in light intensity is not restricted to its direct
proton export activity (Fig. 7d). Our data suggest that Zx-
suppression by KEA3 in plants grown under elevated PFDmean

contributes to their NPQ/qE relaxation kinetics. The KEA3
activity likely reduces the accumulation of Zx indirectly by pH-
dependent inactivation of VDE. The kea3 NPQ/qE relaxation
phenotype correlated positively with PFDvar. This finding is in
line with kea3 from such a condition (i.e. DDF) exhibiting both,
high levels of Zx, and HI to LI transition-induced activation of
KEA3 activity. By analyzing KEA3 function in the npq2 mutants
with high levels of Zx, we confirmed that KEA3-mediated proton
export from the lumen affects qE relaxation as a function of Zx
levels after a drop in light intensity. Together, our data suggest
that high Zx delays the downregulation of qE triggered by
KEA3-mediated decreases in the lumen proton concentration.
Thus, it supports a model, in which Zx plays a major role in qE
deactivation kinetics (Niyogi, 1998; Nilkens et al., 2010).

Conclusion

Our results demonstrate that growth light acclimation strongly
impacts the functions of both thylakoid ion transport proteins,
KEA3 and VCCN1, in the rapid response of photosynthesis to
short light fluctuations. This discovery mandates potential strate-
gies to enhance plant productivity by modulating thylakoid ion
transport to consider the effects of the reported light factors. A
complex picture emerges for KEA3-mediated NPQ relaxation,
which responds to both light intensity and variability.
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