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ABSTRACT: Protection of photosystem II against damage from
excess light by nonphotochemical quenching (NPQ) includes
responses on a wide range of timescales. The onset of the various
phases of NPQ overlap in time making it difficult to discern if they
influence each other or involve different photophysical mecha-
nisms. To unravel the complex relationship of the known actors in
NPQ, we perform fluorescence lifetime snapshot measurements
throughout multiple cycles of alternating 2 min periods of high
light and darkness. By comparing the data with an empirically
based mathematical model that describes both fast and slow
quenching responses, we suggest that the rapidly reversible
quenching response depends on the state of the slower response.
By studying a series of Arabidopsis thaliana mutants, we find that removing zeaxanthin (Zea) or enhancing PsbS concentration, for
example, influences the amplitudes of the slow quenching induction and recovery, but not the timescales. The plants’ immediate
response to high light appears independent of the illumination history, while PsbS and Zea have distinct roles in both quenching and
recovery. We further identify two parameters in our model that predominately influence the recovery amplitude and propose that
our approach may prove useful for screening new mutants or overexpressors with enhanced biomass yields under field conditions.

■ INTRODUCTION

The initial step of photosynthesis requires absorption of light
to drive charge separation via photochemistry.1 However,
fluctuating sunlight can transiently exceed the capacity of
photosynthetic organisms to use the absorbed energy for
productive charge separation. To avoid damage to the
photosynthetic apparatus, photosynthetic organisms regulate
photoprotective processes in response to light conditions,
ensuring that excess energy is dissipated safely.2 Recent work
has shown that increasing photosynthetic organisms’ ability to
rapidly match the level of photoprotection to incident light
conditions can improve crop yields.3,4 Nonetheless, the
individual contributions of the various biochemical actors are
still under debate, especially under natural light conditions.
When light absorption outpaces charge separation, photo-

system II (PSII) experiences longer-lived excitation kinetics2,5

and is more susceptible to damage than photosystem I.2,6−8

The suite of photoprotective mechanisms that protect PSII by
dissipating excess excitationreferred to collectively as
nonphotochemical quenching (NPQ), the reduction in the
observed chlorophyll a (Chl a) fluorescence by mechanisms
other than photochemistry9−11have been the subject of
intense study.
The contributions to overall NPQ are often separated into

components, including (but not limited to) qE12−17 (rapidly

reversible phase), qZ18−21 (dependent on zeaxanthin (Zea)),
and qI22−25 (associated with photoinhibition). More recently,
a slowly reversible component called qH (which is induced by
a combination of high light (HL) and low temperature) has
been added.26 However, many of the NPQ components
overlap in time and it is not clear if they involve the same
underlying photophysical dissipation mechanism(s) controlled
by different kinetic regulatory processes or utilize differing
dissipation mechanisms. To unravel the complex relationships
of the known actors in NPQ, rather than measuring the
response of leaves over a single light−dark cycle, we employ
multiple cycles of short (2 min) periods of high light (HL)
alternating with dark periods of the same duration.
Rapidly alternating HL and dark periods over a series of 10

cycles allows us to measure how the rapid response evolves as
the slow responses simultaneously move toward their steady-
state behavior. This periodic illumination sequence is also
more representative of the fluctuating light exposure patterns
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that plants experience in nature.4,27−30 By combining these
data with a mathematical model that incorporates both fast and
slow responses, but which is agnostic as to the specific
molecular mechanisms underlying the components, we
demonstrate that the rapidly reversible response depends on
the slower response.
Here, time-correlated single photon counting (TCSPC)

measurements of the fluorescence lifetime are performed on
whole Arabidopsis thaliana leaves under exposure to periodic
actinic light. As discussed elsewhere,31 directly measuring the
fluorescence lifetimes in snapshots enables us to focus only on
processes that quench chlorophyll excitations. As opposed to
fluorescence yields, fluorescence lifetimes are not influenced by
processes that reduce the fluorescence quantum yield but do
not result in quenching of chlorophyll excitation,32,33 such as
enhanced light scattering, chloroplast movement,34 or
chromophore bleaching.
To disentangle how the various known biochemical actors

influence the timescales and amplitudes of the quenching
response, we utilized a range of mutants for comparison to wild
type (WT, Col-0 ecotype; see Table 1 for a summary of all

genotypes). As the involvement of the pH-sensing protein
PsbS in qE is well established,35,36 we selected a PsbS-deficient
mutant, npq4, and a PsbS-overexpressing mutant, L17.37

Similarly, low lumen pH activates the enzyme violaxanthin
de-epoxidase (VDE) which converts violaxanthin via anther-
axanthin to zeaxanthin (Zea) in the HL-dependent half of the
VAZ cycle.2,9,10,38 There has been extensive discussion in the
literature concerning the role(s) of Zea39−43 and another de-
epoxidized xanthophylllutein (Lut)44−47in the dissipation
mechanism underlying NPQ. Accordingly, we utilized the
mutant npq1, which lacks VDE and is unable to generate
Zea,48,49 and the szl1 mutant, which does not accumulate Zea
but possesses increased levels of lutein.45,50

By considering these various mutants in the context of our
model, we discuss the molecular species and identify specific
model parameters controlling the extent of recovery from
maximum quenching. We propose that determination of these
parameters could provide a rapid method for selecting new
mutants and overexpressors with enhanced recovery ampli-
tudes for field trials aimed at increasing biomass yields.

■ METHODS AND DATA ANALYSIS
Plant Genotypes and Growth Conditions. Five A.

thaliana genetic lines were selected for a comparison of the
effects of both PsbS and xanthophylls (Zea and Lut) in rapid
and moderate-to-long timescale quenching dynamics usually
classified as qE, qZ, or qI. The specific genotypes studied are
summarized in Table 1. Plants were germinated on MS plates,
transplanted to pots after 2 weeks, and grown in growth
chambers under 110 μmol photons m−2 s−1 on a 10-h day and

14-h night cycle at 23 °C. All plants were between 5 and 8
weeks of age at the time of experiments.

TCSPC Measurements and Exponential Fitting.
Chlorophyll fluorescence lifetime snapshot measurements of
whole leaves of A. thaliana were collected via time-correlated
single photon counting (TCSPC) to measure changes in the
fluorescence lifetimes (picoseconds to nanoseconds) of
chlorophyll a (Chl a) in PSII in response to high-light
exposure (seconds to minutes). TCSPC fluorescence lifetime
measurements are less sensitive to changes in absorbance, due
to e.g., chloroplast avoidance, than traditional yield measure-
ments,31 allowing lengthier actinic light exposure patterns to be
studied.
After an hour of initial dark acclimation, leaves were

removed from the plant and placed in a custom-built sample
holder. A 532 nm Coherent Verdi G10 diode laser pumped an
ultrafast Ti:sapphire Coherent Mira 900f oscillator with a
center wavelength of 840 nm and full width at half-maximum
(FWHM) of approximately 9 nm. The 840 nm output pulses
from the Mira were then frequency doubled to 420 nm using a
β-barium borate crystal to excite the Soret band of Chl a. The
beam was split, with a portion directed to a sync photodiode
providing a reference for TCSPC measurements and the
remainder directed to the sample. The portion of the beam
that reached the sample was incident on the leaf at a ∼70°
angle to the adaxial side of the leaf. The average power of the
laser at the sample was 1.75 mW, saturating reaction centers.51

Fluorescence was collected through a monochromator
(HORIBA Jobin-Yvon; H-20) set to transmit 680 ± 8 nm
placed before a microchannel plate (MCP)-photomultiplier
tube (PMT) detector (Hamamatsu R3809U MCP-PMT) to
selectively observe fluorescence from the Qy band of Chl a in
PSII. The detector was cooled to −30 °C and the gain was set
to 94% yielding an instrument response function with a
FWHM of 36−38 ps. Data were acquired using a Becker &
Hickl SPC-850 data acquisition card combined with a
sequence of trigger and shutter operations executed with
LabView. The actinic light source was a Leica KL1500 LCD
with a peak intensity of 648 nm and FWHM of 220 nm.
TCSPC snapshots were collected at 30 s intervals over 10 4
min cycles consisting of 2 min of high light (700 μmol photons
m−2 s−1 actinic white light) and 2 min of darkness.
Fluorescence decays were collected for each of the 0.2 s
steps during the 1 s snapshot measurement and fit to
biexponential functions using reconvolution fitting with the
measured instrument response function. The amplitude-
weighted average lifetime for each decay was calculated, and
the step with the longest lifetime was chosen as the step with
the reaction centers closed to saturation, as described in the
previous work.52,53

Data and Error Analysis. High snapshot time resolution is
required to resolve the timescale of the rapid induction and
relaxation of quenching upon transitions between darkness and
high light. Measurements at 30 s snapshot resolution were
collected for two “time offsets” describing the initial timepoint:
one starting at 0 s (resulting in measurements at 0, 30, 60 s,
and so on) and another at 15 s (resulting in measurements at
15, 45, 75 s, and so on). To achieve a final data set with 15 s
snapshot resolution, pairwise permutations of 0 and 15 s leaf
samples were combined and a first-order Butterworth filter
with a critical frequency of 15 s−1 was applied to remove high-
frequency oscillations due to leaf-to-leaf variability. The
resulting filtered traces were averaged at each timepoint to

Table 1. A. thaliana Genotypes Investigated in This Studya

aThe color of each genotype matches those used throughout the
manuscript.
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obtain fluorescence lifetime snapshot traces and uncertainty
was estimated as the standard error, where the number of
independent samples was the number of filtered, pairwise
permutations for each genotype. For example, three
independent leaves measured using both the 0 and 15 s
sequences yields nine possible pairwise permutations.
To quantify quenching, NPQ τ values were calculated from

the mean snapshot lifetime traces, as previously de-
scribed.31,42,43 The formula for NPQ τ is analogous to the
traditional NPQ parameter1,48,54 (NPQ = (Fm − Fm′)/Fm′).
The error in NPQ τ was again estimated as the standard error.
To quantify the interperiod behavior, upper and lower
envelope traces were obtained by selecting the NPQ τ values
at the light-to-dark transitions (maximum quenching) and
dark-to-light transitions (maximum recovery) and these data
points were fit to an exponential function of the form a e−t/τ +
c, where a was negative. To quantify the intraperiod behavior
at steady state, the data from the penultimate (ninth) HL and
dark periods were fit to an exponential function of the form
a e−t/τ + c, where a was negative.
All data analysis and modeling was performed using

MATLAB. In all cases, the model’s differential equation (eq
1 in Box 1) was integrated over the duration of the experiment

(0−40 min) in steps of 0.005 min using the fourth order
Runge−Kutta (RK4) method. The structure of the model and
the necessary equations are described extensively in the main
text and the individual model parameters are also described in
the Supporting Information (SI) section titled “Discussion of
Model Parameters”.

■ RESULTS AND EMPIRICAL FITTING
Fluorescence lifetime snapshot measurements were collected at
15 s resolution on intact leaves from the five A. thaliana strains

listed in Table 1. Detailed descriptions of the fluorescence
lifetime data accumulation, combination of different time
offsets, and filtering to eliminate the leaf-to-leaf variability
within a single strain are given in the Supporting Information
(see “Analysis of Fluorescence Lifetime Snapshot Traces”).
Fluorescence lifetime determinations of NPQ have a number
of advantages over the more standard pulse amplitude
modulated (PAM) fluorescence method,31 as discussed in
the Introduction. To convert the measured average fluo-
rescence decay lifetimes to a unitless form similar to the NPQ
value obtained from PAM measurements, we define

=τ
τ τ

τ

= −
tNPQ ( )

t t

t

( 0) ( )

( )
dark light

light
,31,42,54,55 where τ is the ampli-

tude-weighted average lifetime from a biexponential fit. NPQ τ

also enables the direct comparison of different mutants that
have slightly different dark-state lifetimes.
Figure 1 shows the values of NPQ τ for each strain over 10

light−dark cycles. During high light (HL, 700 μmol photons

m−2 s−1), the quenching rapidly increases as the NPQ
components turn on. During subsequent exposure to darkness,
the quenching drops but the fluorescence lifetime does not
fully return to the original dark-acclimated value (Figure S1).
After a few HL−dark cycles, the lifetimes saturate at the
maximum quenching value, followed a few cycles later by the
saturation of the maximum recovery values. By the end of the
10 cycles, the dynamics have reached a periodic steady state,
with only small variations between periods. In electronic
circuits and in signal processing, the smooth curves that
describe the time-dependent extrema are called “envelopes”
and we will use this term.
All of the PsbS-containing lines (WT, szl1, L17, and npq1)

show significant intraperiod responses, in agreement with
previous conclusions about the role of PsbS in rapidly
reversible quenching.3,11,35−37,41,42,52,56−59 Compared to WT
(blue trace in Figure 1), L17 (PsbS overexpressor, orange

Box 1. Equations for Model.

Figure 1. Comparison of NPQ τ traces for each strain: WT (blue),
L17 (orange), szl1 (green), npq4 (red), and npq1 (purple). The PsbS-
containing lines (WT, L17, szl1, and npq1) show oscillatory
quenching induction and relaxation within each period. The PsbS-
deficient mutant npq4 does not show the strong oscillatory behavior
and the Zea-deficient mutant npq1 shows a dampened oscillatory
behavior. Data are presented as the mean NPQ τ value and the shaded
regions represent the standard error. The number of independent leaf
samples measured for each genotype is indicated in the legend.
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trace) has an increased amplitude of rapidly reversible
quenching and recovery, while npq4 (inactive PsbS, red
trace) almost entirely lacks rapidly reversible NPQ, both of
which agree with previous observations.35,37,52,56 Under HL,
VDE is active and Zea reaches near maximal accumulation in
the first few periods, unable to return to antheraxanthin or
violaxanthin in the short (2 min) dark relaxation time as
revealed by previous high-performance liquid chromatography
measurements.42,53 Therefore, in later periods the interperiod
dynamics should be attributable to slowly reversible or
irreversible quenching processes rather than changes in the
carotenoid (i.e., Zea) pool or the presence/activity of PsbS.
The npq1 mutant (lacks Zea, purple trace) still shows

oscillations in NPQ, but the magnitude is greatly dampened
relative to WT. Interestingly, szl1 (excess Lut, green trace)
displays quenching behavior qualitatively very similar to WT,
despite its inability to accumulate detectable levels of Zea.
These findings are consistent with previous suggestions that
Lut is capable of quenching Chl excited states in the absence of
Zea,44,45,60 though with a lower efficiency on a per-molecule
basis.53

Interperiod and Intraperiod Dynamics. Analysis of
inter- and intraperiod dynamics allows for the separation of fast
and slow quenching processes that depend on common
biochemical regulators, such as the PsbS protein and various
carotenoids. The quenching dynamics during the first few
HL−dark cycles depend on the simultaneous action of fast-
and slow-timescale processes, making it difficult to interpret
them separately. However, during the later HL−dark cycles,
the observed intraperiod oscillations in NPQ τ arise entirely
from the magnitude and timescales of the rapidly reversible
response because the moderate-to-long timescale responses
have reached a steady state in terms of activation and
relaxation. Thus, periodic illumination experiments allow for
the rapid response that appears within single periods
(intraperiod) to be distinguished from the moderate-timescale
response that appears in period-to-period (interperiod)
comparisons without requiring a direct comparison of different
mutant lines. We note that the rapidly reversible response can

be considered as analogous to the traditional quenching
component qE, while the moderate-timescale response can be
considered as analogous to slower quenching components
(e.g., qZ and qI). Framing the processes as temporal
“responses” instead of biochemically regulated “components”
allows us to separate the temporal overlap of the effects usually
attributed to traditional components (qE, qZ, qI, etc.).
Figure 2 shows interperiod envelope traces of the maximum

quenching NPQ τ values and maximum recovery NPQ τ values.
To estimate the timescale and extent of the slowly varying
interperiod behavior, both the upper and lower envelopes were
fit to simple exponential decays. Although multiple biochem-
ical processes occur with different timescales, such as the
accumulation of Zea and longer-timescale protein and
membrane structural reorganizations, only a single time
constant was resolvable in the envelopes. Fit values are
provided in Table 2.
The maximum induction timescale fit of zero for szl1

suggests there are no interperiod quenching dynamics present
at this temporal resolution; the level is constant or already at a
“steady state”. In contrast, WT shows an 8 min timescale to
achieve maximum quenching, similar to the timescale for the
accumulation of Zea in various plants.42,53,55 There is excess
Lut but no Zea accumulation in szl1, while WT possesses Lut
and accumulates Zea in HL until a steady state is reached
within a few periods. The differences between WT and the szl1
mutant therefore suggest that the maximum quenching
induction depends on both Zea and Lut accumulation. This
could explain the faster initial induction of quenching in szl1
compared to WT, as was previously observed for measure-
ments during one or two HL−dark cycles.45,53 The even slower
induction behavior for npq1 (slower timescale of 14 min)
further reinforces this dependence of NPQ on de-epoxidized
carotenoids given that npq1 entirely lacks Zea, but possesses
Lut.45,48,49

As mentioned above, the npq4 mutant (deficient in PsbS)
displays very little rapidly reversible quenching. However, it
still shows a slow increase (timescale of 27.6 min) in the
maximum quenching over successive periods. This moderate-

Figure 2. Slow interperiod dynamics of (A) maximum quenching envelope and (B) maximum recovery envelope. Open circles represent NPQ τ

trace values from Figure 1 selected at (A) the light-to-dark transition and (B) the dark-to-light transition and the error bars represent the standard
error in NPQ τ. The solid line represents the best fit to a single exponential decay and the shaded regions represent the standard error in the fit. The
shaded error region is omitted for the szl1 maximum quenching envelope due to the poor quality of the exponential fit (time constant significantly
longer than the timescale of the experiment). The lifetimes (τ) obtained from fitting are listed in the legend and all fit values with errors are
presented in Table 2.
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timescale quenching that occurs in the absence of PsbS appears
to be distinct from the role that PsbS plays in photoinhibitory
quenching (qI) under prolonged (>hour) HL illumina-
tion.27,37,56,61

Beyond szl1 and npq4, all other mutants exhibit similar
timescales of maximum interperiod quenching and recovery as
WT, although npq1 is slightly slower with a 14 min induction
timescale (Figure 2 and Table 2).

The rapid steady-state intraperiod dynamics are presented in
Figure 3 with fit parameters listed in Table 3. These data come

from fits of the penultimate HL−dark cycle in Figure 1 and
represent a quasi-periodic steady-state as the intraperiod
timescales (time constants) were observed to remain
unchanged after the third or fourth HL−dark cycle (Figure
S2). Once the steady state has been reached, intraperiod HL
quenching induction is consistently faster than the dark
recovery with timescales of 30−50 and 60−90 s (Table 3),
which may reflect the kinetics of ΔpH buildup and relaxation,
respectively. Additionally, the intraperiod timescales are more
or less the same for the different genotypes, suggesting that
differences in the carotenoid composition or PsbS activity
modulate the amplitude of rapidly reversible quenching but
not the inherent timescales or kinetics. An exception is the

Table 2. Fit Values for Maximum Quenching and Recovery
Envelopesa: (A) Maximum Quenching Fit Values:
NPQ τ

max(t) = a e−t/τ + c and (B) Maximum Recovery
Envelope Fit Values: NPQ τ

min(t) = a e−t/τ + c

(A)

max quenching fits a τ (min) c

WT −1.09 ± 0.06 8 ± 1 1.97 ± 0.03
L17 −4.1 ± 0.1 10.2 ± 0.7 4.87 ± 0.06
szl1
npq4 −1.73 ± 0.02 27.6 ± 0.8 1.54 ± 0.03
npq1 −0.88 ± 0.03 14 ± 2 1.29 ± 0.03

(B)

max recovery fits a τ (min) c

WT −0.92 ± 0.04 9.5 ± 0.9 0.85 ± 0.02
L17 −2.23 ± 0.06 11.8 ± 0.8 1.97 ± 0.04
szl1 −0.9 ± 0.1 23 ± 8 1.2 ± 0.1
npq4 −1.88 ± 0.08 29 ± 3 1.7 ± 0.1
npq1 −1.01 ± 0.03 13 ± 1 1.04 ± 0.03

aValues for exponential fits of the moderate-to-long timescale
envelope dynamics for (A) the maximum quenching (upper)
envelope fit obtained from selection of trace values at the light-to-
dark transition and (B) the maximum recovery (lower) envelope fit
obtained from selection of trace values at the dark-to-light transition.
Note that no maximum quenching exponential lifetime component
was observed for szl1 within the timescale of the experiment; instead
the maximum quenching envelope increased constantly. Fit values
reported are the mean and error is the standard error of the fit
reported to one significant digit. Parameters a and c are unitless values
of NPQ τ and τ is reported in minutes.

Figure 3. Rapidly reversible intraperiod dynamics of (A) high-light quenching induction and (B) dark relaxation. Data are presented as the NPQ τ

values (open circles) and error bars represent the standard error from the penultimate light and dark cycles presented in Figure 1 to ensure that a
steady state has been reached. Solid lines represent the best fit to a single exponential decay and shaded regions indicate the standard error in the fit.
The lifetimes (τ) obtained from fitting are listed in the legend and all fit values with errors are presented in Table 3.

Table 3. Rapidly Reversible Quenching Fit Valuesa: (A)
Induction Fit Values: NPQ τ = a e−t/τ + c and (B) Relaxation
Fit Values: NPQ τ = a e−t/τ + c

(A)

induction fit values a τ (s) c

WT −1.3 ± 0.1 45 ± 11 2.1 ± 0.1
L17 −3.5 ± 0.4 46 ± 15 5.1 ± 0.4
szl1 −0.94 ± 0.07 36 ± 8 1.91 ± 0.06
npq1 −0.31 ± 0.03 32 ± 8 1.24 ± 0.02

(B)

relaxation fit values a τ (s) c

WT 1.6 ± 0.3 87 ± 28 0.4 ± 0.3
L17 3.5 ± 0.2 74 ± 11 1.2 ± 0.3
szl1 0.94 ± 0.07 63 ± 12 0.94 ± 0.08
npq1 0.23 ± 0.02 34 ± 7 1.00 ± 0.01
npq4 −0.14 ± 0.01 47 ± 6 1.18 ± 0.01

aExponential fit values for quasi-periodic steady-state rapidly
reversible (A) high-light induction and (B) dark recovery. Fit values
reported are the mean and error is the standard error of the fit
reported to one significant digit. Parameters a and c are unitless values
of NPQ τ and τ is reported in seconds.
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intraperiod recovery in npq1, which is significantly faster at 34
s.

■ MATHEMATICAL MODEL OF MULTI-TIMESCALE
REGULATORY PROCESSES

To draw additional conclusions regarding the various known
molecular actors in NPQ and their timescales of quenching
induction and recovery, we constructed a mathematical model
that includes the simultaneous actions of rapidly reversible and
more slowly varying regulatory processes. Before describing the
detailed mathematical structure of the model, we will highlight
some general characteristics that the model must satisfy to
capture the experimentally observed oscillatory quenching
behavior of intact leaves. The model should:

1. Capture amplitude changes within periods without
altering the empirically determined timescales.

2. Retain memory of previous cycles to describe slow
envelopes of the maximum quenching and recovery.

3. Allow NPQ to turn on and off with rates that vary as a
function of the illumination history.

4. Be agnostic about specific quenching mechanisms with
all of the input parameters for the model determined
directly from the experiment.

5. Be flexible enough to describe WT and all PsbS-
containing mutants studied in this work.

The quenching giving rise to NPQ is thought to occur
mainly within the light-harvesting complex proteins associated
with PSII (LHCII),11,58,62−64 though LHCII is not necessarily
the only site.63,65,66 Additionally, the quenching is likely the
combined result of processes occurring on varying timescales,
such as the relatively slow accumulation of Zea/Lut14,38,67,68

and/or membrane reorganization events69−71 as well as more
rapid conformational changes within individual pigment−
protein complexes.72−74 Therefore, our model treats slower
regulatory processes as constraints on the result of the rapidly
reversible regulation of quenching to incorporate the combined
effects of the multiple timescales. Including interactions

between the various regulatory responses is a key difference
from a model where the traditional quenching components
(e.g., qE, qZ, and qI) arise from separate photochemical
mechanisms and independent regulatory schemes.57,75 Our
model is thus able to relate the multiple experimentally
observed timescale responses to an overall extent of quenching
(as opposed to biochemical observables) to draw conclusions
about how the multiple regulatory responses combine to result
in the overall quenching regulation on the seconds-to-minutes
timescales.
A diagram of the regulatory model along with a table of the

eight specific input parameters is shown in Scheme 1, and the
detailed equations for the model are presented in Box 1. The
model is based on the following differential equation

= −[ + ] +
q

t
k t k t q k t

d
d

( ) ( ) ( )
active

1 2
active

2

which has a biexponential solution within each time period
(the derivation is provided as an Appendix in the Supporting
Information). qactive is the modeled variable that represents the
trajectory of NPQ τ and k1(t) and k2(t) are rate terms that
describe the kinetics of turning NPQ off and on, respectively.
These rates are piecewise defined to track whether the light is
on or off at any given time during the experiment. Additionally,
the rate terms are influenced by both the constant rates of
induction or relaxation of the rapidly reversible quenching
within a single period as well as the time-dependent state of the
maximum quenching and maximum recovery envelopes.
Therefore k1(t) and k2(t) (eqs 2 to 3) incorporate multi-
timescale regulatory behavior through contributions from both
rapid intraperiod processes (krapid(t) terms as defined in eqs 4
to 5) and gradual interperiod processes (kenvelope terms as
defined in eqs 6−9).
Specifically, krapid(t) contains the rapid intraperiod kinetics

through τind
rapid or τrel

rapid and the time-dependence arises from the
slowly varying value of qmax(t) or qrec(t) (eqs 4 and 5 in Box 1).
Here, τind

rapid and τrel
rapid are the constant best fit values of the time

Scheme 1. Diagrammatic Representation of the Mathematical Model Describing the Regulation of Quenchinga

aQuenching is modeled by qactive whose trajectory is governed by two piecewise time-dependent rate constants, k1(t) and k2(t). The observed
macroscopic quenching moves within the region between the maximum quenching (qmax(t), yellow) and maximum recovery states (qrec(t), black),
whose values are determined from empirical interperiod fit parameters (bottom table). The values for each of these eight parameters are
determined from direct exponential fits to the experimental data for each genotype. The interperiod and intraperiod dynamics are fit to the same
mathematical construction (a single exponential of the form q = a e−t/τ + c). Interperiod HL and dark values for a, τenv, and c in addition to
intraperiod HL and dark kinetics (τrapid) are the only inputs to the model.
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Figure 4. Comparison of model (solid lines) and experimental NPQ τ values (closed circles) for all PsbS-containing lines: (A) WT (blue), (B) szl1
(green), (C) npq1 (purple), and (D) L17 (orange). The first (E) and penultimate HL−dark cycles (F) are also shown for all strains. At the
beginning of illumination (first HL−dark cycle), the model accurately captures the induction of quenching but does not fully capture the relaxation.
The agreement is better for npq1 that shows low magnitude oscillations as well as szl1, both of which lack Zea. By the end of the experiment (ninth
HL−dark cycle), agreement between the model and experiment is improved, successfully capturing the induction and recovery dynamics. All model
parameters are determined from best fit values of exponential decay fits of the maximum quenching and maximum recovery interperiod envelopes
and the induction and relaxation of rapidly reversible intraperiod quenching reaching the quasi-periodic steady state. The simple model accurately
depicts the nature of rapidly reversible quenching induction and relaxation occurring simultaneously with, and intertwined to, slower timescale
quenching processes.
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constants for the induction and relaxation of rapidly reversible
quenching upon the envelopes reaching steady state in the final
periods of the experimental data, as shown in Figure 3A,B and
Table 3. qmax(t) and qrec(t) represent the time-dependent
values of the maximum quenching and recovery envelope
systems, respectively.
For both quenching and recovery, kenvelope is parametrized

entirely based on τmax
env or τrec

env, and cmax or crec (eqs 6−9 in Box
1). τmax

env and τrec
env are the best fit time constants from

exponential fits of the maximum quenching and recovery
envelopes, respectively, obtained as previously described and
shown in Figure 2A,B and Table 2. Similarly, cmax and crec are
the best fit additive constants, representing steady-state values
of NPQ, obtained from the corresponding exponential fits of
the envelopes. In our model construction, kenvelope is assumed
to be constant on the timescale of the experiment, which is
reasonable given that the state of the maximum quenching and
maximum recovery envelopes varies slowly relative to the rapid
induction or relaxation within periods.
It is important to note that both of the rate values k1(t) and

k2(t) must change as a function of the HL−dark cycle number
throughout the overall experimental time, instead of a simpler
formulation where only a single rate value is modulated by the
light or darkess. This is necessary to achieve a simultaneous
agreement between the experimental data and the model
(Figure S3). This is because the ratio of the rate constants (i.e.,
k1/k2) in the differential equation system determines the
steady-state value (the maximum quenching or maximum
recovery within a period). For a fixed recovery rate constant,
either the induction rate or the resulting steady-state values can
be accurately reproduced, but not both simultaneously.
With all the model parameters predetermined from direct

fits of the data, the differential equation (eq 1 in Box 1) is
solved numerically without subsequent fitting to obtain the
model traces presented in Figure 4 for each mutant. The model
satisfies the requirements previously mentioned, allowing it to
describe the observed behavior of oscillatory quenching and
recovery during HL and dark periods constrained by
multiperiod envelopes with reasonable (but not perfect)
accuracy. For example, while the model and experiment
agree well for szl1 (Figure 4B) and npq1 (Figure 4C), the
model’s predicted NPQ dynamics deviate from the exper-
imental values for WT (Figure 4A) and L17 (Figure 4D),
especially during early HL−dark cycles. Specifically, while the
model successfully captures the induction of quenching during
all HL periods (Table S1), the modeled traces for WT and L17
do not capture the full relaxation of quenching during the early
dark periods (Table S2). Yet the difference between the model
and experiment, which is largest for the L17 mutant at ∼0.5 a
unit of NPQ τ (Figure 4D), still only corresponds to a relative
error of 27% by the end of the ninth cycle, while most other
strains have relative errors of 5% or less (Table S2). The
difficulty of describing the L17 trajectory using the model is
not surprising given this mutant’s larger dynamical range of
oscillations in NPQ as a result of excess PsbS.
As alluded to earlier, perfect correspondence between the

calculated and experimental values for NPQ τ is not expected
from a model that incorporates only minimal empirical kinetic
data. As shown in Scheme 1, only eight empirical parameters
are built into the structure of the model; six of these describe
the interperiod maximum quenching and recovery envelopes
and the remaining two represent the rates for intraperiod
induction and relaxation. Therefore, the fidelity of the model in

describing the experiment relies on our ability to accurately
extract these parameters from the exponential fits to the
experimental data. In fact, by simply varying a single parameter,
such as the intraperiod dark relaxation time constant τrel

rapid,
acceptable agreement between the model and experiment can
be easily obtained for both WT and L17 (Figure S4).
In general, the intraperiod induction of quenching is well

reproduced during the early periods, while the intraperiod
relaxation is not (Figure 4E; Tables S1 and S2). In contrast,
during the later periods, both the induction and recovery are
well described by our model (Figure 4F; Tables S1 and S2).
We postpone for the discussion an analysis of these differences
between the early and late periods of HL and darkness because
we can draw important insights from them.
Despite the discrepancies between the model and experi-

ment, the mathematical description allows the connection
between the rapidly reversible regulation and the slower
regulation to be highlighted: the model demonstrates how the
initial induction of NPQ depends on both the induction
timescale of rapidly reversible quenching and the slower
timescale dynamics of the maximum quenching envelope. In
other words, by accurately reproducing the changing
magnitude of rapidly reversible quenching over successive
HL−dark cycles, the model shows that the rapidly reversible
regulation of quenching (qE) is likely intertwined with the
status of the slower quenching processes (such as the qZ and
qI components).

■ DISCUSSION
General Comments. Isolating quenching responses using

periodic actinic light exposure reveals the complex, over-
lapping, and interdependent nature of the various regulatory
processes contributing to observed nonphotochemical quench-
ing in A. thaliana. For all strains, our data and analysis suggest
that the traditional designation of the rapidly reversible
component of NPQ, qE, cannot be described independently
of the slower NPQ components, such as qZ or qI. The
interdependence of fast and slow processes is in contrast to
models in which each “timescale” component operates
independently. This suggests that the components of
quenching likely operate to regulate one or more common
photochemical mechanism(s) in different ways, either through
modification of the intrinsic quenching rate via rapidly
inducible conformational changes within individual pigment−
protein complexes or more slowly modulating the effective
density of quenchers via chemical substitutions. Large-scale
membrane organization changes are likely to further influence
the connectivity of quenching sites to other areas of the
photosynthetic antenna.
As stated in the methods, the plants are dark-adapted for 30

min before exposure to the periodic light sequence. Thus,
during the first HL period both the fast and slow NPQ
responses are initiated, which combine to generate the τrapid

observed during the first several cycles. Interestingly, by the
third cycle, the observed rapid intraperiod induction and
relaxation kinetics have reached a steady state (Figure S2),
while the slow processes continue to gradually approach full
activation. Therefore, after the third cycle, the fast pathway
becomes the dominant contributor to the intraperiod kinetics
and consequently the observed values for τrapid appear
unaffected by the illumination history.
The timescales of induction and relaxation within a single

HL or dark period (Figures 3 and S2) and over the duration of
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the 10 HL−dark cycles of our measurement (Figure 2) are
quite similar for all of the mutants. An interesting exception is
the szl1 mutant that contains large quantities of Lut in the
dark45,53 for which no exponential rise component is detectable
for the maximum quenching envelope within the 15 s time
resolution of these measurements. Instead, the maximum
quenching envelope in szl1 increased linearly, unlike all the
other lines where the maximum NPQ τ envelope is well
described by an exponential rise. This suggests that a relatively
rapid conformational change in an individual pigment−protein
complex is an initiator of quenching in szl1, rather than the
slower or more complex membrane reorganization that may be
necessary for the other strains. In contrast to the quenching
envelope, the recovery envelope for szl1 follows a similar
mathematical form to the other lines, suggesting that szl1 has a
different “turn on” mechanism but a similar “turn off”
mechanism compared to the other strains.
The plants reach steady state in quenching and recovery

kinetics by cycle 3 (Figure S2). At steady state, the rapid
intraperiod induction timescales are all similar at 30−50 s
(Figure 3A and Table 3A). The recovery timescales are also
similar to each other at 60−90 s (Figure 3B and Table 3B),
though notably slower than induction. An exception is npq1
which has a faster recovery time of ∼30 s, in agreement with
reports in the literature.60,76

Although our model was chosen to be agnostic about the
underlying biochemical or photophysical mechanisms, by
exploring the sensitivity of the modeled quenching magnitude
and dynamics to the input model parameters, we are able to

make a number of conclusions from combining the data with
the model. By fixing all the other parameters at their wild-type
values (see Table 4), we explored how changes in a single
parameter influence the overall response (Figures 5 and S5).
For example, amax and arec, representing the amplitudes of the
slowly evolving intraperiod envelopes qmax(t) and qrec(t),
respectively, significantly influence the intraperiod behavior
during the first few periods (see Figure S5A,B). In other words,
the initial quenching response and the more gradual changes
over multiple minutes should not be simply viewed as
independent processes; the amplitude of the rapidly reversible
component is intertwined with the state of the slower
processes. For a model to reproduce this behavior it must
retain this memory between periods since the biochemical
systems do not fully relax to the dark-adapted state during the
short, 2 min periods of darkness.
Next, we briefly discuss the insights on the roles of PsbS, the

xanthophylls Zea and Lut, and ΔpH suggested by our data and
model before making some final comments regarding potential
uses of the model for improving biomass yields.

Role of PsbS. The role of PsbS in enabling the plant to
respond to rapid changes in the light intensity is evident in
npq4 (lacks PsbS), which shows almost no modulation of
quenching when cycling between HL and dark conditions
(Figure 1). Surprisingly, the quenching response of npq4 was
observed to be “out-of-phase” with respect to the HL−dark
periods (i.e., NPQ τ decreased during HL and increased during
the dark). This finding, which will be discussed later in the
context of the model, bolsters the idea that the pH-sensing

Table 4. Model Parameters and the Approximate Values for the Wild Typea

interperiod HL interperiod dark intraperiod HL intraperiod dark

amplitude amax = −1 arec = −1
kinetics τmax

env = 10 min τrec
env = 10 min τind

rapid = 46 s τrel
rapid = 85 s

steady state cmax = 2 crec = 1
aFor all of the exploratory calculations (presented in Figures 5 and S5), only one individual parameter is varied and the other seven are fixed to the
experimental value for the wild type A. thaliana.

Figure 5. Predicted NPQ τ dynamics resulting from varying a single model parameter, while keeping the others fixed to the value of WT (listed in
Table 4). (A) Influence of amax where the legend specifies the scaled amplitude relative to the wild type. For example, “2.0×WT” means amax = 2 ×
−1 = −2. (B) Influence of τrelrapid where the legend specifies the fractional improvement. For example, here, 2.00×WT signifies an acceleration of the
kinetics by a factor of 2 relative to the wild type, or τ = = 43.5 srel

rapid 85
2

. For comparison, the model result when all eight parameters are set to the

experimental value of WT is depicted by the thick blue line. For visual clarity, the white and black bars for the actinic light sequence have been
omitted.
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protein PsbS is necessary for the normal WT response to both
HL and dark conditions.
When considering how PsbS interactions with LHCII might

induce quenching, the simplest conceivable mechanism
assumes that LHCII naturally favors an unquenched state,
and when an interaction with protonated PsbS activated by
ΔpH occurs, LHCII is forced into a quenched
state.38,56,58,59,69,72,73,77 When ΔpH relaxes during the dark,
the simplest assumption is that the interaction between PsbS
and LHCII ceases, and LHCII can relax back to an
unquenched state. This corresponds to a model description
where only the induction rate (k2) and not the relaxation rate
(k1) is modulated by the light and dark illumination sequence,
but this is unable to reproduce the experimental results (Figure
S3D−F). Therefore, the model suggests that not only do
interactions between protonated PsbS and LHCII induce
quenching, but that interactions between PsbS and LHCII
might also actively induce recovery of LHCII from quenching,
or at the very least that the protein interactions involved are
not well described by such a simple kinetic scheme.
The role of PsbS in the relaxation of quenching is further

supported by the exponential fits to the L17 data, which give a
larger value for arec (−2.33) than the wild type (arec = −0.92).
All other mutants (disregarding npq4, which largely lacks an
oscillatory quenching behavior) have arec values similar to the
wild type. This comparison of L17 and WT again raises the
idea that PsbS may play a significant role in the rapid
intraperiod relaxation of quenching during the dark. Assuming
a WT structural and biochemical background, our model
predicts that a value of arec = −2.33 would result in almost
complete relaxation of NPQ during the first dark period (see
the first dark period in Figure 5A), with decreasing percentages
of full recovery as the steady-state response is reached.
In summary, a reasonable assumption may be that PsbS is

involved in generating quenching sites leading to greater
overall maximum NPQ values and less recovery (larger NPQ τ

values in the dark). However, we do not rule out that PsbS
may also have more subtle or long-term effects, such as
changing the membrane morphology or organization.56,58,59,70

Roles of Zeaxanthin and Lutein. npq1, lacking Zea,
shows substantially reduced modulation of quenching over
HL−dark cycles compared to WT or szl1 (though still greater
than npq4) despite containing similar levels of PsbS. Unless
there is excess Lut (as is the case for szl1), Zea is clearly
required to obtain maximum quenching, though whether this
implies a PsbS−Zea cooperativity or is simply additive is not
clear. In the initial transition from the dark-adapted to HL
conditions, very little violaxanthin to Zea conversion will
occur.38,68,78 It therefore appears that at least the initial
increase in NPQ τ (the first few data points in each HL period)
likely does not require Zea. However, Zea is clearly involved in
slower quenching processes as the comparison of maximum
quenching envelopes for WT and szl1 shows, with WT
beginning at smaller NPQ τ max values and then reaching and
slightly exceeding the value for szl1 after three cycles (see
Figure 2A). This gradual increase of NPQ τ observed in WT
could reflect the replacement of violaxanthin with Zea in
LHCII in VDE enzyme-containing plants. szl1 on the other
hand, as noted above, lacks the exponential rise component in
the maximum quenching envelope, suggesting that no pigment
interchange and only a small conformational change is
necessary to switch Lut into a quenching configuration in
LHCII.

The picture of common photophysical mechanisms of
energy dissipation controlled in different ways and with
differing timescales of activation/deactivation could explain
how Zea impacts multiple quenching processes: the sub-
stitution of Zea may influence an intrinsic rate of quenching or
the density of quenching sites for which Zea plays a direct role,
as well as influence structural properties of pigment−protein
complexes that regulate conformational fluctuations and
membrane organization that gradually activate additional or
alternate quenching mechanisms.

Comparisons of Experimental and Modeled NPQ
Trajectories. As mentioned above, by comparing the modeled
NPQ τ trajectory with the experimental data points, we are able
to gain further insight into how the plant’s most immediate
response on exposure to HL or darkness depends on the
illumination history. This analysis is centered around the fact
that the model input for the intraperiod rapid responses comes
only from the penultimate (ninth) periods; our model does not
include any intraperiod input from the early illumination
periods. Nonetheless, our empirically based kinetic model
successfully captures the induction of quenching during all 10
HL−dark cycles (Figure 4 and Table S1). Thus, the steady-
state intraperiod induction time constant (τind

rapid) seems
sufficient to describe the plant’s immediate response to HL
and is independent of the illumination history. Since ΔpH is
one of the fastest responses to HL exposure,13−15,57 this
suggests that the kinetics of ΔpH formation may be unaffected
by the illumination history.
On the other hand, our model is unable to reproduce the

experimental dark relaxation dynamics during the early HL−
dark cycles (Figure 4E and Table S2), but successfully captures
the relaxation during the later dark periods (Figure 4F and
Table S2). In other words, the rapid response associated with
periodic exposure to darkness evolves (or changes) from cycle
to cycle. Consequently, the steady-state relaxation time
constant (τrel

rapid) is a poor descriptor for the kinetics associated
with quenching relaxation in the dark, especially during the
early HL−dark cycles. Additionally, given that the agreement
between the model and experiment during the early dark
periods is better for the Zea-deficient npq1 and szl1 mutants,
the cumulative rapid dark response seems to be dependent on
Zea. In the future, time-resolved HPLC measurements79 may
provide additional insight into the roles of specific xanthophyll
pigments during periodic illumination sequences. In vivo
optical measurements of Zea formation60,80 and ΔpH81 may
provide additional clarity by allowing us to directly test the
molecular basis for some of our observations.

Insights into NPQ Regulatory Processes. Returning to
the structure of the model, we assume that τind

rapid and τrel
rapid are

constants modified by qmax(t) or qrec(t) to give k1
rapid(t) and

k2
rapid(t), respectively. This time independence of the rapid
intraperiod dynamics is consistent with all of the mutant data
after the first few cycles (Figure S2), i.e., when steady-state
quenching and recovery are reached. At first glance, this might
suggest that the rapid behavior does not depend on Zea or
PsbS. However, the Zea concentration should be nearly
constant by period 3 or 4 leading to similar rates of rapid NPQ
relaxation. The npq1 mutant shows a faster recovery, which is
consistent with its lack of Zea. As we noted above, the
interaction of PsbS with the antenna is likely more complex
than a simple induction of quenching. If there are both short-
and long-term influences of PsbS and, again, the long-term
process(es) have reached a steady state by period 4, this could
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explain the similarity of the quenching induction and recovery
traces at the steady state (period 9; see Table 3 for timescales)
when comparing the mutants (except for npq4 that lacks both
induction and recovery character).
Using our model we systematically explored the effects of

omitting the slowly varying time-dependent state of the
envelopes from the rapidly reversible rate constants (Figure
S3). When qmax(t) is not included in krapid(t), the model is
unable to produce the expected response during HL or dark
periods and, in fact, the response becomes out-of-phase
(increasing NPQ τ in the dark and decreasing NPQ τ in HL)
(Figure S3D,G). This out-of-phase behavior resembles the
aforementioned experimental response for the npq4 mutant
under periodically fluctuating light (see red trace in Figure 1),
further hinting that PsbS may play a role in both the HL and
the dark response. Similar discrepancies between the model
and experiment were also observed upon omitting qrec(t) from
krapid(t) (Figure S3E,H). Importantly, these findings reinforce
the idea that the fast and slow processes involved in NPQ are
inherently intertwined.
After fixing all of the model parameters at their wild-type

values (see Table 4 and also the description in the SI), we also
explored how changes in a single parameter influence the
overall quenching response. Our exploration of the depend-
ence of the eight parameters highlights the significance of two
parametersarec (the amplitude of the maximum recovery
envelope) and τrel

rapid (the rate of intraperiod relaxation) (Figure
5; the effects of varying all 8 parameters are described in the SI
and shown individually in Figure S5). Both quantities
modulate the magnitude of NPQ relaxation without changing
the extent of quenching. Therefore, optimizing these
parameters could be an appropriate target for optimizing
crop/biomass yields by accelerating the recovery from
photoprotection while not compromising the plant’s ability
to protect itself under excess light. In future studies, periodic
illumination will be a useful way to characterize new mutants
with enhanced recovery amplitudes for improved biomass
yields.

■ CONCLUDING REMARKS
A summary of the combined experimental and modeling
approach employed in the present study is depicted in Scheme
2. Before discussing the implication of our analysis for efforts
to optimize the NPQ response to enhance biomass yields, we
briefly summarize the major findings from this work which, in
some cases, differ significantly from conclusions based on
single HL−dark measurement sequences.

(1) The quenching response within individual periods as
well as of the overall envelopes between periods lead to
the conclusion that many timescales are very similar
between the different mutants. The major effect of
removing Zea or enhancing PsbS concentration is on the
amplitudes of the slower (interperiod) induction and
relaxation envelopes and not on their timescales. This is
in contrast to conclusions from single HL−dark periods,
which suggest that the qE component has the largest
impact on quenching.

(2) By comparing the model and experiment, it appears that
the plant’s immediate response to HLaside from the
initial transient response during the first two cyclesis
independent of the illumination history, while the plant’s
immediate response to the dark evolves throughout

repeated HL−dark cycles and seems to be dependent on
Zea.

(3) Both PsbS and Zea/Lut have distinct roles in the NPQ
response. For example, not only is PsbS required for the
rapidly reversible quenching, but also longer timescale
components likely involving changes in the membrane
organization or morphology. In the absence of Zea, Lut
can serve as an effective quencher, especially when
present in increased amounts as is the case for the szl1
mutant. Zea itself appears to be necessary for WT-levels
of NPQ and is specifically involved in slower quenching
processes.

As we have discussed previously, monitoring the quenching
response throughout multiple light−dark cycles has the
potential to reveal new insights into the complicated and
overlapping nature of the various responses associated with
NPQ induction and relaxation and the complex roles of the
various molecular actors. The use of periodic illumination and
the description of the data for five strains of A. thaliana clearly
demonstrate that the rapidly reversible and slower responses to

Scheme 2. Summary of the Approach Employed in This
Studya

aFollowing the collection of fluorescence lifetime snapshot measure-
ments on intact leaves under exposure to repeating cycles of 2 min HL
and 2 min darkness, simple exponential fits were used to capture
information about the interperiod (black data points and curves) and
intraperiod dynamics (black box around cycle 9) for each mutant.
Next, these empirical fit values were used as the sole inputs into the
kinetic model, which is then able to describe the plant’s overall
response to repetitive HL and dark exposure with reasonable
accuracy. Our model therefore provides a valuable framework to
screen the ability of mutants to rapidly adjust NPQ to an illumination
sequence that more closely resembles the fluctuating light conditions
found in nature.
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excess light cannot be viewed independently. This interde-
pendence of responses has important implications for efforts to
optimize the NPQ response to increase yields in field growth
conditions where plants are routinely subjected to fluctuating
light.4,27

Our analysis suggests that modifying the kinetics of the slow
process does not appear to be a viable approach for increasing
crop yields. Instead, by systematically varying the input
parameters, our model suggests that attention should be
focused on altering the amplitude of the slow recovery process
(arec) as well as the kinetics of the rapidly reversible quenching
process (τrel

rapid; see Box 1 and Scheme 1 for definitions).
Determining these parameters in the lab could provide a rapid
method for selecting new mutants and overexpressors with
enhanced recovery amplitudes for field trials aimed at
increasing biomass yields.
Despite the potential for predictive power, kinetic models

derived from fluorescence measurements alone cannot directly
connect the understanding of dissipative mechanisms and
structural processes from steady-state measurements to the
observed regulation of fluorescence quenching dynamics.
Snapshot transient absorption measurements have been
developed that relate observables of quenching mechanisms
to regulatory timescales.82 Further development of similar
“snapshot” versions of techniques that can relate changes in
protein conformation dynamics or membrane organization to
these regulatory timescales will be necessary to integrate the
understanding of physical phenomena with kinetic regulatory
models. In addition, improved analysis methods for multi-
period data sets such as those presented here should lead to
more refined insights about the complicated and overlapping
response of NPQ in the presence of dynamically changing light
environments.
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