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Abstract 
 

Snapshot Spectroscopic Studies of the In Vivo Regulation  
of Photosynthetic Light Harvesting and Photoprotection 

 
by 
 

Collin Joseph Steen 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Graham R. Fleming, Chair 
 
 
 

As the global population continues to grow, optimizing photosynthetic light harvesting has 
emerged as an important route for increasing the production of food and bioenergy. Under periods 
of excess illumination, photosynthetic organisms initiate a suite of photoprotective mechanisms, 
collectively referred to as nonphotochemical quenching (NPQ), which thermally dissipate 
chlorophyll excited states. However, the molecular basis for NPQ is still unclear, partly due to 
overlapping dissipation mechanisms, shared molecular players, significant variation across 
species, and the difficulty of experimentally measuring dissipation in vivo and under 
physiologically relevant conditions. Additionally, while NPQ is thought to protect against 
downstream oxidative damage, there has been little direct investigation of the temporal and spatial 
connections between NPQ and reactive oxygen species, such as singlet oxygen, which is thought 
to be a toxic byproduct of photosynthesis though it may also play essential roles in intra-cellular 
signaling.  

In this dissertation, I employ a suite of “snapshot” spectroscopic methods – including transient 
absorption, fluorescence lifetime, and electron paramagnetic resonance techniques – in order to 
better understand the complex operation of NPQ in intact photosynthetic systems. By applying 
these snapshot methods to a range of genetically altered plants and algae under dynamically 
changing illumination conditions, a more complete understanding of the complex in vivo operation 
of excitation energy dissipation is obtained, with particular emphasis on the roles of carotenoids, 
pH-sensing proteins, and oxidative species. These fundamental findings hold great promise for 
ongoing efforts to boost the biomass yields of natural photosynthesis as well as improve the 
sustainable production of bioenergy.
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Chapter 1 

Introduction to Nonphotochemical Quenching  
and Snapshot Spectroscopy 

 
 
 
 
 
Natural photosynthesis is central to life on Earth. Over billions of years of evolution, 
photosynthetic organisms have refined the ability to harness energy from the sun and convert it to 
usable forms of chemical energy. Starting from water, carbon dioxide, and light as the primary 
inputs, plants and algae are able to synthesize sugars and other energy-rich complex organic 
molecules while also producing oxygen as a byproduct. Photosynthesis thus powers virtually all 
life on Earth by contributing to the vast majority of the planet’s food, energy, and oxygen supplies.1  
 
Studying natural photosynthesis is of global importance as it may enable new solutions to many 
ongoing challenges related to food, energy, and climate.2–4 Photosynthesis, which is required for 
production of all of humanity’s food supplies, is key to improving crop yields.5 It is also a source 
for biofuels and many other energy resources.5 Finally, photosynthesis creates all of the oxygen 
on the planet6 – approximately half of it originating from phytoplankton in the ocean7 – and 
provides a blueprint for possible mitigation of carbon dioxide levels in the atmosphere, currently 
sequestering ~100 gigatons of carbon annually.1  
 
The amount of energy contained in the sunlight that reaches the Earth’s surface far exceeds current 
and future worldwide energy consumption,8 making solar energy an under-utilized resource.9 One 
way the harvesting of solar energy could be improved is by translating the design principles of 
natural photosynthesis into various artificial systems, leading to advanced technologies in artificial 
photosynthesis,10,11 solar light harvesting and catalysis,12,13 or sustainable energy production.14,15 
Furthermore, as the effects of climate change increase in coming years,16,17 understanding the 
fundamental mechanisms of biological solar energy conversion is of utmost importance for future 
agricultural productivity.18–20 The ability to make targeted improvements to photosynthesis may 
also help to alleviate humanity’s increasing demand for food and energy in the face of population 
growth.2,5 
 
In this chapter, I provide a brief introduction to the process of oxygenic photosynthesis and the 
regulation of photosynthetic light harvesting. I then outline the approach of snapshot spectroscopy 
and comment on the useful insights that can be gained about the underlying molecular 
mechanisms, kinetics, and steady-state operation of photoprotection. I hope that this knowledge 
may one day help to improve the performance of natural photosynthesis in years to come. 
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1.1  Photosynthetic Light Harvesting 
 
In eukaryotic algae and plants, the process of oxygenic photosynthesis occurs in an organelle 
known as the chloroplast. The so-called “light reactions” of photosynthesis are housed in and 
around the chloroplast thylakoid membrane, a complex structure that is densely packed with 
various pigment-protein complexes, which can constitute up to 80% of the total membrane area.21 
The thylakoid membrane is heterogeneous; in higher plants, it is composed of distinct grana and 
stroma lamellae, corresponding to disc-like stacked and tube-like unstacked regions, 
respectively.22 The grana thylakoid membrane encloses a continuous interior aqueous region (the 
lumen), separating it from an exterior aqueous region (the stroma) that is enclosed within the 
chloroplast. Many of the initial events of light absorption, performed by photosystem (PS) II and 
its associated light-harvesting antenna system,23 are housed in the grana. However, PSI 
predominantly resides in the stroma lamellae and is an important determinant of the rate of electron 
transfer through the photosynthetic membrane. The combined action of the two photosystems, 
mediated by the cytochrome b6f complex, results in the shuttling of electrons originating from 
water molecules in the lumen through an intricate chain of membrane co-factors to generate 
reducing equivalents in the stroma.24 
 
For energetic input into the system, both photosystem complexes possess an array of peripheral 
antenna proteins that harvest sunlight, primarily through the absorption of photons by chlorophyll 
(Chl) pigments.25 Following the initial absorption event, a network of several hundred antenna Chl 
pigments efficiently transfers the excitation energy to the reaction center (RC) where charge 
separation can occur.26 The RC is optimized for rapid spatial separation of electrons and holes, 
minimizing wasteful recombination of photogenerated charge carriers. Upon receiving excitation 
energy from the antenna, two strongly coupled RC Chl pigments – referred to as P680 in the case 
of PSII – undergo charge separation. The photogenerated electron is transferred from P680 to a 
pheophytin pigment, and then to plastoquinone (PQ),27 a small lipophilic charge carrier that 
shuttles the electron away from the PSII complex through the thylakoid membrane towards 
downstream portions of the electron transport chain. The final products, the energy-rich molecules 
ATP and NADPH, are utilized in the Calvin-Benson cycle to convert CO2 to carbohydrates  
including sugars and starch.1 The export of an electron to the electron transport chain leaves behind 
a hole, which is replaced by electrons obtained from the splitting of water by the Oxygen Evolving 
Complex and supplied to the RC via a tyrosine residue located near P680.28 In the process of water 
oxidation, molecular oxygen and protons are also released in the interior lumenal region, which, 
along with the action of cytochrome b6f, contributes to the formation of a proton gradient (ΔpH) 
across the thylakoid membrane. 
 
The photosynthetic apparatus is exquisitely designed for light harvesting under normal, light-
limited conditions, such as those commonly found in the environment, i.e. the dim sunlight 
experienced at dawn, dusk, or during a cloudy day. The photochemistry of PSII is highly efficient 
under these low light conditions, with more than 80% of absorbed photosynthetically-active quanta 
being utilized for productive charge separation.29 The overall quantum yield of photochemistry in 
the RC is near unity with one charge separation event occurring per photon absorbed.30 This feat 
is primarily due to the architecture of the light-harvesting antenna,31,32 characterized by densely 
packed pigments held in precise configurations by a protein scaffold. The antenna enables efficient 
excitation energy transfer33 while also avoiding the concentration quenching of excitation energy 
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that occurs for Chl pigments in solution at similar densities as those found in photosynthetic 
pigment-protein complexes.34  
 
Light-harvesting complex II (LHCII) is the primary antenna for PSII and the most abundant protein 
in the thylakoid membrane. Each LHCII monomer binds a maximum of 14 Chl molecules (8 Chl 
a, 6 Chl b), each separated by an average distance of ~10 Å, as well as 4 Car molecules (1 
neoxanthin, 2 lutein, 1 violaxanthin).35 Both Chl and Car pigments possess delocalized conjugated 
π-electron systems, with absorption spectra that cover much of the visible region of the solar 
radiation spectrum (see Figure 1-1).36,37 The PSII supercomplex is composed of a variable number 
of LHCII trimers per core, depending on the photosynthetic species and the environmental 
conditions. The most common arrangement, referred to as C2S2M2, is composed of a dimeric core 
with two strongly-bound and two moderately-bound LHCII trimers, and is commonly found in 
plants under low light conditions.38 Overall, the PSII supercomplex is essential to the efficient 
operation of photosynthesis, both in terms of light harvesting function and the ability to protect 
against photodamage. 
 

 
 
While the strong absorption of sunlight enabled by an extensive light-harvesting antenna system 
helps to drive photosynthesis under low light intensities, it necessarily results in excessive 
absorption under the high light (HL) intensities regularly encountered in the natural environment. 
Under such conditions, PSII becomes quickly saturated due to depletion of electron acceptor 

 
 
Figure 1-1. Absorption spectra of the pigments (Chl a, green; Chl b, blue; β-carotene, yellow) involved in photosynthetic light 
harvesting in plants. Chlorophyll pigments, including Chl a and b, are abundant in photosynthetic systems and absorb primarily 
in the blue and red regions of the solar spectrum. Carotenoids, such as β-carotene, are secondary pigments that also function in 
absorption of light energy and play critical roles in photoprotection. The pigment spectra are from Johnson Essays in 
Biochemistry 2016, 60, 255-273 (reference 6). Also shown is the solar spectrum at ground level, from Wolf and Blankenship 
Photosynthesis Research 2019, 142, 349-359 (reference 124). Light with wavelengths between 400-700 nm, corresponding to 
the visible region of the electromagnetic spectrum, is referred to as photosynthetically active radiation. 
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molecules following the reduction of the quinones QA, QB, and the PQ pool,39 leading to decreased 
photosynthetic efficiency.29 Consequently, additional excitation energy is unable to be trapped by 
the reaction center, leading to accumulation of longer-lived excitations in the light-harvesting 
antenna. As the average lifetime of excitations becomes longer, alternative deactivation pathways 
of chlorophyll pigments become relevant (Figure 1-2). For example, the singlet excited state of 
chlorophyll (1Chl*) can undergo intersystem crossing (ISC) leading to the triplet state (3Chl*), 
which can then react with triplet molecular oxygen (3O2) to generate singlet oxygen (1Δg or 1O2*)40 
and other reactive oxygen species (ROS).41,42 1O2* is the highly-reactive excited state of molecular 
oxygen and is capable of causing damage to proteins and other components of the photosynthetic 
apparatus. 

 
 
In the environment, photosynthetic organisms are regularly exposed to dynamic conditions, 
especially in terms of the light intensity reaching the photosynthetic apparatus in any given cell. 
In fact, light levels in nature are highly irregular with abrupt variations in intensity (~10 orders of 
magnitude) occurring within very short periods of time (as short as seconds) due to changes in the 
environmental surroundings.43 Some examples on land include sunflecks occurring in a plant 
canopy and shading by clouds or vegetration.44,45 In aquatic environments, rapid mixing of the 
water column or subsurface focusing by waves can also create highly dynamic light patterns, both 
in terms of the intensity and spectral characteristics.46,47 As such, efficient operation of 
photosynthesis demands not only a delicate balancing act between energy harvesting and 
photoprotection, but also the ability to quickly transition between these two modes at the level of 
individual cells, or even individual chloroplasts, in response to environmental circumstances. 
Survival under natural environmental conditions requires continuous regulation of ROS,48 and 
photosynthetic organisms employ a multipronged approach involving both short-term prevention 
and long-term mitigation of photo-oxidative stress. One such photoprotective strategy found in 
virtually all photosynthetic organisms is nonphotochemical quenching,49 the ability to remove 
excitation energy in excess of what can be utilized by the RCs for photochemistry at any given 
time. 
  

 
Figure 1-2. Photophysical processes involved in de-excitation of the chlorophyll singlet excited state in photosynthetic systems. 
The approximate timescale of each process is indicated. Adapted from Müller et al. Plant Physiol. 2001, 125, 1558-1566 
(reference 125).  
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1.2 Regulation of Light-Harvesting by Nonphotochemical Quenching 
 
Under HL conditions, photosynthetic organisms initiate a variety of photoprotective strategies to 
mitigate the consequences of photo-oxidative stress, one of which is nonphotochemical quenching 
(NPQ). NPQ is a broad set of processes that results in harmless dissipation of excitation energy as 
heat. Upon increasing light intensities and the accompanying saturation of RCs, the activation of 
NPQ provides the organism with an additional de-excitation pathway for the Chl excited state 
(Figure 1-2), minimizing the production of ROS. 
 
The underlying photophysical dissipation mechanisms of NPQ must occur on ultrafast timescales 
in order to outcompete the nanosecond timescales of ISC leading to 3Chl*. Several mechanisms 
have been proposed, including charge transfer (CT) and excitation energy transfer (EET) 
quenching (Figure 1-3). CT quenching involves a dimer consisting of coupled Chl and Car 
pigments, which is able to accept excitation energy from a nearby Chl pigment, then undergo 
charge separation and recombination to dissipate the energy as heat.50,51 In contrast, EET 
quenching involves energy transfer from the excited state of Chl (Qy) to the S1 state of a Car, which 
subsequently undergoes rapid internal conversion to the ground state.52,53 Beyond carotenoid-
based CT and EET, both of which have been observed using transient absorption spectroscopy, 
quenching arising from Chl-Chl interactions has also been proposed. For example, a Chl-Chl 
charge transfer scheme may be involved in the dissipation.54–56 However, this remains difficult to 
probe spectroscopically in intact photosynthetic systems. 
 

 

 
 
Figure 1-3. Ultrafast photophysical dissipation mechanisms proposed to underlie NPQ, resulting in removal of excess energy 
from the Qy excited state of Chl pigments. Charge Transfer (CT) involves a dimer involving a Car and Chl charge-separated 
pair, which rapidly recombines to dissipate energy. Excitation Energy Transfer (EET) is based on energy transfer to the short-
lived dark Car S1 state. Adapted from Park, Steen, Fischer, and Fleming, Photosynthesis Research 2019, 141, 367-376 
(reference 120). 
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The various photophysical mechanisms are not mutually exclusive; multiple dissipative pathways 
could be occurring simultaneously in different regions of the thylakoid membrane, the combination 
of which would dictate the overall level of quenching in the cell. In recent work, both CT and EET 
mechanisms have been observed to be active in the same photosynthetic system at the level of an 
individual LHCSR protein,57 within spinach thylakoid membranes,58,59 or even in fully intact algal 
cells.60 It is also worth noting that the mechanisms of NPQ may differ in samples of various degrees 
of complexity; the intactness of the membrane, composition of lipids, and presence of protein-
protein interactions are all important determinants of function. In vivo investigations are thus 
critical to understanding the regulation of photosynthesis by NPQ in fully intact systems. 
 
While the ultrafast photophysical mechanisms enable photoprotection during periods of excess 
illumination, they can be challenging to study because they are switched on and off within seconds 
to minutes of HL exposure in response to biochemical and/or structural changes in the thylakoid 
membrane system. The phenomenon of NPQ is traditionally monitored by the quenching of Chl a 
fluorescence that occurs under HL conditions that saturate photosynthesis.61 Typically, the NPQ 
components have been characterized based on the rate of activation and deactivation upon 
transitions to HL or dark conditions, respectively. However, this can be a challenging distinction 
due to the overlapping timescales associated with each process (see Figure 1-4). Alternatively, the 
NPQ components can be distinguished according to the underlying biochemical regulators 
(pigments and/or proteins) that are involved in the dissipation, however this also leads to some 
overlapping categorizations. For example, the in vivo photoprotective response initially arises from 
the acidification of the thylakoid lumen, occurring within seconds of HL exposure. Following this 
ΔpH trigger, the onset of the various phases of NPQ is highly complex, with both shared and 
unique biochemical regulators and feedback cues, as discussed below. 
 
 

 
 

 
Figure 1-4. Approximate timescales of activation and deactivation for each NPQ component in response to excess light 
exposure. Many of the NPQ processes overlap in time and molecular players. Adapted from Erickson et al. Plant Journal 2015, 
82, 449-465 (reference 106). 
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The rapidly-reversible component of NPQ, the so-called energy-dependent quenching (qE), is 
triggered by the rapid decrease in the pH of the thylakoid lumen upon HL exposure.62,63 In all 
species, qE requires a pH-sensing protein that is thought to undergo a structural change in response 
to the formation of the ΔpH.64 qE also involves de-epoxidized xanthophyll pigments,65,66 either 
zeaxanthin (Zea) and/or lutein (Lut),67,68 and likely occurs in the light-harvesting antenna of 
PSII.69–71 The next fastest NPQ process, zeaxanthin-dependent quenching (termed qZ), operates 
on a timescale of 10 minutes following exposure to HL. qZ correlates with the de-epoxidation of 
violaxanthin (Vio) to Zea by the enzyme violaxanthin de-epoxidase (VDE).72 Other than the 
indirect requirement of low lumenal pH for the activation of VDE, qZ is thought to be independent 
of ΔpH.73 A third possible contributor to overall NPQ is quenching via state transitions (qT), or 
the redistribution of light-harvesting antenna proteins in response to imbalanced rates of electron 
transport between the two photosystems,74 each of which absorb slightly different wavelengths of 
light. qT is triggered by the redox state of the electron transport chain between PSII and PSI. 
Overreduction of the PQ pool activates a kinase that phosphorylates LHCII,75 resulting in 
detachment from PSII and increased mobility in the thylakoid membrane. 
 
Given that qE, qZ, and qT are the fastest components of NPQ, they are the primary focus of this 
dissertation. However, additional components of NPQ become active on the timescale of hours in 
response to environmental stress conditions. Photoinhibition (qI) is the light-dependent decrease 
in the quantum yield of photosynthesis occurring due to irreversible damage to the D1 protein of 
PSII caused by intense illumination.76,77 More recently, a sustained form of photoprotection 
(termed qH) has been identified.78 qH is activated by HL and cold stress, involves strong 
dissipation within LHCII trimers, and is regulated by the activity of the SOQ1, ROQH1, and LCNP 
proteins.79–81 
 
There is significant interest in improving photosynthetic efficiency given its implications for 
boosting crop and biomass yields.82,83 NPQ is known to be critical to plant fitness under fluctuating 
light conditions and in the field.84 At the same time, it has been estimated that the delayed recovery 
from a photoprotective (NPQ active) state (Figure 1-5), which can last for several minutes upon 
transition from HL to dark conditions, imposes a penalty of up to 30% on total carbon uptake by 
photosynthesis.85 In recent years it has been demonstrated that accelerating the relaxation of NPQ 
during the dark by overexpressing key NPQ players (PsbS and the VAZ cycle enzymes) can result 
in 15-20% higher biomass accumulation in tobacco plants grown under field conditions.86 
Additionally, optimization of photoprotection can enhance water use efficiency and canopy 
radiation use efficiency.87,88 
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Despite these initial successes, future improvements in the biomass and biofuel productivity of 
photosynthesis could be assisted by detailed knowledge of the molecular, biochemical and 
biophysical mechanisms underlying photoprotection. This includes the ultrafast photophysical 
mechanisms that enable the dissipation, the kinetics associated with the activation and deactivation 
of individual NPQ components under variations in solar illumination, and the regulation of ROS 
by the photosynthetic apparatus. Importantly, these features should be studied in intact 
photosynthetic systems that contain the complex feedback loops necessary for the activation and 
deactivation of NPQ. It is also advantageous to consider the operation of NPQ under controlled 
laboratory conditions that resemble those found in the natural environment, such as repetitive 
exposure to HL and dark.  
  

 
Figure 1-5. The goal of optimizing photosynthetic light harvesting by accelerating the kinetics of NPQ. Currently, the 
activation and relaxation of NPQ lags behind the rapid changes in sunlight intensity that occur in the environment. The current 
operation of NPQ (depicted by solid red curves) therefore leads to periods of under-protection (those when HL intensities lead 
to the absorption of more energy than can be used for productive photosynthesis) as well as periods of wasteful energy 
dissipation (those when the amount of energy dissipation by NPQ exceeds what is needed for a given light intensity). 
Accelerating the kinetics of NPQ could help to protect the organism against rapid increases in light intensity, as well as enable 
efficient light-harvesting upon a return to low light levels. Schematic adapted from Ruban Nature 2017, 541, 36-37. 
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1.3 The Cast of NPQ: Photosynthetic Species, Pigments, and Proteins 
 
Photosynthesis is abundant in the world, capable of functioning efficiently in diverse terrestrial 
and aquatic habitats characterized by very different light environments. Despite widespread 
differences in environmental context, nearly all photosynthetic organisms employ some form of 
NPQ-based photoprotection, although the specific mechanisms and molecular players differ 
significantly.89,90 Therefore, to understand the principles underlying efficient photoprotection in 
nature, it is highly advantageous to consider the operation of NPQ across a diverse range of species, 
including plants and algae, as well as in response to a range of high-light intensities. 
 
Much of the foundational work on NPQ was conducted using the model angiosperm Arabidopsis 
thaliana due to its fast growth time and the availability of mutants affected in many of the pigments 
and proteins involved in NPQ. Among these biochemical players include the xanthophylls 
zeaxanthin (Zea)91 and lutein (Lut),92 two key carotenoid pigments suspected to play roles in qE 
and/or qZ. Whereas Lut is typically present in leaves at constant levels over the course of a day, 
Zea is well-known to rapidly accumulate upon HL exposure93 via the activation of the violaxanthin 
de-epoxidase (VDE) enzyme94 which converts Vio to Zea.95 The transmembrane PsbS protein, an 
atypical member of the light-harvesting complex (LHC) superfamily, is required for qE.96,97 PsbS 
is likely involved in sensing the ΔpH via protonation of two lumen-facing acidic glutamate 
residues.98 Although PsbS does not stably bind pigments,97,99 it is currently believed that a pH-
induced conformational change in PsbS100 activates the NPQ response by altering the pigment 
(Chl-Car) interactions within another LHC protein99 and/or by modifying the organization of 
proteins in the thylakoid membrane.101,102 Finally, the STN7 and STN8 kinases are necessary for 
activation of qT in response to reduction of the PQ pool.103 Phosphorylation of LHCII results in 
its dissociation from PSII and association with PSI, forming a PSI-LHCI-LHCII supercomplex.104 
 
It has been quite challenging to study NPQ mechanisms in isolated thylakoid membranes from A. 
thaliana, likely due to partial loss of molecular interactions necessary for activating NPQ in the 
intact system. Many recent studies of the photophysical mechanisms of NPQ in plants have instead 
relied on thylakoid membranes isolated from spinach, which are amenable to ultrafast transient 
absorption spectroscopy,58,59 in combination with chemical treatments to alter the xanthophyll 
composition or to disrupt protein interactions.  
 
In contrast to plants, the green alga Chlamydomonas reinhardtii relies predominantly on light-
harvesting complex stress-related (LHCSR) proteins for NPQ.105,106 Unlike PsbS, LHCSRs are 
pigment-binding proteins that contain exposed residues that undergo protonation upon lumen 
acidification.107 This indicates that LHCSRs could be a site of quenching in vivo. Evidence from 
single-molecule techniques suggests that LHCSRs may undergo a conformational change in 
response to quenching conditions.108 Analysis of NPQ mutants in Chlamydomonas indicates that 
much of the quenching relies on the xanthophyll Lut, though Zea may play a minor role.65,109 
Additionally, state transitions appear to be quite prominent in C. reinhardtii110 where they rely on 
the activity of the STT7 kinase.111,112 Therefore, C. reinhardtii represents an ideal platform for 
dissecting the operation of qT in the presence and absence of qE. Finally, C. reinhardtii possesses 
a carbon concentrating mechanism (CCM) which assists in the relative enrichment of CO2 relative 
to O2 in the vicinity of the carbon-fixing enzyme Rubisco,113 and is linked to the energetic budget 
of the cell.114 
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Unfortunately, transient absorption spectroscopy is not possible for C. reinhardtii due to intense 
scattering arising from its relatively large cell size (~10 µm in diameter). Recently, 
Nannochloropsis oceanica, a heterokont microalga that is closely related to diatoms and brown 
algae, has emerged as an excellent system for in vivo spectroscopic investigations due to its small 
size (2-3 µm), high quenching capacity, and amenability to genetic modification.115,116 Compared 
to other plant and algal species, N. oceanica is relatively simple in its pigment and protein 
composition; it contains LHCX stress-related proteins117 and the carotenoid Zea, but lacks Lut and 
is not thought to possess a kinase involved in qT.118 This makes Nannochloropsis an ideal system 
for dissecting the operation of NPQ, especially the mechanistic contributions of Zea and LHCX1 
in qE,60 or the organism’s ability to rapidly activate and deactivate NPQ in response to fluctuating 
light conditions.119 
 
Overall, the significant differences between photosynthetic lineages emphasizes the importance of 
systematic in vivo assessments of NPQ in a range of different species, while avoiding 
generalizations regarding the underlying mechanisms. Each species likely possesses unique 
characteristics of NPQ that enable survival under vastly different environmental contexts. 
Understanding these various design principles could assist future efforts to optimize 
photosynthetic light harvesting in a range of environmental conditions. 
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1.4 The Approach of Snapshot Spectroscopy 
  
In this dissertation, I present three forms of snapshot spectroscopy designed to probe the molecular 
and biophysical basis of nonphotochemical quenching in a range of intact photosynthetic samples. 
The successful operation of photosynthesis, and its necessary regulation, requires an array of 
processes operating on vastly different length and time scales. Therefore, the experimental 
techniques must cover disparate timescales so as to monitor chemical and/or photophysical 
processes ranging from the femtoseconds to microseconds. Under conditions found in nature, these 
processes are also actively regulated on timescales ranging from seconds to hours in response to 
variations in the incident solar flux. The goal of snapshot spectroscopy is to repetitively accumulate 
“snapshot” measurements, each of which provides insight into the operation of any given process, 
and more importantly, to track each process in real time as the overall machinery of NPQ turns on 
or off during changes in illumination conditions. Thus, snapshot spectroscopy allows for the 
monitoring of fast photophysical processes (ranging from fs to µs) on the much slower (sec-hours) 
timescales associated with dynamical photosynthetic acclimation to environmental changes. 
 
Each snapshot technique presented in this dissertation provides a different glimpse into the real-
time operation of the photoprotective regulation of light harvesting, ranging from molecular 
mechanisms to reactive chemical species (Figure 1-6). The integration of these various 
spectroscopic methods, especially when all applied to identical (or similar) samples, enables new 
insights to be gained and different questions to be asked. For example, on the ultrafast timescale, 
snapshot transient absorption (TA) spectroscopy provides insights into the underlying picosecond 
timescale photophysical energy dissipation mechanisms – charge transfer and excitation energy 
transfer – as well as their rates of activation and deactivation under light to dark transitions.120 On 
the nanosecond timescale, fluorescence lifetime snapshot measurements probe both the kinetics 
and magnitude of energy quenching by NPQ121 and are capable of monitoring this in real time 
during exposure to fluctuating light conditions. Finally, spin-trapping electron paramagnetic 
resonance (EPR) snapshot spectroscopy measurements provide a picture of the steady-state 
accumulation of singlet oxygen excited states in the photosynthetic membrane. 
 

 

 
Figure 1-6. Summary of the three main forms of “snapshot” spectroscopy techniques employed in this dissertation, along with 
the NPQ topics of interest and the relevant photophysical timescales. Transient absorption spectroscopy probes the Chl and Car 
excited states involved in NPQ dissipation mechanisms on the fs-ps timescale. Fluorescence lifetime measurements report on 
the average lifetime of Chl excited state and can provide insight into the kinetics of NPQ under changing light conditions. 
Electron paramagnetic resonance can provide insights into the concentration of singlet oxygen, a transient excited state of 
molecular oxygen with a lifetime in the range of µs, in the photosynthetic membrane in response to illumination conditions. 
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Part I of the dissertation (Chapters 2 and 3) presents the results from ultrafast TA spectroscopy 
measurements of Chl-Car EET and CT quenching processes occurring in intact photosynthetic 
systems. The snapshot TA technique provides the ability to monitor the dynamics of ultrafast 
processes that evolve over time, such as probing the timescale and activation dynamics of NPQ 
quenching mechanisms with a time resolution of 30 seconds in response to HL exposure. In 
Chapter 2, the approach of snapshot TA is presented120 along with its application to spinach 
thylakoid membranes.59 In Chapter 3, the technique is extended to intact cells of the microalgal 
species Nannochloropsis oceanica, along with mutants lacking the xanthophyll Zea or the LHCX1 
protein.60  
 
In Part II (Chapters 4 and 5), I explore the dynamics of NPQ and NPQ-related processes in intact 
photosynthetic organisms via the nanosecond photophysics associated with the Chl excited states 
as monitored by fluorescence lifetime snapshots under fluctuating HL/dark conditions. In Chapter 
4, the technique is applied to leaves of Arabidopsis thaliana, as well as to mutants affected in PsbS, 
Zea, and/or Lut.122 Multi-timescale kinetic modeling is employed to understand the plant’s 
response to periodic illumination, and provides a basis for future optimization of the NPQ response 
under dynamic light conditions. In Chapter 5, the approach is extended to intact cells of the model 
green alga Chlamydomonas reinhardtii during exposure to light fluctuations occurring at various 
frequencies. By utilizing multiple mutants of the LHCSR proteins and/or state transitions, the 
contributions of qE and qT are disentangled during periods of illumination and darkness.123   
 
Finally, in Part III (Chapter 6), I turn to steady-state measurements of singlet oxygen production, 
primarily by chemical trapping and subsequent detection by EPR spectroscopy, in order to 
ascertain the suspected implications of NPQ for the management of reactive oxygen species during 
prolonged light stress. The results are consistent with the conventional model of NPQ in 
modulating the concentration of singlet oxygen in the thylakoid membrane. 
 
Although the overall importance of NPQ for photosynthetic biomass production and crop yields is 
well established, the in vivo operation of the individual mechanisms remains controversial. 
Continued integration of the aforementioned snapshot spectroscopies and their application to 
emerging model organisms and new NPQ mutants is poised to unravel the many molecular and 
photophysical intricacies of photoprotection. The techniques are well-suited for studying 
photoprotection in a range of plant and algal species and should be capable of monitoring the real-
time response of a plant or algal cell to a wide range of environmental perturbations, not just high 
light. Therefore, snapshot spectroscopy approaches can be used to inform ongoing efforts to 
optimize photoprotection under realistic conditions such as those found in the natural environment.  
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Chapter 2 

Snapshot Transient Absorption Studies of Photophysical 
Dissipation Mechanisms in Intact Photosynthetic Samples 
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2.1 Abstract 
 
Nonphotochemical quenching (NPQ) provides an essential photoprotection in plants, assuring safe 
dissipation of excess energy as heat under high light. Although excitation energy transfer (EET) 
between chlorophyll (Chl) and carotenoid (Car) molecules plays an important role in NPQ, 
detailed information on the EET quenching mechanism under in vivo conditions, including the 
triggering mechanism and activation dynamics, is very limited. Here, we observed EET between 
the Chl Qy state and the Car S1 state in high-light-exposed spinach thylakoid membranes. The 
kinetic and spectral analyses using transient absorption (TA) spectroscopy revealed that the Car 
S1 excited state absorption (ESA) signal after Chl excitation has a maximum absorption peak 
around 540 nm and a lifetime of ∼8 ps. Snapshot TA spectroscopy at multiple time delays allowed 
us to track the Car S1 ESA signal as the thylakoid membranes were exposed to various light 
conditions. The obtained snapshots indicate that maximum Car S1 ESA signal quickly rose and 
slightly dropped during the initial high-light exposure (<3 min) and then gradually increased with 
a time constant of ∼5 min after prolonged light exposure. This suggests the involvement of both 
rapidly activated and slowly activated mechanisms for EET quenching. 1,4-Dithiothreitol (DTT) 
and 3,3′-dithiobis(sulfosuccinimidyl propionate) (DTSSP) chemical treatments further support 
that the Car S1 ESA signal (or the EET quenching mechanism) is primarily dependent on the 
accumulation of zeaxanthin and partially dependent on the reorganization of membrane proteins, 
perhaps due to the pH-sensing protein photosystem II subunit S. 



 22 

2.2 Snapshot TA probes the ultrafast molecular mechanisms of NPQ 
 
Photosynthetic organisms must consistently balance efficient light harvesting and the need to avoid 
the harmful effects associated with absorbing too much light.1,2 One such way that photosynthetic 
organisms minimize photooxidative damage is through the dissipation of excess absorbed light 
energy as heat, a process referred to as nonphotochemical quenching (NPQ). Technically, NPQ 
encompasses a suite of different processes that differ in the molecular species involved, in the 
timescales of their activation and subsequent relaxation, and possibly in their specific location 
within the chloroplast. The activation of NPQ decreases the lifetime of excited chlorophyll (Chl*), 
which in turn can make the formation of reactive oxygen species less probable. Energy-dependent 
quenching (qE) accounts for the majority (~ 75%) of the overall NPQ3 and is the most rapid 
component of the photoprotective response, becoming active within seconds to minutes of 
exposure to high light.4 A deeper knowledge of the underlying molecular mechanisms associated 
with qE is beneficial especially since it has recently been shown that regulating proteins involved 
in qE can improve water use efficiency5 as well as increase biomass productivity in algae6 and 
green plants7 under fluctuating light conditions. 
 
Despite the importance of qE to plant fitness and survival, its underlying mechanisms remain 
controversial or unknown. Several different mechanisms have been proposed including excitation 
energy transfer (EET) quenching in which energy is transferred from a Chl molecule to a 
carotenoid (Car) molecule followed by energy dissipation (Figure 2-1a).8–10 Charge transfer (CT) 
quenching is also possible in which electron transfer from Car to Chl results in the formation of a 
dimer state which can accept energy from a neighboring Chl molecule (Figure 2-1b).11,12 This is 
followed by charge recombination and rapid relaxation to the ground state, dissipating energy in 
the process. Other proposed mechanisms include an excitonic quenching model based on 
bidirectional energy transfer between Chl and Car13 and Chl–Chl CT.14,15 We note that it is possible 
that multiple mechanisms may be occurring simultaneously and that the given mechanisms may 
differ depending upon the overall protein (and chemical) environment. 
 

 

 
 

Figure 2-1. Schematic energy-level diagrams illustrating the steps involved in the proposed excitation energy transfer (EET) 
and charge transfer (CT) quenching mechanisms involving Chl-Car interactions. 
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However, these proposed mechanisms have been largely based on in vitro studies of isolated 
proteins, which cannot reflect normal physiological conditions. Recent studies have revealed that 
Car orientations,10,16 as well as various Car-Chl,17 Car-protein,10 pigment-protein,18–20 and protein–
protein interactions21 can control the dynamics of excitation energy in intact systems. As such, to 
obtain physiologically relevant information, it is necessary to perform experiments on systems that 
exist in a state as near native as possible. For example, previous TA spectroscopy studies of crude 
thylakoid membranes from spinach and Arabidopsis thaliana have confirmed the presence of both 
EET22 and CT23 quenching based on the observation of Car S1 and Car•+ excited state absorptions 
(ESA) after Chl excitation. However, it is still very challenging to obtain information on specific 
mechanisms in vivo because conventional TA measurements of intact samples (e.g., cells, leaves, 
and thylakoid membranes) are accompanied by large scattering, many spectrally overlapping 
signals, and a poor signal-to-noise ratio. For these reasons, it has not been possible to collect 
quantitative and dynamic information on the specific quenching mechanisms in intact samples. 
 
To address these issues, we have developed an ultrafast spectroscopic technique called snapshot 
TA spectroscopy. Using this technique, snapshots that correspond to the ESA signal can be 
collected from intact thylakoid membranes or whole cells in 10 s windows at intervals ranging 
from 30 s to 1 min, which is adequate to resolve the timescale of qE. Consequently, snapshot TA 
allows us to not only observe the molecular species involved in the qE mechanisms, but also to 
monitor their participation as photosynthetic organisms experience changes in light intensity in 
real time. By combining our snapshot TA data in conjunction with Chl fluorescence lifetimes, 
which are measured using the previously reported Chl fluorescence lifetime snapshot technique,24 
we gain important insights into the activation of the EET and CT mechanisms in the context of 
overall Chl* quenching.  
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2.3 Probing Photoprotective Dissipative Mechanisms in Spinach Thylakoids 
 
The capacity of photosynthetic organisms to utilize the flow of excitation energy from absorbed 
sunlight is not unlimited. Under light-saturated conditions, the reaction center in photosystem II 
(PSII) closes due to lack of plastoquinones available for electron transfer.25 As a consequence, the 
fluorescence lifetime (∼ns) of excited chlorophyll (Chl) in the antenna increases, which in turn 
increases the probability of formation of the Chl triplet state and reactive oxygen species, which 
can damage photosynthetic proteins.26 Nonphotochemical quenching (NPQ) is a proxy for 
photoprotective thermal dissipation in which absorbed light energy is safely converted into heat.4 
NPQ is a term which encapsulates many components, termed qE, qZ, qT, and qI, which were 
conventionally classified based on their induction and relaxation kinetics.4,27,28 Among them, 
energy-dependent quenching (qE) is the fastest component, and is responsible for the largest 
portion of overall Chl de-excitation, providing relaxation pathways for the excited Chl on a time 
scale of a few seconds to minutes after excess light conditions occur.4,29 
 
The carotenoid (Car) pigments in PSII serve an essential role in qE.30 In land plants, the enzymatic 
production of the carotenoid zeaxanthin (Zea) increases in response to high light, and Zea appears 
to be essential for maximum qE.31–33 Direct involvement of Zea in Chl quenching has been 
suggested based on evidence of the interactions between Zea S1 and Chl Qy excited states.34,35 To 
explain Chl-Zea energy transfer and subsequent Chl quenching, two mechanisms have been 
proposed: a charge-transfer (CT) quenching and excitation energy transfer (EET) quenching.36 In 
the CT quenching mechanism, Chl and Zea are in close enough proximity to form a Chl-Zea 
heterodimer, which accepts excitation energy from the bulk Chl pool. Then, the heterodimer 
becomes charge-separated and forms a Zea radical cation (Zea•+) and a Chl radical anion (Chl•–

).12,23,37,38 This is followed by charge recombination which leads to energy dissipation. In the EET 
quenching mechanism, the excitation energy is directly transferred from the Chl Qy state to the 
Zea S1 state.22 The direction of energy transfer is not necessarily Chl Qy → Zea S1, as bidirectional 
energy transfer, Chl Qy ↔ Zea S1, has been shown to occur when the two state energies are similar 
and there is strong electronic coupling between them.13,36,39–41 After energy transfer, the Zea S1 
state rapidly relaxes to the ground state with a lifetime of ∼9 ps.22,42–44 Other carotenoids, such as 
lutein (Lut), have also been considered as direct quenchers in CT and EET quenching 
mechanisms.8,30,45 Although it has been speculated that both quenching mechanisms contribute to 
overall qE, the specific details of the quenching sites, triggering factors, activation time courses, 
and relative contributions of individual mechanisms are not well understood. 
 
Recently, we reported the use of snapshot TA spectroscopy to gather quantitative and dynamic 
information on the Zea•+-mediated CT quenching mechanism in high-light-exposed spinach 
thylakoid membranes.38 Those experiments focused on one wavelength (1000 nm) and time delay 
(20 ps), and allowed us to collect the Zea•+ excited state absorption (ESA) signal within 10 s 
windows over the course of high-light exposure. The Zea•+ ESA signal reaches maximum intensity 
at the beginning (≤2 min) of high-light exposure, which suggests that Zea•+ formation is closely 
related to early qE. The evolution of the Zea•+ signal correlated well with the lumenal [H+] and the 
rate of Chl fluorescence quenching. In addition, a cross-linking assay46 arresting rearrangement of 
the pH-sensing PSII subunit S (PsbS) protein completely removed Zea•+ signals, and suggested 
that the CT quenching mechanism was triggered by a ΔpH → messenger protein(s) pathway.29,47 
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To investigate a Chl-Car EET quenching mechanism in thylakoid membranes during exposure to 
high-light, we have modified our above-mentioned snapshot TA technique to probe at 540 nm 
where maximum Car S1–SN absorption is observed. Increased population of the Car S1 state after 
Chl excitation (650 nm) should provide evidence for the EET quenching mechanism.40,42,48 
Combining the new data with fluorescence lifetime snapshot data and our previous Zea•+ snapshot 
data,38 we provide a broader picture of the EET and CT quenching mechanisms. 
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2.4 Experimental Methods 

2.4.1 Isolation of Thylakoid Membranes 
 
Fresh spinach leaves were purchased the day before the measurements and stored in the dark at 4 
°C overnight. The spinach leaves used in the experiment were grown in northern California and 
harvested in early spring (February to March). Isolation of crude thylakoid membranes was 
performed in a dark cold room (4 °C), following the protocol reported by Gilmore et al.49 The final 
concentrations of all thylakoid samples were adjusted to 100 μg Chl/mL using reaction buffer 
before measurement. The reaction buffer at pH 8 contained 30 mM ascorbic acid, 0.5 mM ATP, 
and 50 μM methyl viologen. The working concentrations of DTSSP and DTT were 3 and 2 mM, 
respectively. 

2.4.2 Fluorescence Lifetime Snapshots 
 
Fluorescence decay snapshots were recorded with a home-built time-correlated single photon 
counting (TCSPC) apparatus described previously.24,50,51 First, 840 nm output pulses generated by 
Ti:sapphire oscillator (Coherent, Mira 900f, 76 MHz) were frequency-doubled using a beta barium 
borate (BBO) crystal. The resultant 420 nm pulses correspond to the Soret band absorption of Chl 
a. Before the sample, the beam was split by a beam splitter, so that a portion was directed to a 
photodiode providing SYNC for the TCSPC card (Becker-Hickl, SPC-630 and SPC-850). The 
remainder of the beam was sent to excite the sample and was intermittently blocked by a shutter 
controlled by a LabVIEW program. The excitation laser power was set to 1.6 mW (≅1650 μmol 
photons·m–2·s–1) at the sample, which is enough to close reaction centers.52 The sample was 
intermittently exposed to an actinic light (Schott, KL1500) with an intensity of 850 μmol photons· 
m–2·s–1, also controlled by a shutter and LabVIEW program. After the sample, a monochromator 
set to 680 nm and a MCP PMT detector (Hamamatsu, R3809U) were placed for fluorescence 
detection. The fluorescence decay curves were measured at intervals varying from every 10 s to 
every 30 s. In each measurement, the sample was exposed to the laser for one second, divided up 
into five steps of 0.2 s. The step with the longest fluorescence lifetime was selected in data 
processing to ensure that the PSII reaction centers were closed.24 Each fluorescence decay curve 
was fit to a sum of three exponential decay components (Picoquant, Fluofit Pro-4.6). Following 
data fitting, the amplitude-weighted average lifetime (τavg) and NPQτ values were calculated using 
the following equations:24,38,51 
 

𝜏&'( =
∑ +,-,,
∑ +,,

  (1) 
 
where 𝐴/ and 𝜏/ are the amplitudes and the fluorescence lifetime components, respectively, which 
are obtained from fitting the fluorescence decay with 3 exponentials. The NPQ response (NPQτ) 
in terms of the average florescence lifetime is defined as: 
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where 𝜏&'(,>&?@ is the average of three lifetimes measured during the initial dark period. 
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2.4.3 Pump–Probe Spectroscopy for TA Measurements 
 
A description of the pump–probe transient absorption spectroscopy setup used in this study can be 
found in previous literature.12,23,37,38 Briefly, the experiments were performed using a Ti:sapphire 
regenerative amplifier (Coherent, RegA 9050) seeded by a Ti:sapphire oscillator (Coherent, MIRA 
Seed), generating an 800 nm pulse with a repetition rate of 250 kHz. The beam was split to generate 
the pump and probe beams. For the probe, the beam was focused on a 1 mm sapphire crystal to 
produce a visible continuum, and a 700 nm short pass filter was placed after continuum generation. 
For the pump, another beam pumped an optical parametric amplifier (Coherent, OPA 9450). The 
OPA was tuned to generate a 20 nJ/pulse centered at 650 nm for the Chl b Qy transition which 
yielded higher signal-to-noise ratio than 680 nm. The fwhm of pump pulses was 50 fs. The pump 
and probe were overlapped at the sample at the magic-angle (54.7°) polarization. The diameters 
of the pump and probe at the sample position were 150 and 65 μm, respectively. The cross-
correlation time between the pump pulse and probe pulse was found to be ∼120 fs. After the 
sample, a second polarization filter set to the probe polarization and a 658 ± 26 nm notch filter 
were placed to minimize pump scattering and ensure a clean probe signal. After passing through a 
monochromator (Acton Research Corp., SpectraPro 300i), the signal was detected by using a Si-
biased photodiode (Thorlabs, DET10A) which was connected to a lock-in amplifier (Stanford 
Research, SR830). The lock-in amplifier was synchronized with a chopper positioned in the pump 
beam path. An actinic light with a heat absorbing filter (KG1) was set to an intensity of 850 μmol 
photons·m–2·s–1 at the sample position.  

2.4.4 Development of Snapshot TA Spectroscopy  
 
For collecting snapshot TA data at fixed time delays (1 and 40 ps) and wavelength (540 nm), a 
pump and probe shutter was controlled to open for 10 s at intervals ranging from 30 s to 1 min 
throughout the high-light-exposure sequence. The experimental setup and data acquisition 
sequence for snapshot TA is shown in Figure 2-2. 
 
For snapshot TA of Nannochloropsis oceanica microalgae, live cell sample solutions were 
prepared in Ficoll 400 buffer at a concentration of 40 µg Chl a/mL. For all experiments, the sample 
cuvette had a path length of 1 mm and was continuously translocated to prevent sample damage 
and accumulation of long-lived triplet Chl* state. Photodegradation is primarily dependent on the 
stability of the sample throughout exposure to the laser and actinic light. Spinach thylakoid 
membranes and intact cells of N. oceanica were found to be stable for at least 30 min of snapshot 
TA. Importantly, to further prevent sample agglomeration and precipitation, the sample solution 
was gently mixed by bubbling air between snapshot measurements (Figure 2-2b). 
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A custom LabVIEW program was used for data collection. Each snapshot measurement was 
controlled by a shutter programmed to open for 10 s increments at various times throughout the 
exposure of a sample to high light or dark conditions, while the data was continuously collected 
by the lock-in amplifier. Further decreases in the duration of the data acquisition (below 10 s 
windows) is limited by the signal-to-noise (SN) ratio. Measurements of intact samples (e.g., 
thylakoid membranes and live algae cells), though physiologically relevant, exhibit high scattering 
and consequently poor SN ratio. This required us to use a rather intense pump laser (20–40 
nJ/pulse), which can generate significant Chl*–Chl* annihilation and provide an additional Chl* 
de-excitation pathway beyond the naturally occurring NPQ mechanisms. For samples with very 
little scatter, it will be possible to decrease the snapshot time windows. It is also possible that a 
more sensitive detector (e.g., a photodiode and data acquisition card whose sampling clock is 
synchronized to the repetition rate of the laser53) could help to minimize annihilation processes by 
permitting the use of reduced pump power and increasing the temporal resolution (currently 10 s) 
of the snapshot TA system. 
 
The specific actinic light and snapshot sequence used in our TA experiments is depicted in Figure 
2-2c. Snapshots were taken periodically throughout an initial 3 min dark period. Then, an actinic 

 
Figure 2-2. Experimental setup and data acquisition sequence for snapshot transient absorption spectroscopy. (a) Block 
diagram of the laser setup utilized for snapshot TA spectroscopy. (b) Pictorial representation of the sample cell containing 
thylakoid membranes or live N. oceanica cells in a cuvette. (c) Schematic of the data acquisition process. Shutter 1 controls the 
exposure of the sample to an actinic light, while shutter 2 controls the exposure of the laser beams to the sample for data 
acquisition as described in the text. 
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light with intensity 850 μmol photons m−2 s−1 was used to activate qE. The actinic light remained 
on for 15 min and snapshots were taken throughout this period. Following light exposure, 
snapshots were taken for 5 min in the dark to assess recovery from qE. A second cycle of 5 min 
periods of light and dark exposure was incorporated in order to assess the effect of dark recovery 
and subsequent re-exposure to quenching-inducing conditions. 
 
As shown in Figure 2-3, 15 data points can be collected during the 10 s time window between 
shutter open and close. Note that the number of data points collected within the time window can 
be controlled by adjusting the time constant of the lock-in amplifier. When shutter 2 opens, the 
signal transiently fluctuated due to the response time of the sensing system before stabilizing 
within a few seconds. In order to obtain reliable data and ensure that all PSII reaction centers are 
closed, we calculate the average of five data (dΔOD) points which were collected 5.5–8.5 s after 
the opening of the shutter. 
 

 

 
Figure 2-3. Representative snapshot TA data measurement performed on spinach thylakoid membranes. Vertical lines 
correspond to the time at which the laser shutter was opened or closed. The red region corresponds to reliable measurements 
which were averaged to provide a single “snapshot” data point. 
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2.5 Results: Excitation Energy Transfer Quenching in Spinach Thylakoid Membranes 

2.5.1 TA Kinetic Profile and Spectrum of Car S1 ESA 
 
Figure 2-4a shows the TA kinetic profiles of high-light- and dark-exposed thylakoid membranes 
probed at 540 nm. At wavelengths longer than 520 nm, there is a considerable amount of Chl ESA 
signal detected in addition to Car S1–SN absorption.54 As Chl Qy excited states depopulate via 
quenching or another de-excitation pathway, the intensity of the ESA signal corresponding to Chl 
Qy decreases significantly, which explains why high-light-exposed samples have an overall lower 
level of ESA signal compared to dark-adapted samples (Figure 2-4a). Correspondingly, the Car 
S1–SN transition becomes the more dominant signal at shorter time delays under high-light 
conditions. We found that the two TA kinetic profiles are kinetically indistinguishable at longer 
time delays (≥40 ps) at which the Car S1 ESA contribution should be negligible.22,40 To account 
for the significant decrease in Chl ESA and clearly compare TA kinetic profiles, we scaled the 
profile of the dark-exposed sample to match that of the high-light-exposed profile based on signals 
at around 40 ps time delay. Figure 2-4b shows that the high-light-exposed profile and scaled dark-
exposed profile overlap well at time delays greater than 40 ps. 
 

 
 
Figure 2-4c shows the difference between the high-light- and dark-exposed (scaled) profiles. The 
difference profile fits well to a single exponential decay, with a lifetime of 7.81 ps (±0.83 ps). This 
value agrees with the literature values of the S1 lifetime of Zea, which range from 7 to 11 ps.22,42,43 
In this fit, there was no resolvable rise time within the time resolution (∼120 fs) of our TA 
setup.22,40 If we consider the difference decay profile as the excitation energy population in the Car 
S1 state, a lack of a resolvable rise time indicates near instantaneous excitation equilibrium near 

 
 

Figure 2-4. (a) TA kinetic profiles for spinach thylakoid membranes under dark (gray, down triangle) and high-light (orange, 
up triangle) conditions. The samples were excited and probed at 650 and 540 nm, respectively. (b) Scaled TA kinetic trace 
obtained by matching the dark-exposed thylakoids (gray, down triangle) to the respective trace measured under high-light 
conditions (orange, up triangle) at a time delay of 40 ps. (c) Difference between high-light and scaled dark-exposed kinetic 
profiles. For the high-light condition, thylakoids were continuously exposed to actinic light at 850 μmol photons·m–2·s–1. 
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Chl-Car EET quenching sites. One possible scenario is that the mixing of Chl Qy and Car S1 states 
is reinforced by increased electronic coupling after high-light exposure, which eventually results 
in instantaneous excitation equilibrium via bidirectional energy transfer between Chl-Car at EET 
quenching sites. Such bidirectional Chl-Car EET was observed experimentally by Kennis,36 
Walla,13,39–41 and co-workers. 
 
To determine the origin of the signal in Figure 2-4c, we performed a global analysis on the TA 
kinetic profiles of high-light-exposed thylakoid samples. Through global analysis, it was deduced 
that at least three lifetime components (τ1 = 7.81 ps, τ2 = 28.2 ps, and τ3 = 160 ps) are required for 
fitting the ESA signals in the wavelength range of 530–620 nm (Figure 2-5). From the TA kinetic 
profile at 620 nm, the two longest lifetime components (τ2 = 28.2 ps and τ3 = 160 ps) mainly 
represent the contribution of Chl ESA. As shown in Figure 2-6, the lifetime component of 7.81 ps 
with maximum absorption amplitude at 540 nm strongly resembles the S1–SN absorption spectrum 
of Zea in methanol from Polívka et al., which features an asymmetric peak centered at 555 nm.43,55 
The peak in Figure 2-6 is slightly blue-shifted (∼15 nm) from the spectra reported previously,43,55 
likely due to differences between solvent vs protein environments. A similar magnitude of blue-
shift in the spinach thylakoid membrane environment has also been observed in previous 
studies.22,40 Considering its lifetime (∼8 ps) and spectrum, it seems likely that the observed ESA 
signal is from a Car S1–SN transition, and the Car is presumably Zea. 
 

 

 
Figure 2-5. TA kinetic profiles of high-light-exposed spinach thylakoid membranes. Through global analysis, it was deduced 
that at least three lifetime components (τ1=7.81 ps, τ2=28.2 ps, and τ3=160 ps) are required for fitting the ESA signal of the 
samples in the wavelength range of 530-620 nm. From the TA kinetic profile at 620 nm, the two longest lifetime components 
(τ2=28.2 ps and τ3=160 ps) mainly represent the contribution of Chl ESA. The probe wavelength is denoted in each panel. 
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2.5.2 Kinetic Analysis 
 
To further confirm the origin of the observed signal, we explored possible kinetic pathways that 
would lead to the dynamics observed in Figure 2-4c. Considering that the Chl fluorescence lifetime 
of the thylakoid membrane is in the range of 0.35–1.47 ns (see Figure 2-12a), it is probable that 
Chl*–Chl* annihilation is the dominant factor in determining the rate of Chl* de-excitation and 
the excitation diffusion length, which results in a shortened Chl ESA signal lifetime (τavg < 0.1 ns) 
in our TA measurement. The signal decay difference between dark- and high-light-exposed 
samples was negligible at 620 and 680 nm where Chl ESA and ground state bleaching signals 
dominate, respectively (Figure 2-7). If the high-light exposure were to cause variations in Chl 
excitation energy dynamics beyond turning on quenching mechanisms (e.g., Chl*–Chl* 
annihilation), a significant change should appear at 620 and 680 nm. Therefore, it is reasonable to 
assume that Chl*–Chl* annihilation is consistent during the transition from dark to high light. 
 
 

 
 

Figure 2-6. The 7.81 ps decay component-associated spectrum obtained by global analysis of the decay profiles of excited 
state absorption signals measured on high-light-exposed thylakoids. The decay profile at each wavelength is presented in Figure 
2-5. Data are presented as the fit parameters ± SE. Dashed line represents a b-spline interpolation among the data points. 
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Before continuing our analysis, we note that the relative time scales of excitation transport and/or 
trapping in the photosystem II antenna system would suggest that observing states with lifetimes 
as short as 8 ps would be very difficult, if not impossible, due to the extremely low steady-state 
concentration of the short-lived species if the formation time is several hundred picoseconds. 
However, the presence of Chl*–Chl* annihilation in the TA measurement restricts the diffusion 
length of excitations in the antenna and enables the direct observation of short-lived intermediates. 
Valkunas and co-workers estimated a rapid annihilation rate of (16 ps)−1 per light-harvesting 
complex II (LHCII) trimer for extended aggregates.56 If we assume that annihilation in thylakoid 
membranes occurs on a much faster time scale than the excitation migration time through LHCII 
to an immobilized trap, the presence of the annihilation process will reduce the excitation diffusion 
length. A key feature in our data is the lack of an observable rise time in the excited signal at 540 
nm, in contrast to our data at 1000 nm.23,38 Below we show that this difference arises from the 
differing lifetimes of the two quenching species. 
 

 
 
Figure 2-7. Transient absorption kinetics of Chl ESA and GSB in spinach thylakoid membranes under dark-exposed (gray, 
down triangle) and high-light-exposed (orange, up triangle) conditions. Samples were excited at 650 nm and probed at (a) 620 
nm and (b) 680 nm. 
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The dynamics of the Car S1 state population was investigated using a linear chain model in which 
instantaneous excitation equilibrium between a subset of Chl and Car was assumed (Figure 2-8a). 
To model how Chl*–Chl* annihilation influences the Car S1 population after Chl excitation, we 
divided the total Chl population into two groups. The Y group contains Chl molecules that are 
close enough to a Car molecule in a configuration consistent with downhill energy transfer such 
that EET would be very rapid, while the X group contains all other Chl molecules that are far 
enough away from a Car molecule in a quenching configuration such that EET would be 
significantly slower. By varying the initial populations of the X and Y groups that are excited, 
which are depicted as the relative percentages of Chl excitations in Figure 2-8b, we can observe 
changes in the dynamics of the excited Car S1 state. Figure 2-8b suggests that only Chl that are 
excited very close to Car molecules will populate the Car S1 state we observe. Increasing the 
proportion of Chl excited near a Car (Y group) to just 10% of the excited population in the bulk 
Chl pool (X group) removes the rise component and results in a decay profile of the Car 
S1 population that is well overlapped with the experimentally observed difference decay profile 
(Figure 2-8b). The absence of a rise component in the Car S1 kinetic profile differs from the 
previously observed Zea•+ kinetic profiles, which are fitted with rise and decay 
components.12,23,37 This difference can be attributed to the fact that a slower de-excitation rate 
(≤2.5 × 1010 s–1) of the CT state allows for the observation of an increase in the Zea•+ population 
after Chl excitation (Figure 2-9). 
 
 

 

 
 

Figure 2-8. (a) Kinetic scheme for excitation equilibration among pigments involved in the EET quenching mechanism in 
high-light-exposed thylakoid membranes. The coupled Chl Qy-Car S1 state is regarded as an individual state which signifies a 
near instantaneous excitation equilibrium via bidirectional Chl↔Car energy transfer or a very rapid (≤120 fs) buildup of 
population in Car S1 state at quenching sites. Relative percentages of Chl excitations between Chl pool and a Chl adjacent to 
Car are denoted as X and Y, respectively. The rate constants k1 and k–1 were assumed to be (350 ps)−1 based on our bulk Chl 
fluorescence lifetime in the quenched state (Figure 2-12a). k2 is (8 ps)−1 based on the lifetime of the Zea S1 state.12,40,41 (b) 
Dynamics of the Car S1 state population calculated with various initial excitation populations of the bulk Chl pool vs Chl close 
to Car. The solid curves represent the simulated dynamics. The difference TA kinetic data points (red dots) from Figure 2-4c 
are also displayed. 
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We also considered a second possibility: that rapid membrane restructuring occurs in high-light 
conditions, producing small isolated clusters of LHCIIs each containing a quenching site. This, 
rather implausible, scenario would explain the lack of rise time for the Car S1 signal, though not 
the existence of a rise time for the Zea•+ signal.12,23,37 It is also difficult to see how this would 
provide effective protection to the reaction center in the presence of excess light. Nor does it seem 
likely that such a mechanism would be rapidly reversible or provide such clear correspondence 
between the absorption and fluorescence data which will be presented in the following text. 
Accordingly, we did not pursue this model further. 
 
  

 
 
Figure 2-9. (a) Kinetic scheme for excitation equilibration among pigments involved in the CT quenching mechanism in light-
exposed thylakoid membranes. Relative percentages of Chl excitations between Chl pool and a Chl adjacent to Car are denoted 
as X and Y, respectively. (b, c) Dynamics of the charge-transfer (CT) state population calculated with various initial excitation 
populations at the bulk Chl pool vs. Chl close to Car. The scheme uses a slower de-excitation (charge recombination) rate (k2 
≅ (150 ps)-1) at quenching sites. The rate constant k1 can vary as the PSII antenna structure changes during light exposure, so 
calculation was performed with two different values. (b) The k1 was assumed to be (350 ps)-1 based on the bulk Chl fluorescence 
lifetime in quenched state (Figure 2-12a). (c) The k1 was assumed to be (20 ps)-1 based on previous literature.79 In both cases, 
due to the slower charge recombination (k2), rise components exist in the simulated dynamics even after significant initial 
population (~20% and ~60% for (b) and (c), respectively) is placed on the Y group (a).  
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2.5.3 Snapshot TA Spectroscopy 
 
Using the previously described method for extracting the Car S1 ESA signal from Chl ESA at 540 
nm, we performed snapshot TA measurements at two different time delays after the excitation 
pulse. The Car S1 ESA signal has a decay constant of less than 10 ps, while the Chl ESA signal 
decays on a much longer time scale.22 Therefore, the TA signal was measured at 40 ps to account 
for the overall decrease in Chl ESA as thylakoids were exposed to high light. The Car S1 ESA 
signal has disappeared by this time delay (Figure 2-4c). Therefore, to measure Car S1 ESA at 540 
nm, the signal is measured at a delay time of 1 ps, then scaled using the 40 ps signal to account for 
the underlying decrease in Chl a ESA signal: 
 

dΔODE&?	GH(𝑡) = ΔOD&L	M	NO(𝑡) − ΔOD&L	M	NO(dark) × U
"VW3=	XY	Z[(\)

"VW3=	XY	Z[(>&?@)
]  (3) 

 
where ΔOD&L	M	NO(𝑡) and Δ	ΔOD&L	^_	NO(𝑡) represent the snapshot TA signal measured at time 
delays of 1 and 40 ps, respectively. ΔOD (dark) is the average of TA signals measured during the 
initial dark period. The dΔOD spectrum presented in Figure 2-10, reconstructed by the same 
scaling and subtraction at various wavelengths, shows a distinct peak centered at 540 nm, which 
proves the validity of the above-mentioned method (Equation 3) for extracting dΔOD values 
corresponding to Car S1 ESA. 
 

 
 
Figure 2-11a shows individual snapshot TA results measured at 1 and 40 ps during a time sequence 
of the actinic light turning on and off. Each data point in the 1 ps trace is then scaled using the data 
point of the corresponding light exposure time in the 40 ps trace, which gives the result shown in 
Figure 2-11b, overlaid with data from the Zea•+ snapshot TA data of Park et al.38 Much like the 
Zea•+ signal, the Car S1 ESA signal appears very rapidly (<3 min) after the actinic light is turned 

 
Figure 2-10. Difference TA spectrum reconstructed by subtracting the dark-exposed signal from the high-light-exposed signal. 
The dΔOD spectrum was reconstructed using the following equation:  

𝑑Δ𝑂𝐷E&?	GH(𝜆) = Δ𝑂𝐷&L	M	NO(𝜆, light) − Δ𝑂𝐷&L	M	NO(𝜆, dark) × i
Δ𝑂𝐷&L	^_	NO(𝜆, light)
Δ𝑂𝐷&L	^_	NO(𝜆, dark)

j 

where 𝜆 is the probe wavelength. Data are presented as the mean ±SE (n=5). The dashed line represents a b-spline interpolation 
among the experimental data points. 
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on, well within the time scale of the qE response. Considering the fact that Zea accumulates 
exponentially with a rise time of 2–3 min,38 it seems surprising that the amount of Car S1 ESA 
signal indicative of Chl-Zea EET quenching is substantial in the early stages (≤3 min) of qE. This 
difference in time scale may result from ΔpH or ΔpH-triggered mechanisms,47 such as a structural 
change in LHC proteins, which may enhance the appearance of the Car S1 ESA signal in early qE. 
If this is so, during the first few minutes of high-light exposure, the amount of EET quenching 
may not be significantly limited by the concentration of Zea. In this context, we note that in the 
coarse-grained model of qE in the grana membrane developed by Bennett et al.,57 wild-type levels 
of qE can be achieved with only 12–15% of potential LHCII quenching sites active as quenchers. 
Notably, both Car S1 and Zea•+ ESA signals are well-correlated with ΔpH calculated from the 
model developed by Zaks et al. at early qE (Figure 2-11c), suggesting the important role of ΔpH 
or ΔpH-triggered mechanisms. 
 

 
 

 
 

Figure 2-11. (a) Snapshot TA data obtained at 1 ps (red) and 40 ps (green) after Chl excitation. The vertical lines (gray, dashed) 
and bars at the top of the figures indicate the time sequence of actinic light on (yellow) and off (dark gray). (b) Difference 
(high-light-exposed minus dark-exposed) snapshot TA data at 1 ps (black, squares) with the zero line representing the average 
signal during the initial dark period. See Equation 3 in the text for the calculation of the difference snapshot TA data (dΔOD). 
The solid black line is a smoothed line from the data points corresponding to Car S1 ESA. The smoothed line for Zea•+ 
absorption (dotted line) from high-light-exposed spinach thylakoids is also displayed.38 The calculated lumenal [H+] (blue line) 
in response to high-light/dark exposures is based on the kinetic model described by Zaks et al.29,47 Note that there is considerable 
uncertainty in the lumenal [H+] during the second high-light exposure period as the model was devised for completely dark-
adapted systems. (c) Evolution of normalized Car S1 absorption (Car S1 ESA/[Zea]) (black squares) and normalized Zea•+ 
absorption (Zea•+ ESA/[Zea]) (gray circles). [Zea] was determined by time-resolved HPLC measurements (Figure 2-13). All 
data are presented as the mean ± SE (n = 5). 
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After the initial rapid response, the Car S1 ESA signal appears to drop, then increases more slowly, 
perhaps implying the existence of both rapidly activated and slowly activated mechanisms. Two 
quenching time scales were previously observed by Dall’Osto et al. in Arabidposis thaliana plants 
lacking minor complexes.58 Interestingly, the Car S1 ESA signal disappears very rapidly (≤1 min) 
after turning the actinic light off, much faster than the Zea•+ signal, which does not fully disappear 
even after the actinic light has been turned off for 5 min.38 The rapid disappearance of Car S1 ESA 
signal in response to dark exposure suggests that the EET quenching mechanism plays a central 
role in rapidly reversible qE quenching, which is known to improve plant fitness under fluctuating 
light conditions.7,59 In addition, it is conceivable that the CT and EET mechanisms involve 
different protein/carotenoid conformations with one able to relax more quickly than the other.16 
 
Under in vivo conditions, for sufficiently strong Chl–Car coupling, the average lifetime of overall 
excited Chl could significantly decrease as coupled Chl–Car molecules form in grana membranes 
during high-light exposure.35,54 In order to compare the Car S1 ESA data with data on the overall 
Chl fluorescence quenching, changes in the Chl fluorescence lifetime of the same thylakoid 
samples used for snapshot TA were monitored during high-light exposure using fluorescence 
lifetime snapshot spectroscopy.24,50,51 Examining the Chl fluorescence decay and corresponding 
lifetime value (τavg) at each time point allows for the assessment of Chl* quenching independent 
of Chl concentration, Chl*-Chl* annihilation, or photobleaching. Figure 2-12a and b present τavg 
and calculated NPQ parameters (NPQτ), respectively. NPQτ values are closely related to the 
conventional NPQ parameter (see Experimental Methods).38,51 Notably, the appearance time of the 
Car S1 ESA presented in Figure 2-11b coincides with the Chl* quenching indicated by NPQτ 
(Figure 2-12b). 
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Figure 2-12. Fluorescence lifetime snapshot results presented as (a) average chlorophyll fluorescence lifetimes (τaverage) and 
(b) calculated NPQτ values of untreated (white squares), DTT (green circles)- and DTSSP (red triangles)-treated thylakoids in 
response to high-light/dark exposure. The vertical lines (gray, dashed) and bars at the top of the figures indicate the time 
sequence of actinic light on (yellow) and off (dark gray). See Experimental Methods for further discussion of τaverage and NPQτ 
values. The Car S1 ESA signal of the untreated sample is displayed as a smoothed trajectory (gray curve). (c) Difference (high-
light-exposed minus dark-exposed) TA snapshot results of DTSSP (red)- and DTT (green)-treated thylakoid membranes at 540 
nm and 1 ps delay time. The zero line represents the averaged signal from the initial dark period. See Equation 3 in the text for 
the calculation of the difference snapshot TA data (dΔOD). Data are presented as the mean ± SE (n = 5). 
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2.5.4 Chemical Treatments 
 
To examine Car S1 ESA in thylakoids without accumulated Zea, samples were treated with 1,4-
dithiothreitol (DTT) to inhibit violaxanthin de-epoxidase (VDE) activity.60,61 VDE is a thylakoid 
lumen protein responsible for the accumulation of Zea by de-epoxidizing violaxanthin in response 
to lumen acidification.31,32 Time-resolved high-performance liquid chromatography revealed that 
the accumulation of Zea is not noticeable under DTT-treated conditions (Figure 2-13). The DTT-
treated thylakoid showed a substantially lowered NPQτ value compared to the untreated sample 
(Figure 2-12b). As shown in Figure 2-12c, the snapshot TA data of the DTT-treated thylakoid 
showed a transient spike in the Car S1 ESA signal in the first 2 min of high-light exposure. 
However, after the spike, there was no signal higher than that of the initial dark-exposed state, 
suggesting that Zea accumulation is necessary to sustain a Chl–Car EET quenching process. This 
observation, together with its lifetime of ∼8 ps, strongly suggests that the Zea S1 state is directly 
involved in EET quenching of excited Chl. 
 

 
 
Slightly negative signals were observed with DTT after 10 min of high-light exposure. We 
speculate that the process of high-light exposure under the condition that few quenchers are 
available can slightly alter Chl ESA dynamics or Chl*–Chl* annihilation (Figure 2-14) which 
likely originates from a structural difference in dark- and light-exposed grana membranes and/or 
the early onset of other quenching processes. The DTT treatment may also alter the way the 
membrane responds to high light and returns to low light. 
 

 
 
Figure 2-13. Concentrations of zeaxanthin and lutein in untreated and DTT-treated thylakoid membranes determined by time-
resolved high-performance liquid chromatography measurements. The accumulation of zeaxanthin in this figure originally 
published in S. Park et al., J. Phys. Chem. Lett. 2017, 8 (22), 5548–5554 (ref 38). 
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Cross-linking using 3,3′-dithiobis(sulfosuccinimidyl propionate) (DTSSP) is suggested to stop 
PsbS-controlled conformational changes of the thylakoid membrane, resulting in behavior similar 
to the npq4 Arabidposis thaliana mutant.38,46,62 As reported previously, DTSSP-treated and npq4 
thylakoids do not show any Zea•+ TA signal, consistent with the idea that the interactions of active 
PsbS are essential for Zea•+ formation that is indicative of CT quenching.23,38 Interestingly, 
DTSSP-treated thylakoids showed a 50% lower amount of Car S1 ESA signal compared to the 
untreated sample (Figure 2-12c). In addition, the signal was largely unchanged during subsequent 
changes in actinic light intensity. This result suggests that deactivated PsbS does not completely 
remove EET quenching induction, and its activation allows for a larger quantity of EET quenching 
and improves the reversibility.51,63 
 
  

 
Figure 2-14. Transient absorption kinetics of DTT-treated spinach thylakoid membranes under dark-exposed (gray, down 
triangle) and high-light-exposed (orange, up triangle) conditions. Samples were excited and probed at 650 nm and 540 nm, 
respectively.  
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2.6 Discussion: EET Quenching in Spinach Thylakoid Membranes 
 
Recently, Croce and co-workers reported that intense Chl*–Chl* annihilation and a higher excited 
state of Chl a within isolated LHCII produced a (Chl a-Lut)* byproduct (referred to as Q) which 
has a ESA peak at around 535 nm.64 We closely examined the reported Q ESA and compared it to 
our Car S1 ESA data in case the high-light exposure significantly increases the extent of Chl*–
Chl* annihilation, which would seem unlikely. The Car S1 ESA signals observed in our study have 
decay time constants of ∼8 ps and are very small by 20 ps after Chl excitation (650 nm). Our Car 
S1 ESA kinetics remained unchanged when measured under various pump intensities. In contrast, 
the majority of the Q ESA signal remains after 20 ps as the species appears to be relatively long-
lived or slow-formed. According to the species-associated difference spectrum of Q, the measured 
Q state is populated with a time constant of several picoseconds. However, the rise time component 
of Car S1 ESA signal was not resolvable with the time resolution (≅120 fs) of our TA setup. 
Consequently, the kinetics of the Car S1 ESA signals appear quite distinct from that of Q and 
exhibit a fast decay time constant very similar to the values for xanthophyll S1 lifetimes obtained 
in annihilation-free conditions in dilute solution.42–44 The signals in both this work and our 
previous study of CT quenching are observable because of the restricted diffusion length of 
excitation through moderate excitation annihilation. It is important to ask, then, if the intrinsic rate 
of CT or EET quenching is accurately obtained from the data reported here and in previous 
literature.12,22,23,37,38,40 As the simple model calculation in Figure 2-8 shows, for quite small 
(∼10%) and either direct or very rapid (≤120 fs) population of the quencher state, within our 
experimental error, the same decay time (≅8 ps) is observed for Zea S1.42–44 The CT (Chl•––Zea•+) 
states in thylakoid membranes have been observed to have longer decay times (40–150 ps)23,38 
which could be influenced by Chl-Zea separation and the surrounding protein environment. We 
therefore consider that the time scales of the decay of the two trap states are the ones that should 
be used in quantitative models of qE such as that of Bennett et al.57 Incorporation of Chl*–Chl* 
annihilation into such a model should enable a quantitative estimate of the relative importance of 
EET and CT mechanisms. 
 
The thylakoid membrane contains several carotenoids in addition to the violaxanthin–
antheraxanthin–zeaxanthin set. Of these, Lut is a key component of LHCII and has also been 
proposed as a quencher of excited Chl.30 Spectroscopic studies on isolated LHCs8 and calculations 
of excitation quenching in LHCII focused on Lut coupled to Chla610– Chla611– Chla612 domain65,66 
have argued that Chl → Lut excitation energy transfer is a possible quenching pathway. In our 
view, several lines of evidence suggest that Zea is the major quencher in our study reported here. 
The lifetime of the Car S1 ESA signal observed is ∼8 ps. As discussed above, this value coincides 
with literature values for the S1 lifetime of Zea, which range from 7 to 11 ps.22,42,43 On the other 
hand, Lut has a S1 lifetime of ∼14 ps,43 which is significantly different from our experimental 
observation. More importantly, DTT-treated thylakoids showed no Car S1 ESA signal, strongly 
suggesting that the Zea S1 state is predominantly responsible for EET quenching in high-light-
exposed spinach thylakoids. The extent to which isolated pigment–protein complexes provide an 
accurate guide for the natural system is not clear. There may well be structural and conformational 
differences between pigment–protein complexes within isolated LHCII and intact thylakoid 
membranes. Indeed, significant differences are seen in Chl fluorescence lifetimes of detergent-
solubilized LHCII (>3 ns),67 aggregated LHCII crystals (0.2–1.5 ns),68 and thylakoids (0.35–1.47 
ns; this study). It has been reported that the presence of Lut can recover the wild type phenotype 
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in the absence of Zea, indicating that Lut can replace Zea as a quencher.45,50 However, on a per-
molecule basis, Zea in intact leaves is estimated to be 10 times more effective in overall Chl* 
quenching than Lut,50 consistent with the snapshot TA data in this study. Nonetheless, we cannot 
completely rule out the possibility that accumulated Zea indirectly facilitates Lut S1-mediated EET 
quenching and that both Zea S1 and Lut S1 states are involved in such quenching.8 Future snapshot 
TA studies of various mutants containing different levels of Zea and Lut (e.g., npq1, szl1npq1, and 
lut2) should greatly aid in the investigation of Zea S1- and Lut S1-mediated EET quenching in the 
native state. 
 
In our previous work,38 we found that inhibiting the activity of PsbS by DTSSP removed the Zea•+ 
signal, and an increased Zea•+ signal was observed when a higher concentration of Zea was 
available for excited Chl quenching as a result of the VDE action. Somewhat similarly, Zea 
accumulation is necessary for the Car S1 ESA signal, though activated PsbS further increases the 
Car S1 ESA signal. This suggests that both Zea and PsbS are required to achieve maximum EET 
and CT quenching. However, the degree to which each signal relies on each component differs 
significantly, as evidenced by their differing responses to chemical treatments (Figure 2-12c). For 
example, the Zea•+ ESA signal was eliminated with the addition of PsbS-inhibiting DTSSP.38 
Meanwhile, the Car S1 ESA signal was considerably less affected by the DTSSP treatment, 
indicating that activation of EET quenching via a PsbS-triggered pathway is not the only activation 
mechanism. It is also noteworthy that the Zea•+ ESA signal appeared very quickly after high-light 
exposure (≤30 s),38 while the Car S1 ESA signal appears more slowly after high-light exposure (≤1 
min), suggesting differing dependences on a fast-acting PsbS pathway. 
 
The apparently biphasic activation of EET quenching further implies the existence of two different 
triggering pathways, which are activated on different time scales (Figure 2-15). In this scenario, 
the fast pathway seems to be mainly directed by activated PsbS in response to ΔpH. The activation 
of this pathway is not significantly limited by the concentration of Zea, which is supported by the 
snapshots of DTT-treated samples showing a positive Car S1 ESA signal during the early period 
of high-light exposure (≤2 min) (Figure 2-12c). In contrast, the slower activation pathway seems 
to be primarily dependent on the accumulation of Zea. Although active PsbS/membrane 
reorganization may be less influential in the activation of EET quenching, PsbS likely still plays 
an important role in dark recovery, as shown in Figure 2-12c where the addition of DTSSP 
removed much of the reversibility of the Car S1 ESA signal. Overall, we speculate that the 
operation of these two triggering pathways enables the rapid establishment and sustained operation 
of the EET quenching mechanism, emphasizing its importance in qE (Figure 2-16). 



 44 

 
 
 

 
 

 
 
Figure 2-15. Snapshot TA data of untreated thylakoid samples with curve fit (red) in the first high-light-exposure period. Curve 
fittings use a combined single exponential rise and Gaussian peak function. The Gaussian peak function with a center at 1.9 
min was included to account for the sharp rise and fall of the data which is likely a result of the sharp spike in ΔpH following 
high-light exposure. The time constants of the single exponential rise component are denoted.  

 
Figure 2-16. Proposed triggering system for the EET and CT quenching mechanisms underlying qE. Regarding the 
involvement of PsbS and Zea, essential steps are denoted by solid arrows, and nonessential but influential steps are denoted by 
the dashed arrow. VDE* and PsbS* represent activated proteins by ΔpH and protonation, respectively. In the very initial stages 
of high-light exposure, CT quenching appears to depend on the small pool of Zea (or Anth) that is present in the dark.38 
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A study on a cyanobacterial LHC protein showed that switching into the quenched state can be 
achieved by very subtle changes in pigment–protein or pigment–pigment interactions.16 In this 
context, it is probable that these different states include different Chl–Car distances, excited state 
couplings, and relative site energies, which could make certain quenching pathways viable in the 
intact system but not in isolated complexes, or vice versa. The picture that emerges from these and 
other recent studies is of a highly flexible control system capable of being switched by small 
structural changes between at least two quenching pathways: EET and CT. By biasing the inherent 
structural fluctuations of light harvesting pigment–protein complexes through pigment exchange, 
protein–protein interactions, and gradients of protons or ions, a system capable of rapid (seconds 
to minutes) responses to light level changes protects green plants from photo-oxidative damage. 
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2.7 Real-time Detection of Car S1 and Car•+ ESA via Snapshot TA 
 
Snapshot TA is a variation of conventional TA spectroscopy that utilizes a fixed time delay and 
wavelength in order to monitor slow changes (s to min timescale) in the dynamics of ultrafast 
processes (fs to ps timescale). Here, we focus on the detection of Car S1 and Car•+ ESA signals via 
snapshot TA spectroscopy, thereby demonstrating its utility to monitor the EET and CT 
mechanisms in spinach thylakoid membranes and live cells of Nannochloropsis oceanica. First, 
the time delay and probe wavelength for snapshot TA experiments must be selected to correspond 
to the time delay and wavelength associated with the absorption maximum in the TA kinetic profile 
and spectrum, respectively. 
 
Figure 2-17 shows conventional TA kinetic profiles and reconstructed spectra of Car S1 and 
Car•+ ESA measured in spinach thylakoid membranes after Chl excitation at 650 nm. The ESA 
signals at 540 nm in dark and high light were measured to evaluate the Car S1 ESA. In high light, 
there is a decrease in the overall contribution of Chl a ESA in the visible region due to the 
activation of de-excitation pathways (NPQ, etc.) for the Chl Qy excited state. However, the dark 
and high-light TA kinetic profiles exhibit nearly identical kinetics for time delays greater than 
40 ps. In order to extract the contribution of only the Car S1–SN ESA from the overall profile, it is 
necessary to scale the dark profile to match the high-light profile at a time delay of 40 ps in order 
to remove the contribution of Chl a ESA. The scaling factor is simply the ratio between the OD at 
40 ps in the light (∆ODat 40 ps(t)) and dark (∆ODat 40 ps(dark)). It should also be noted that the 
decrease in Chl a ESA upon high-light exposure is rather insignificant in the near IR; thus, no re-
scaling is necessary for the Car radical cation signal (Figure 2-17c). This scaling process is 
described in Figure 2-17a  and Table 2-1. Therefore, for accurate kinetic analyses, precise 
determination of the background signal (dark signal) is important in order to assess the effect 
induced by high-light exposure. Our previous publications38,69 include similar snapshot TA data 
for spinach thylakoid membranes and above-mentioned data analyses. 
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Figure 2-17. TA kinetic profiles for spinach thylakoid membranes probed at 540 nm (a) and 1000 nm (c) under dark and high-
light conditions, respectively. Note that the dark profile at 540 nm was re-scaled to account for the decrease in overall Chl ESA 
that occurs in the visible region upon high-light exposure. Difference TA kinetic profiles obtained by subtracting the dark 
kinetic profile from the high-light profile, which corresponds to Car S1 ESA signal (b) and Car•+ ESA signal (d). The inset 
graph shows the difference TA spectra measured in the visible and near-IR regions. Dashed vertical lines indicate the specific 
time delay and wavelength selected for each snapshot TA measurements. Each data point is presented as the mean ± SE (n = 5). 
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The general form of equation for extracting snapshot TA signal (d∆OD) can be written as 
 

𝑑𝑂𝐷k(𝑇) = 𝑑𝑂𝐷&L	\,m(𝑇) − 𝐶 ∙ 𝑑𝑂𝐷&L	\,m(𝑇 = 0) 
 
where x is the excited-state species of interest (i.e., Car S1), t and λ are the time delay and 
wavelength where the maximum signal was observed from conventional TA spectroscopy, 
respectively. T is the real time (time after high-light exposure) and C is the scaling factor, the ratio 
of amplitudes of background signals at T = 0 compared to T, which is used to remove the 
contribution of Chl a ESA as mentioned above. 
 
Figure 2-17b shows difference (dΔOD) TA profiles, which were fitted well to a single exponential 
decay with a lifetime of 8.03 ± 0.40 ps, which is consistent with the characteristic decay time for 
the S1 state of the carotenoid zeaxanthin (Zea). The spectrum of this difference TA signal 
(Figure 2-17b, inset) closely resembles those reported in the literature for a Car S1–SN transition.43 
Additionally, this difference TA spectrum exhibits a peak at 540 nm which is slightly blue-shifted 
(~ 15 nm) from the Zea S1–SN absorption peak measured in methanol, likely due to differences 
attributed to the environment (protein vs. solvent).43 Finally, we have previously observed that 
treatment with DTT, an inhibitor of violaxanthin de-epoxidase (VDE), resulted in negligible 
accumulation of Zea and elimination of the Car S1 ESA signal,69 further suggesting that the 
specific carotenoid involved is zeaxanthin. Detailed information on the kinetics of this Car S1 ESA 
signal will be discussed later. Based on these observations, snapshot measurements of the Car 
S1 ESA signals were collected at a selected time delay of 1 ps and a wavelength of 540 nm. 
 

Table 2-1. Equations used to calculate Car S1 and Car•+ ESA signals  
 

excited state equation 

Car S1 

𝑑∆𝑂𝐷E&?	GH(𝑇) = ∆𝑂𝐷&L	M	NO(𝑇) − ∆𝑂𝐷&L	M	NO(dark) × i
∆𝑂𝐷&L	^_	NO(𝑇)

∆𝑂𝐷&L	^_	NO(dark)
j 

Conditions 
 

 
• Selected wavelength / time delay: 540 nm / 1 ps  
• Car S1 ESA at 40 ps ≅ 0 22 
• ΔODat 40 ps (high light) < ΔODat40ps (dark) 69 
 

Car•+ 

𝑑∆𝑂𝐷E&?•t(𝑇) = ∆𝑂𝐷&L	u_	NO(𝑇) − ∆𝑂𝐷&L	u_	NO(dark) 

Conditions 
 

 
• Selected wavelength / time delay: 1000 nm / 20 ps  
• Chl ESAat 20 ps (high light) ≅ Chl ESAat 20 ps (dark) 23,38 
 

 
Note that ΔODat 1 ps (T), ΔODat 20 ps (T), and ΔODat 40 ps (T) represent the snapshot TA signal measured at time delays of 1 ps, 20 
ps, and 40 ps, respectively, over the course of light exposure. ΔOD(dark) is the average of TA signals measured during the 
initial dark period. 
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Using a similar subtraction of dark and high-light kinetic profiles, the Car•+ ESA shows a 
characteristic rise (τrise = 19.2 ± 13.7 ps) and decay (τdecay = 34.4 ± 18.7 ps) (Figure 2-17c and d). 
For snapshot TA, we selected a time delay of 20 ps and a wavelength of 1000 nm because this is 
where the Car•+ ESA signal shows maximum absorption. Using these fixed time delays and 
wavelengths, the ESA signals were collected during the time sequence of actinic light on and off. 
The specific equations used to calculate Car S1 and Car•+ ESA (dΔOD) and related assumptions 
are presented in Table 2-1. 
 
Figure 2-18a shows the results of snapshot TA measurements on isolated spinach thylakoid 
membranes. The signals for both Car S1 and Car•+ ESA clearly increase and decrease in response 
to high-light and dark exposure, suggesting that the EET (Chl Qy → Car S1) and CT (Chl•−−Car•+) 
mechanisms become active in the high-light-adapted state of spinach thylakoid membranes. Both 
signals rapidly increase and reach a maximum within 2 to 3 min of high-light exposure and quickly 
disappear within 5 min of subsequent dark exposure. 
 

 
 

 
Figure 2-18. TA and fluorescence lifetime snapshot results for spinach thylakoid membranes. (a) TA snapshots corresponding 
to the Car S1 ESA and Car•+ ESA are shown in green circles and red squares, respectively. The probe wavelength was set to 
540 and 1000 nm for the EET (Car S1 ESA) and CT (Car•+ ESA) mechanisms, respectively. (b) Fluorescence lifetime snapshots 
(pink squares) and the corresponding NPQτ parameter (blue circles). The bars at the top of the panels indicate the time sequence 
of actinic light on (yellow) and off (dark gray). 
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These snapshot TA results are well complemented by fluorescence lifetime snapshot 
measurements.24 Fluorescence lifetime snapshots provide direct information on the quenching of 
Chl* by monitoring the evolution of the fluorescence lifetime as intact samples adapt to high light. 
Fluorescence lifetimes are also independent of photobleaching and chloroplast movement, making 
them preferable to conventional PAM fluorescence. Figure 2-18b shows the results of fluorescence 
lifetime snapshots of spinach thylakoid membranes. Upon illumination, the average Chl 
fluorescence lifetime rapidly decreases from ~ 1.5 ns to ~ 0.3 ns, which is indicative of the 
activation of qE. Following 15 min of high light, the actinic light was turned off and the 
fluorescence lifetime increased to ~ 0.8 ns, reflecting recovery of qE. Subsequent light exposure 
results in another decrease in the fluorescence lifetime. All of these changes in the fluorescence 
lifetime are contained in NPQτ (blue data points in Figure 2-18b, see Methods section for the 
calculation), a lifetime-based parameter analogous to the conventional NPQ value 
(𝑁𝑃𝑄=(𝐹𝑚−𝐹′𝑚)/𝐹′𝑚). 
 
Fundamentally, fluorescence tells us that “energy goes away” from a specific excited state, but it 
provides no indication as to “where it goes”. In this regard, snapshot TA is a valuable complement 
to the fluorescence lifetime snapshot technique. The combination of snapshot TA results and 
fluorescence lifetime snapshots (Figure 2-18) can simultaneously show the appearance of the 
quenching species (i.e., Car S1 and Car•+) in the overall context of Chl* quenching (i.e., Chl 
fluorescence lifetime). In spinach thylakoids, while the Car S1 and Car•+ signals were at their 
maximum after 5 min of light exposure, 82% of the overall NPQτ was achieved. In the subsequent 
5 min of dark exposure, both ESA signals rapidly disappeared while a 75% loss in the NPQτ level 
was observed. Moreover, the second period of high light generated a similar amplitude of both 
ESA signals. These observations suggest that the Chl-Car EET and CT mechanisms play a central 
role in rapidly reversible qE and photoprotection under fluctuating light conditions. Note that both 
Car S1 and Car•+ signals are zero in the second dark period, but the fluorescence lifetime is not 
fully recovered to the original dark-adapted value, suggesting a longer-lasting mechanism not 
signaled by absorptions at 540 nm or 1000 nm. 
 
In the quantitative analysis of Car S1 and Car•+ ESA snapshots and their correlation with Chl* 
quenching as determined by fluorescence, we face two main issues. First, precise molar extinction 
coefficients (ε) for the Car S1–SN and Car•+ D0–D2 transitions in the photosystem II (PSII) protein 
environment are unavailable. If the values for ε become available, the density of quenching traps 
could then be calculated and incorporated in quantitative models of qE.57,70 The second issue is 
related to the process of annihilation, which is more prevalent within photosynthetic complexes at 
high pulse powers.56,71 Our snapshot TA measurements are taken at pump intensities ranging from 
20 to 40 nJ/pulse. Given that the lifetime of the Chl ESA signal observed in the TA measurement 
is less than 0.1 ns (Figure 2-17a), which is significantly lower than the Chl fluorescence lifetime 
(0.3–1.5 ns, Figure 2-18b) measured under annihilation-free condition (21 pJ/pulse), it seems 
obvious that annihilation significantly affects the dynamics of excitation energy transfer. As 
discussed below, this difference makes it difficult to directly correlate the appearance of quenching 
species observed from snapshot TA with the degree of Chl* quenching quantified by Chl 
fluorescence lifetime snapshot measurements. 
 
For example, under annihilation-free (natural) conditions, the rate of excitation energy transfer via 
diffusion (kdiffusion ≅ (350 ps)−1; see details in Table 2-2) is significantly slower than that of de-
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excitation by EET quenching (kEETquenching ≅ (8 ps)−1; see details in Table 2-2). This fast quenching 
rate results in negligible population of the Car S1 excited states (Figure 2-19a).43 However, in our 
TA measurement, the diffusion length for excitation energy becomes significantly restricted due 
to the presence of annihilation, which apparently acts as a strong Chl* quenching pathway.56 
Consequently, only energy residing on Chl pigments that are very close to a Car molecule can 
populate the Car excited states. In other words, we can only observe the populated Car S1 state and 
corresponding ESA signal presented in Figure 2-17b under conditions where annihilation is active. 
The lack of rise time for the Car S1 ESA signal in Figure 2-17b indicates that the Car S1 state is 
instantaneously (≤ 120 fs) populated after Chl excitation, which is possible only if kdiffusion  >  
kEETquenching (Figure 2-19b). Interestingly, in the case of the Chl-Car CT state (Car•+ ESA) we were 
able to observe an increasing population of the CT state with a rise time of ~ 20 ps. This difference 
is likely attributed to the slower Chl•––Car•+ charge recombination process (≤ (40 ps)−1; see details 
in Table 2-2) relative to Car S1 relaxation. Therefore, to draw more quantitative information (e.g., 
the densities of EET and CT quenching sites) from our snapshot TA data, the relative speeds of 
excitation diffusion and quenching in addition to the effect of annihilation on Chl* dynamics need 
to be considered when developing a quantitative qE model such as Bennett et al.57 Once 
annihilation is incorporated into the model, we will be able to accurately simulate the natural 
dynamics of excitation energy transport in intact grana membranes based on the appearance and 
disappearance of EET and CT quenching sites as determined from TA spectroscopy. 
 
 

 
 
 

Table 2-2. Estimated rate constants of excitation diffusion and de-excitation by quenching. 
 

Process Rate constant Experimental basis Reference 

Excitation 
diffusion 

kdiffusion ≅  
(350 ps)-1 

Chl fluorescence lifetime (τ~350 ps) of 
quenched thylakoids under annihilation-
free condition 

- This study (Fig. 2-18b) 
- Park et al. 2017, 2018 

EET 
quenching 

kEETquenching ≅  
(8 ps)-1 

S1 lifetime of carotenoid Zea  
(τdecay~8 ps) 

- This study (Fig. 2-17b) 
- Ma et al. 2003 
- Park et al. 2018 

CT 
quenching 

kCTquenching = 
(40 ps)-1 ~ (150 ps)-1 

Lifetime of Car radical cation 
(τdecay= 40~150 ps) 

- This study (Fig. 2-17d) 
- Holt et al. 2005 
- Park et al. 2017 
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While we have thus far focused on snapshot TA investigations of isolated thylakoid membranes, 
the technique can also be applied to completely in vivo systems. As an in vivo proof-of-concept 
study, we performed preliminary snapshot TA measurements to monitor the Car•+ ESA and Car 
S1 ESA signals in live cells of an alga, Nannochloropis oceanica. N. oceanica appears to be an 
ideal sample for snapshot TA given that is smaller (2–3 μm) than other model algae72 and it 
possesses a simple pigment composition.73 These factors result in suppressed pump scattering and 
less spectrally overlapping signals, respectively.  
 
Figure 2-20 shows the results of in vivo snapshot TA spectroscopy and the corresponding Chl 
fluorescence lifetime snapshots for WT cells. Since N. oceanica does not contain the carotenoid 
lutein, zeaxanthin is the most probable Chl* quencher. In fact, a knock-out mutant of violaxanthin 
de-epoxidase (VDE), an enzyme that is responsible for the accumulation of Zea in response to 
high light, lacks most of the qE capabilities of wild-type N. oceanica.74 The Car (Zea) S1 ESA 
signal extracted by subtracting the dark signal from the high-light signal was fitted well with a 

 
Figure 2-19. Proposed scheme showing the excitation diffusion length (LD, red circles) in dark and high-light-exposed grana 
membranes when all reaction centers (RCs) are closed. (a) Under annihilation-free conditions, such as the pulse powers used 
in fluorescence lifetime snapshots, the diffusion lengths were estimated based on the recently developed multiscale model 
(Bennett et al. 2018)57 and our Chl fluorescence lifetime snapshot data (Figure 2-18b). In response to high-light exposure, the 
appearance of quenching sites (red dots) decreases the diffusion length to 25 nm which corresponds to NPQ ≅ 3, according to 
the empirical relationship between the NPQ parameter and LD shown in Bennett et al.57 Under this condition, the rate of 
excitation diffusion is less than that of quenching, resulting in the case where excited states of the quencher are hardly populated. 
(b) Intense pump powers, such as those used in the snapshot TA measurements, can result in significant annihilation. This 
results in a dramatic decrease in the excitation diffusion length regardless of the presence of quenchers. If the reduced diffusion 
length is small enough, the rate of diffusion becomes faster than the rate of quenching. In this case, we can observe both the 
rapid population of the excited states of the quenching species as well as the subsequent relaxation process. 
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single exponential decay (τdecay = 7.71 ± 1.34 ps), which is almost identical to the decay of the Car 
S1 ESA observed in spinach thylakoid membranes.  
 
It appears that both the Car•+ and Car (Zea) S1 snapshots in N. oceanica correlate well with the 
onset of overall quenching as evidenced by the NPQτ values calculated from fluorescence lifetime 
snapshots (Figure 2-20). Both mechanisms are activated and seem to saturate within 10 min of 
high light exposure. This suggests that both CT and EET mechanisms may underlie the activation 
of NPQ during high light. Interestingly, while no positive CT signal was observed during the first 
3 min of illumination, the signal corresponding to the EET mechanism showed some activation. 
In contrast, upon transition to the dark, the CT signal began to show a decrease, while the EET 
signal remained constant. This could suggest that CT and EET have slightly different in vivo 
regulatory functions, with EET representing the fastest initial response to illumination while CT 
underlies the rapid relaxation of quenching upon a transition from high light to dark conditions.  
 
We recently discovered that this EET mechanism as well as the CT mechanism is controlled by 
two important proteins,74 as described in Chapter 3 of this Dissertation. Future snapshot TA studies 
of WT cells under variable actinic light conditions, as well as site-directed protonation mutants of 
the pH-sensing LHCX1 protein, may enable further dissection of the molecular basis for CT and 
EET quenching in N. oceanica. 
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Figure 2-20. Snapshot fluorescence lifetimes and snapshot TA measurements of live cells of Nannochloropsis oceanica. For 
snapshot TA, the probe wavelength was set to 1000 nm for the CT (Car•+ ESA) or 540 nm for the EET (Car S1 ESA) quenching 
mechanism. The TA snapshots corresponding to the Car•+ ESA and Car S1 ESA are depicted by red and circles, respectively. 
Each data point is presented as the mean ± SE (n = 5). The NPQτ values (blue circles) were calculated from Chl fluorescence 
lifetime snapshots using Eq. 2. The bars at the top of the panels indicate the time sequence of actinic light on (yellow) and off 
(dark gray). 
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2.8 Concluding Remarks 
 
Although NPQ processes are routinely assessed by measuring the reduced amount or lifetime of 
Chl fluorescence, which is a downstream effect of quenching, the complexity of NPQ mechanisms 
and their ensemble effect make it infeasible to characterize individual quenching mechanisms and 
understand the design principles of such mechanisms under in vivo conditions. By monitoring the 
Car S1 and Car•+ ESA in real time as intact samples adapt to high light, it is possible to observe the 
timescale and activation dynamics of the Chl-Car EET and CT mechanisms. Using the snapshot 
TA method in conjunction with known chemical inhibitors of important qE players (e.g., PsbS, 
VDE), we were able to observe the EET and CT quenching mechanisms in spinach thylakoid 
membranes, each of which is triggered by different processes.38,69 By recording quantitative and 
dynamic signals of the individual quenching mechanisms and combining the data with 
fluorescence lifetime snapshots24 performed on the same intact samples, we are able to provide a 
broader picture of the overall excitation quenching mechanisms that are so essential to plant fitness 
and crop yields. 
 
Our studies have focused exclusively on the temporal response of the photosynthetic apparatus to 
high-light exposure, but the snapshot TA technique is potentially valuable for tracking the excited 
state population and dynamics within any sample that changes over time. Some examples of this 
include tracking processes such as in situ thin-film formation for photovoltaic applications75,76 and 
degradation of perovskites by moisture/O2.77,78 
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Chapter 3 

In vivo Transient Absorption Spectroscopy of the Microalga 
Nannochloropsis oceanica  
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3.1 Abstract 
 
Nonphotochemical quenching (NPQ) is a proxy for photoprotective thermal dissipation processes 
that regulate photosynthetic light harvesting. The identification of NPQ mechanisms and their 
molecular or physiological triggering factors under in vivo conditions is a matter of controversy. 
Here, to investigate chlorophyll (Chl)–zeaxanthin (Zea) excitation energy transfer (EET) and 
charge transfer (CT) as possible NPQ mechanisms, we performed transient absorption (TA) 
spectroscopy on live cells of the microalga Nannochloropsis oceanica. We obtained evidence for 
the operation of both EET and CT quenching by observing spectral features associated with the 
Zea S1 and Zea•+ excited-state absorption (ESA) signals, respectively, after Chl excitation. 
Knockout mutants for genes encoding either violaxanthin de-epoxidase or LHCX1 proteins 
exhibited strongly inhibited NPQ capabilities and lacked detectable Zea S1 and Zea•+ ESA signals 
in vivo, which strongly suggests that the accumulation of Zea and active LHCX1 is essential for 
both EET and CT quenching in N. oceanica. 
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3.2 Significance 
 
Manipulating the nonphotochemical quenching (NPQ) capabilities of photosynthetic organisms is 
known to result in increased crop productivity. However, optimization of yields also requires a 
detailed molecular understanding of the mechanism of NPQ in vivo with specific attention to the 
roles of the carotenoid zeaxanthin and various ∆pH-sensing proteins, such as photosystem II 
subunit S and stress-related antenna proteins (e.g., LHCX). Here, to investigate such in vivo NPQ 
mechanisms, we report transient absorption spectroscopy measurements on live cells 
of Nannochloropsis oceanica. We show that two fundamental processes proposed as NPQ 
mechanisms are active in N. oceanica and specifically require violaxanthin de-epoxidase as well 
as the LHCX1 protein. These findings have implications for optimizing the yields of algal biofuels. 
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3.3 Introduction 
 
Photosynthetic organisms must balance the needs for efficient light harvesting and photoprotection 
depending on environmental conditions. As such, they have evolved important regulatory 
processes (frequently assessed from nonphotochemical quenching, NPQ) that allow for the 
harmless dissipation of excessively excited chlorophyll (Chl*) during periods of high-light 
exposure, thereby minimizing the formation of reactive oxygen species and avoiding 
photooxidative stress.1,2 Energy-dependent quenching (qE) is the fastest component of NPQ, 
becoming active on a timescale of a few seconds to minutes after high-light exposure.2 Due to its 
rapid response to light, qE plays a central role in photosynthetic organisms’ ability to cope with 
fluctuating light conditions. Recent studies have shown that genetic manipulation of qE-related 
proteins in higher plants and green algae could be a promising way to increase biomass 
productivity and water use efficiency.3–5 
 
Extensive studies have aimed to uncover the molecular mechanisms involved in qE. The majority 
of these investigations utilize measurements of Chl fluorescence yield quenching, which are unable 
to provide information about the identity of the quenching species.6–8 Ultrafast transient absorption 
(TA) spectroscopy enables the detection of key species (e.g., carotenoid excited states) associated 
with specific mechanisms and can provide insight into the operation and timescales of the 
associated quenching. However, most TA experiments have used light-harvesting complex II 
(LHCII) or photosystem II (PSII) supercomplexes isolated from intact systems.9–15 Under in vivo 
conditions, transmembrane proton gradients (ΔpH), along with various interactions between 
pigment–protein complexes, control the induction and relaxation of qE.16,17 Rapid relaxation of 
such gradients18 and subtle changes in pigment–pigment and pigment–protein orientations and 
distances can alter the operation of qE-related processes.19–21 This suggests that observations from 
isolated proteins may not capture a full picture of the behavior of natural systems. Unfortunately, 
strong scattering makes fully intact systems (e.g., leaves, live cells) difficult to study using TA. 
However, isolated crude thylakoid membranes, which exhibit moderate quenching capabilities and 
less scattering, have been a useful sample for studying NPQ in the near-native state.22,23 
Nevertheless, there are significant differences between thylakoid membranes and fully intact 
systems in terms of the kinetics of qE induction/relaxation and the overall extent of quenching. 
These differences stem from regulatory loops, including feedback from the plant’s sugar-
consuming sink tissues. This makes it highly desirable to observe the operation of qE mechanisms 
in the fully native state. 
 
The heterokont alga Nannochloropsis oceanica is a promising candidate for live-cell TA 
spectroscopy due to its small size (2–3 μm compared with ∼10 μm for the reference green 
alga Chlamydomonas reinhardtii) and high quenching capacity (NPQ ≅ 6). Recently, N. 
oceanica has attracted growing scientific and industrial interest due to its ability to accumulate 
high levels of polyunsaturated fatty acids and its high growth rate.24–26 Unlike land plants and 
green algae, its LHCs bind only Chl a and the carotenoids violaxanthin, antheraxanthin, and 
zeaxanthin (Vio-Ant-Zea) and vaucheriaxanthin.27,28 This relatively simple pigment composition 
allows us to study qE mechanisms in a less complex system. N. oceanica also lacks the 
photosystem II subunit S (PsbS) protein,29 which is necessary for qE in plants,30 but it has LHCX 
proteins6,31,32 that are homologs of the stress-related LHCSR proteins that function in qE in green 
algae,33 mosses,34 and diatoms.35 N. oceanica also has a plant-type violaxanthin de-epoxidase 
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(VDE),29 which is a thylakoid lumen protein responsible for the accumulation of Zea in response 
to lumen acidification under high-light conditions. Although both LHCX1 and VDE are 
hypothesized to be NPQ components in Nannochloropsis species,6 it is still unclear which qE 
mechanisms are controlled by these two proteins under in vivo conditions. 
 
Although the mechanisms of NPQ in N. oceanica remain to be determined, it is well known that 
electronic interactions between carotenoids (Car) and Chl play a major role in NPQ, and that 
coupled Chl–Car pairs can provide quenching sites.36–38 As shown in Figure 3-1, two possible 
mechanisms of Chl–Car energy transfer and subsequent de-excitation have been reported to 
explain the role of Car as a direct quencher.23,39 In the first, excitation energy transfer (EET) 
quenching can be achieved by energy transfer from the Chl Qy state to the Car S1 state.9,10,23,40 
Excitation energy that reaches a coupled Chl–Car pair undergoes rapid de-excitation because the 
lifetime of the Car S1 state is much shorter (∼10 ps) than that of Chl Qy (>1 ns). Bidirectional 
energy transfer, Chl Qy ↔ Car S1, has also been proposed under the condition that strong electronic 
coupling exists between the two states.41–43 Another possible mechanism, charge transfer (CT) 
quenching, involves the transient formation of a CT state composed of Car•+ and Chl•−.12–15,22,44,45 
The excitation energy in the CT state is then de-excited through a charge recombination process 
(≥40 ps), followed by relaxation to the ground states. Ultrafast TA spectroscopy of plant thylakoid 
membranes has demonstrated that both the Car S1 and Car•+ excited states are transiently populated 
following an initial Chl excitation, providing evidence for active EET and CT mechanisms, 
respectively.22,23,40,45 
 

 
 
Here, to obtain insight into the possible roles of EET and CT mechanisms in the qE of N. oceanica, 
we performed live-cell TA spectroscopy in conjunction with Chl fluorescence lifetime snapshots 
and time-resolved HPLC measurements. We utilized lhcx1 and vde mutants of N. oceanica that 
lack LHCX1 and VDE, respectively, to specifically investigate the involvement of these proteins. 
We show that both EET and CT mechanisms are active in wild type and that LHCX1 and VDE 
are essential for both mechanisms in N. oceanica. 
  

 
Figure 3-1. Schematic illustration for the Chl–Car EET (a) and Chl–Car CT (b) quenching processes. 



 66 

3.4 Materials and Methods 

3.4.1 Strains, Growth Conditions, and Sample Preparation 
 
N. oceanica CCMP1779 wild type and vde and lhcx1 mutant strains were grown in F2N medium 
under low-light conditions (30 μmol of photons per m−2⋅s−1) until late-exponential phase (∼5 × 
107 cells per milliliter). The Chl a concentration was determined based on the calculation 
described by Porra et al.46 The cell suspension for TA measurements was adjusted to 80 μg 
Chl a per milliliter by centrifuging the culture at 3220 × g for 5 min and resuspending the pellet in 
20% (wt/vol) Ficoll in 20 mM Hepes-KOH (pH 7.2). The samples were dark-acclimated for 30 
min and transferred to a cuvette for spectroscopic measurements. 

3.4.2 Live-Cell TA Spectroscopy 
 
The pump-probe TA spectroscopy setup was similar to those described in previous works by Park 
et al.22,23 Briefly, the pump beam, generated by optical parametric amplification of the 800-nm 
fundamental of an amplified Ti/sapphire laser at a repetition rate of 250 kHz, was centered at 665 
nm for the Chl Qy transition. The pump pulses had an energy of 40 nJ per pulse, and the FWHM 
of the autocorrelation trace was 42 fs. The probe beam was a white-light continuum, created by 
focusing the 800-nm laser on either a 1-mm-thick sapphire or 1-mm-thick yttrium aluminum garnet 
crystal, which exhibits greater conversion efficiencies in the visible and near-infrared (NIR) 
ranges, respectively. A 700-nm short-pass filter or 850-nm long-pass filter was placed after the 
crystal for visible and NIR continuum generation, respectively. The polarizations of the pump and 
probe were set to the magic angle (54.7°). The diameters of the pump and probe at the sample 
position were 140 μm and 65 μm, respectively. After the sample, a second polarization filter set to 
the probe polarization and a 658 ± 26-nm notch filter were placed to minimize pump scattering 
and ensure a clean probe signal. After a monochromator (SpectraPro 300i; Acton Research Corp.), 
Si (DET10A; Thorlabs), and InGaAs (DET410; Thorlabs) photodiodes were used to monitor the 
changes in absorption signal in the visible and NIR ranges, respectively. The cross-correlation 
between pump and probe was around 120 fs. The actinic light was set to an intensity of 850 μmol 
of photons per m−2⋅s−1 at the sample position after a heat-absorbing filter (KG1). The sample 
solution was gently stirred between measurements, and the sample cuvette was translocated 
continuously during measurements to prevent sample damage. The path length of the cuvette was 
1 mm. 

3.4.3 Fluorescence Lifetime Snapshots 
 
Our home-built fluorescence lifetime snapshot apparatus has been described in detail 
previously.22,23,47 The excitation laser power was 1.6 mW (21 pJ per pulse), and an actinic light 
(Schott KL1500) was set to an intensity of 850 μmol of photons per m−2⋅s−1 at the sample. After 
fitting the fluorescence decays collected upon excitation at 680 nm with two exponential decay 
components, the τaverage and NPQτ values were calculated by the following equations:22,23,48 
 

𝜏&'y?&(y =
∑ 𝐴/𝜏//

∑ 𝐴//
 

 
where 𝐴/ and 𝜏/ are the amplitudes and the fluorescence lifetime components, respectively, and 
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where 𝜏&'(,>&?@ is the average of three lifetimes measured at the initial dark period. 

3.4.4 HPLC Analysis of Pigments 
 
Cells were prepared as described above. Five hundred microliters of the cell suspension was dark-
acclimated in the cuvette for 30 min, followed by a 10-min light exposure (850 μmol of photons 
per m−2⋅s−1) and a 5-min dark recovery phase. Aliquots of 100 μL for HPLC analysis were frozen 
in liquid nitrogen after dark acclimation, 5 and 10 min of illumination, and 5 min of dark recovery. 
For pigment extraction, the cells were thawed at room temperature and pelleted at 10,000 × g for 
5 min. The supernatant was removed, and the pellet was frozen again in liquid nitrogen. Cells were 
broken (6.5 m⋅s−1 for 60 s) using the cryorotor of a Fastprep-24 (MP Bio) and extracted with 100 
μL of acetone by vortexing. Cell debris was pelleted at 21,000 × g for 5 min. The pellet was 
extracted a second time with 100 μL of acetone, and the supernatants were pooled. Extracted 
pigments were analyzed with a Spherisorb 5-μm ODS1 column (Waters Corp) as described by 
Müller-Moulé et al.49 
  



 68 

3.5 Results 
 
Figure 3-2a and b shows the results of Chl fluorescence lifetime snapshots of N. oceanica live 
cells. The data are presented as amplitude-weighted average lifetime (τaverage) and NPQτ values, 
respectively (calculations of τaverage and NPQτ are provided in Materials and Methods).22,23 The 
Chl fluorescence lifetime of wild-type N. oceanica decreased substantially from 1.25 to 0.22 ns 
during 10 min of high-light exposure (Figure 3-2a), which is equivalent to an NPQτ value of 6.2. 
However, the vde and lhcx1 mutants showed very low quenching (NPQτ ≅ 0.4), which was not 
rapidly reversible. It is apparent that active VDE and LHCX1 proteins in N. oceanica are necessary 
for qE induction. 
 
Figure 3-2c presents time-resolved HPLC data for the concentration of the Zea pigment in 
response to dark/light exposure. The data confirm that the vde mutant lacks the ability to 
accumulate Zea due to the absence of the VDE enzyme. In contrast, wild type and the lhcx1 mutant 
actively accumulate Zea in response to high-light exposure, although the accumulation of Zea in 
the lhcx1 mutant was lower than in the wild type. The reverse reaction of epoxidation 
(Zea → Ant → Vio) during the dark recovery period was clearly slower than that of de-
epoxidation. Given that the NPQτ value of the wild type was significantly lowered (6.2 → 0.8) 
following dark recovery despite only a small change in Zea concentration (−8.7%), the level of 
NPQ was not strictly correlated with the concentration of Zea. These observations suggest the 
existence of other qE feedback processes beyond the Vio-Ant-Zea cycle, such as sensing of the 
transthylakoid ΔpH, in which the LHCX1 protein is presumably involved. 
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Figure 3-2. Fluorescence lifetime snapshot results presented as average Chl fluorescence lifetime (τaverage) (a) and calculated 
NPQτ values for wild type (white squares), vde mutant (green circles), and lhcx1 mutant (red triangles) (b) in response to 
dark/high-light exposure. Bars at the top of the figures indicate the time sequence of actinic light on (yellow, 850 μmol of 
photons per m−2⋅s−1) and off (dark gray). A detailed discussion of τaverage and calculated NPQτ values is provided in Materials 
and Methods. (c) Kinetics of Zea concentration determined by time-resolved HPLC measurements. Data are presented as the 
mean ± SD (n = 3). 
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To investigate the activation of the EET mechanism upon high-light exposure, we measured the 
Zea S1 excited-state absorption (ESA) signal in N. oceanica cells before and after high-light 
exposure (Figure 3-3a). As shown in Figure 3-1a, an active EET quenching pathway results in 
transient population of the Zea S1 state after Chl a excitation (665 nm), which can be probed at 
540 nm (Zea S1–SN transition).23,40 Because a significant amount of Chl a ESA signal is also 
detected at this wavelength, the signals measured at 540 nm after high-light exposure are a 
combination of Zea S1 ESA and Chl ESA. Because high light activates a variety of de-excitation 
pathways, the Chl excited-state population should be lower in high-light–exposed cells, and, 
indeed, the amplitude of the Chl ESA significantly decreases. This accounts for the overall lower 
amplitude of the ESA signal at 540 nm after high-light exposure despite the rapid contribution of 
the Zea S1 ESA at early time delays (Figure 3-3a). When we compared the kinetics of the ESA 
signals measured in the dark and in high light, the two profiles were kinetically equivalent at time 
delays ≥40 ps. This ESA signal at longer time delays can mainly be attributed to the Chl ESA since 
the Zea S1 states are almost entirely de-populated by this time delay. We therefore scaled the 
kinetic profile measured in the dark (mostly Chl ESA) to match that in high light based on signals 
at about 40 ps. Subtraction of the scaled dark signal from the high-light signal allows us to extract 
the contribution of Zea S1 ESA from the overall Chl ESA. The Zea S1 ESA profiles (Figure 3-3b) 
showed a single exponential decay with a lifetime of 7.71 ps and no resolvable rise time within the 
time resolution (∼120 fs) of our TA setup. The lifetime of this difference signal coincides with 
literature values for the S1 lifetime of Zea, which range from 7 to 11 ps.23,40,50,51 Additionally, the 
difference spectrum (Figure 3-3a, Inset) clearly resembles the Car S1 ESA spectrum observed in 
both methanol51 and isolated thylakoid membranes. 23,40 We considered whether the well-known 
transient electrochromic shift of the Car S0–S2 absorption resulting from the light-induced 
transmembrane electric field (ΔΨ) could give rise to the signal at 540 nm. Typical electrochromic 
shift spectra show peaks between 515 and 520 nm in various plants and green algae,52 while the 
difference spectrum (Figure 3-3a, Inset) has peak absorption at 540 nm and no absorption at 520 
nm. This, along with the lifetime of this feature, suggests that the difference signal most likely 
comes from Car S1–SN absorption. The lack of positive difference signals 
from vde and lhcx1 mutants (Figure 3-4a and c) further supports this conclusion. 
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Figure 3-3. TA kinetic profiles for N. oceanica cells after Chl a excitation at 665 nm. (a) Profiles for wild-type N. 
oceanica probed at 540 nm under dark (light gray, inverted triangles) and high-light (orange squares) conditions. The samples 
were exposed to an actinic light (850 μmol of photons per m−2⋅s−1) for 15 min of high-light exposure. The scaled dark profile 
(dark gray, inverted triangles) is also displayed. (Inset) Graph shows the difference TA spectrum reconstructed by subtracting 
the scaled dark signal from the high-light signal at 1 ps. Each data point is presented as the mean ± SE (n = 5). The spectrum 
of the Car S1 ESA (gray line) from spinach thylakoid membranes is also shown in the Inset as a reference.23 (b) Difference 
between high-light and scaled dark kinetic profiles measured at 540 nm. The lifetime obtained from fitting with a single 
exponential decay is 7.71 ± 1.34 ps. (c) Profiles probed at 980 nm under dark (dark gray, inverted triangles) and high-light 
(orange squares) conditions. These profiles are not normalized. (Inset) Graph shows the difference TA spectrum reconstructed 
by subtracting the dark signal from the high-light signal at 20 ps. Each data point is presented as the mean ± SE (n = 5). The 
gray curve represents the Gaussian fit to the difference data. (d) Difference between high-light and dark kinetic profiles 
measured at 980 nm. The lifetimes of the rise (τrise) and decay (τdecay) components are 0.61 ± 0.07 ps and 42.3 ± 2.38 ps, 
respectively. ΔOD, changes in optical density; dΔOD, changes in ΔOD. 
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Figure 3-4. TA kinetic profiles of lhcx1 (a) and vde (c) mutants probed at 540 nm under dark (gray inverted triangles) and 
high-light (orange squares) conditions, as well as the difference (dΔOD, red circles) between high light and dark. The samples 
were exposed to an actinic light (850 μmol of photons per m−2⋅s−1) for 15 min of high-light exposure. Note that the dark profiles 
in a and c are scaled to match the high-light profiles at 40 ps. Profiles of lhcx1 (b) and vde (d) mutants probed at 980 nm under 
dark (gray inverted triangles) and high-light conditions (orange squares), as well as the difference (dΔOD, red circles) between 
high light and dark. The dark and high-light kinetic profiles in b and d were not normalized. ΔOD, changes in optical density.  
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Chl*–Chl* annihilation is present at the intensities necessary for our TA measurements. This 
additional loss mechanism for excited Chl results in a decrease of the excitation diffusion length. 
The presence of annihilation is signaled by the decrease in the Chl fluorescence lifetime, which 
ranged from 0.22 to 1.25 ns (Figure 3-2a) under annihilation-free conditions, significantly longer 
than the Chl ESA signal lifetime (τaverage ≤ 0.1 ns) observed in our TA measurement (Figure 3-3a). 
In this condition, the Chl*–Chl* annihilation dominantly affects the Chl ESA decay kinetics. 
Given that the annihilation rate is constant during the transition from dark to high light, Chl ESA 
in dark and high light should have kinetically equivalent decays, which allows us to extract the 
Car S1 ESA signal as the difference between dark and high-light TA profiles.23 In addition, the 
presence of significant annihilation suggests that only those Chls that are excited in close proximity 
to Car molecules will populate the Car S1 state we observe via TA. In this regard, the key 
observation in our Zea S1 ESA kinetic profile (Figure 3-3b) is the lack of a resolvable rise time, 
which suggests near-instantaneous excitation energy equilibrium between the excited states of Zea 
and Chls nearby to Zea. The results of a kinetic simulation of the Zea S1 state population with 
specific consideration of annihilation processes were described in our recent study.23 
 
Figure 3-3c shows the ESA signals measured at 980 nm, where Zea•+ peak absorption 
appears14,22,45 before and after high-light exposure of N. oceanica cells. Multiple species 
(e.g., 1Chl*, 3Chl*, 1Car*) have ESA at 980 nm, making it difficult to deconvolute the individual 
species and corresponding ESA in the intact system. However, in the absence of Zea•+ ESA, we 
observed no noticeable change in the amplitude of the 980-nm ESA signal upon high-light 
exposure (Figure 3-4), which is consistent with our previous observations in thylakoid 
membranes.22,45 Therefore, the dark and high-light kinetic profiles in Figure 3-3c do not need to 
be normalized in any way. The difference ESA signal between the high-light and dark conditions 
(Figure 3-3d) corresponds to the kinetic profile of Zea•+ and exhibits both rise (0.61 ps) and decay 
(40 ps) components. Unlike the Zea S1 ESA, the Zea•+ ESA profile has a resolvable rise component 
(τrise = 0.61 ps). We believe this is due to the slower (∼40 ps) charge recombination process for 
CT states (Zea•+ – Chl•−), which allows excitation energy to be transferred to and populate the Chl–
Zea pair before dissipation.23 Interestingly, the same Zea•+ decay time (40 ps) was observed from 
high-light–exposed spinach thylakoid membranes in our recent study.22 However, the rise time 
constant (0.61 ps) from N. oceanica was significantly smaller than that from spinach thylakoid 
membranes (15.4 ps).22 This difference may be due to different antenna sizes and structures, which 
could influence the extent of annihilation and the kinetics of excitation transfer and trapping within 
PSII. 
 
We took advantage of lhcx1 and vde knockout mutants to investigate the specific roles of the 
LHCX1 and VDE proteins in the EET and CT mechanisms. In the lhcx1 mutant, no noticeably 
positive ESA signal was observed (Figure 3-4a and b); thus, neither the Zea S1 nor Zea•+ state 
appears to be present. This observation strongly suggests that the LHCX1 protein is necessary for 
activation of both EET and CT quenching. We were also unable to observe either Zea S1 or 
Zea•+ ESA in the vde mutant (Figure 3-4c and d), indicating that accumulated Zea is also necessary 
for the EET and CT mechanisms in N. oceanica. In addition to lacking active EET and CT 
mechanisms, both the lhcx1 and vde mutants exhibited negligible overall Chl* quenching in 
response to high-light exposure (Figure 3-2a and b), further supporting the idea that both EET 
quenching and CT quenching play a central role in Chl* de-excitation in high light. 
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3.6 Discussion 
 
Our data clearly provide evidence that both Chl–Zea EET and CT mechanisms are active in intact 
live cells of N. oceanica. Our data do not specifically identify the quenching site(s) in N. oceanica, 
but the data in Figure 3-2 and Figure 3-4 strongly suggest that LHCX1 may be both the sensor of 
ΔpH and the actual site of quenching. The finding that Zea accumulation alone produces little qE 
and no detectable Zea S1 or Zea•+ makes it highly likely that Zea binding to LHCX1 is essential 
for qE in N. oceanica, and that Zea binding to other light-harvesting proteins does not produce 
significant qE under the conditions of our experiments. Given that the propensity for either Chl–
Zea energy transfer or change transfer is very sensitive to the spatial separation of the pair,44 it is 
possible that a natural (or controlled) distribution of Chl–Zea separations and energy gaps within 
Zea–LHCX1* results in some quenching of excited Chl by EET and some by CT. 
 
Both mechanisms require the VDE and LHCX1 proteins, which are activated by the formation of 
high-light–induced ΔpH across the thylakoid membrane (Figure 3-5).53 In this picture, Zea 
produced by VDE binds to LHCX1* to generate a Zea–LHCX1* pigment–protein complex similar 
to that observed in green algae and moss.12,54 The quenching sites associated with this Zea–
LHCX1* pigment complex are switched on and off by at least two in vivo control systems, one 
based on the concentration of Zea pigment and one based on activated LHCX1. An NPQ value 
(NPQτ) of 6 suggests that the Zea–LHCX1* combination is a remarkably effective quencher. If 
the model for green plant thylakoid membranes developed by Bennett et al.55 applies to N. 
oceanica, an NPQ value of 6 implies an excitation diffusion length of less than 20 nm (Figure 4 of 
Ref. 55). 
 

 
  

 
Figure 3-5. Proposed scheme for the triggering system of the EET and CT quenching mechanisms for qE in N. oceanica. VDE* 
and LHCX1* indicate activated VDE and LHCX1 proteins, respectively. We hypothesize that Zea produced by VDE binds to 
LHCX1* to generate a pigment–protein complex that is necessary for both EET and CT quenching mechanisms.  
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3.7 Conclusions 
 
It has been shown that it is possible to improve crop yield by modification of the NPQ response 
through overexpression of three genes,3 one specifically encoding for the ΔpH-sensing protein 
(PsbS) and the other two encoding the enzymes responsible for interconversion between Zea and 
Vio via the xanthophyll cycle. To explore how large an increase in yield is possible, a mechanism 
for the role of Zea is needed. Measurements on isolated complexes lacking the full complexity of 
the intact system with its various feedback loops, sensing/activating proteins (e.g., PsbS or 
LHCSR/LHCX), and protein–protein interactions, along with pH and ionic gradients, do not 
capture the behavior of the in vivo system. Although subject to much speculation, no demonstration 
of the direct involvement of Zea in intact systems (e.g., live cells, leaves) had been made before 
this work. Specifically, the application of TA spectroscopy to live cells of N. oceanica enabled us 
to observe the operation of the Chl–Zea EET and CT mechanisms and their control systems in 
vivo. Building upon our previous observations from spinach thylakoid membranes, which showed 
that both the EET and CT mechanisms are involved in qE and are controlled by PsbS,22,23 the 
present evidence further supports that the presence of de-epoxidized xanthophylls (e.g., Zea) and 
a ΔpH-sensing protein (e.g., LHCX, LHCSR, PsbS) is essential for the operation of both EET and 
CT mechanisms of qE in a variety of photosynthetic organisms. Developing a fundamental 
understanding of the qE mechanisms operating in vivo should provide a basis for increasing the 
yield of N. oceanica, which is a promising source for renewable biodiesel.24–26 
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4.1 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 mechanisms. 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. 
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4.2 Introduction 
 
The initial step of photosynthesis requires absorption of light to drive charge separation via 
photochemistry1. 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, photosystem 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 excitation – referred to 
collectively as nonphotochemical quenching (NPQ), the reduction in the observed 
chlorophyll a (Chl a) fluorescence by mechanisms other than photochemistry9–11 – have 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 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. 
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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 4-1 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 antheraxanthin 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 xanthophyll — lutein (Lut)44–47 — in 
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 amplitudes for field trials aimed 
at increasing biomass yields. 
 
 
  

Table 4-1.  A. thaliana genotypes investigated in this study.  
  The color of each genotype matches those used throughout the chapter. 
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4.3 Methods and Data Analysis 

4.3.1 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 4-1. 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. 
 

4.3.2 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 
measurements,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 
 



 84 

4.3.3 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 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, NPQτ values were calculated from the mean snapshot lifetime traces, as 
previously described.31,42,43 The formula for NPQτ is analogous to the traditional NPQ 
parameter1,48,54 (NPQ = (Fm – Fm′)/Fm′). The error in NPQτ was again estimated as the standard 
error. To quantify the interperiod behavior, upper and lower envelope traces were obtained by 
selecting the NPQτ 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 (see Equation 1 in the Appendix) 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 a section titled 
“Mathematical Model of Multi-timescale Regulatory Processes” (Section 4.4.3) and the equations 
are also presented in the Appendix (Section 4.7). 
 

4.3.4 Analysis of Fluorescence Lifetime Snapshot Traces  

Figure 4-1 shows scatter plots of average fluorescence lifetime snapshot values collected from 
intact A. thaliana leaves at 15 s resolution for the various genotypes studied. The mean and 
uncertainty values were obtained by combining (“interleaving”) all possible combinations of data 
sets collected with two different time offsets, each with 30 s resolution between snapshot 
measurements. Although individual traces of snapshots obtained from a single leaf are consistent 
from snapshot to snapshot, there is noticeable leaf-to-leaf variability that introduces high frequency 
measurement error when combining the two phases that is eliminated by application of a first-
order Butterworth filter.  
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Figure 4-1. Snapshot fluorescence lifetime values collected from A. thaliana leaves for (A) and (B) two representative WT 
datasets, (C) npq4, (D) L17, (E) npq1, and (F) szl1. For each individual leaf, measurements were taken with 30 s resolution. A 
1st order Butterworth filter was applied to smooth data sets collected with 0 s and 15 s phase offsets. Data are presented as 
average with SE represented by shaded regions (for most genotypes, SE was less than the symbol size). The number of 
independent leaf samples measured for each genotype is the same as presented in Figure 4-2. WT dataset #2 was used for all 
analysis presented in the main text. 
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The mean snapshot traces for each mutant (Figure 4-1) show the expected response pattern to the 
repeated cycles of high light (HL) and dark exposure. During HL exposure, the lifetime rapidly 
decreases due to nonphotochemical quenching of the Chl singlet excited state. During subsequent 
dark exposure, the fluorescence lifetime recovers partially, but does not fully return the original 
dark-adapted lifetime. After a few HL-dark cycles, the lifetimes during HL saturate due to 
maximum quenching, followed a few periods later by the saturation of the maximum recovery 
lifetimes during dark relaxation. By the end of the ten cycles, dynamics reach a quasi-periodic 
steady state, with only small variations between periods. This type of oscillatory behavior is 
common in electronic circuits and in signal processing, where the smooth curves that describe time 
dependent extrema or amplitudes of an oscillatory signal are referred to as “envelopes.”  

Different mutants exhibit different average fluorescence lifetimes in the dark (Figure 4-1), making 
it difficult to directly compare the genotypes. However, calculating NPQτ, an observable defined 
analogously to the conventional NPQ parameter1,10,48,53,54 (see Results section for NPQτ equation) 
enables direct comparison of the dynamics of photoprotection in WT and the various mutants 
(Figure 4-2).  

At the time of initial data collection WT plants were measured alongside the L17, szl1, and npq4 
mutants. Several months later, a second set of WT plants were measured alongside the npq1 
mutant. This second set of WT yielded greater oscillations in the average Chl fluorescence lifetime 
as a function of HL and dark (Figure 4-1B). In order to directly compare all mutants on the same 
NPQτ scale (Figure 4-2), we normalized the NPQτ values of the second set of WT plants to match 
the NPQ data for the first set of WT plants. Based on this scaling factor we also normalized the 
NPQτ values for npq1. This approach of scaling NPQτ values is reasonable because it does not 
impact the kinetics/dynamics (i.e., the 𝜏 value in the exponential fit) which is the main focus of the 
present study. Additionally, by scaling the second set of WT plants we obtained reasonable 
agreement with literature values for the magnitude of NPQ.  

4.3.5 HPLC Sample Preparation and Analysis 
 
Plants were grown as specified above. At 6 weeks of age, leaves were detached from dark-adapted 
plants, placed on wet paper towels and immediately exposed to the ten cycles of 2 min high light 
followed by 2 min dark. The high-light illumination at 740 µE or 1500 µE was provided by 
a JBeamBio LED panel with cool white LEDs (BXRA-56C1100-B-00). For each specified time 
point (every minute for 0-8 min and every other minute from 8-40 min), a leaf was removed, a 50 
mm2 leaf disc was cut and immediately flash-frozen with liquid nitrogen and stored at 77 K until 
analysis. Frozen leaf discs were broken using a MP Bio-sciences MP-24 bead beater (6.5 m/s, 30 
s). 250 µL of 80% (v/v) acetone was added to the leaf debris before centrifugation at 14,000 rpm 
(Eppendorf 5430 R) for 5 min at 4 °C. The supernatant was filtered through a Durapore PVDF 
0.22 µm filter. Pigments were determined by high performance liquid chromatography (HPLC; 
100 HPLC, Agilent) as previously described55 and reported as mmol pigment/mol Chl. 
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4.4 Results and Empirical Fitting 

4.4.1  Overview of the NPQ response during fluctuating light  
 
Fluorescence lifetime snapshot measurements were collected at 15 s resolution on intact leaves 
from the five A. thaliana strains listed in Table 4-1. 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 Section 4.3.4 (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 fluorescence decay 
lifetimes to a unitless form similar to the NPQ value obtained from PAM measurements, we 
define 𝑁𝑃𝑄-(𝑡) =

-7389(\|_):-;,5<=(\)
-;,5<=(\)

,31,42,54,56 where 𝜏 is the amplitude-weighted average lifetime 

from a biexponential fit. NPQτ also enables direct comparison of different mutants that have 
slightly different dark-state lifetimes. 
 
Figure 4-2 shows the values of NPQτ 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 4-1). 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. 
 

 

 
Figure 4-2. Comparison of NPQτ 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 NPQτ 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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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.3,11,59,60,35–37,41,42,52,57,58 Compared to WT (blue trace in Figure 4-2), L17 (PsbS 
overexpressor, orange 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.35,37,52,57 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,44,45,61 though with a lower efficiency on a per-molecule basis.53 
 

4.4.2  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 
NPQτ 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 4-3 shows interperiod envelope traces of the maximum quenching NPQτ values and 
maximum recovery NPQτ 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 biochemical 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 4-2. 
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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.42,53,56 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 

 
 
Figure 4-3. Slow interperiod dynamics of (A) maximum quenching envelope and (B) maximum recovery envelope. Open 
circles represent NPQτ trace values from Figure 4-2 selected at (A) the light-to-dark transition and (B) the dark-to-light 
transition and the error bars represent the standard error in NPQτ. 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 
4-2. 
 

 
 
 
 

Table 4-2.  Fit Values for Maximum Quenching and Recovery Envelopes:  
 
(A) Maximum Quenching Fit Values:   NPQτ

max(t) = a e–t/τ + c   
 

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) Maximum Recovery Envelope Fit Values:  NPQτ

min(t) = a e–t/τ + c 
 

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 

 
Values 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 NPQτ and τ is reported in minutes. 
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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 
measurements 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-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 illumination.27,37,57,62 
 
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 4-3 and Table 4-2). 
 
The rapid steady-state intraperiod dynamics are presented in Figure 4-4 with fit parameters listed 
in Table 4-3. These data come from fits of the penultimate HL–dark cycle in Figure 4-2 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 4-5). 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 4-3), 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 intraperiod recovery in npq1, which is significantly faster at 34 s. 
 

 

 
 
Figure 4-4. Rapidly reversible intraperiod dynamics of (A) high-light quenching induction and (B) dark relaxation. Data are 
presented as the NPQτ values (open circles) and error bars represent the standard error from the penultimate light and dark 
cycles presented in Figure 4-2 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 4-3. 
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Table 4-3.  Rapidly Reversible Quenching Fit Values:  
 

(A) Induction Fit Values:   NPQτ(t) = a e–t/τ + c  
 

Induction Fits a τ (sec) 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:   NPQτ(t) = a e–t/τ + c  
 

Relaxation Fits a τ (sec) 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 

 
Exponential 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 NPQτ and τ is reported in seconds. 
 

 
 
 
 

 
Figure 4-5. Comparison of the intra-period time constant as a function of HL-dark cycle number for (A) quenching induction 
during HL and (B) quenching relaxation during dark. The timescale of both the rapidly-reversible quenching and recovery 
reaches steady-state by the third cycle (indicated by dashed black lines) and exhibits minimal differences between different 
mutants. Note that the mathematical model makes use of the intra-period time constant from the penultimate period (cycle #9). 
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4.4.3  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),11,59,63–65 though LHCII is not necessarily the only 
site.64,66,67 Additionally, the quenching is likely the combined result of processes occurring on 
varying timescales, such as the relatively slow accumulation of Zea/Lut14,38,68,69 and/or membrane 
reorganization events70–72 as well as more rapid conformational changes within individual 
pigment–protein complexes.73–75 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.58,76 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 Figure 4-6, and the detailed equations for the model are presented in an Appendix 
(Section 4.7). The model is based on the following differential equation 
 

𝑑𝑞~�\���

𝑑𝑡 = −[𝑘M(𝑡) + 𝑘u(𝑡)]𝑞~�\��� + 𝑘u(𝑡) 
 
which has a biexponential solution within each time period. qactive is the modeled variable that 
represents the trajectory of NPQτ 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 
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envelopes. Therefore k1(t) and k2(t) (Equations 2 to 3 in the Appendix) incorporate multi-timescale 
regulatory behavior through contributions from both rapid intraperiod processes (krapid(t) terms as 
defined in Equations 4 to 5 in the Appendix) and gradual interperiod processes (kenvelope terms as 
defined in Equations 6–9 in the Appendix). 
 

 

As described in Figure 4-6, there are 8 input parameters for each genotype, all of which come from 
fits to the experimental data. Of the 8 parameters, 4 describe the induction of quenching during 
HL and 4 describe the relaxation of quenching during the dark. Within the slowly-varying 
quenching and recovery envelope systems, amax and arec represent the amplitudes, τmaxenv and τrecenv 
represent the exponential time constants describing the kinetics, and cmax and crec represent the 
steady-state values for the envelope. The remaining 2 parameters, τindrapid and τrelrapid, describe the 
kinetics of the intra-period response at steady state (cycle 9).  

Specifically, krapid(t) contains the rapid intraperiod kinetics through τindrapid or τrelrapid and the time-
dependence arises from the slowly varying value of qmax(t) or qrec(t) (Equations 4 and 5 in the 
Appendix). Here, τindrapid and τrelrapid are the constant best fit values of the time 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 4-4A,B and Table 4-3. qmax(t) 

 
 
Figure 4-6. Diagrammatic Representation of the Mathematical Model Describing the Regulation of Quenching. Quenching 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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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 τmaxenv or τrecenv, 
and cmax or crec (Equations 6–9 in the Appendix). τmaxenv and τrecenv 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 4-3A,B and Table 4-2. 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 darkness. This is necessary to achieve 
a simultaneous agreement between the experimental data and the model (Figure 4-7). 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. 
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With all the model parameters predetermined from direct fits of the data, the differential equation 
(Equation 1 in the Appendix) is solved numerically without subsequent fitting to obtain the model 
traces presented in Figure 4-8 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 4-8B) 
and npq1 (Figure 4-8C), the model’s predicted NPQ dynamics deviate from the experimental 
values for WT (Figure 4-8A) and L17 (Figure 4-8D), especially during early HL–dark cycles. 
Specifically, while the model successfully captures the induction of quenching during all HL 
periods (Table 4-4), the modeled traces for WT and L17 do not capture the full relaxation of 
quenching during the early dark periods (Table 4-5). Yet the difference between the model and 
experiment, which is largest for the L17 mutant at ∼0.5 a unit of NPQτ (Figure 4-8D), still only 
corresponds to a relative error of 27% by the end of the ninth cycle, while most other strains have 

 
 
Figure 4-7. Effect of removing the time-dependent slowly-varying envelope components from the rapidly-reversible rate 
constants in model equations 4 and 5. For comparison, (A) shows the normal WT response. (B) Omitting 𝑘1(𝑡) results in 
quenching turning on, but not turning off. (C) Omitting 𝑘2(𝑡) results in no quenching. Removing (D,G) 𝑞max, (E,H) 𝑞rec, or (F,I) 
both 𝑞max and 𝑞rec significantly changes the modeled NPQτ dynamics, resulting in noticeable discrepancies compared to the WT 
experimental results, especially in terms of the evolution of the recovery envelope as the measurement sequence progresses.  
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relative errors of 5% or less (Table 4-5). 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. 

 

 
Figure 4-8. Comparison of modeled (solid lines) and experimental NPQτ 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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As alluded to earlier, perfect correspondence between the calculated and experimental values for 
NPQτ is not expected from a model that incorporates only minimal empirical kinetic data. As 
shown in Figure 4-6, 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 τrelrapid, acceptable agreement between the model and 
experiment can be easily obtained for both WT and L17 (Figure 4-9). 
 

Table 4-4. Comparison of model and experiment after the first and penultimate high light periods. The error for each period 
represents the absolute value of the difference between model and experimental trajectories at the given time. All values are in 
units of NPQτ except relative error (unitless) which is calculated as (Error/Experiment)*100.  
 
 

Strain  
End of Light Period 1 (t = 2 min) End of Light Period 9 (t = 34 min) 

Model 
Output 

Experiment 
Value Error Relative 

Error 
Model 
Output 

Experiment 
Value Error Relative 

Error 

WT 1.06 1.11 0.05 5% 1.84 1.94 0.10 5% 
L17 1.48 1.54 0.06 4% 4.46 4.66 0.20 4% 
szl1 1.42 1.44 0.02 1% 1.79 1.86 0.07 4% 
npq1 0.54 0.53 0.01 2% 1.21 1.22 0.01 1% 

 
 
 
 
 
 
 
Table 4-5. Comparison of model and experiment after the first and penultimate dark periods. The error for each period 
represents the absolute value of the difference between model and experimental trajectories at the given time. All values are in 
units of NPQτ except relative error (unitless) which is calculated as (Error/Experiment)*100.  
 

Strain  
End of Dark Period 1 (t = 4 min) End of Dark Period 9 (t = 36 min) 

Model 
Output 

Experiment 
Value Error Relative 

Error 
Model 
Output 

Experiment 
Value Error Relative 

Error 

WT 0.59 0.26 0.33 127% 1.12 0.92 0.20 22% 
L17 0.96 0.41 0.55 134% 2.48 1.96 0.52 27% 
szl1 0.62 0.45 0.17 38% 1.16 1.12 0.04 4% 
npq1 0.34 0.29 0.05 17% 0.99 1.01 0.02 2% 
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In general, the intraperiod induction of quenching is well reproduced during the early periods, 
while the intraperiod relaxation is not (Figure 4-8E; Tables 4-4 and 4-5). In contrast, during the 
later periods, both the induction and recovery are well described by our model (Figure 4-
8F; Tables 4-4 and 4-5). 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 experiment, 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 

 
 
Figure 4-9. Adjusting the intra-period dark relaxation time constant (𝜏���

�~���) largely removes the discrepancy between model 
and experiment observed for WT (top panels, blue) and L17 (bottom panels, orange). For each panel, the numbers above 
indicates the value of 𝜏���

�~���	used for each computation. As indicated, the experimental values for WT and L17 were 87 sec 
and 74 sec, respectively.  
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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). 
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4.5 Discussion 

4.5.1 General Comments 
 
Isolating quenching responses using periodic actinic light exposure reveals the complex, 
overlapping, and interdependent nature of the various regulatory processes contributing to 
observed nonphotochemical quenching 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 4-5), 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 (Figure 4-4 
and Figure 4-5) and over the duration of the 10 HL–dark cycles of our measurement (Figure 4-3) 
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 NPQτ 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 4-5). At steady 
state, the rapid intraperiod induction timescales are all similar at 30–50 s (Figure 4-4A and Table 
4-3A). The recovery timescales are also similar to each other at 60–90 s (Figure 4-4B and Table 
4-3B), 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.61,77 
 
Although our model was chosen to be agnostic to the underlying biochemical or photophysical 
mechanisms, by exploring the sensitivity of the modeled quenching magnitude and dynamics to 



 101 

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 4-6), we 
explored how changes in a single parameter influence the overall response (Figure 4-10 and Figure 
4-11). 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 4-11A,B). This suggests that gradual quenching processes may 
have a direct impact on rapid quenching during the initial exposure to high light. 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. 
 
We also investigated the effects of modifying the remaining model parameters. Altering τmaxenv 
and τrecenv, which represent the slow envelope kinetics, results in changes to both the overall 
envelope and intra-period dynamics (Figure 4-11C,D). Changing the magnitude of cmax and crec 
can also influence both envelope and intra-period dynamics (Figure 4-11E,F). Unsurprisingly, 
oscillations in NPQ can only arise cmax does not equal crec. Finally, modifying τindrapid or τrelrapid 
results in changes to the intra-period dynamics (Figure 4-11G,H). However, unlike amax which 
alters only the early intra-period behavior, manipulating τrapid influences intra-period dynamics 
during every period. 
 
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. 
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Table 4-6.  Model Parameters and the Approximate Values for the Wild Type 
 

Parameter HL Max Quenching Value Dark Recovery Value 

a -1 -1 

𝝉 = 1/b 10 min 10 min 

c 2 1 

k-1 46 sec 85 sec 

𝒒𝒎𝒂𝒙(𝒕) = 𝒂𝒎𝒂𝒙𝒆:𝒕/t𝒎𝒂𝒙 + 𝒄𝒎𝒂𝒙 

𝒒𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚(𝒕) = 𝒂𝒓𝒆𝒄𝒆:𝒕/t𝒓𝒆𝒄 + 𝒄𝒓𝒆𝒄 

𝒌𝐟𝐢𝐭𝐢𝐧𝐝𝐮𝐜𝐭𝐢𝐨𝐧 or 𝒌𝐟𝐢𝐭𝐫𝐞𝐥𝐚𝐱𝐚𝐭𝐢𝐨𝐧 

 
For all of the exploratory calculations (presented in Figure 4-10 and Figure 4-11), only one individual parameter is varied and 
the other seven are fixed to the experimental value for the wild type A. thaliana. 

 
 

 
 
Figure 4-10. Predicted NPQτ dynamics resulting from varying a single model parameter, while keeping the others fixed to the 
value of WT (listed in Table 4-6). (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 τrel

rapid 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���

�~��� = ¦§
u
= 43.5	𝑠. 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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Figure 4-11. Effect of varying each individual model parameter (while keeping the other 7 fixed at the approximate value of 
WT) on predicted NPQτ dynamics under the periodic actinic light sequence. For comparison, the model result when all 8 
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. Note that panels B and H are repeated from Figure 4-10. 
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4.5.2 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 4-2). Surprisingly, the quenching response of npq4 was observed to 
be “out-of-phase” with respect to the HL–dark periods (i.e., NPQτ 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 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.38,57,59,60,70,73,74,78 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 4-7D-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 4-10A), 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 NPQτ 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.57,59,60,71 
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4.5.3 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 Vio to Zea conversion 
will occur.38,69,79 It therefore appears that at least the initial increase in NPQτ (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 NPQτ max values and then reaching and slightly exceeding the value 
for szl1 after three cycles (see Figure 4-3A). This gradual increase of NPQτ 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 substitution 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. 
 
In order to gain insight into the kinetics of the VAZ cycle carotenoids during fluctuating light, we 
performed preliminary HPLC analysis for pigments extracted from WT and npq1 leaves that had 
been exposed to the periodic actinic light sequence. The npq1 mutant showed no changes in the 
concentrations of Vio, Ant, or Zea, as expected based on the lack of violaxanthin de-epoxidase 
(VDE) activity. As shown in Figure 4-12, dark-adapted leaves of WT showed high levels of Vio 
and low levels of Zea prior to illumination. Upon exposure to the fluctuating light sequence, Ant 
rapidly reached a steady state (~2 min), while net conversion from Vio to Zea continued throughout 
the 40 minute experiment. Interestingly, the timescales associated with Vio consumption and Zea 
formation, 10 ± 1.4 min and 16.5 ± 6.4 min respectively (Table 4-7), are similar to the 8 ± 2 min 
timescale of the maximum quenching envelope measured by TCSPC (Table 4-2). This suggests 
that the de-epoxidation state of the VAZ cycle pool may be related to the maximum capacity for 
NPQ during fluctuating illumination.  
 
We also investigated the VAZ cycle dynamics at a higher illumination intensity of 1500 µE (Figure 
4-12). The timescales associated with Vio and Zea were significantly faster at this higher light 
intensity (Table 4-7) indicating that the dynamics of the VAZ cycle are extremely sensitive to the 
illumination intensity. Future experimental and modeling work is needed to ascertain the 
mechanistic links between the concentrations of the VAZ cycle pigments and the resulting kinetics 
of NPQ under a range of illumination intensities. 
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Figure 4-12. HPLC analysis of the kinetics of violaxanthin (Vio, blue), antheraxanthin (Ant, red), and zeaxanthin (Zea, yellow) 
in leaves of A. thaliana exposed to 40 minutes of fluctuating high light-dark with 2 minute periods. The high light intensity 
was either 740 µE or 1500 µE. Circles represent the average of n = 3-5 replicate measurements at each time point. Solid lines 
represent exponential fits to the data (time constants are presented in Table 4-7). 

Table 4-7. Dynamics of Vio-Ant-Zea cycle obtained from single exponential fits to the HPLC data in Figure 4-12. 
 

 740 µE 1500 µE 
Vio 10.0 ± 1.4 min 3.7 ± 1.4 min 
Ant 2.2 ± 0.8 min -- 
Zea 16.5 ± 6.4 min 3.8 ± 0.8 min 

 
The timescale for Ant is omitted for the 1500 µE sequence because the data fit best to a bi-exponential function including a 
rapid rise followed by a much slower decay. 
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4.5.4 Comparisons of Experimental and Modeled NPQ Trajectories 
 
As mentioned above, by comparing the modeled NPQτ 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 4-8 and Table 4-4). Thus, the steady-state 
intraperiod induction time constant (τindrapid) 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,13–15,58 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 4-8E and Table 4-5), but successfully captures the 
relaxation during the later dark periods (Figure 4-8F and Table 4-5). 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 (τrelrapid) 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 measurements55 may provide 
additional insight into the roles of specific xanthophyll pigments during periodic illumination 
sequences. In vivo optical measurements of Zea formation61,80 and ΔpH81 may provide additional 
clarity by allowing us to directly test the molecular basis for some of our observations. 
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4.5.5 Insights into NPQ Regulatory Processes 
 
Returning to the structure of the model, we assume that τindrapid and τrelrapid are constants modified 
by qmax(t) or qrec(t) to give k1rapid(t) and k2rapid(t), respectively. This time independence of the rapid 
intraperiod dynamics is consistent with all of the mutant data after the first few cycles (Figure 4-
5), 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 explain the similarity of the 
quenching induction and recovery traces at the steady state (period 9; see Table 4-3 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 4-7). 
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 NPQτ in the 
dark and decreasing NPQτ in HL) (Figure 4-7D,G). This out-of-phase behavior resembles the 
aforementioned experimental response for the npq4 mutant under periodically fluctuating light 
(see red trace in Figure 4-2), 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 4-7E,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 4-6 and also the 
description in the Supplemental), we also explored how changes in a single parameter influence 
the overall quenching response. Our exploration of the dependence of the eight parameters 
highlights the significance of two parameters — arec (the amplitude of the maximum recovery 
envelope) and τrelrapid (the rate of intraperiod relaxation) (Figure 4-10; the effects of varying all 
eight parameters are shown individually in Figure 4-11). 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. 
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4.6 Concluding Remarks 
 
A summary of the combined experimental and modeling approach employed in the present study 
is depicted in Figure 4-13. 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 

HL—aside from the initial transient response during the first two cycles—is 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. 
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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 excess 
light cannot be viewed independently. This interdependence 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 (𝑎���) as well as the kinetics of the rapidly reversible quenching process (𝜏���

�~���; refer to 
the Appendix and Figure 4-6 for definitions of each parameter). 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. 
 

 
Figure 4-13. Summary of the approach employed in this study. Following the collection of fluorescence lifetime snapshot 
measurements 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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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 multiperiod 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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4.7 Appendix: Equations for the Multi-Timescale Model of NPQ 
 
Terms in green come from fits to rapid intra-period dynamics (penultimate period number 9), 
while terms in blue come from fits to slowly-varying inter-period envelopes. 
 
 
�®¯°±²³´

�\
= −[𝑘M(𝑡) + 𝑘u(𝑡)]𝑞~�\��� + 𝑘u(𝑡)      (1) 

 
 
𝑘M(𝑡) = 𝑘M

?&N/>(𝑡) + 𝑘M
µ¶y·¸{/·(	y·'yz¹Ny + 𝑘M

?y¸¹'y?º	y·'yz¹Ny   (2) 
𝑘u(𝑡) = 𝑘u

?&N/>(𝑡) + 𝑘u
µ¶y·¸{/·(	y·'yz¹Ny + 𝑘u

?y¸¹'y?º	y·'yz¹Ny   (3) 
 
 

𝑘M
?&N/>(𝑡) = »

𝑘¼/L/·>¶¸L/¹·(1 − 𝑞¾&¿(𝑡)), 	light
𝑘¼/L?yz&¿&L/¹·(1 − 𝑞?y¸(𝑡)), 	dark

      (4) 

𝑘u
?&N/>(𝑡) = »

𝑘¼/L/·>¶¸L/¹·𝑞¾&¿(𝑡), 	light
𝑘¼/L?yz&¿&L/¹·𝑞?y¸(𝑡), 	dark

      (5) 

(Where 𝑞¾&¿(𝑡) = 𝑎¾&¿𝑒:\/tÁ3Â + 𝑐¾&¿ and 𝑞?y¸(𝑡) = 𝑎?y¸𝑒:\/t8ÄÅ + 𝑐?y¸) 
 
 
𝑘M
µ¶y·¸{/·(	y·'yz¹Ny = 𝑘¼/L

µ¶y·¸{/·( Æ1 − 𝑞OO
µ¶y·¸{/·(Ç     (6) 

𝑘u
µ¶y·¸{/·(	y·'yz¹Ny = 𝑘¼/L

µ¶y·¸{/·(𝑞OO
µ¶y·¸{/·(      (7) 

 
 
𝑘M
?y¸¹'y?º	y·'yz¹Ny = 𝑘¼/L

?y¸¹'y?ºÈ1 − 𝑞OO
?y¸¹'y?ºÉ     (8) 

𝑘u
?y¸¹'y?º	y·'yz¹Ny = 𝑘¼/L

?y¸¹'y?º𝑞OO
?y¸¹'y?º      (9) 
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5.1 Abstract 
 
Photosynthetic organisms use sunlight as the primary energy source to fix CO2. However, in the 
environment, light energy fluctuates rapidly and often exceeds saturating levels for periods ranging 
from seconds to hours, which can lead to detrimental effects for cells. Safe dissipation of excess 
light energy occurs primarily by non-photochemical quenching (NPQ) processes. In the model 
green microalga Chlamydomonas reinhardtii, photoprotective NPQ is mostly mediated by pH-
sensing light-harvesting complex stress-related (LHCSR) proteins and the redistribution of light-
harvesting antenna proteins between the photosystems (state transition). Although each component 
underlying NPQ has been documented, their relative contributions to the dynamic functioning of 
NPQ under fluctuating light conditions remains unknown. Here, by monitoring NPQ throughout 
multiple high light-dark cycles with HL/dark periods ranging from 1 to 10 minutes, we show that 
the dynamics of NPQ depend on the frequency of light fluctuations. Mutants impaired in the 
accumulation of LHCSRs (npq4, lhcsr1, and npq4lhcsr1) showed significantly less quenching 
during illumination, demonstrating that LHCSR proteins are responsible for the majority of NPQ 
during repetitive exposure to HL/dark fluctuations. Activation of NPQ was also observed during 
the dark phases of light fluctuations, and this was exacerbated in mutants lacking LHCSRs. By 
analyzing 77K chlorophyll fluorescence spectra and chlorophyll fluorescence lifetimes and yields 
in a mutant impaired in state transition, we show that this phenomenon arises from state transition. 
Finally, we quantified the contributions of LHCSRs and state transitions to the overall NPQ 
amplitude and dynamics for all light fluctuating frequencies tested and show that both processes 
interact to facilitate NPQ during light fluctuations. We further assess the role of LHCSRs in cell 
growth under various frequencies of fluctuating light. These results highlight the dynamic 
functioning of photoprotection under light fluctuations and open a new way to systematically 
characterize the photosynthetic response to an ever-changing light environment.  
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5.2 Introduction 
 
Most life on Earth is sustained by photosynthetic organisms that capture sunlight energy to convert 
CO2 and water into chemical energy. Light is captured by light-harvesting antenna complexes that 
contain a network of pigments absorbing photons and funneling the energy towards photosystems 
II and I that use it to perform photochemical reactions. Under light-limiting conditions, efficient 
light harvesting is crucial for maximizing the rate of CO2 fixation.1 However, high light (HL) 
intensities can saturate reaction centers and lead to the build-up of excess excitation energy, which, 
if unchecked, can lead to the production of reactive oxygen species and damage to both reaction 
centers2. In nature, light exposure rapidly fluctuates in intensity with periods of HL ranging from 
milliseconds to hours3, requiring photosynthesis to acclimate to different frequencies of HL 
fluctuations. For each period of HL acclimation, photosynthetic organisms exhibit photoprotective 
mechanisms that regulate light harvesting and safely remove excess4–6.  
 
As elaborated in earlier chapters, upon light absorption, the energy can be dissipated as heat in the 
process of NPQ. NPQ involves five components, each of which has been distinguished by its time 
of induction and relaxation during transition between dark and HL4. The fastest component, called 
energy-dependent quenching (qE), is triggered by luminal acidification7 and is induced and relaxed 
within seconds. State transition (qT) occurs within minutes and involves the phosphorylation of 
light-harvesting complexes (LHCs)8 resulting in their detachment from Photosystem (PS) II and 
subsequent aggregation in a quenched state and/or association to PSI9–11. Zeaxanthin-dependent 
quenching (qZ) requires the accumulation of zeaxanthin and probably involves quenching in the 
minor LHCs of PSII12–14. On longer time scales, two more sustained forms of NPQ occur: qH that 
takes places it the antennae of PSII15 directly in the LHCII trimers16 and photoinhibition (qI) that 
occurs when degradation of the PSII core protein D1 exceeds its capacity for repair due to excess 
excitation energy17.  
 
In the green microalga Chlamydomonas reinhardtii, qE is mediated by pigment-binding LHC 
stress-related (LHCSR) proteins18,19. LHCSRs contain protonatable residues, which sense the 
decreasing luminal pH generated under HL conditions20,21; the protonation of LHCSRs triggers 
NPQ within the protein22–24, allowing fast activation of qE. While there are two types of LHCSR 
proteins (LHCSR1 and LHCSR3), both of which bind pigments25,26, LHCSR3 (for which two 
homologs are present in Chlamydomonas) is thought to be the main actor in qE18,27. On the other 
hand, qT is activated by the buildup of reducing equivalents in the thylakoid membrane, which 
activates a serine/threonine-protein kinase (STT7)28,29 that phosphorylates LHCII, enabling it to 
detach from PSII and ultimately reattach to PSI30,31. While qZ has been described in 
Chlamydomonas32, it does not seem to play a significant role in overall NPQ21,33, and its potential 
mechanism of action remains to be determined. Finally, while qH has not been described in 
Chlamydomonas, qI occurs upon continued excess illumination4,17 at the level of the PSII center, 
where oxygen-mediated sensitization creates the irreversible formation of a quenching site34. 
 
The photophysical and biochemical bases for NPQ have been studied for decades4, however the in 
vivo operation has mostly been assessed under a single dark-to-HL transition35 leaving our 
understanding of photoprotection under more complex light patterns limited. While LHCSR and 
STT7 activity are both known to be important for steady-state NPQ based on measurements 
performed under non-repeating HL/dark periods36, their relative contributions to NPQ have not 
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been quantified, and their response to faster-timescale fluctuating light remains unstudied. Recent 
work has started looking at the response of NPQ to some specific light fluctuations in 
Chlamydomonas6 and in the moss Physcomitrella37. However, the physiological role and the 
functioning of the NPQ components under the wide diversity of light patterns that are present in 
the natural environment is unexplored. 
 
Here we utilized two distinct methods to monitor chlorophyll fluorescence in intact cells of 
Chlamydomonas that were exposed to varying frequencies of fluctuating light with HL/dark 
periods ranging from 1 to 10 min (Figure 5-1). The roles of qE and qT were investigated using 
single or double mutants of LHCSRs and STT7. Our analysis of LHCSR mutants (npq418, lhcsr127, 
and npq4lhcsr127) revealed that LHCSR3 is the main contributor to the NPQ response during the 
HL phase of light fluctuations. Using mutants impaired in state transition (stt7-928 and stt7npq436), 
we showed that qT quenching occurs primarily during the dark portion of the fluctuating light 
sequence and represents a significant part of NPQ during repeated light fluctuations. Our results 
showed that while qE and qT sustain most of the NPQ throughout light fluctuations, their relative 
importance varies during different phases of the fluctuating light response, with qT playing a larger 
role during dark periods and after repeated HL-dark fluctuations. Surprisingly, the light fluctuation 
frequency did not seem to have a major impact on the respective contributions of qE and qT, 
although the contribution of qE during the dark phase was frequency dependent. Nonetheless, the 
various components of NPQ are not completely independent, and we reveal an interplay between 
LHCSR- and STT7-mediated NPQ that enables the wild-type photoprotective response. We 
further show that while stt7 mutants are not impaired in growth under light fluctuations, short time 
scale light fluctuations highly impair LHCSR mutants. These findings represent an important first 
step in investigating the photosynthetic response to the diversity of HL periods that occur in nature. 
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Figure 5-1. Experimental design for Chl a fluorescence measurements throughout exposure of Chlamydomonas cells to 
fluctuating light with various periods of HL-dark exposure. (A, B) Representation of the HL-dark cycles used for the 40 minutes 
of light fluctuation and their corresponding period, frequency, and name used throughout this chapter. NPQ was measured 
using Pulsed Amplitude Modulation (PAM, C) and Time-Correlated Single Photon Counting (TCSPC, D). (C) Characteristics 
of the PAM measurement and representative data of fluorescence yield in WT cells. (D) Characteristics of the TCSPC 
apparatus. Shown are two decays representative of two snapshots taken in a quenched and unquenched state. 
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5.3 Materials and Methods 

5.3.1 Strains and culture conditions 
 
Chlamydomonas mutants and their respective wild-type 4A- were previously described (npq418, 
lhcsr127, npq4lhcsr127, stt7-938, stt7npq436). All strains were grown photoautotrophically under 
moderate light (50 µmol photons m-2 s-1) in minimal HS medium under air level of CO2 (20°C). 
Except for the growth test, cell cultures (5-8 µg Chl mL-1) were incubated overnight at high light 
(400 µmol photons m-2 s-1), for maximizing expression of LHCSR proteins39. Prior to each 
measurement, cells were illuminated for at least 15 min with low intensity far-red light (3in1LED 
panel with far-red LED; 3LH series, NK system, Japan) to ensure a complete state 1 
configuration40. All replicates shown are biological replicates from independent cultures.  

5.3.2 Chlorophyll Fluorescence Measurements 
 
In this work, we employ two techniques to monitor the activation and deactivation of NPQ 
throughout 40 minutes of exposure to repeated periods of high light and dark on the basis of 
changes in Chl fluorescence emission (see Figure 5-1 for an illustration of the experimental 
design). Time-resolved Chl fluorescence was measured via time-correlated single photon counting 
(TCSPC) while Chl fluorescence yield was measured in parallel experiments using pulse-
amplitude modulation (PAM) fluorimetry. Although both methods can monitor NPQ, the 
fluorescence lifetime is not susceptible to a range of non-quenching processes that can impact the 
fluorescence yield (such as chromophore bleaching, changes in chlorophyll concentration, 
chloroplast movement, or enhanced light scattering41,42. Therefore, fluorescence lifetime 
measurements provide insight into processes that directly quench chlorophyll fluorescence.  
 
 TCSPC measurement and fitting 
 
The average chlorophyll fluorescence lifetime was measured by time-correlated single photon 
counting (TCSPC), as previously described42,43. A diode laser (Coherent Verdi G10, 532 nm) 
pumped a Ti:Sapphire oscillator (Coherent Mira 900f, 808 nm, 76 MHz) and the output was 
subsequently frequency doubled using a β-barium borate crystal to obtain 404 nm light. These 
pulses were used for excitation of the sample with a power of 1.7 mW (20 pJ/pulse) and Chl 
fluorescence emission at 680 nm was detected via an MCP-PMT (Hamamatsu R3809U). A 
custom-built LABVIEW software was used to synchronize three shutters located in the laser path, 
actinic light path, and the path between the sample and detector. Every 15 sec, a fluorescence 
lifetime snapshot measurement was acquired by exposing the cells to the saturating laser (404 nm) 
for 1 second and detecting the emission. Fluorescence lifetime snapshots were measured by 
TCSPC using a Becker-Hickl SPC-850 data acquisition card and SPCM software. In between the 
snapshot measurements, high-light illumination of the cells was achieved by exposing the cuvette 
to white light set to an intensity of 620 μmol photons m-2 s-1 (Leica KL1500 LCD, peak 648 nm, 
FWHM 220 nm), chosen as the minimal light level necessary to saturate photosynthetic reactions 
and induce qE activity at the onset of illumination. It was also chosen such that PAM and TCSPC 
would use identical high light intensities. The sample concentration was adjusted to ~80 µg Chl 
mL-1 for TCSPC measurements. To control the gas composition of the culture and prevent cells 
from settling to the bottom of the cuvette, the sample was bubbled with air (ambient CO2 
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concentrations) at a rate of 2-7 mL min-1 throughout the entire 40 min experiment duration, 
although note that such bubbling increased the noise of the measurements. 
 
For each fluorescence decay measurement, to ensure that PSII reaction centers were closed, we 
selected the 0.2 s step with the longest lifetime from the overall 1 s snapshot measurement 
duration42. This longest step was then fit to a bi-exponential decay (Picoquant, Fluofit Pro-4.6) and 
the average amplitude-weighted fluorescence lifetime (𝜏&'() was calculated for each snapshot 
measurement. The NPQτ parameter is derived from the fluorescence lifetime snapshot 
measurements and is defined analogously to NPQ42,44:  
 

𝑁𝑃𝑄-(𝑡) =
𝜏&'((0) − 𝜏&'((𝑡)

𝜏&'((𝑡)
 

 
The value of NPQτ represents the magnitude of the quenching response based on the change in the 
average fluorescence lifetimes between time t = 0 (after far-red acclimation but before HL 
exposure) and any other time t during the 40 min snapshot trajectory. Therefore, using NPQτ 
removes confounding effects arising from any differences in the average chlorophyll excited state 
lifetime of the different strains following far-red acclimation. For all TCSPC measurements, each 
biological replicate represents the average of three technical replicates measured on the same day. 
 
 PAM measurements 
 
Chlorophyll fluorescence yield was measured using a pulsed-amplitude modulation (PAM) 
fluorimeter (Dual-PAM 100, Walz GmbH, Effeltrich, Germany) with the red measuring head. Red 
saturating flashes (8,000 µmol photons m−2 s−1, 600 ms, 620 nm) were delivered to measure FM 
(maximal fluorescence yield in dark-acclimated samples) and then every 15 s or 30 s to measure 
FM′ under actinic light exposure or dark phase respectively. Actinic light illumination (620 nm) 
was set to 620 μmol photons m-2 s-1. Fluorescence emission was detected using a long-pass filter 
(>700 nm). NPQ was calculated as (𝐹Ê − 𝐹ÊË )/𝐹Ê′ where 𝐹Ê and 𝐹Ê′ represent the maximal 
fluorescence prior to and during the actinic light sequence, respectively. The Chl concentration 
was ~5-8 µg Chl mL-1 and as for TCSPC, all PAM measurements and the sample was bubbled 
with air at a flux of 2-7 mL min-1 for proper control of the gas concentrations of the sample 
throughout the entire 40 min experiment duration, note that such bubbling increased the noise of 
the measurements (but to a lesser extent than for TCSPC). 
 
 Quantifying the contributions of LHCSRs and STT7 to NPQ 
 
To assess the relative contributions of LHCSR1, LHCSR3, and STT7 to overall NPQ, we analyzed 
the NPQ (PAM) and NPQτ (TCSPC) trajectories for WT and each mutant. The relative 
contribution of each protein was determined as the percent change in the integrated snapshot 
trajectory of NPQ or NPQτ for each mutant relative to the control WT strain. As the contribution 
of each actor was found to be overall independent of HL-dark fluctuation frequencies in the range 
of 1 min-1 to 0.1 min-1, the average contribution of each protein under the four light fluctuating 
sequences for both PAM and TCSPC was considered. Additionally, to characterize the 
involvement in activation or deactivation of NPQ, the quenching trajectories were integrated solely 
under HL or dark periods, respectively. The contributions of each protein to the early vs. late 
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responses were further assessed by integrating from 0-20 min and 20-40 min, respectively. Since 
it has been suggested that the stt7-9 mutant may be “leaky”45, our estimates for the STT7 
contribution are lower-bound estimates. The potential leakiness of the stt7-9 mutant does not affect 
any of the conclusions presented in this chapter. In addition to quantifying the relative contribution 
to NPQ of each protein relative to the WT strain, we also assessed the contribution of STT7 in the 
absence of LHCSR3 by integrating the PAM NPQ trajectory of npq4stt7 relative to that of npq4. 
Likewise, the contribution of LHCSR3 was assessed independently of STT7 by integrating the 
PAM NPQ trajectory of npq4stt7 relative to that of stt7. 

5.3.3 77K Chlorophyll fluorescence emission 
 
Chlorophyll fluorescence emission spectra of Chlamydomonas cells at 77 K were obtained by 
freezing whole cells (~5-8 µg Chl mL-1 final concentration) in liquid nitrogen. The emission 
spectrum was then measured between 600 and 800 nm (435 nm excitation wavelength, RF-5300PC 
spectrophotometer, Shimadzu). 

5.3.4 Growth tests 
 
The different Chlamydomonas strains were cultivated photoautotrophically under moderate light 
(50 µmol photons m-2 s-1) in minimal medium under air level of CO2 (20°C). Cells were harvested 
during exponential growth and resuspended in fresh minimal medium to 0.1, 0.5, or 2 µg Chl mL-

1. Eight-microliter drops were spotted on minimal medium plates at pH=7.2 and exposed to the 
various light conditions. Homogeneous light was supplied by LED panels. Temperature was 
maintained at 25°C at the level of plates.  
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5.4 Results 

5.4.1 Varying light fluctuation periods affect the dynamic NPQ response.  
 
While the photosynthetic response of Chlamydomonas to some light fluctuations has been 
reported6,46, an analysis of NPQ for various periods of light fluctuations is lacking. We therefore 
measured chlorophyll fluorescence during light-dark cycles of 40 min with individual fluctuation 
periods ranging from 1 min to 10 min (Figure 5-1). Chlorophyll fluorescence yield was measured 
using PAM fluorometry and used to calculate NPQ47. In tandem experiments, TCSPC was used to 
measure the chlorophyll fluorescence lifetime48, which was used to calculate NPQτ44. For all 
periods of light fluctuations in the wild-type strain, NPQ quickly turned on upon illumination but 
turned off more slowly (Figure 5-2). The same trend was observed in NPQτ (Figure 5-2). The 1 
min period light fluctuation led to a nearly square-like response of NPQ and NPQτ (Figure 5-2).  
 
For the longer fluctuation periods ranging from 2 minutes to 10 minutes, after an initial burst of 
NPQ in HL, the level of NPQ decreased with continued illumination, eventually reaching a steady 
state for the 10 min fluctuating period (Figure 5-2). A similar trend was also seen in NPQτ (Figure 
5-2). Therefore, these kinetics are directly related to chlorophyll fluorescence quenching, rather 
than other non-quenching processes that affect chlorophyll fluorescence. This phenomenon of 
decreasing NPQ during the light has been previously attributed to the consumption of the proton 
gradient by the activity of the CO2 concentration mechanism (CCM)49. In addition to the effect 
arising from CCM, state transition via the induction of state 1 could also play some role in the 
NPQ decrease observed during HL periods, though this would not contribute during the first HL 
period in which cells are already in state 1 (following far-red acclimation). For fluctuating light 
periods longer than 4 minutes, upon a transition from HL to dark, the NPQ turned off rapidly but 
was then followed by a gradual rise in NPQ during further darkness, a trend that was also observed 
in NPQτ (Figure 5-2). However, compared to NPQ, NPQτ showed a larger magnitude of increase 
during the long dark periods (Figure 5-2C,D). Differences between the NPQ and NPQτ traces are 
considered in the discussion.    
 
We conclude from these experiments that, when exposed to light fluctuations with HL/dark periods 
ranging from 1 to 10 min, at least three components of NPQ are present: (i) a rapidly responding 
component, (ii) a slowly inducible component induced throughout the light fluctuations, and (iii) 
a component induced in the dark phases of light fluctuations. 
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Figure 5-2. Quenching trajectories during light fluctuations in npq4lhcsr1 and its control strain. The response of NPQ and 
NPQτ (upper and lower panel respectively) were measured in npq4lhcsr1 mutant and its control strain (red and blue curves 
respectively) during 40 minutes of light fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes (A, B, C and D respectively) 
as described in Figure 5-1. Shown are average of three biological replicates. For TCSPC data, each biological replicate was 
averaged from three technical replicates. The fluorescence lifetime values used to calculate NPQτ are shown in Figure S1. 
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5.4.2 The majority of NPQ during light fluctuations is mediated by LHCSR proteins.  
 
It has been well established that LHCSR proteins are crucial for NPQ in Chlamydomonas during 
a single dark-to-light transition18,27,50. To examine the relative importance of each LHCSR protein 
for the functioning of NPQ during light fluctuations, we measured the chlorophyll fluorescence 
yield and lifetime during the same light-dark cycles on mutants impaired in the accumulation of 
LHCSR1 (lhcsr1)27, LHCSR3-1 and LHCSR3-2 (npq4)18, or all three LHCSRs (npq4lhscr1)20,27. 
While the npq4lhcsr1 mutant was highly impaired in its NPQ capacity for all light fluctuations 
(Figure 5-2), single npq4 and lhcsr1 mutants showed some NPQ in response to light fluctuation 
(Figure 5-3). Noticeably, for fluctuating periods longer than 4 minutes, the increasing NPQ 
observed during dark phases was more pronounced in the npq4lhcsr1 mutant (Figure 5-2). We 
conclude from these experiments that although LHCSRs are responsible for most of the NPQ 
during the light phase of all light fluctuations, a substantial portion of the NPQ in WT is 
nonetheless mediated by other biochemical processes, part of which is induced during the dark 
periods of light fluctuations. 
 

 
  

 
 
Figure 5-3. Quenching trajectories during light fluctuations in lhcsr1 and npq4. The response of NPQ and NPQτ (upper and 
lower panel respectively) were measured in lhcsr1 and npq4 (purple and orange curves respectively) during 40 minutes of light 
fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes (A, B, C and D respectively) as described in Figure 5-1. Shown are 
average of three biological replicates. For TCSPC data, each biological replicate was averaged from three technical replicates. 
The fluorescence lifetime values used to calculate NPQτ are shown in Figure S2. 
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5.4.3 The increasing quenching in the dark periods arises from state transition. 
 
Induction of NPQ during darkness has been previously reported in chlorophytes36,51, and qT has 
been proposed to be involved36. Re-organization of light-harvesting antennae between PSII and 
PSI was thus followed throughout a light fluctuation by measuring 77K fluorescence emission 
spectra. The spectra for cells were compared at three time points: after acclimation to far-red light 
(cells in state 152), after 10 min HL, and after 10 additional min dark (see vertical lines in Figure 
5-4A). In WT and npq4lhcsr1, an increase in the emission at 710 nm specific to PSI-bound LHCII 
was observed between the 10 min (after HL) and 20 min (after dark) time points, suggesting that 
some re-association of LHCII from PSII to PSI occurs during the dark portion of our measurements 
(Figure 5-4, see Figure 5-5 for replicates). In contrast, mutants lacking the STT7 kinase responsible 
for qT (stt7 and stt7npq4) showed negligible changes in the 77K fluorescence emission spectra 
(Figure 5-6) and only showed a minimal increase in NPQ or NPQτ during the dark periods of light 
fluctuations (Figure 5-7) and with increasing duration of exposure to light fluctuations (Figure 5-
8).  
 
 

 

 
 
Figure 5-4. 77K chlorophyll fluorescence emission spectra during the first high light-dark cycle of light fluctuations. Cells 
were placed in a TCSPC cuvette as described in Figure 5-1 and both fluorescence lifetime snapshots and 77K chlorophyll 
fluorescence emission spectra were taken through 10 minutes of high light and 10 minutes darkness. (A) Fluorescence lifetime 
trajectory of npq4lhcsr1 mutant (red dots) and its control strain (WT, blue dots). On the graph, dashed vertical lines depict the 
timepoints at which samples were taken for 77K fluorescence spectra measurement. (B, C) 77K fluorescence emission spectra 
of samples taken in A on the control strain (WT, B) and npq4lhcsr1 mutant (C). Spectra were taken at 0, 10, and 20 min 
timepoints (blue, orange and grey spectra respectively). Shown are representative spectra. Three independent biological 
replicate spectra for WT and npq4lhcsr1 are shown in Figure 5-5. 77K spectra for the stt7 and stt7npq4 strains are shown in 
Figure 5-6. 
 



 130 

 

 

 
 
Figure 5-5. Independent biological replicates of 77K fluorescence emission spectra for WT and npq4lhcsr1. Within each graph, 
the spectra colored in blue, orange, and gray represent those taken at 0 min (far-red acclimated), 10 min (HL-exposed cells), 
and 20 min (dark-exposed cells) timepoints, respectively. Samples were taken under PAM conditions. 

 
 

Figure 5-6. Representative 77K fluorescence emission spectra for stt7 and npq4stt7 strains. For each strain, the spectra colored 
in blue, orange, and gray represent those taken at 0 min (far-red acclimated), 10 min (HL-exposed cells), and 20 min (dark-
exposed cells) timepoints, respectively. Samples were taken under TCSPC conditions. 
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Figure 5-7. Quenching trajectories during light fluctuations in stt7 and stt7npq4. The response of NPQ and NPQτ (upper and 
lower panel respectively) were measured in stt7 and stt7npq4 (green and magenta curves respectively) during 40 minutes of 
light fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes (A, B, C and D respectively) as described in Figure 5-1. 
Shown are average of three biological replicates. For TCSPC data, each biological replicate was averaged from three technical 
replicates. The fluorescence lifetime values used to calculate NPQτ are shown in the Figure S3. 
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To characterize the kinetics of qT occurring during the light-to-dark transition, we analyzed the 
response of the chlorophyll fluorescence lifetime for WT and npq4lhcsr1 mutant cells that were 
exposed to 10 min of HL followed by 30 min of dark. Interestingly, upon light-to-dark transition, 
both strains showed steadily decreasing lifetimes for the first 10 min of darkness, after which, the 
fluorescence lifetimes began to reverse, eventually reaching the starting lifetime after 30 minutes 
of darkness (Figure 5-9). In contrast, stt7 showed no such quenching of fluorescence lifetime 
during the 10 min dark period. Therefore, we conclude that the quenching observed during the 
dark phases of light fluctuations in Chlamydomonas arises from qT, which has an induction 
timescale of about 10 min and is reversible upon continued exposure to darkness. 

  

 
Figure 5-8. Maximum quenching envelopes defined by the maximum values of NPQ (measured by PAM, A-D) or NPQτ 
(measured by TCSPC, E-H) during every high light period for WT (blue) and stt7 (green). Solid lines denote the experimental 
data points, while dashed lines above and below the curves show the addition and subtraction of the experimental standard 
deviation. Note that when comparing the envelopes between the two measurement techniques, there are qualitative differences 
in the envelope structure. In the case of the PAM measurements, WT shows a maximum NPQ value that gradually increases 
as light fluctuations progress (due to activation of qT as the experiment progresses), while stt7 shows no such increase (due to 
the absence of qT). For TCSPC measurements, WT shows a maximum NPQτ value that is relatively flat as light fluctuations 
progress (includes the effects of qT), while stt7 shows a slightly decreasing quenching envelope (due to the absence of qT). 

 
Figure 5-9. Kinetics of qT measured by TCSPC. Following 15 min of far-red acclimation, cells were exposed to 10 min of HL 
followed by 30 min of darkness (left panel) or 10 min HL followed by 10 min of darkness (right panel). WT is shown in blue, 
npq4lhcsr1 in red, and stt7 in green. Each lifetime trajectory is the average of 3 biological replicates where each biological 
replicate is average of 3 technical replicates. Dashed horizontal lines highlight the extent of the decreasing lifetime observed 
upon HL-to-dark transition in STT7-containing lines. Note that after 10 to 15 min of quenching (evidenced by the decreasing 
average fluorescence lifetimes in each strain), the quenching then begins to turn off and eventually returns to the starting 
lifetime. The stt7 mutant shows no such decrease in lifetime during a 10-minute dark period. 
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5.4.4 Contributions of qE and qT to NPQ and growth under fluctuating light. 
 
It has been previously proposed that, while LHCSRs play an important role during short periods 
of illumination, state transitions are important for longer periods of high light acclimation4. To test 
this hypothesis and assess the scenario under fluctuating light conditions, we quantified the amount 
of NPQ that was mediated by each protein by comparing the remaining NPQ (or NPQτ) in each 
mutant relative to the NPQ (or NPQτ) in the WT reference strain (Figure 5-10A, Table 5-1). 
Surprisingly, the contribution of each protein to overall NPQ did not seem to depend on the period 
of the light fluctuation (Figure 5-11). Therefore, as a first estimate for the contribution of LHCSRs 
and STT7, we calculated the average contribution under all four light fluctuation sequences. The 
donut charts in Figure 5-10B,C,D depict the contribution of each protein as a percentage of the 
total NPQ observed in the WT strain (represented as the complete donut). While LHCSR3 is 
responsible for the majority of overall NPQ (72%, Figure 5-10B), STT7 had a substantial 
contribution mediating 42% of the NPQ, with LHCSR1 having a smaller contribution at 22% of 
NPQ. LHCSRs were found to have a substantially larger contribution during light phases, where 
they are responsible for 94% of WT NPQ, while in the dark phases, their contribution declined to 
57% (Figure 5-10C, Figure 5-12). On the other hand, STT7 played a significantly larger role in 
the NPQ during darkness (60%) than it does during illumination (36%) this latter result being 
likely due to inhibition of STT7 by high light36,53,54. Interestingly, the amount of NPQ mediated 
by LHCSRs was more important during the beginning of light fluctuations while state transitions 
contributed more after 20 minutes of light fluctuation (Figure 5-10D, Figure 5-13), revealing 
increased relative contribution of qT and decreasing contribution of qE with increasing time of 
exposure to light fluctuations. 
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Figure 5-10. Quantification of the contribution of LHCSRs and STT7 to wild-type NPQ under fluctuating light. (A) Example 
of quantification of the relative NPQ mediated by LHCSRs. The area under the NPQ curve of npq4lhcsr1 mutant (red) was 
subtracted from that of the control strain (blue) and expressed relative to the area of NPQ of the control strain. (B, C) Overall 
contribution of LHCSRs (red), LHCSR3 (orange), LHCSR1 (purple) and STT7 (green) averaged over all 40 minutes (B) or 
specific periods of the light fluctuations (C). For each protein, the part of the donut shown in red, orange, purple or green is the 
percentage of wild type NPQ lost in each mutant impaired in the accumulation of LHCSRs, LHCSR3, LHCSR1 and STT7 
respectively. Given that the contribution of each protein was largely independent of HL/dark period (Figure 5-12), shown are 
the average of all 4 light fluctuation sequences. Distribution of individual replicates and estimates of error (i) overall, (ii) during 
HL or dark, and (iii) during early and late portion of light fluctuations are presented in Figures 5-11, 5-12, and 5-13, 
respectively. 
 
 
 Table 5-1. Average contribution of each protein to overall wild-type NPQ for each light fluctuation sequence. Shown is the 
average value (n=6, evaluated from 3 TCSPC and 3 PAM replicates) and standard deviation of all individual replicates. The 
contributions of LHCSR3 (orange) and LHCSR1 (purple) were determined from the single mutants npq4 and lhcsr1. The 
contribution of LHCSRs overall (red) was evaluated from the npq4lhcsr1 mutant. The contribution of qT was assessed from 
the stt7 mutant. Each error in the right column represents the standard deviation of each protein’s contribution across the 4 light 
fluctuation sequences. For simplicity, only the average values (shown in the right column) were used to generate Figure 5-10. 
Full distributions of the individual TCSPC and PAM data points are shown in Figure 5-11. 
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Figure 5-11. Distribution of replicate measurements for the contribution of each protein to overall WT NPQ as a function of 
fluctuating light sequence. Each data point represents the percentage of the WT NPQ that is lost in each mutant following 
integration of the trajectories of NPQ (measured by PAM, circles) or NPQτ (measured by TCSPC, triangles). The contribution 
of each protein is colored according to the respective mutant that was used for quantification relative to WT (red, LHCSRs 
from npq4lhcsr1; purple, LHCSR1 from lhcsr1; orange, LHCSR3 from npq4; green, STT7 from stt7). Within each colored 
cluster, the triangles represent the 3 biological replicates measured by TCSPC (each biological replicate is the average of 3 
technical replicates) and the circles represent the 3 biological replicates measured by PAM. The colored horizontal lines 
represent the average of all TCSPC and PAM data points for each protein.  
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Figure 5-12. Distribution of replicate measurements for the contribution of each protein to WT NPQ during HL (A) or dark 
(B) as a function of fluctuating light sequence. The tables below show the ratio of the contribution of each protein during HL 
to dark (obtained by dividing the two values) or the difference in contribution in HL and dark (obtained by subtracting the two 
values). All other details are as described in Figure 5-11.  



 137 

 
 
Since LHCSR3 is part of the mobile fraction of photosynthetic antenna and has been proposed to 
be affected by STT7 activity36, giving a potential mechanistic connection between qE and qT55, 
we aimed to interrogate the involvement of qT both together and separately from qE under 
fluctuating light. We compared the integrated PAM NPQ trajectories of npq4stt7 relative to that 
of npq4, both of which lack LHCSR3, or npq4stt7 relative to that of stt7, both of which lack STT7. 
The relative contribution of STT7 to NPQ was found to be different in the presence vs absence of 
LHCSR3, with STT7 playing a larger role when LHCSR3 is present (Figure 5-14, Table 5-2). 
Likewise, the contribution of LHCSR3 was larger when STT7 was present. These data suggest 
that STT7 and LHCSR3 are cooperating to induce quenching during dark periods of light 
fluctuations. We propose that the activity of STT7 resulting in LHCSR phosphorylation and 
antenna mobility is responsible for this crosstalk between qE and qT during light fluctuations. 
 

 
 
Figure 5-13. Distribution of replicate measurements for the contribution of each protein to WT NPQ during the early portion 
(0-20 min, A) or during the later portion of the experiment (20-40 min, B) as a function of fluctuating light sequence. The 
tables below show the ratio of the contribution of each protein during HL to dark (obtained by dividing the two values) or the 
difference in contribution in HL and dark (obtained by subtracting the two values). All other details are as described in Figure 
5-11.  



 138 

 
 

 
 
Although mutants impaired in the accumulation of LHCSRs and STT7 have strongly impaired 
NPQ capacities, this does not seem to impair the growth of those strains under continuous high 
light conditions18,28,46. Recent data have shown that the growth of npq4 and npq4lhcsr1 mutants is 
impaired under certain light fluctuation conditions6,46. We therefore investigated whether the 
growth impairment of those strains could be dependent on the period of light fluctuation. While 
all the mutants grew as well as the control strain under continuous illumination (Figure 5-15), 
npq4, lhcsr1, npq4lhcsr1 and stt7npq4 mutants exhibited impaired growth under fast light 
fluctuations with a 1-minute period (Figure 5-16). In contrast, only npq4lhcsr1 and stt7npq4 
mutants showed an impaired growth under slower light fluctuations with a period of 10 minutes, 
and the growth of all mutants was similar when the period was increased to 30 minutes (Figure 5-
16). We conclude from this experiment that qE mediated by LHCSR proteins is critical for growth 
under light fluctuations and that this role is more important for rapid light fluctuations. 

 
 
Figure 5-14. Untangling qE and qT: the quantification of the contributions of LHCSR3 (orange) and STT7 (green) to the NPQ 
response both in the presence (solid lines, circle markers) and absence (dashed lines, triangle markers) of the other protein is 
plotted as a function of the light fluctuation frequency. Horizonal lines, show the average contribution for each protein, 
considering all light fluctuation frequencies. For reference, the black lines represent zero contribution. The contribution of each 
protein was evaluated (A) over all 40 minutes of the experiment, (B) only during HL periods, or (C) only during dark periods. 
All of these were evaluated from PAM trajectories using various combinations of WT along with the npq4, stt7, and stt7npq4 
mutants as discussed in the Materials and Methods section.  
 
 
 
 
 
Table 5-2. Average contribution of LHCSR3 and STT7 in the presence and absence of the other protein for each light 
fluctuation sequence. Shown is the average value (evaluated from 3 PAM replicates) and standard deviation of individual 
replicates. Each error in the right column represents the standard deviation of the 4 light fluctuation sequences. 
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Figure 5-15. Growth of cells under continuous low light (50 µE) or high light (400 µE) conditions. All other details are as 
described in Figure 5-16 and in the Methods. 

 
 
Figure 5-16. Growth of mutants impaired in qE and/or qT under various periods of dark/light cycles. lhcsr1, npq4, npq4lhcsr1, 
stt7 and stt7npq4 mutants and their control strain (WT) were diluted and spotted at different chlorophyll concentration and 
grown on plates under dark/light cycles with a period of 30 (30-30, upper panel), 10 (10-10, middle panel) or 1 minute (1-1, 
lower panel). Each row represents a different chlorophyll concentration. Shown are representative spots of three biological 
replicates. Growth under constant low light or high light are shown in Figure 5-15. 
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5.5 Discussion  
 
The involvement of pH-sensing LHCSR proteins and state transitions in the photoprotective 
response of Chlamydomonas has been previously described18,36. While mutants impaired in 
accumulation of LHCSRs were shown to have limited growth when light is provided in a day/night 
cycle46 or fluctuating with a 10-minute period6, our understanding of the contribution of LHCSRs 
and state transitions to photoprotection during fluctuating light remains limited. Here, by 
measuring the NPQ levels during light fluctuations in a range of mutants impaired in the 
accumulation of LHCSR3, LHCSR1, and/or STT7 we have unraveled their relative contributions 
to NPQ. Varying the length of fluctuating periods from 1 to 10 min allowed us to assess the 
dynamics of rapid qE- and slower qT-type processes. Interestingly, we observe that qT builds up 
during the dark periods of the light fluctuations and continues to play a role in the NPQ response 
during subsequent light phases. It occurs even in the absence of LHCSR3 (see npq4 and npq4lhcsr1 
mutant in Figure 5-2 and Figure 5-4), has a timescale of 10 min, and is reversible (Figure 5-9), 
which is consistent with recent literature36,52. During a transition between low-light and high-light 
stress, qE proteins take a few hours to be fully induced18, and it was hypothesized that qT may 
substitute for qE during this delay36. Our results show that even when LHCSRs are fully activated 
(i.e., in high light-acclimated cells), the occurrence of qT remains substantial during light 
fluctuations (Figure 5-2). State transition or qE mutants were previously shown to have high 
reactive oxygen species (ROS) production36,56. Thus, the substantial amount of qT induced during 
the dark periods of light fluctuations may enhance photoprotection and limit ROS production by 
“anticipating” the next exposure to high light. The combination of fast qE (turns on rapidly upon 
HL exposure due to ΔpH) and residual qT (from previous dark periods) could therefore provide 
effective photoprotection in an unpredictable fluctuating-light environment. 
 
Since qE has long been ascribed as the fastest component of NPQ, directly responding to the 
thylakoid lumen proton concentration7, and qT as a slower component36, the contribution of qE to 
NPQ was proposed to be stronger for short periods of HL, with the contribution of qT becoming 
increasingly important during longer periods of high-light stress4. Our approach of systematically 
assessing the response of photosynthesis to various frequencies of light fluctuations has revealed 
nuances in this interpretation. Surprisingly, we found that the overall contributions of qE and qT 
are different in the presence vs absence of the other component (Figure 5-14) revealing that 
interactions between qE and qT contribute to the NPQ response during light fluctuations. 
Additionally, the npq4 mutant showed significantly reduced NPQ capacity compared to WT in the 
dark periods (by 74%) under fast light fluctuations (1-1 sequence), but only a 17% impairment 
under slower fluctuations (10-10) (see Figure 5-12B), showing that relaxation of qE (around 1 
min) is mediated by LHCSR3 and contributes substantially to the response of NPQ to rapid light 
fluctuations. Such relaxation kinetics may contribute to a faster response of NPQ to the next 
illumination if the time scale of light fluctuations is shorter than 2 minutes. It is also worth noting 
that the relative importance of qE in NPQ decreased after 20 minutes of light fluctuations, while 
the opposite occurred for qT (Figure 5-10), reflecting a build-up in qT throughout the 40 minutes 
of light fluctuations. Modeling the response of photosynthesis to complex light fluctuations has 
been done35,41,43,57,58 and would allow targeting specific mechanisms for increasing plant yields in 
the field. Our results show that such efforts should consider both the period of light and dark as 
well as the total time exposed to fluctuating light. The light intensities used during light 
fluctuations may also affect the relative contributions of each mechanism. In green microalgae it 
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is tempting to speculate that in nature, where exposure to HL and dark occur repeatedly, qE may 
play a more important role in the beginning of light fluctuations while qT may provide a 
photoprotective response on a longer time scale. 
 
Although qI is known to contribute to NPQ during prolonged illumination, it is likely negligible 
in our experimental conditions since both npq4lhcsr1 and npq4stt7 mutants did not show a strong 
buildup of NPQ or NPQτ during the 20 min of HL exposure during the light fluctuations (Figure 
5-3 and Figure 5-7). Additionally, Fv/Fm were not significantly different between strains prior to 
light fluctuations, with the exception of npq4lhcsr1 which showed a lower Fv/Fm, reflecting some 
constitutive qI following overnight HL acclimation in the complete absence of LHCSRs (Figure 
5-17). 
 

 
 
Interestingly, when comparing NPQ and NPQτ, the magnitude of the quenching decrease during 
HL was larger for NPQτ than NPQ (Figure 5-2). The energetic requirement (and thus its proton 
gradient consumption) of the CCM depends on the inorganic carbon (Ci) availability59. Since the 
high cell concentration in the TCSPC sample leads to strong Ci consumption, this could deplete 
the Ci concentration even in the presence of bubbling, leading to a Ci level sensed by cells in the 
TCSPC sample being lower than what is experienced by cells in the PAM sample. This would lead 
to higher activity of CCM, and hence a larger decrease in quenching, under TCSPC sample 
conditions compared to PAM sample conditions. The decrease in both NPQ and NPQτ was also 
stronger for longer HL periods as well as later in the sequence (Figure 5-2). The slope of the initial 
decrease in NPQτ or NPQ during HL was similar for all four sequences (Figure 5-18) and is likely 
dictated by Ci availability and its influence on the CCM kinetics. The magnitude of the decrease 
in NPQ and NPQτ was larger for longer light periods (Figure 5-18D,H), likely due to simultaneous 
activation of the CCM that dissipates the proton gradient and the onset of slower forms of NPQ 
such as state transitions. Conversely, the differences in the magnitude of the increase in NPQ and 

 
Figure 5-17. Fv/Fm values for each strain measured prior to exposure to fluctuating light sequences. Circles represent 
independent biological replicates. Horizontal lines show the average of 12 replicate measurements.  
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NPQτ during the dark periods could be due to differences in O2 concentrations sensed by the cells 
in both conditions, which is known to affect the extent and rate of state transition60. 
 

 
 
Although LHCSR3 plays the dominant role in photoprotection under constant and fluctuating light 
conditions, we also observe a role for LHCSR1 in our measurements. While the chlorophyll 
fluorescence dynamics of lhcsr1 are similar to those of WT (Figure 5-3), we observe a ~20% 
reduction in overall NPQ in this mutant under fluctuating light conditions (Figure 5-10). This small 
amount of photoprotection afforded by LHCSR1 in vivo is consistent with previous in vitro 
investigations61,62 in which LHCSR1 has been suggested to mediate energy transfer between 
LHCII and PSI63 and to compensate for the absence of LHCSR333. Interestingly, our results 
suggest that different from the case for LHCSR3, the qE that is mediated by LHCSR1 is largely 
frequency independent (Figure 5-11). Both LHCSR1 and LHCSR3 are thought to generate NPQ 
in response to (i) the proton gradient and (ii) carotenoid composition,23,24 thus the frequency-
dependent LHCSR3 and frequency-independent LHCSR1 could differ in their pH or carotenoid 
dependency.  
 
The relationship between NPQ capacities and growth have remained puzzling in Chlamydomonas, 
because only some light fluctuation regimes have consistently been shown to impair 
growth6,18,27,46. Here we show that all mutants lacking LHCSRs showed impaired growth under 
rapid light fluctuations (1-1 sequence), and that this impairment was lower under slower 
fluctuations (10-10 sequence) and absent under an even slower 30-30 sequence or constant 
illumination (Figures 5-15 and 5-16). There seems to be a good relationship between defect of 
NPQ and growth deficiency under short time-scale fluctuations when considering npq4lhcsr1 and 
stt7npq4 mutants (Figure 5-16), clearly showing that LHCSR-dependent qE is critical for growth 
when light fluctuates rapidly over a short period of time. However, surprisingly, the growth defect 
of lhcsr1 seemed larger than npq4 under the 1-1 sequence. This suggests that the growth capacity 

 
 
Figure 5-18. Analysis of the kinetics associated with the decrease in NPQ (measured by PAM, A-D) or NPQτ (measured by 
TCSPC, E-H) during every high light (HL) period for the WT strain. Within each HL period, the maximum value of NPQ (or 
NPQτ) and all subsequent data points after the maximum are shown (blue circles). Superimposed are solid black line segments. 
These lines segments have identical length and slope for panels A-D (PAM) and E-H (TCSPC). The line segments adequately 
capture the decrease of NPQ or NPQτ in each HL period, corresponding to approximate rates of 0.3 units of NPQ per minute 
(A-D, PAM) and 0.2 units of NPQτ per minute (E-H, TCSPC). As the fluctuating light period increases, a larger extent of the 
decrease in both NPQ and NPQτ is observed. 
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of LHCSR mutants under light fluctuations may not depend only on the level of NPQ. The growth 
defects observed for qE mutants under short time-scale light fluctuations may be affected by 
deactivation of the Calvin-Benson-Basham (CBB) cycle during the dark phases, as previously 
proposed by Roach6. Such a frequency dependence for the growth may thus additionally reveal the 
specific time scales of CBB cycle activation and deactivation during extended periods of 
fluctuating light. Other factors may include activation of compensatory mechanisms that enable 
photoprotection at the expense of growth or the increased production of reactive oxygen species 
in npq4 mutants6,56, which could be greater in the lhscr1 mutant. Note here that in our conditions, 
due to slightly different genetic background between stt7 and the WT control, we cannot make a 
conclusion on the mechanism by which stt7 grew better under short timescale fluctuations (Figure 
5-16). The WT background may be particularly sensitive to fast 1-1 and 10-10 fluctuations; another 
possibility could be that qT is detrimental for growth under medium to short time scale 
fluctuations. 
 
Through 77K fluorescence emission spectra analysis, we have shown that the increasing 
dissipation observed in the dark requires the STT7 kinase responsible for state transition (Figure 
5-4 and Figure 5-6). This effect, already described in Chlamydomonas36 and Dunaliella salina51, 
greatly contributes to NPQ during light fluctuations. In plants, the occurrence of state transitions 
and its involvement in NPQ is thought to be minor8,31 even if mutants of Arabidopsis thaliana 
impaired in state transition (stn7) exhibit impaired growth under light fluctuations64. Interestingly, 
an increase of NPQ during the dark periods of fluctuating light was recently reported in npq4 
leaves of A. thaliana43 for which about 53% of the WT NPQτ remained in the mutant after 40 
minutes of exposure to light fluctuations despite the absence of the pH-sensing protein PsbS 
(Figure 5-19). However, it remains unclear as to how much of the dark quenching in plants 
originates from qT as opposed to effects related to de-epoxidized xanthophyll pigments43 or LHC 
protein conformation and/or aggregation65. In the future, periodic illumination experiments 
performed on A. thaliana mutants impaired in qE and/or qT could clarify the relative importance 
of each mechanism and allow a comparison of the in vivo functioning of NPQ in higher plants and 
green algae under light fluctuations.  

 

 

 
Figure 5-19. Comparison of integration results for C. reinhardtii cells (left) or A. thaliana leaves (right) exposed to 2 min HL 
– 2 min dark fluctuating actinic light sequence. The quantification of the amount of NPQτ remaining in each mutant lacking 
pH-sensing protein (C. reinhardtii LHCSR1 and LHCSR3; A. thaliana PsbS) is shown. Both were measured by TCSPC. The 
C. reinhardtii data is taken from Figure 5-2. The A. thaliana data was derived from a previous study published by our groups 
(ref 43).  
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Tuning the relaxation kinetics of NPQ in higher plants has been shown to improve crop plant 
productivity66, and recent modelling of the response of plant canopies to natural light fluctuations 
has shown that there remains ample room for improving photosynthetic efficiency under non-
steady state conditions67. Similar opportunities for improvement also exist for increasing biofuel 
production from microalgae68–70. In both cases, such optimization will require detailed 
understanding of the dynamic activity of NPQ mechanisms. The sum of the NPQ contributions of 
each protein is greater than 100% (Figure 5-10) which cannot be explained by a difference in the 
amount of LHCSR3 between WT and stt7 (Figure 5-20). Additionally, our quantifications of qE 
and qT reveal that each of them depends on the presence of the other process (Figure 5-14), 
showing that there is an interaction between qE and qT in Chlamydomonas under fluctuating light.  
 

 
 
The possibility of an interaction between qE and qT has been previously suggested on the basis of 
a kinetic analysis of qT in the presence and absence of LHCSR3 protein (npq4 mutant)55. Our 
findings are consistent with a partial overlap of the functions of LHCSR3 and STT7 in both qE 
and qT. This partial overlap highlights the need for further investigations of the interactions 
occurring between proteins that underlie the in vivo NPQ response, not only in HL but also in dark, 
and more generally during light fluctuations. For example, in microalgae, the quenching mediated 
by LHCSR3 both at PSII and PSI level33 could be tuned by the movement of LHCSR3 from PSI 
to PSII during state transitions36. Thus, the described LHCSR3 phosphorylation by STT745 could 
explain the crosstalk between qE and qT. LHCSR3 is also known to associate with LHCII trimers 
in the PSII supercomplex72; therefore, a similar LHCSR3-LHCII interaction may also generate 
quenching in the trimers following the detachment of LHCII from PSII. It should be noted that in 
the thylakoid membrane, LHCII can exist in a range of different conformations and/or quenching 
states73,74. At this point it is not possible to distinguish the relative contributions of different forms 
of LHCII in individual snapshot measurements. The ensemble fluorescence lifetime likely 
originates from some combination of at least three LHCII subpopulations: unphosphorylated and 
bound to PSII (state 1)10 with an intermediate fluorescence decay component, phosphorylated and 
unbound (free LHCII)75 which has been previously assigned to a long fluorescence decay 
component10, and phosphorylated and bound to PSI (state 2)76 with a short fluorescence decay 
component. In intact algal cells, the relative abundance of each form of LHCII likely dynamically 
evolves throughout exposure to the fluctuating HL-dark sequences. Further development of in vivo 
spectroscopic tools will be required to disentangle the dynamics of LHCII conformations and 
correlate them with photoprotection. Overall, a deeper understanding of the protein interactions 
underlying NPQ dynamics will be highly valuable in finding new ways to improve plant and 
microalgal productivity.   

 
Figure 5-20. Immunodetection of LHCSRs in mutants and their control strain. Cells were harvested before the measurements 
described in Figure 5-1. Immunoanalysis of LHCSRs proteins was carried out using a previously described LHCSRs antibody 
(ref 71). A tubilin antibody (Agrisera XXX) was used as a loading control. 
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5.6 Conclusions 
 
LHCSR- and STT7-mediated nonphotochemical quenching processes (qE and qT) are known to 
underly the photoprotective response of the microalgae Chlamydomonas. Here, we have applied a 
new method to disentangle the involvement of qE and qT in real time by exposing intact algal cells 
to repetitive cycles of high light and darkness alternating at different frequencies. While both qE- 
and qT-type responses are present during all light fluctuations, LHCSR-dependent qE plays a 
larger role in the beginning of light fluctuations and during the HL periods. The contribution of 
STT7-dependent qT became more pronounced upon longer exposure to fluctuating light and 
especially during the dark periods of light fluctuations. Over the long term, rapid light fluctuations 
reduced the growth of mutants impaired in LHCSRs, demonstrating the importance of LHCSR 
proteins during abrupt changes in light intensity. Overall, our work shows that a cooperativity 
between LHCSR proteins and STT7 constitutes an important regulatory feature of the 
photoprotective response in Chlamydomonas, likely mediated by phosphorylation of LHCSR3 by 
STT7. These findings provide a foundation for disentangling and modelling how the diverse 
molecular mechanisms involved in plant and microalgal acclimation to light fluctuations interact 
and enable robust photosynthesis in nature. We envision that further knowledge on the response 
of photosynthetic mechanisms to various frequencies of light fluctuations will open new avenues 
for building a strong understanding of how photosynthetic organisms respond to complex light 
fluctuations. 
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5.7 Supporting Information 
 

 

 
 
Figure S1. Quenching trajectories during light fluctuations in WT and npq4lhcsr1. The response of NPQ (A-D, measured by 
PAM) and average Chl fluorescence lifetime (E-F, measured by TCSPC) were monitored in npq4lhcsr1 mutant and its control 
strain (red and blue curves respectively) during 40 minutes of light fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes 
(A/E, B/F, C/G and D/H respectively) as described in Fig. 5-1. The solid lines represent the average of three biological 
replicates. Shaded regions represent standard deviation. For TCSPC data, each biological replicate was averaged from three 
technical replicates. 
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Figure S2. Quenching trajectories during light fluctuations in lhcsr1 and npq4. The response of NPQ (A-D, measured by PAM) 
and average Chl fluorescence lifetime (E-F, measured by TCSPC) were monitored in lhcsr1 and npq4 (purple and orange 
curves respectively) during 40 minutes of light fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes (A/E, B/F, C/G and 
D/H respectively) as described in Fig. 5-1. The solid lines represent the average of three biological replicates. Shaded regions 
represent standard deviation. For TCSPC data, each biological replicate was averaged from three technical replicates.  
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Figure S3. Quenching trajectories during light fluctuations in stt7 and stt7npq4. The response of NPQ (A-D, measured by 
PAM) and average Chl fluorescence lifetime (E-F, measured by TCSPC) were monitored in stt7 and stt7npq4 (green and 
magenta curves respectively) during 40 minutes of light fluctuations with HL/dark periods of 1, 2, 4 and 10 minutes (A/E, B/F, 
C/G and D/H respectively) as described in Fig. 5-1. The solid lines represent the average of three biological replicates. Shaded 
regions represent standard deviation. For TCSPC data, each biological replicate was averaged from three technical replicates.  
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Chapter 6 

Spin-trapping EPR spectroscopy for monitoring the real-
time dynamics of singlet oxygen during photoprotection 

 
 

This chapter is based on work performed by C.J. Steen at Argonne National Laboratory in 
collaboration with L.M. Utschig, O.G. Poluektov, and J. Niklas as part of a Department of 

Energy Office of Science Graduate Student Research (SCGSR) award to C.J.S. 
 

 

6.1  Introduction 

6.1.1  Source of Reactive Oxygen Species in Photosynthesis  
 
As sessile organisms, plants must acclimate to fluctuating environmental conditions. One highly 
dynamic variable in nature is the incident light intensity reaching the photosynthetic apparatus 
inside chloroplasts. This photosynthetic membrane is composed of an array of pigment-protein 
complexes capable of highly efficient light absorption via elaborate networks of light-absorbing 
pigments.1,2 In fact, photosynthetic light harvesting operates with near unity quantum efficiency 
under optimal conditions, such as the low light levels that regularly occur in nature.3 However, in 
the environment, saturating light intensities are also regularly encountered, resulting in build-up 
of excitation energy in the thylakoid membrane. As the photosynthetic photon flux density (PPFD, 
units of µmol m−2 s−1) increases, there is a growing mismatch in the rate of light absorption relative 
to the rate of photosynthesis.4 While light absorption continues to rise linearly with increasing 
PPFD, the rate of photosynthesis saturates at relatively low light intensities. Specifically, this rate 
is dictated by the flux of electrons through the photosynthetic electron transport chain from 
photosystem (PS) II to PSI, which is modulated by the cytochrome b6f complex5 as well as 
subsequent constraints involved with fixing carbon dioxide during the Calvin-Benson cycle.6  
 
A consequence of the mismatch between light absorption and electron transfer under high PPFDs 
is the saturation of reaction centers due to the depletion of oxidized plastoquinone molecules 
involved in accepting electrons from PSII. When the reaction centers of PSII close, there is 
accumulation of excited states of chlorophyll (Chl), the primary light-harvesting pigment, 
throughout the light-harvesting antenna of PSII. Importantly, as the average Chl excited state 
lifetime becomes longer, the probability for intersystem crossing (ISC) from the singlet excited 
state (1Chl*) to the triplet excited state (3Chl*) also increases.  
 
One important photophysical reaction in photosynthetic systems is the photosensitized production 
of the electronically excited state of molecular oxygen, 1∆g,7 referred to hereafter as singlet oxygen 
(1O2*). While the energetic requirement for producing 1O2* from the triplet ground-state (3O2) is 
only 94 kJ mol-1,8 corresponding to absorption of near-infrared light, direct optical excitation of 
isolated oxygen molecules is quantum-mechanically forbidden due to the change in spin state. In 
liquids, the transition can be observed due to interactions with solvent molecules, though the 
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spectroscopic signal is extremely weak.9 Thus, the absorption of IR photons does not represent a 
significant source of singlet oxygen generation in photosynthesis. 
 
More commonly, 1O2* can be efficiently produced via photosensitization, a process in which a 
light-absorbing molecule transfers excitation energy to 3O2.10,11 This is a common occurrence in 
natural photosynthetic systems due to an abundance of photosensitizer (Chl) and oxygen 
molecules, the latter being created from the light-driven splitting of water by the oxygen-evolving 
complex (OEC; also referred to as WOC, water-oxidizing complex) of PSII.12 The triplet excited 
state of Chl (3Chl*) is well known to react with molecular oxygen, yielding 1O2*. Molecular 
oxygen can also be reduced leading to the formation of various other reactive oxygen species 
(ROS) including superoxide (O2-), hydrogen peroxide (H2O2), and hydroxyl radical (OH•),13 all of 
which are produced in photosynthetic systems under stress conditions.14,15 Therefore, the presence 
of ROS is an unavoidable consequence of oxygenic photosynthesis (Figure 6-1). For more 
information on 1O2* and ROS in photosynthesis, see References 16–22. 
 
 

 
 

6.1.2  Reactivity and Regulation of Singlet Oxygen in Photosynthesis 
 
Given its relatively short lifetime and small intracellular diffusion distance,23 1O2* is thought to 
react with nearby targets in the photosynthetic apparatus. Nonetheless, it is an electrophilic species 
that is highly reactive for a wide array of biomolecules. One such vulnerable target is the D1 
protein of PSII, which is in close proximity to the OEC, the main source of molecular oxygen in 
the photosynthetic membrane. In fact, 1O2* is thought to be directly involved in damage and 
inactivation of D1,24–27 leading to decreased photosynthetic efficiency. 1O2* has also been 
implicated in the degradation of LHCII or other photosynthetic antenna proteins.28,29 More 
broadly, it is capable of oxidizing amino acid residues of proteins, including Trp, Tyr, His, Met, 
and Cys side chains.30 1O2* can also react with the abundant double bonds found in DNA31 or in 

 
Figure 6-1. The rate of photosynthesis does not match the rate of light absorption especially at high light intensities 
(photosynthetic photon flux densities, PPFD), where singlet oxygen photosensitization can occur via triplet-triplet energy 
transfer from triplet chlorophyll generated by intersystem crossing (ISC). The production of singlet oxygen and other reactive 
oxygen species (ROS) can pose a danger to the organism. Figure adapted from Erickson et al. Plant Journal. 2015, 82, 449-465. 
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lipids, the latter of which leads to lipid peroxidation, an event that has often been linked to cell 
death.32,33 The presence of 1O2* has also been reported to be involved in chloroplast degradation 
processes.34,35  
 
Photosynthetic cells house a wide array of molecules that participate in detoxification of ROS. 
Carotenoid pigments are efficient scavengers of 1O2* and other ROS.36–38 They can also receive 
energy from 3Chl* and non-radiatively dissipate it.39 One such carotenoid, β-carotene, is found at 
the PSII reaction center40 where it has been documented to quench 1O2*,41 likely protecting against 
photoinhibition and damage.42–44 Tocopherol,37,45,46 plastoquinol,47,48 and ascorbate49,50 are also 
well-known quenchers of 1O2*. Despite its widespread reactivity, 1O2*, and ROS more generally, 
represent crucial cellular stress signals, inducing cellular and genetic acclimation responses to 
existing environmental conditions.51–57 Nonetheless, photosynthetic organism survival requires a 
multi-pronged approach to preventing and mitigating photo-oxidative stress, including real-time 
regulation of ROS concentrations inside cells. 
 
One important regulatory process is nonphotochemical quenching (NPQ)58,59 which harmlessly 
dissipates excess excitation energy in the light-harvesting antenna, thereby protecting PSII against 
damage. Despite the known importance of NPQ to plant fitness and survival,60 many of its 
underlying molecular mechanisms remain controversial. Additionally, while the necessity of NPQ 
is frequently framed in terms of preventing the buildup of ROS, such as 1O2*, this has not been 
explicitly demonstrated, and more recent thinking posits that ROS may play essential roles in plant 
signaling and stress responses.61 Despite the centrality of 1O2* to the operation of photosynthesis, 
and possibly photoprotection, there remains much to be learned in terms of its production, 
reactivity, or regulation inside intact photosynthetic systems, such as thylakoids, chloroplasts, and 
plant cells.62  
 

6.1.3  Detection of Reactive Oxygen Species in Photosynthesis  
 
Direct detection of 1O2* is possible by measuring the near-IR phosphorescence (1Δg à 3∑g-) at 
1270 nm. The lifetime of this emission has a pronounced solvent dependence.8 Whereas 1Δg has a 
ms lifetime in the gas phase, it is dramatically shortened in condensed phases. The lifetime in 
aqueous solution is ~2-5 µs, but this is slightly prolonged in deuterated solvent (i.e. approximately 
10-times longer in D2O than H2O).63–65 Time-resolved luminescence measurements have been 
used to detect 1O2* in isolated PSII reaction centers in buffer,25,66–70 or in intact mammalian 
cells.71–74 Of note, 1O2* was found to be surprisingly long-lived in a single neuron or HeLa cell 
(with lifetimes ranging from ~600 ns to ~3 µs), suggesting that 1O2* may be able to diffuse across 
distances on the order of ~100 nm.23,75 Yet, the apparent lifetime of 1O2* strongly depends on the 
local environment, being largely dictated by the intracellular domain in which it was produced.76,77 
Unsurprisingly, the lifetime of 1O2* is strongly affected by interaction with biomolecules, resulting 
in its quenching in congested biological environments.77  
 
While successful detection of 1O2* phosphorescence in intact photosynthetic systems has been 
demonstrated, the method has rarely been extended to samples more complex than isolated PSII 
in buffer. In fact, Li et al. remarked that “experimental determination of the kinetic rate constants 
of the singlet oxygen emission endogenously produced by PSII in chloroplasts would be a tall 
order.”70 It is possible that improved detection capabilities, such as newly-available 
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superconducting nanowire single-photon detectors,78 could enable direct measurements of 1O2* in 
intact photosynthetic systems. 
 
For the time being, most studies of 1O2* in photosynthesis instead rely on indirect detection 
schemes, generally based on introducing an exogenous probe molecule to the sample. Currently 
available indirect detection approaches for 1O2* face several challenges. Ideally the probe 
molecule should react selectively with 1O2*, not other ROS, although this is not always the case. 
Additionally, it can be difficult to localize the probe molecule at the sites of 1O2* in the thylakoid 
membrane inside plant or algal cells without disturbing the cell wall or overall health of the cell. 
Finally, the probe must be able to withstand continued white light illumination at similar PPFDs 
as those regularly encountered in the natural environment.  
 
The molecular structures for two common commercially available molecular probes for 1O2* 
detection are shown in Figure 6-2. The first, the fluorophore singlet oxygen sensor green (SOSG), 
is converted to an endoperoxide product (SOSG-EP) upon reaction with 1O2*, which then emits in 
the green region of the spectrum (Fig. 6-2A).79 While fluorescence-based detection is convenient, 
there are many obstacles associated with reliable detection of 1O2* in intact photosynthetic systems 
by SOSG. For example, the photochemical properties of SOSG are highly dependent on the 
irradiation wavelength; exposure of SOSG to light with wavelengths of 355 nm or 532 nm can 
photosensitize 1O2*,80,81 limiting the reliability of SOSG for tracking 1O2* during illumination with 
white light of high PPFD. Even more challenging are issues related to the permeability of the bulky 
SOSG molecule across cellular barriers. While SOSG has been successfully used in some 
photosynthetic organisms, it is not readily able to diffuse across the cell walls and membranes of 
many species of algae and cyanobacteria.82 
 
Therefore, given the obstacles associated with optical detection of 1O2* using SOSG, an alternative 
detection scheme is necessary, ideally using a less bulky molecular probe. Like SOSG, the 
sterically hindered amine, 2,2,6,6-tetramethylpiperidine (TEMP), is thought to react selectively 
with 1O2*. The reaction product is the stable nitroxide radical species 2,2,6,6-tetramethyl-1-
piperidinyloxyl, referred to as TEMPO, which is detectible by EPR methods (Fig. 6-2B).83 
Importantly, unlike SOSG, which has a molar mass of 601.1 g/mol, TEMP is significantly smaller 
at 141.3 g/mol and thereby TEMP may be more easily able to pass through cellular barriers.  
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There have been numerous studies using TEMP, or similar spin traps, for EPR-based detection of 
1O2* in photosynthetic systems of various complexity. The approaches have varied widely in terms 
of experimental parameters, including the type of sample preparation (ranging from isolated LHCII 
to PSII-enriched BBY or thylakoid membranes isolated from various species), spin trap (TEMP or 
TEMPD), spin trap concentration (typically ranging from 10 to 100 mM), buffer pH (from 6.3 to 
8.0), and high-light illumination conditions (PPFD, color and duration). A selection of such papers 
is shown in Figure 6-3 and the relevant experimental details for each study are listed in Table 6-1. 
Generally, previous uses of TEMP for detection of 1O2* have been limited to isolated 
photosynthetic systems that are no more complicated than the thylakoid membrane. However, 
recently TEMP-based detection of 1O2* has been employed in chloroplasts from A. thaliana during 
short-term (i.e. 2 min) illumination84 as well as intact cells of C. reinhardtii under heat stress in 
the dark.85 Yet, the method has not been used to systematically explore the temporal connections 
between 1O2* and NPQ dissipation mechanisms while a photosynthetic sample is exposed to 
various high light intensities.  
 
In this chapter, I employ spin-trapping EPR spectroscopy for detection of 1O2* produced by 
photosensitization in dye-based chemical systems and extend it to monitoring the dynamics of 
1O2* production in natural Chl-based photosynthetic systems. By combining EPR measurements 
alongside time-resolved fluorescence measurements of NPQ in spinach thylakoid membranes, we 
observe an intriguing correlation between the amount of 1O2* (as detected by EPR) and the average 
lifetime of the Chl excited state (as detected by TCSPC). These results support the conventional 
model of NPQ in regulating the amount of 1O2* produced during short term photo-oxidative stress 
(i.e. <15 min of high light). 
 

 
Figure 6-2. Common singlet oxygen reaction detection schemes. (A) Fluorescence-based detection of the SOSG-EP product 
(excitation 504 nm; emission 525 nm). (B) EPR-based detection of TEMPO, the nitroxide radical product.  

O

COOH

HOOC

OHO

Cl

H
N

2,2,6,6-tetramethylpiperidine

O•
N

2,2,6,6-tetramethyl-1-piperidinyloxyl
(TEMPO)(TEMP)

O2(1Δg)

O2(1Δg)

O

COOH

HOOC

OHO

Cl
O
O

SOSG-EPSOSG

(A)

(B)



 159 

 
  

 
Figure 6-3. A selected history of literature articles that utilize spin-trapping EPR for detection of 1O2* in photosynthetic 
samples. Shown are journal articles employing TEMP (square markers) or TEMPD (triangle markers) and the concentration 
of spin probe used. The figure inset shows the chemical structures of the relevant spin probes. Literature papers are color-
coded according to the following groupings of shared senior researchers: Hideg and/or Krieger-Liszkay (orange), Rinalducci 
and Zolla (yellow), Pospíšil (blue), Sang (green), and Lambrev (pink). For reference, the concentration of TEMP used in the 
current work is shown in red. Experimental details for each literature article are documented in Table 6-1 – including the type 
of photosynthetic sample, buffer pH, and illumination intensity, color, and duration – along with the author and year of 
publication. 
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Table 6-1. Experimental parameters used in previous EPR-based studies of 1O2* in the photosynthesis literature. Abbreviations 
used are as follows. For photosynthetic species, A.t. = Arabidopsis thaliana, B.c. = Bryopsis corticulans, C.r. = Chlamydomonas 
reinhardtii, T.e. = Thermosynechococcus elongatus. Other abbreviations include BBY for Berthold–Babcock–Yocum PSII-
enriched thylakoid membranes, n/a for “non-applicable”, and n/s for “not specified by authors”. PPFD (photosynthetic photon flux 
density) is listed in units of µE = µmol m-2 s-1. 
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6.2 Materials and Methods 

6.2.1 Thylakoid membrane preparation 
 
Preparation of thylakoid membranes was performed in a dark room with a green headlamp as the 
only light source. All glassware and centrifuge tubes were chilled prior to use. Baby spinach leaves 
(10-16 oz, store bought) were washed with cold water, placed into a paper towel-lined bin, and 
dark-adapted overnight at 4 °C. Destemmed leaves were placed in a blender (Sunbeam, 1.5 L) with 
300-500 mL of ice-cold Grinding Buffer. The leaves were ground using 3-5 short pulses of 1 sec 
duration. Immediately after grinding, the leaf suspension was filtered through a Hamilton Beach 
Big Mouth juice extractor to remove large particulates. The spinach solution was then transferred 
to centrifuge bottles and spun in a Beckman Coulter Avanti J-26 XP set to 4 °C, according to the 
two different protocols specified below. 
 
Isolation of crude thylakoid membranes was based on the protocol reported by Gilmore et al.98 and 
modified according to Park et al. for transient absorption spectroscopy (see Chapter 2 of this 
dissertation).99,100 The Grinding Buffer (pH 8.2) contained 0.33 M sorbitol, 50 mM Na2HPO4, 50 
mM KH2PO4, 25 mM KCl, 5 mM MgCl2, and 10 mM EDTA, with 12 mM L-ascorbic acid added 
immediately prior to use. The spinach solution was centrifuged for 5 min at 2000 g. The 
supernatant was discarded, and the pellet was gently resuspended in ~10 mL Resuspension Buffer 
using a paint brush and stored on ice until use. The Resuspension Buffer (pH 7.6) contained 0.33 
M sorbitol, 5 mM MgCl2, 4 mM EDTA, 2 mM MnCl2, 100 mM HEPES, and 0.2% (w/v) fatty 
acids-free BSA. Protease inhibitors consisted of 0.2 mM PMSF, 2 mM benzamidine, and 1 mM ɛ-
aminocaproic acid. The Measuring Buffer (pH 8.0) contained 0.1 M sucrose, 5 mM MgCl2, 10 
mM NaCl, 10 mM KCl, 1 mM KH2PO4, 10 mM tricine, and 0.2% (w/v) fatty acids-free BSA, with 
30 mM L-ascorbic acid used immediately prior to use.  
 
Isolation of purified thylakoid membranes was performed following the protocol of Utschig et 
al.101 The Grinding Buffer (pH 7.5) contained 0.4 M NaCl, 20 mM HEPES, 4 mM MgCl2, 5 mM 
EDTA, and 1 mg/mL fatty acids-free BSA. The spinach solution was centrifuged for 6 min at 6466 
g. Supernatant was discarded and pellet was gently resuspended in Wash Buffer using a paint 
brush. The Wash Buffer (pH 6.5) contained 0.15 M NaCl, 20 mM HEPES, 4 mM MgCl2, 1 mM 
EDTA, and 1 mg/mL fatty acids-free BSA. Resuspended thylakoids were centrifuged for 1 min at 
483 g. The supernatant was collected and centrifuged for 6 min at 5915 g. Pellets were resuspended 
using ~30 mL Suspension Buffer and centrifuged for 8 min at 12070 g. The Suspension Buffer 
(pH 6.0) contained 15 mM NaCl, 20 mM HEPES, 5 mM MgCl2, 1 mM EDTA, 1 mg/mL fatty 
acids-free BSA, and 20% glycerol. Pellets were then resuspended in another 30 mL portion of 
Suspension Buffer and centrifuged for 8 min at 15960 g. Finally, pellets were resuspended in 6-8 
mL Suspension Buffer and stored on ice until use. 
 
The approximate chlorophyll concentration of each thylakoid preparation was measured in cold 
80% acetone using a Beckman DU 800 spectrophotometer and quantified using the Arnon 
equations.102,103 Thylakoid samples were either used fresh by diluting the stock directly into buffer, 
or frozen at -80 °C until use.  
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6.2.2 EPR Spin-Trapping Measurements 
 
Continuous-wave (cw) X-band (9.5 GHz) EPR spectra and time traces were measured using a 
Bruker ELEXYS II E500 EPR spectrometer (Bruker Biospin Corp, Ettlingen, Germany) equipped 
with a TE102 rectangular EPR resonator (Bruker ER 4102ST). Samples were measured at room 
temperature in glass EPR capillary tubes with 1 mm inner diameter. All EPR spectra were acquired 
using field modulation (100 kHz) with an amplitude of 2 G and phase-sensitive detection, leading 
to first-derivative type spectra. Unless otherwise specified, spectra were acquired at 12 dB 
microwave attenuation (12.6 mW).  
 
To illuminate samples for photosensitization of singlet oxygen, a daylight white LED (SOLIS-3C, 
Thorlabs) was focused into the EPR cavity. PPFD for illumination was changed by altering the 
brightness of the LED. The spin probes were purchased commercially and used as received. They 
included 2,2,6,6-tetramethylpiperidine (TEMP), 2,2,6,6-tetramethyl-4-piperidone (TEMPD), and 
4-hydroxy-2,2,6,6-tetramethylpiperidine (TEMP-OH). 

6.2.3 EPR Snapshot Measurements of Singlet Oxygen in Thylakoid Membranes 
 
Purified thylakoid membranes (~2.8 mg Chl mL-1) were diluted to a final concentration of ~250 
µg Chl mL-1 in glycerol resuspension buffer (15 mM NaCl, 20 mM MES, and 20% glycerol in 
milli-Q water at pH 6) in the presence of 0.5 mM ATP. Where specified, 2 µL nigericin (50 mM 
stock prepared in ethanol) was also added at a final concentration of 100 µM. The thylakoid 
suspension was stirred and pre-illuminated with 1000 µmol m−2 s−1 of white light for a set amount 
of time using an LED (SOLIS-3C, Thorlabs). After the pre-illumination period was finished, 50 
µL of TEMP (1 M stock prepared in acetonitrile) was added to the cuvette to reach a final 
concentration of 50 mM and allowed to incubate while stirring in the presence of continued 
illumination. Alternatively, in place of TEMP, 50 µL of the TEMPO nitroxide radical (600 µM 
stock prepared in acetonitrile) was added to the cuvette to reach a final concentration of 30 µM. 
All sample handling was performed under ambient conditions. 
 
To avoid the light-induced decrease in the TEMPO nitroxide radical signal that was observed 
during extended illumination of thylakoid membranes in the EPR cavity, the incubation time for 
TEMP was limited to 1 minute, corresponding to the approximate timing for maximal TEMPO 
signal. Following exactly 1 min of incubation, aliquots were transferred to a microcentrifuge tube 
and immediately flash frozen with liquid nitrogen, a process that took 15-30 sec in total. Frozen 
samples were stored in the dark at -80 °C until measurement. All EPR spectra were measured 
within 10 days of freezing the thylakoid sample. 
 
Prior to EPR measurement, each sample was annealed until thawed and promptly transferred to an 
EPR capillary tube (1 mm diameter), a process that took 1-2 minutes in total. Care was taken to 
minimize illumination of the sample during this process. A cw X-band EPR spectrum was recorded 
for each sample at room temperature with 2 G modulation amplitude and 12 dB microwave 
attenuation. Double integral fitting of each X-band EPR spectrum using a model spin 
representative of the nitroxide radical (XEPR Spin Count function) was used to quantify the 
concentration of TEMPO contained in each sample. As a secondary quantification, the relative 
intensities of the mid-field EPR peak at 3375 G were compared to estimate the changes in TEMPO 
signal.  
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6.2.4 Fluorescence Lifetime Measurements 
 
All fluorescence lifetime measurements reported in this chapter were performed at the Center for 
Nanoscale Materials, a user facility at Argonne National Laboratory. Thylakoid membrane 
samples (in the presence of 50 µM methyl viologen and 0.5 mM ATP) were placed in a glass 
cuvette with a micro stir bar. In order to induce NPQ in the membranes, thylakoids were 
illuminated with 1000 µmol m−2 s−1 of white light provided by an LED (SOLIS-3C, Thorlabs). At 
specified time points, a 300 µL aliquot of the sample was transferred to a 1 mm cuvette (21-Q-1, 
Starna Cells) and then measured by time-correlated single-photon counting (TCSPC), where the 
combined transfer and measurement process took ~30 sec. Excitation was provided by a 405 nm 
laser diode (PC-405B, Picoquant) with a power of 91 µW at the sample. The repetition rate of the 
laser was set to 5 MHz for 1 second snapshot measurements or 20 MHz for 4 second snapshot 
measurements. Chl a fluorescence emission was collected using a 40 mm focal length collection 
lens, a monochromator (SP2300, Acton) set to 680 nm with slit width of 25 microns, and detected 
using an avalanche photodiode (PDM, OptoElectronics Corp). The bin size for collecting the 
fluorescence decay was 25 ps. Fluorescence decays were fit to an exponential decay function. The 
extent of quenching was calculated as 𝑁𝑃𝑄-(𝑡) =

-7389:Í(\)
-(\)

, where 𝜏>&?@ is the original 
fluorescence lifetime prior to illumination and 𝜏(𝑡) is the fluorescence lifetime at time point t 
during the 30-min high-light illumination or subsequent 30-min dark relaxation period. 

6.2.5 Oxygen Evolution Measurements 
 
The functionality of thylakoid membrane preparations was characterized by measurements of 
oxygen evolution. 2,6-dichloro-1,4-benzoquinone (DCBQ), ferricyanide (Fe(CN)6), and/or methyl 
viologen (MV) were added to thylakoid suspensions at concentrations of 250 µM, 1 mM, and 500 
µM, respectively. DCBQ is a quinone capable of accepting electrons from PSII and ferricyanide 
oxidizes any reduced QA, thereby keeping PSII reaction centers open.104 Methyl viologen was also 
used as an electron acceptor. 2-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was added as an 
inhibitor of PSII.104 
 
Thylakoid samples were diluted into de-oxygenated buffer and placed into a septa-sealed cuvette 
with a micro stir bar. Care was taken to minimize light exposure prior to high light illumination. 
Thylakoids were illuminated with either 1000 or 3000 µmol m−2 s−1 of white light provided by an 
LED (SOLIS-3C, Thorlabs) during stirring at 500-700 rpm. A needle-piercing Clark-electrode 
(Oxy-NP, Unisense) was used for measurement of oxygen concentration. Prior to each experiment, 
a two-point O2 concentration calibration was performed using zero-O2 (containing 0.1 M sodium 
ascorbate and 0.1 M sodium hydroxide) and O2-saturated solutions. 
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6.3 Results and Discussion 

6.3.1 EPR spin-trapping method for detection of singlet oxygen photosensitization 
 
The molecule 2,2,6,6,-tetramethylpiperidine (TEMP) is a commonly employed spin trap for EPR 
spectroscopy of biophysical systems.105,106 TEMP does not have any unpaired electrons and hence 
it is EPR silent. However, in the presence of singlet oxygen (1O2*), TEMP is converted to the 
stable nitroxide radical TEMPO. TEMPO is an electronic doublet with nuclear spin I=1, leading 
to splitting of the EPR transition into a triplet (2I+1 = 3). Therefore, the TEMPO product is 
detectable as a triplet in the X-band EPR spectral region (Figure 6-4).  

 
 
In order to investigate a system significantly less complicated than that of the thylakoid membrane, 
we first selected two commercially available dyes that are commonly used for photosensitization 
of 1O2*, toluidine blue (TB)83,86,107 and rose bengal (RB)108–110 (see Figure 6-5 for UV-visible 
absorption spectra of TB and RB). A daylight white LED covering the entire visible spectral region 
from 400-800 nm was used to illuminate the sample directly in the EPR cavity, exciting the dyes 
to the S1 singlet excited states. Subsequent ns-timescale intersystem crossing to the longer-lived 
triplet state (S1àT1) enables triplet-triplet energy transfer (TTET) in which the T1 state of the 
chromophore can be quenched by the ground state of molecular oxygen. The ultimate product of 
this photosensitization process, 1O2*, can then be trapped by the spin trap TEMP, yielding the 
TEMPO nitroxide radical. 

 
Figure 6-4. Principle of EPR-based spin trapping method for detection of singlet oxygen. The electronically excited state of 
molecular oxygen reacts with the spin trap, TEMP (2,2,6,6-tetramethypiperidine), producing the stable nitroxide radical 
TEMPO which is detectable as an EPR triplet at X-band (spectrum: 15 µM TEMPO in acetonitrile, measured at 2 G modulation 
amplitude and 12 dB attenuation). 
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Upon illumination of an aqueous solution of TB and TEMP-OH in the EPR cavity with white light 
with PPFD of 1000 µmol m−2 s−1, we observed an increase in the EPR signal confirming the real-
time conversion of the EPR-silent form to the EPR-active TEMPO nitroxide radical. The rate of 
the signal increase was highly dependent on the light intensity used for illumination: at low PPFD 
(e.g. 2% LED brightness), the signal increased for at least 10 minutes, while under higher PPFD 
(e.g. 20% LED brightness) the maximal signal was reached much more quickly (Figure 6-6) even 
though the overall amount of signal was identical. Surprisingly, continued illumination after the 
maximum resulted in decreasing EPR signal, where the rate of decrease was again dependent on 
the illumination intensity.  
 

 
 

 
Figure 6-5. Absorption spectra for toluidine blue (TB, blue curve) and rose bengal (RB, pink curve) photosensitizers dissolved 
in milliQ water. Each spectrum is normalized at its maximum, 547 nm and 631 nm, respectively. 

 
Figure 6-6. Toluidine blue (TB) as a photosensitizer for production of singlet oxygen. 1O2* produced by illuminating 1 mM 
TB was detected using 50 mM 4-hydroxy-2,2,6,6-tetramethypiperidine (TEMP-OH) in water. (A) Spectra measured before 
and after illumination at 2% LED brightness (corresponding to ~1000 µmol m−2 s−1). Vertical dashed line indicates the peak at 
3373 G. (B) Time traces show the signal intensity for the central peak (3373 G) for different illumination intensities. The LED 
was turned ON at 2 min (see upright arrow), and turned OFF at 12, 16, or 18 min, respectively (see colored downright arrows). 
All EPR spectra and traces were measured at room temperature with 2 G modulation amplitude and 12 dB attenuation. 
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Compared to TB, illumination of an aqueous solution of RB and TEMP resulted in formation of a 
much larger TEMPO signal (Figure 6-7). This difference is due to a higher quantum yield of 
intersystem crossing (ΦISC) for RB relative to TB, likely enabled by the presence of multiple heavy 
atoms (halogen substituents) in RB.110,111 It is also consistent with a reported ~75% singlet oxygen 
quantum yield (Φ") for RB compared to a Φ" of ~50% for TB at neutral pH.107,112,113 Therefore, 
given its high ΦISC and Φ" leading to a significant TEMPO signal, RB was selected as an ideal 
dye for further systematic investigation of the effects of both light intensity and dissolved O2 on 
1O2* photosensitization.  
 

 
We next illuminated an aqueous solution of 0.2 mM RB and 10 mM TEMP-OH directly in the 
EPR cavity. Upon exposure to low PPFD (220 µmol m−2 s−1) we observed an increase in EPR 
signal at 3358 G corresponding to the TEMPO product (Figure 6-8). Upon increasing the PPFD to 
1780 µmol m−2 s−1, the rate of the signal increased, and subsequent increase of the PPFD to greater 
than 8000 µmol m−2 s−1 lead to an even larger increase in signal. Compared to an ambient solution, 
the oxygen-saturated solution of RB and TEMP-OH showed much larger rates of signal increase 
at all three PPFDs, likely due to the availability of more O2 to react with the triplet excited state of 
RB. Conversely, an oxygen-depleted solution of RB and TEMP-OH showed no increase in signal, 
due to absence of O2 and therefore lack of TTET between RB and molecular O2. 
 

 
Figure 6-7. Comparison of toluidine blue (TB) and rose bengal (RB) as photosensitizers for production of singlet oxygen. 1O2* 
produced by illuminating 0.2 mM TB or RB was detected using 10 mM 4-hydroxy-2,2,6,6-tetramethypiperidine (TEMP-OH) 
in water. Traces show the signal intensity at the central peak (3373 G) as a function of time. The LED was turned ON at 2 min 
(see upright arrow) with an LED brightness of 10%. Both traces were measured at room temperature with 2 G modulation 
amplitude and 12 dB attenuation. 
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We conclude that rose bengal is an excellent photosensitizer for production of 1O2* in aqueous 
solution, resulting in roughly ~17-fold higher EPR signal than toluidine blue under similar 
conditions (Figure 6-7). Nonetheless, both dyes enable photosensitization of 1O2*, displaying rates 
of TEMPO production that scale with increasing PPFD. Furthermore, the rate of the increase in 
signal depends on the dissolved O2 content in the solution, with larger TEMPO signals being 
observed for O2-saturated solution. Surprisingly, continued illumination eventually results in 
destruction of the nitroxide radical TEMPO signal, a process that is also dependent on the PPFD. 
 

6.3.2 Characterization of thylakoid membrane functionality: O2 evolution 
 
As demonstrated in the previous section, the yield of the TEMPO EPR signal is highly dependent 
on the amount of O2 dissolved in solution. Therefore, various thylakoid membrane preparations 
(described in detail in the Materials and Methods section) were evaluated for their capability to 
evolve O2 during illumination in the presence of various electron acceptor molecules and in 
different buffers at pH 6 or 8 (Figure 6-9). As expected, O2 evolution was observed from thylakoid 
membranes only in the presence of external electron acceptors (Figure 6-9A). The amount of O2 
evolved from the thylakoids was significantly larger for a purified thylakoid membrane sample 
that had been freshly prepared compared to a crude thylakoid membrane preparation that had 
remained frozen for ~2 months prior to measurement. Using the fresh thylakoids, no O2 evolution 
was observed in the presence of only MV, but significant O2 was produced when the external 
quinone DCBQ was present (Figure 6-9B), regardless of the presence of either ferricyanide or 
methyl viologen.  
 

 
Figure 6-8. Kinetics of singlet oxygen photosensitization by rose bengal (0.2 mM), detected by TEMP-OH (10 mM) in water. 
(A) Time traces for the EPR signal monitored at 3358 G for ambient, O2-saturated (+O2), and O2-depleted (+N2) samples as a 
function of time during direct illumination in the EPR cavity. The legend shows approximate illumination intensities. The LED 
intensity was increased at the time points denoted by the yellow, pink, and red arrows. The LED was switched off at 25 min 
(grey arrow). Inset: enlargement of the first 10 min showing increasing signal for the low and medium light intensities. (B, C) 
The relative rates of singlet oxygen photosensitization for each LED illumination intensity, taken as the initial slope of the 
EPR signal increase at 3358 G during the first 100 sec of each illumination condition. Dark, low, medium and high correspond 
to 0%, 1%, 10%, and 50% LED brightness, respectively.  
 



 168 

 
 
The O2 evolution capabilities were further evaluated using the purified membrane preparation 
diluted to identical Chl concentrations but using different buffers (Figure 6-9C). O2 evolution was 
found to be significantly enhanced in a minimal glycerol Resuspension Buffer at pH 6 relative to 
a sucrose Measuring Buffer at pH 8. Finally, the minimal electron acceptor requirements for O2 
evolution from thylakoids were determined (Figure 6-9D). The amount of O2 evolved was similar 
for DCBQ alone, DCBQ with ATP, or DCBQ with MV. However, O2 evolution was significantly 
impaired upon addition of DCMU, consistent with DCMU’s known function of blocking electron 
flow from QA to QB, resulting in closed PSII reaction centers.104  
 
In sum, it is concluded that optimal O2 evolution capabilities occur with freshly-prepared purified 
thylakoid membranes dissolved in a glycerol resuspension buffer at pH 6 and in the presence of 
the quinone DCBQ. 

6.3.3 Characterization of thylakoid membrane functionality: NPQ 
 
In order to monitor the nonphotochemical quenching (NPQ) capabilities in the two spinach 
thylakoid membrane preparations – purified vs crude thylakoids – we measured Chl fluorescence 
lifetimes throughout 30 min of illumination at 1000 µmol m−2 s−1 followed by 30 min of dark. 
During high light, the purified thylakoid membranes showed large changes in the average Chl 

 
Figure 6-9. Functionality of thylakoid membrane samples: characterization of oxygen evolution activity. (A) Comparison of 
fresh 1-day-old purified and 2-month-old frozen crude thylakoids in the presence and absence of electron accepting molecules. 
(B) Comparison of different electron acceptor molecules, DCBQ, ferricyanide, and methyl viologen. (C) Comparison of 
glycerol resuspension buffer (pH 6) and sucrose measuring buffer (pH 8), where both samples used the same thylakoid stock 
in the presence of DCBQ and MV. (D) Comparison of electron acceptor molecules, DCBQ, ATP, MV, and PSII inhibitor 
DCMU. All O2 evolution curves were measured using a Unisense Oxy-NP probe. Each panel represents an independent 
experiment with a unique 2-point O2 concentration calibration, ranging from 0 to 278 µM. Prior to measurement, buffers were 
bubbled with N2 for at least 30 min to minimize the concentration of O2. Immediately prior to measurement, thylakoid stock 
was diluted into buffer in a septa-capped cuvette equipped with a stir bar and stored in the dark. For each experiment, the LED 
was turned ON at 1 min, as indicated by arrows. 



 169 

fluorescence lifetime, corresponding to an 𝑁𝑃𝑄- value of approximately 2 (Figure 6-10, top 
panels). Surprisingly, the amount of quenching was lower in the presence of ascorbate, contrary to 
the expected role of ascorbate in the enzymatic conversion of violaxanthin to zeaxanthin by 
violaxanthin de-epoxidase.114,115 Both the magnitude and kinetics of quenching in purified 
thylakoid membranes was largely unaffected by differences in the buffer composition and pH (i.e. 
glycerol resuspension buffer at pH 6 vs. sucrose measuring buffer at pH 8) or the addition of 50 
µM methyl viologen, consistently reaching 𝑁𝑃𝑄- values between 1.5 and 2 (Figure 6-10, bottom 
panels). However, addition of 250 µM DCBQ resulted in substantially quenched fluorescence 
lifetimes; even prior to illumination, the fluorescence lifetime was on the order of 0.5 ns when 
DCBQ was present compared to 1.8 ns when it was absent (Figure 6-10, green curves). 
Additionally, the sample with DCBQ exhibited very little change in fluorescence lifetime upon 
illumination. The addition of DCBQ, a supplementary quinone, to the thylakoid membranes may 
have enabled continuous turnover of PSII reaction centers, resulting in highly quenched 
fluorescence lifetimes due to enhanced trapping of excitation by P680 in the reaction center.  
 

 

 

 
Figure 6-10. Functionality of thylakoid membranes in terms of quenching capabilities. Chl fluorescence lifetime snapshots 
were measured at various points during 30 min of high light (1000 µmol m−2 s−1) followed by 30 min of dark. The top panels 
show the comparison of purified vs crude thylakoid preparations in the presence and absence of 30 mM ascorbate. The bottom 
panels show the influence of the electron acceptor methyl viologen, quinone DCBQ, buffer, and pH on observed quenching 
dynamics for purified thylakoid membranes. 
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6.3.4 EPR detection of singlet oxygen production in thylakoids during illumination 
 
We next set out to determine which spin trap, TEMP83 or TEMPD94,116,117, is optimal for detection 
of photoinduced 1O2* during illumination of intact thylakoid membrane samples. We compared 
the X-band EPR spectrum for thylakoids incubated with 50 mM TEMP or TEMPD in the dark and 
after illumination (Figure 6-11). While no signal representative of any nitroxide radical was 
observed for thylakoids with TEMPD (Fig. 6-11A), a characteristic triplet EPR signal appeared 
for the sample with TEMP (Fig. 6-11B). However, upon continued illumination of the membranes, 
the TEMPO signal gradually disappeared. Kinetic analysis of the low-field EPR peak at 3358 G 
suggested that the extent of the light-induced decrease in signal scaled with the PPFD (Fig. 6-11C 
and D). The differences observed in Fig. 6-11C and Fig. 6-11D may reflect some experimental 
variability. 
 
 

 
 
No increase in signal was observed for thylakoids at low Chl concentrations (~50 µg Chl/mL). 
Thylakoid samples at higher Chl concentrations (~500 µg Chl/mL) revealed a small increase in 
TEMPO signal during the initial illumination period. However, the signal eventually disappeared 
upon continued illumination even at relatively low PPFDs (Figure 6-12). 
 

 
Figure 6-11. EPR spectral and kinetic analysis of purified thylakoid membranes in the presence of a spin trap, TEMPD (2,2,6,6-
tetramethyl-4-piperidone hydrochloride, A) or TEMP (2,2,6,6-tetramethypiperidine, B-D). The spin trap concentration was 50 
mM in glycerol resuspension buffer (pH 6) with 0.5 mM ATP. Thylakoid concentration was approximately 50 µg Chl/mL. 
Panels A and B: For each sample, a spectrum was recorded in the dark (black spectra) and following illumination (red spectra). 
The dashed vertical line in panel B corresponds to the low-field peak at 3358 G used for tracking illumination-induced kinetics.  
Panels C and D: Time traces showing the change in EPR signal monitored at 3358 G for two aliquots of sample exposed to 
sudden changes in illumination intensity inside the EPR cavity. Upward- and downward-facing arrows indicate the timing for 
light intensity increases and decreases, respectively. Legends specify LED brightness (and approximate light intensities in µE). 
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To investigate the origin of the decrease in TEMPO signal during illumination of thylakoid 
membranes, we illuminated various samples containing the nitroxide radical TEMPO and tracked 
the low-field peak at 3358 G (Figure 6-13). The sample consisting of 15 mM TEMPO dissolved 
in acetonitrile showed no change in TEMPO signal during illumination (Fig. 6-13A), while 15 mM 
TEMPO in the presence of 0.1 mM RB showed a sizable decrease in signal during illumination 
(Fig. 6-13B). Likewise, 300 mM TEMPO showed a very large decrease in signal during 
illumination of thylakoid membranes, with the signal entirely consumed within 15 min of 
illumination at PPFDs less than 2000 µmol m−2 s−1 (Fig. 6-13C).  
 

 
 
Therefore, it was concluded that illumination of the TEMPO nitroxide radical is not directly 
responsible for the decrease in EPR signal. Such a decrease only occurs in the presence of a light-
absorbing molecule, either dye or Chl, and the rate of the decrease is faster for higher PPFD, 
suggesting that an interaction between the excited states of the photosensitizer molecules and 
TEMPO may occur during continuous illumination. Additionally, chemical reactions leading to 
TEMPO degradation, such as those documented for TEMPO derivatives exposed to hydroxyl 
radicals,118 might underlie the observed decrease in EPR signal during prolonged illumination.  

 
Figure 6-12. Light-intensity dependence of singlet oxygen production in purified thylakoid membranes in the presence of 50 
mM TEMP (2,2,6,6-tetramethypiperidine) in glycerol resuspension buffer (pH 6) with 0.5 mM ATP. Thylakoid concentration 
was approximately 500 µg Chl/mL. The time traces show the change in EPR signal monitored at 3358 G for two representative 
samples exposed to sudden changes in illumination intensity inside the EPR cavity. Upward- and downward-facing arrows 
indicate the timing for light intensity increases and decreases, respectively. Legends specify LED brightness (and approximate 
light intensities in µE). 

 
Figure 6-13. Light-intensity dependence of the nitroxide radical. Traces monitored for EPR signal at 3358 G of (A) 15 mM 
TEMPO in acetonitrile, (B) 15 mM TEMPO in the presence of photosensitizer (RB) in acetonitrile, and (C) 300 mM TEMPO 
in thylakoid membrane suspension with 0.5 mM ATP dissolved in glycerol resuspension buffer (pH 6). There was no TEMP 
is present, hence no increase in EPR signal is expected and each trace is instead plotted as the percent of the original signal 
remaining at each time point. The starting signal intensity at 3358 G was ~0.3 for 15 mM TEMPO in acetonitrile (A and B) 
and ~14.5 for 300 mM in thylakoid suspension (C). Upward- and downward-facing arrows indicate the timing for light intensity 
increases and decreases, respectively. Legends specify LED brightness (and approximate light intensities in µE). 
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The possibility of a secondary light-dependent reaction resulting in reduction of EPR-active 
TEMPO to an EPR-silent hydroxylamine implies that EPR detection of 1O2* is likely an 
underestimate of the true 1O2* concentration.119 Such a reaction resulting in the disappearance of 
EPR signal during illumination has been observed in isolated LHCII proteins, with a rate that 
depended on the PPFD.29 Therefore, this phenomenon is a major limitation associated with 
TEMPO-based detection in plant systems due to the high concentration of reducing equivalents 
generated during illumination of thylakoids. One possible solution is to attempt to re-oxidize the 
diamagnetic species back to the radical form via aeration in the presence of lead oxide, followed 
by extraction into ethylacetate.29,86 Separately, a decrease in the TEMPO EPR signal has been 
previously observed in thylakoid membrane systems, which was interpreted as being caused by 
formation of a non-bilayer phase of the thylakoid membrane lipids.120 It has also been suggested 
that a temporary burst of singlet oxygen produced by free and solubilized Chl may occur at the 
beginning of illumination,28 though the mechanism remains undetermined.  
 

6.3.5 Development of EPR “snapshot” spectroscopy for real-time detection of singlet 
 oxygen in thylakoids 
 
Due to the suspected interference of light-triggered thylakoid reducing equivalents with the 
TEMPO signal, we were unable to achieve tracking of 1O2* in real time during extended periods 
of high-light illumination of thylakoid samples. Instead, we took advantage of the ~1-minute 
timing associated with maximal TEMPO signal from purified thylakoid membranes during high-
light illumination. By incubating illuminated membranes with TEMP for exactly 1 minute, then 
rapidly stopping the illumination and terminating further chemical reactions, it may be possible to 
avoid the significant decreases in signal observed during prolonged illumination and monitor real 
changes in the 1O2* chemistry of illuminated thylakoids.  
 
We therefore explored whether we could reliably detect TEMPO signal after rapidly freezing and 
thawing an EPR capillary tube containing an illuminated thylakoid sample (Figure 6-14). For the 
thylakoid sample prior to illumination, quantification of spins yielded a concentration of 28 µM, 
likely representing impurities in the starting TEMP stock solution. However, following 1 min of 
illumination at 1000 µmol m−2 s−1, the spin concentration increased by 46% to 41 µM due to 
production of 1O2* and its subsequent trapping by TEMP. Importantly, the spin concentration 
remained identical when re-acquiring a spectrum for the same sample but after rapid freezing and 
thawing of the capillary. Following 5 additional minutes of dark in the EPR cavity, the spin 
concentration decreased by ~10% to 37 µM (not shown), although it should be noted that the 
magnitude of this decrease is not significantly different than the relative uncertainty in the 
quantification of the spin concentration. From this test experiment, we conclude that rapidly 
freezing and thawing the thylakoid membrane sample does not significantly alter the measurable 
concentration of TEMPO in pre-illuminated thylakoid membrane samples. 
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With the knowledge that (1) we observe maximal TEMPO signal from thylakoids that are 
illuminated for only 1 min, and (2) freezing and thawing of the thylakoid sample does not change 
the apparent TEMPO concentration, we redesigned the experimental protocol for detection of 1O2* 
during illumination of thylakoid membranes. We accordingly limited the incubation time for the 
TEMP spin probe to 1 minute in the light (see Figure 6-14C). By performing a 1-minute TEMP 
incubation for thylakoids that had been pre-illuminated for various amounts of time (ranging from 
0 to 60 min of high light, 1000 µmol m−2 s−1), we effectively sample the concentration of 1O2* 
within the thylakoid sample. Following the 1-min incubation, rapid freezing of the sample and 
storage in the dark should effectively arrest most photophysical and photochemical processes, 
while preserving the TEMPO product. A similar experimental approach of storing pre-illuminated 
membrane samples in liquid nitrogen until measurement of the EPR spectrum at room temperature 
has been previously employed by Yadav et al.48,94, though the range of time points investigated 
was much more limited. 
 

 
 
Figure 6-14. The “snapshot” EPR experiment design for thylakoid membrane samples. (A) EPR spectra for the same capillary 
with thylakoid membranes and TEMP in the dark (grey), following LED illumination in the EPR cavity (orange), and after 
freezing with LN2 and thawing (yellow). (B) Estimated concentration of TEMPO in µM obtained from double integration of 
each first-derivative EPR spectra shown in panel A. (C) Schematic of the experimental design for assessing light-induced 
changes in singlet oxygen concentration in intact thylakoid membranes. Thylakoid membrane samples were illuminated with 
white light at 1000 µmol m−2 s−1 in a cuvette with stirring for a specified amount of time, then TEMP was added to the cuvette 
and illuminated for 1 additional minute. After the 1-minute incubation, the sample was immediately flash frozen with LN2, a 
process that took 15-30 seconds. Samples remained in the dark and frozen at -80 C for up to 1 week. For measurement, samples 
were thawed and immediately transferred to an EPR capillary tube (1 mm inner diameter). 
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Using this approach, we were able to detect changes in the apparent concentration of 1O2* in 
thylakoid membrane samples during illumination (Figure 6-15). Interestingly, for samples 
incubated with TEMP, we observed a 20-25% decrease in the concentration of the TEMPO 
nitroxide radical during the first 5-15 min of illumination, with a minimum observed for thylakoids 
exposed to 5 min of pre-illumination (Fig. 6-15A, D). Following this initial decrease, the 
concentration of TEMPO increased, eventually returning to the initial value.  
 
A similar trend was observed for samples treated with nigericin and subsequently incubated with 
TEMP for 1 minute (Fig. 6-15B, E). Nigericin is a well-known uncoupler that dissipates the 
transthylakoid pH gradient,121 which subsequently prevents the conversion of violaxanthin to 
zeaxanthin, therefore hindering the activation of NPQ. Thylakoids in the presence of nigericin also 
showed a ~20% decrease in TEMPO. However, the decrease in signal was delayed by ~5 min 
relative to the untreated sample, with the minimum TEMPO signal in the presence of nigericin 
being observed following 10 min of pre-illumination. 
 
Finally, as a control experiment to assess the effect of the duration of pre-illumination on the 
apparent spin concentration, thylakoids were incubated with TEMPO for exactly 1 minute at the 
0, 15, and 60-minute timepoints of pre-illumination. The concentration of TEMPO measured for 
all of these time points was within ~10% of each other (Fig. 6-15C, F). While it is possible that 
this decrease represents small changes in the concentration or composition of reductants during 
illumination of membranes, it is more likely representative of the uncertainty (~10%) associated 
with the EPR measurements especially given that each thylakoid sample was measured using a 
different capillary. Therefore, it appears that the concentration of thylakoid reducing equivalents 
produced during a short 1-minute incubation is mostly independent of the duration of prior high-
light illumination of the membranes.  
 

 

 
 
Figure 6-15. EPR snapshots for thylakoid membranes. Membrane samples were pre-illuminated with 1000 µmol m−2 s−1 in 
the presence or absence of 100 µM nigericin. Following pre-illumination, samples were incubated with either TEMP (50 mM) 
or TEMPO (30 µM) for 1 minute, then flash frozen. (A-C) Changes in measured TEMPO concentration (µM) as a function of 
time of high-light 1000 µE illumination treatment. TEMPO concentration was quantified by double integration after fitting of 
each EPR spectrum to a modelled nitroxide spin. (D-F) Relative change in TEMPO signal as indicated by the peak height at 
3375 G. Individual replicate points are presented as small grey circles, average of replicates (n = 1-3) at each time point are 
shown by large colored markers. Dashed horizontal line shows the value corresponding to 0 min of pre-illumination. 
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6.3.6 Correlation of singlet oxygen production and chlorophyll fluorescence lifetimes in 
 thylakoid membranes 
 
To investigate the connection between 1O2* production and NPQ under high light, we correlated 
our snapshot EPR measurements of TEMPO with snapshot Chl fluorescence lifetimes measured 
on thylakoid samples under similar conditions. Interestingly, the observed decrease in TEMPO 
correlated well with the dynamics of Chl fluorescence quenching upon illumination, both for the 
untreated thylakoids as well as those in the presence of the uncoupler nigericin (Figure 6-16). 
While both samples exhibited similar lifetimes prior to illumination (~1.8 ns), the untreated sample 
showed a larger quenching response, reaching a lifetime of ~1.1 ns within 5 min of illumination. 
In contrast, the uncoupler-treated (+nigericin) sample showed less overall quenching. It also 
exhibited a delayed onset of NPQ, requiring 10 min of illumination to reach the same 1.1-ns 
threshold, likely due to a slower formation of ΔpH in the light. Interestingly, this delay 
(approximately 5 min) also seems to be reflected in the TEMPO concentrations measured by EPR 
for the nigericin-treated sample, which had a minimal value at the 10-minute time point. 
 

 
 
While the trends in the TEMPO concentrations and the average fluorescence lifetimes agree well 
during short periods of illumination, a large difference becomes apparent upon prolonged exposure 
to high light. Beyond the 15-minute time point, the thylakoid samples show only relatively small 
changes in fluorescence lifetime (Figure 6-16), likely due to nearly complete saturation of the 
quenching capacity of the membranes. At the same time, a marked increase in the TEMPO signal 
is observed, with the relative concentration of 1O2* in the membranes eventually matching the 
starting concentration (i.e., prior to the induction of any NPQ) within 30 minutes of high light. 
Therefore, increased amounts of 1O2* appear to be produced during illumination of thylakoid 
membranes upon saturation of all NPQ processes.  
 
The combined EPR and TCSPC results suggest that there are at least two regimes involved in the 
activation of photoprotective NPQ in terms of protecting against ROS such as 1O2* (see Figure 6-
17 for a schematic showing expected changes in TEMPO signal as a function of duration of 

 
Figure 6-16. Comparison of fluorescence lifetime and TEMPO concentration at specified time points during illumination of 
thylakoid membranes with 1000 µmol m−2 s−1. (A) Untreated thylakoids. (B) Thylakoids in presence of 100 µM nigericin. 
Vertical dashed lines indicate the time point corresponding to the minimum TEMPO concentration observed during the 
illumination sequence. Fluorescence lifetimes were measured in glycerol resuspension buffer (pH 6) in the presence of 50 µM 
methyl viologen and 0.5 mM ATP. TEMPO concentrations were measured as specified in Figure 6-14 and in the Materials 
and Methods section. 
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exposure to high light). In the first regime, representing the short-term response to high-light 
exposure, the TEMPO signal is strongly correlated to the average Chl fluorescence lifetime. The 
activation of NPQ, resulting in the quenching of the 1Chl* excited state lifetime, leads to less 
production of 1O2*. Therefore, this first regime is “photoprotective” in terms of limiting 1O2*.  
However, beyond the first 10-15 min of illumination, the photoprotective capacity of the thylakoid 
membranes becomes saturated. During this second regime, only relatively minor changes in the 
1Chl* excited state lifetime are observed. These modest changes in the fluorescence lifetime do 
not appear to provide much mitigation of 1O2*. Consequently, the TEMPO signal rises, an apparent 
reflection of increased rates of 1O2* production during this second “light-stressed” regime.  
 

 
 
 
  

 
 
Figure 6-17. Schematic showing changes in nitroxide radical EPR signal during illumination of thylakoid membrane. In the 
first photoprotective regime, the activation of NPQ results in mitigation of photo-oxidative stress, leading to less production 
of 1O2* and lower TEMPO signal. Eventually the NPQ capacity saturates, after which the thylakoids experience gradually 
increasing photo-oxidative stress, leading to more production of 1O2* and higher TEMPO signal. 
 



 177 

6.4 Conclusions and Future Directions 
 
Singlet oxygen is an excited state of (triplet) molecular oxygen, an unavoidable byproduct of the 
process of photosynthetic light-harvesting. While it has crucial roles in both damage and signaling, 
the temporal evolution of 1O2* during illumination is largely unknown. Here, by employing spin-
trapping EPR spectroscopy, we reveal the complicated temporal dynamics of 1O2* during 1 hour 
of high-light illumination of spinach thylakoid membranes. Surprisingly, we observe an 
interference effect on the nitroxide radical EPR signal that arises from direct illumination of 
chromophores, both in dye-based and natural Chl-based systems, that limits the ability of the spin 
trapping method to reliably track the real-time signal associated with 1O2*. However, through 
careful modification of the experimental protocol, we demonstrate that the apparent 1O2* 
concentration changes throughout different periods of illumination of thylakoid membranes. 
During the first regime, corresponding to the membrane’s initial response to high light, the relative 
concentration of 1O2* decreases concurrently with quenching of the Chl fluorescence lifetime. 
However, upon saturation of NPQ, the concentration of 1O2* rises, presumably reflecting the utility 
of NPQ in mitigating photo-oxidative stress in the short term. These findings are consistent with 
previous speculations that the physiological role of photoprotective quenching is to reduce the 
amount of singlet oxygen produced in the photosynthetic apparatus. 
 
On a more technical level, the findings highlight several of the limitations associated with utilizing 
spin traps for reliable detection of reactive oxygen species in photosynthesis. Purification of the 
spin trap is one possible improvement for the work and would likely remove the high baseline 
signal (impurity) observed in the dark. Measurement of additional sample replicates at each time 
point of illumination would be valuable. Extending the thylakoid illumination time beyond 1 hour, 
testing additional illumination intensities beyond 1000 µmol m−2 s−1, and extending the spin-
trapping method to monitor rapid changes in 1O2* under fluctuating light conditions could be 
excellent ways to test the model developed in this study. More generally, the findings call for the 
continued development of new techniques for sensitive, specific, and accurate measurements of 
reactive oxygen species (ROS) and encourage caution when interpreting EPR data of ROS in 
complex biochemical systems. 
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Chapter 7 

Conclusions and Future Directions 

 
Snapshot spectroscopy provides a framework for monitoring the real-time operation of 
photosynthetic light harvesting in plants and algae. Throughout this dissertation, three different 
snapshot techniques have been employed to interrogate a range of photoprotective processes 
occurring on diverse timescales in the photosynthetic apparatus as well as how these processes are 
regulated during exposure to excess light. On the ultrafast timescale (ps-fs), snapshot TA 
spectroscopy probes the activation of molecular mechanisms underlying excess energy dissipation 
by NPQ. On the nanosecond timescale, snapshot Chl fluorescence lifetime spectroscopy tracks the 
kinetics associated with NPQ activation and deactivation in intact leaves and algal cells. Finally, 
spin-trapping EPR snapshot spectroscopy can provide information about the steady-state 
accumulation of singlet oxygen, a transient excited state of molecular oxygen with a sub-
microsecond lifetime in photosynthetic systems. The combination of these three techniques is well-
suited to address a range of open questions in the field of photoprotection. In this chapter, I briefly 
outline several of the overarching themes presented in this dissertation. I also provide 
recommendations for future experimental efforts designed to understand the operation of NPQ in 
complex physiologically relevant photosynthetic samples under conditions that mimic realistic 
environmental stress conditions. 
 
Photoprotection by NPQ has traditionally been grouped into processes according to their activation 
timescale and/or molecular triggers. A common description of the initial NPQ response to excess 
light includes at least three distinct components: ΔpH-dependent qE, Zea-dependent qZ, and LHC 
antenna-dependent qT. However, as is discussed in other chapters, this categorization is 
complicated by overlapping timescales and it is not clear if the components operate independently 
or with shared molecular mechanisms. Additionally, relatively little is known about how each 
component functions under the irregular light conditions found in the natural environment. Open 
questions include the connection between observed NPQ components (i.e., qE, qZ, and qT) and 
the underlying photophysical mechanisms (i.e., EET and CT), the kinetics with which NPQ 
switches on and off upon transitions between dark and high light conditions, and the long-term 
changes in photoinduced oxidative chemistry occurring in the photosynthetic apparatus during 
light stress. As demonstrated throughout this dissertation, the application of snapshot spectroscopy 
to a range of intact photosynthetic samples provides valuable insights into each of these questions.  
 
The combination of the snapshot TA and snapshot fluorescence lifetime methods has revealed new 
features of the complex in vivo operation of NPQ, including the coexistence of several 
photophysical dissipation mechanisms in the same intact photosynthetic sample. For example, in 
thylakoid membranes from spinach (Chapter 2) or living cells of the microalga Nannochloropsis 
(Chapter 3), the detection of spectroscopic features associated with both the Car S1 and Car•+ 
excited states following excitation of Chl pigments suggests the involvement of two distinct 
photoprotective mechanisms operating on the ultrafast timescale. Studies based on chemical 
treatment and/or genetic mutants further suggest that both the EET and CT mechanisms require a 
putative pH-sensing protein (PsbS in plants or LHCX1 in Nannochloropsis) as well as de-
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epoxidized xanthophyll pigments (likely Zea). Future efforts should focus on identifying the 
location of the quenching sites in the photosynthetic apparatus and developing an understanding 
of the in vivo regulatory control system(s) that activate and deactivate the NPQ mechanisms in 
response to changes in illumination conditions. Site-directed protonation mutants of the LHCX1 
protein in Nannochloropsis should greatly help to dissect the molecular basis for CT and EET 
quenching in vivo. 
 
Snapshot fluorescence lifetime spectroscopy provides the ability to monitor the magnitude and 
kinetics of the in vivo NPQ response based on changes in the average Chl fluorescence lifetime. 
The technique is therefore well suited to track photoprotection in real time during exposure of a 
photosynthetic organism to repeating cycles of high light and darkness, a situation designed to 
mimic the fluctuating light conditions found in nature. For example, in leaves of Arabidopsis, an 
interdependence between the rapidly-reversible (i.e., qE) and slower forms of NPQ (i.e., qZ, qT, 
qI) is observed (Chapter 4), suggesting that fast and slow quenching processes should not be 
viewed as independent. This finding raises the possibility that interactions between various 
biochemical actors are crucial for enabling the photoprotective response of the organism under 
changing light conditions. An important first step toward modeling the NPQ response of 
Arabidopsis is demonstrated using a “top-down” model parameterized solely using the timescales 
observed in the experimental fluorescence lifetime data. Future development of “bottom-up” 
models that are capable of accurately describing a plant’s response to fluctuating light conditions 
will require integration of the various biochemical and structural changes occurring in the 
photosynthetic apparatus that give rise to photoprotection. Such advanced models may provide the 
ability to successfully predict the response of a photosynthetic organism to variations in the 
illumination intensity, which would be of great value for ongoing efforts to improve the biomass 
productivity of photosynthesis under field-like conditions. 
 
Snapshot fluorescence lifetime measurements have also clarified the contributions of qE and qT 
in intact cells of the green alga Chlamydomonas exposed to fluctuating light conditions (Chapter 
5). The LHCSR3 protein is necessary for much of the NPQ response, especially the qE-type 
quenching that occurs during periods of illumination. However, an increasing extent of dissipation 
is also observed during the dark periods of light fluctuations, which requires the activity of the 
STT7 kinase and therefore is related to qT. Quantification of the contributions of LHCSRs and 
STT7 to overall NPQ revealed that an interplay between the different molecular actors enables the 
wild-type photoprotective response under fluctuating light conditions. Characterizing the nature 
of the interaction between LHCSR proteins and the STT7 kinase is an important future step 
towards gaining a mechanistic understanding of photoprotection in Chlamydomonas. Additionally, 
extending the periodic high light/dark sequences to include more irregular switching frequencies 
along with variations in light intensity and light color may yield additional insights into the 
response of the photosynthetic apparatus to the complex light patterns regularly encountered by 
plants and algae in nature. 
 
Finally, snapshot EPR measurements can provide insight into the accumulation and regulation of 
ROS during photoprotection. The involvement of one such ROS, singlet oxygen, in the steady-
state operation of NPQ is currently unclear. As demonstrated in Chapter 6, the combination of 
snapshot EPR measurements and snapshot fluorescence lifetime measurements, both applied to 
spinach thylakoid membranes, suggests an interesting correlation between the dynamics of 
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photoprotective quenching and the concentration of singlet oxygen. Additional real-time 
measurements of singlet oxygen, perhaps using improved detection capabilities, alongside in vivo 
measurements of NPQ could help to uncover critical insights into the role of NPQ in modulating 
the concentration of reactive chemical species such as singlet oxygen during exposure to high-
light stress.  
 
As can be seen from this dissertation, there remains much to be discovered about how plants and 
algae protect against the damaging effects of excess illumination. Snapshot spectroscopy 
techniques have already revealed new insights regarding the molecular mechanisms, kinetics, and 
steady-state operation of NPQ in a range of photosynthetic organisms. The continued design and 
implementation of new snapshot techniques offers exciting possibilities to build on our 
understanding of the complex temporal, spatial, and molecular bases of NPQ. It is anticipated that 
a mechanistic understanding of natural photoprotection may inspire new strategies for improving 
the biomass and biofuel productivity of natural photosynthesis. 
 




