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Abstract 

Understanding Photoprotection in Algae through Combined 

Modeling and Experimental Studies 

 

by  

Audrey Higgins Short 

Doctor of Philosophy in Biophysics 

University of California, Berkeley 

Professor Graham R. Fleming, Chair 

 

Photosynthesis utilizes energy from the sun to power photochemical reactions that store energy in chemical 

bonds, creating the basis of our food chain. As the world population continues to grow, the projected demand 

for crops is increasing at a higher rate than current agricultural techniques can produce. Altering dynamics 

around how plants and algae protect themselves from changes in light levels has been proven to increase 

crop yields. Light levels are constantly changing in nature due to shifts in canopies, weather events, seasons, 

and photosynthetic organisms need rapidly reversible mechanisms to adjust to sudden changes between 

high and low light levels. In high light (HL) conditions, excess energy is unable to participate in 

photochemistry and is instead dissipated through non-photochemical quenching (NPQ) as heat, minimizing 

reactive oxygen species formation. But, if these NPQ pathways are not de-activated, energy is lost even in 

low light conditions, leading to an underutilization of light. Plants and algae need to balance photochemistry 

and photoprotection to maximize efficient energy use in all light conditions. However, NPQ pathways can 

be slow to turn on and off. By understanding these processes more fully, photosynthesis can be optimized 

by increasing organisms’ responsiveness to light. 

 

In this dissertation, my research focuses on understanding the role that each unique molecular component 

of NPQ contributes to the overall summation of photoprotection. NPQ is incredibly diverse across 

photosynthetic organisms—as will be discuss in Chapter 1—yet there are several key features that are 

nearly universal. These components would be pH-sensing proteins and the xanthophyll cycle. In addition 

to experiments, we have created a model using these two molecular components as a basis to inform our 

understanding of the dynamics of these NPQ components in response to all types of light environments, 

which is explored in Chapter 2. The model is quantitative and predictive, which is helpful in determining 

the limits of photosynthetic yield improvements when parameterized to a specific organism.  The model in 

turn has highlighted unique attributes of the xanthophyll cycle, particularly the role of antheraxanthin in 

photoprotective memory (Chapter 3). We explore the effect of two-state verses three-state xanthophyll 

cycles further in Chapter 4. By creating a flexible model based on the biochemical components of NPQ, we 

can expand this work to crop plants and other organisms to predict how changes in relevant NPQ pathways 

might affect the expression and dynamics of photoprotection.  
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Chapter 1 

Introduction to Photoprotective Pathways and Mechanisms 

Sections of this chapter are reproduced with permission from the following publications: 

C.J. Steen, J.M. Morris, A.H. Short, K.N. Niyogi, G.R. Fleming 

 “Complex Roles of PsbS and Xanthophylls in the Regulation of 

Nonphotochemical Quenching in Arabidopsis thaliana under Fluctuating Light”  

J. Phys. Chem. B (2020)124, 46, 10311–10325 

DOI: 10.1021/acs.jpcb.0c06265. Copyright © 2020American Chemical Society 

  

C.J. Steen, A. Burlacot, A.H. Short, K.N. Niyogi, G.R. Fleming 

“Interplay between LHCSR proteins and state transitions governs the NPQ 

response in intact cells of Chlamydomonas during light fluctuations” 

Plant Cell Environ (2022) 45, 2428-2445 

DOI: 10.1101/2021.12.31.474662. Copyright © 2022 Authors 

 

 

1.1 Motivation 

Oxygenic photosynthesis is one of the most important biochemical processes on earth; it has 

completely altered our atmosphere and is the basis of our food chain. With increasing populations, 

the demand for food is outpacing current projections for what farmers can produce1,2. One way of 

addressing this issue is to increase the yield per field for all crop plants. Up to 30% of canopy 

carbon fixation is lost because of the slow relaxation dynamics of photoprotection2. Altering 

photoprotective pathways through related protein expression is speculated to increase crop yields3–

5. Recently, Long et al showed this to be true in soybeans. By increasing the expression level of 

three genes related to photoprotection, they were able to increase yields by ~25%6. However, in 

these experiments, it is unknown if the increased ratio of these three genes is providing the 

maximum improvement to yields in crop plants and biofuel algae. Improving the responsiveness 

of plants to light conditions—increasing protection in high light (HL) or turning off dissipative 

pathways in limiting light conditions—will allow plants to utilize the energy available more 

efficiently, thereby maximizing the rate of carbon fixation without incurring damage7,8. Figure 1-

1 depicts what this might look like if photosynthetic organisms were genetically modified to 

rapidly respond to changes in light levels. 

Within this introduction, I will mainly discuss the model organisms that I have studied throughout 

my thesis work: Arabidopsis thaliana9, Chlamydomonas reinhardtii10, Nannochloropsis 

oceanica11,12, and Thalassiosira pseudonana. These organisms cover some of the diversity found 

in photosynthetic, eukaryote taxa—broadly categorized as vascular plants, green algae, 

eustigmatophyte algae, and diatoms. While photoprotection research is mainly motivated by 

improving crop yields, understanding NPQ across the photosynthetic landscape is beneficial in 

determining which specific proteins are the most effective in their role as well as giving insight 

into the diversity of photoprotective mechanisms found in nature. Additionally, algae and diatoms 

account for 25% of primary production13 and 40% of oceanic carbon fixation13–15, indicating how 
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important these organisms are for maintaining our climate and can be utilized for biofuel 

production16–18.  

By studying natural photosynthetic systems in fluctuating systems, a better understanding of how 

plants and algae protect themselves in HL can be gained. With this information, a universal model 

can be created to predict how photosynthetic organisms may respond to fluctuating light conditions 

thereby allowing scientists to make predictions of which photoprotective components to target. 

However, this endeavor is made difficult by the complexity of photoprotection. Below, I will 

describe what photosynthesis is, the role and pathways of photoprotection, and how the 

components of photoprotection are species dependent.   

 

 

Figure 1-1. Cartoon representation of the goal for photoprotection research. The red line shows a 

typical NPQ response to altering levels of high light that might be encountered in nature. In the HL 

periods, photosynthetic organisms are under-protected, meaning more energy than required is 

absorbed by photosynthetic apparatuses, leading to damage and cell death. Meanwhile, when 

organisms are in sub-saturating or lower light levels, NPQ mechanisms dissipate more energy than 

is used to saturate photosynthesis pathways. In these low light periods, organisms are unable to 

utilize the limited light energy to capture CO2. Schematic adapted from Ruban Nature 2017, 

541,36-378.  

1.2  Photosynthesis 

Within eukaryotic photosynthetic organisms are organelles called chloroplasts where the light and 

dark reactions of photosynthesis occur. Within chloroplasts are thylakoid membrane which is a 

continuous membrane that forms stacked regions called grana and unstacked regions connecting 

the grana referred to as the stroma lamellae19. The thylakoid membrane is integral to 

photosynthesis as both photosystem (PS) I and II are embedded in the lipid bilayer. Additionally, 

the thylakoid membrane encloses an aqueous spaced called the lumen, which allows for a pH 

gradient to form, powering ATP synthase19,20 (Figure 1-2a,b). Photosynthesis uses energy from the 

sun to split water and store energy in the chemical bonds of NADPH and ATP20,21. NADPH and 

ATP are then utilized in the Calvin-Benson Cycle, also known as the dark reaction, to form 
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carbohydrates22. While we understand the overall process and its impact on our world, we are still 

trying to understand the complexities of various aspects of photosynthesis such as oxygen 

evolution, energy transfer within PS, and photoprotection. This thesis will focus on the latter: 

understanding the role and importance of photoprotection and how photoprotection impacts the 

overall efficiency of photosynthesis. 

 

Figure 1-2. Illustration of the photosynthetic structures from a macro to micro level. Pane A depicts 

the cellular structure of photosynthetic organelles in plants by zooming into smaller lengths scales 

from whole leaf to the cellular to the chloroplast to the grana and finally to the thylakoid membrane. 

Panel B shows a more detailed depiction of the thylakoid membrane and the multitude of proteins 

that are relevant to photosynthesis. Image A and B adapted from Blankenship, R. Molecular 

Mechanisms of Photosynthesis, 202122. Panel C shows the monomer subunit of the LHCII trimer. 

Image borrowed from Azadi-Chengi et al. Biophys J 2020, 120, 270-28323.  

In ideal conditions, plants and algae will capture energy from the sun, using the energy to excite 

an electron from the specialized chlorophyll (Chl) pair known as the reaction center (RC) to an 

acceptor molecule which will funnel the electron through the electron transport chain22. The RC is 

surrounded by an antenna composed of additional light harvesting complexes (LHC) which 

contain Chl and carotenoids (Car)24. The most abundant protein in world25 and in thylakoid 

membranes is LHCII, which is a heterotrimer containing LHCII binds 14 Chl, 2 lutein, 1 

neoxanthin, and sub-stoichiometric amounts of violaxanthin per monomer19,26,27. LHCII has four 

binding sites for Car, but as violaxanthin as a lower affinity for LHCII compared to other Car, 

during purification it is often lost27 (Figure 1-2c). Cars like lutein, neoxanthin, and violaxanthin 

are accessory pigment molecules that can extend the usable wavelengths and transfer the energy 

to nearby Chls. Additionally, Cars also aid in structure and photoprotective mechanisms to 

dissipate excess energy as heat28,29. The role that Car play in photoprotection will be discussed in 

greater detail in section 1.3.2. While the core RCs are well conserved between all oxygenic 

photosynthetic organisms, the surrounding antenna can differ30. In other species, the light 



4 

harvesting complexes surrounding the RCs are known as fucoxanthin-chlorophyll binding proteins 

(FCP)31. FCPII are typically trimers32 or tetramers30 or nonamers33, depending on the species. FCP 

monomers and dimers also have been observed32. FCPII functions similarly to LHCII.  

 

Figure 1-3. Schematics depict several aspects of photoprotection. A represents how increasing 

light intensity leads to an abundance of excess light that cannot be utilized as photosynthetic 

processes are entirely saturated. This figure is adapted from Ruban Nature 2017, 541, 36-378 

B shows the multiple pathways that excitation energy from photons can be dissipated, returning 

Chl to its ground state. In ideal light conditions, the main pathway is through photochemistry 

while intersystem crossing (ISC) and NPQ become more important in excess light. This figure 

is adapted from Müller et al. Plant Physiology 2001, 124, 1558-156634 C represents the 

fluctuating light patterns organisms experience of multiple timescales ranging from seconds to 

seasonal changes. This is adapted from Morales and Kaiser Front. Plant. Sci 2020, 1135.  

In the linear electron transport chain, starting from PSII, energy is harvested by the antenna and 

transferred to PSII’s RC, referred to as P68036. This energy is used to excite an electron, which is 

then passed to plastoquinone (PQ)20. The electron is replaced by splitting a water molecule into 

molecular oxygen and hydrogen ions in the oxygen evolving complex connected to PSII37. PQ will 

pick up two electrons from PSII before it moves to cytochrome b6f
20. Cytochrome b6f will transfer 

the electrons to PSI via the soluble electron carrier plastocyanin (PC)20 found in the lumen. These 

electrons will replace the electrons that are excited from the PSI RCs. In PSI, the electron is moved 

from P700—PSI’s RC—to ferredoxin (Fd) to ferredoxin-NADP+ reductase (FNR), where 

NADPH is formed38. As electrons move along the electron transport chain, a pH gradient will form 

as more H+ are pumped into the lumen. This electrochemical gradient (ΔpH) powers ATP synthase 

by moving H+ back across the thylakoid membrane through ATPase39 (Figure 1-2b).  

However, changes in the environment can induce stress to the photosynthetic machinery, limiting 

their efficiencies. Sunlight can be a dual edged sword for photosynthetic organisms. In most crop 
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plants, photosynthesis is saturated at about a quarter of the maximum intensity of full sunlight4. 

Above this level, energy from the sun is wasted and can cause irreversible damage and even 

cellular death40,41 (Figure 1-3a). These effects are exacerbated when organisms must rapidly switch 

between HL and low light conditions. Within a day, plants and algae are exposed to several orders 

of magnitude of light intensities as well as fluctuations due to weather (i.e. cloud coverage), lens 

effects from water, or fluctuations in canopies35,42–44 (i.e. sunflecks) (Figure 1-3c). 

As the kinetic limit for CO2 fixation and electron transportation are approached, there is excess 

energy that cannot be utilized by the RCs44. This can occur when light levels exceed an organism’s 

maximum photosynthetic rate (Figure 1-3a), which arises because energy transfer into a RC is 

much faster (fs-ps timescale) than the diffusion rate of electron carriers like PQ or PC (ms)45. This 

leads to ‘closed’ or saturated RCs which are unable to accept capture energy from the surrounding 

antenna as the RC is unable to transfer the excited electron to PQ or replenish depleted RCs like 

in PSI. PSI has ways of preventing this excess energy from being wasted through the cyclic 

electron transport chain, which is a necessary pathway to increase the concentration of ATP46,47, 

but PSII does not have a way of quickly recycling its electron acceptors. Additionally, since the 

oxygen-evolving complex is contained within PSII, there is a higher local concentration of reactive 

oxygen species (ROS), which can lead to protein degradation and PSII inactivation48. 

Over millennia, plants and algae have developed alternative pathways to dissipate this excessive 

energy that cannot be utilized by RCs49. In ideal light conditions the majority of excited Chl are 

returned to the ground state via photochemistry as described above. Additionally, 1Chl* also 

relaxes back to the ground state via fluorescent decay, admitting a photon in the 600 nm to 700 nm 

range on a ~ns timescale22 (Figure 1-3b). Chl a fluoresces at 680 nm. Both pathways occur at all 

light intensities. However, in HL regimes—which are species- dependent but typically occur at 

light levels greater than 600 μE50— 1Chl* state may undergo intersystem crossing to become 3Chl* 

(~ns). In the excited triplet state, 3Chl* can interact with ground state oxygen (3O2) to become 

singlet oxygen (1O2
*)51. To minimize ROS formation, photosynthetic organisms have evolved to 

prioritize photoprotective pathways collectively referred to as non-photochemical quenching 

(NPQ) pathways in times of high light (HL) and other stressor events34. With NPQ, excess energy 

is dissipated as heat52. There are many pathways and mechanisms that fall into this category44, 

which are discussed in the following section. 

1.3 Photoprotection  

NPQ pathways are classified based on their time scale and involved molecular components, which 

can lead to confusion in what photoprotective mechanisms are being activated or contributing to 

NPQ at any given time (Figure 1-4). There are five main NPQ pathways that are referred to as qE, 

qZ, qI, qT, and qH. Since there is overlap in the molecular actors participating in the NPQ 

pathways, it is easier to discuss the role of each individual molecular actor regardless of which 

NPQ pathway it falls into when creating a universal model. However, before we discuss the 

contributions of the molecular components, I will describe the characteristics of each pathway. 
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Figure 1-4. Schematic describing the relative activation and deactivation timescales of NPQ 

pathways. Many of these processes overlap in timescales and in molecular actors making NPQ 

difficult to alter. Adapted from Erickson et al. Plant Journal 2015, 82, 449-46553.  

(1) Energy-dependent quenching (qE) is responsible for ~85% of NPQ. qE is known to be 

rapidly reversible, activating and deactivating with ~1 minute53,54. It is associated with 

lumen acidifying as the pH gradient across the membrane increases and requires a pH-

sensing protein in association with a de-epoxidated Car55. This pathway likely is 

activated by a conformational change of the pH sensing protein that causes the Cars to 

switch roles from light harvesting to photoprotection56. The identity of the pH-sensing 

protein is species-dependent as well as the mechanisms for how energy is quenched. 

(2) Zeaxanthin-dependent quenching (qZ) is associated with the accumulation of 

zeaxanthin (Z), a de-epoxidized Car28. Z is formed through the violaxanthin-

antheraxanthin-zeaxanthin (VAZ) cycle, where violaxanthin de-epoxidase (VDE) 

converts V to A to Z57,58. This pathway also has a pH-dependent component as VDE is 

activated when the lumen acidifies59. Zeaxanthin epoxidase (ZEP) reverses this process 

back to the V, which is the Car best suited for light harvesting. Generally, the 

accumulation of Z takes about 5-15 minutes of high light (HL) exposure60. qZ is a 

slowly relaxing process, but individual reactions in the cycle may activate faster, as 

will be discussed in Chapter 3. Not all photosynthetic species contain Z. Two other 

xanthophyll cycles exist which may induce similar effects to qZ. All three xanthophyll 

cycles will be explored in further detail below (Figure 1-8).  

(3) State transitions (qT) refer to the movement of LCHII trimers from PSII to PSI and 

vice versa depending on which PS is being preferentially excited. In State I, PSII is 

preferentially excited; this causes an over reduction of the PQ pool, activating a kinase, 

which is bound to cyt b6f 
19. The kinase—a number of which have been identified and 

are species dependent61—phosphorylates LCHII causing the trimer to migrate to PSI62, 

increasing the light harvesting antennae size around PSI. When PSI is more favorably 

excited, known as State II, LHCII is de-phosphorylated and returns to PSII61 (Figure 1-

9). 

(4) Photoinhibition (qI) occurs whenever there is damage to the photosystems, though PSII 

is more often affected63. PSII is involved in qI since water oxidation occurs at this 
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protein complex, increasing the likelihood of ROSs damaging the D1 protein where 

water oxidation happens. PSII is then completely deconstructed until the D1 subunit is 

repaired44,54,64. This can lead to further damage as less PSII’s are able to participate in 

linear electron flow44.  

(5) qH is a sustained relax photoprotective pathway that is independent of ΔpH65–67. This 

process is typically found in colder climates with long exposure to HL such as in 

evergreens68. However, based on the experiments I have conducted for my thesis this 

process does not contribute to photoprotection and will not be discussed in detail.  

In many crop plants, these processes are started simultaneously and contribute varying amounts 

depending on the duration and intensity of HL. The quenching mechanisms of each pathway are 

complex and highly debated, thus making it difficult to make a model of the NPQ response which 

could provide insight into the biochemical processes. Through understanding how each unique 

biochemical component contributes simultaneously and/or independently to photoprotection, we 

can create models to guide our efforts to improve crop yields. With information about which 

mechanisms are impacting NPQ activation and deactivation rates, we can predict how to improve 

the responsiveness of NPQ. Long et al. was able to increase soybean yields by 24.5% by increasing 

the expression of VDE, ZEP, and the plant pH-sensing protein, PsbS6. Utilizing a model that could 

inform researchers which molecular components are the best to target for NPQ could lead to even 

larger increases in crop productivity. Additionally, not all NPQ pathways are found in all species 

of photosynthetic organisms, and even shared pathways utilize difference proteins, which may 

result in difference effects. This can make it difficult to construct a model to understand the role 

of photoprotection across photosynthetic organisms. In the next section, I will address the three 

main molecular components involved across the board in NPQ and how different species utilize 

certain molecular actors as well as the different proteins that occupy the same role to motivate why 

it is important to study multiple species to fully understand photoprotection.    

1.3.1   pH-sensing Proteins 

The first indication of HL stress occurs when the PQ pool is over reduced; the lumen acidifies 

which acts to trigger the start of NPQ mechanisms69. This effect can be proven by the use of de-

coupler chemicals like nigericin or ammonium chloride, which prove a pH-gradient is needed to 

trigger photoprotection47,70. However, without a pH gradient, even with the accumulation of de-

epoxidated Car, qE does not occur71. A pH sensing protein is therefore required to induce necessary 

changes to induce rapid and reversible quenching upon acidification of the lumen. So far three pH-

sensing proteins have been identified in photosynthetic organisms.  

1.3.1.1  Vascular Plants 

In most vascular plants, the involvement of the pH-sensing protein, PsbS, is widely recognized71–

73. This 22 kDa protein is a subunit of PSII74,75 and has four transmembrane helices with two lumen 

exposed glutamates, which can be protonated when the lumen is acidified in high light72. The role 

of PsbS can be seen in Figure 1-5, which depicts several mutant lines of A. thaliana. In A. thaliana, 

two mutants exist that effect PsbS expression: npq471 (red line) is deficient in PsbS while L1776 

(orange line) is a PsbS-overexpressing mutant. In the PsbS-containing strains (WT, npq1, stt7, 

L17), there is an oscillatory response to changes in the light environment. PsbS allows for the 

dynamic switch between photoprotection and light-harvesting. There is minimal modulation of 

NPQτ in the npq4 mutant as the system cycles between light and dark phases. During dark phases, 

NPQτ increases for npq4, likely arising from photoinhibition or potentially state transitions10. 
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Interestingly, the overexpressor, L17, has significantly increased NPQτ values compared to the WT 

(blue line). This indicates that PsbS also modulates the extent of quenching in plants. PsbS is not 

able to bind pigments yet has a substantial impact on quenching in plants56. The exact quenching 

mechanism induced by PsbS is debated, but likely when protonated by the pH-gradient, PsbS 

switches from its inactive dimeric form to its active monomeric form to force LHCII into a 

quenched state77–81 by distancing the trimer from the supercomplex56. This process is reversed in 

the dark when PsbS is de-protonated. While PsbS is indispensable to all vascular plants for 

photoprotection, it is only active in this lineage and therefore does not provide a full image of pH-

sensing proteins involved in photoprotection.  

 

Figure 1-5. 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 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. The white boxes represent two minutes of HL while the black boxes 

represent the two-minute dark period.  

1.3.1.2 Green Algae 

In green algae, qE is mediated by the light harvesting complex stress related (LHCSR) proteins—

formally referred to as LI181882. The LHCSR protein is known to bind pigments83,84 as well as 

contain three transmembrane helices with protonatable residues85 exposed to the lumen which can 
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trigger NPQ86–88. LCHSRs are of particular interest because they can bind pigments, allowing them 

act as the quenching location as well as the pH-sensing proteins85,89. Two homologues of LHCSR 

proteins—LHCSR3 and LHCSR1—exist, which both bind pigments and contribute to NPQ89,90, 

but LHCSR3 is considered the main molecular actor in qE83,91. Since quenching occurs on 

LHCSR3, it is a simple system to study NPQ. However, LHSCRs must be induced to accumulate 

to produce a significant photoprotective response to HL83. Therefore, to study NPQ associated 

with LHSCRS, organisms like C. reinhardtii are exposed to prolonged HL before experiments.  

Interestingly, the psbs gene is found in C. reinhardtii, but the protein is not expressed or 

accumulated83,92. 

 
Figure 1-6. Comparison of C. reinhardtii NPQ traces for each strain: WT (blue), lhcsr1 (purple), 

npq4 (orange), npq4lhcsr1 (red), stt7 (green), stt7npq4 (pink). A Comparison of the pH-sensing 

mutations (lhcsr1, npq4, npq4lhcsr1) to WT. lhcsr1 has a minute effect on NPQ expression while 

the two npq4 strains are significantly impacted. B The traces of WT and npq1, showing the minimal 

effect of removing Z accumulation. C The comparison of WT and stt7, which highlights the impact 

of state transitions in the dark phases. The white boxes represent the 10 min HL periods while the 

gray boxes show the 10 min dark phases. 

In C. reinhardtii, the mutant strain knocking out LHCSR3 is referred to as npq483, though it does 

not knockout the PsbS gene, while lhcsr1 refers to mutants without LHCSR1 present93. When 

comparing WT with the LHCSR double mutant, npq4lhcsr1, there is a significant difference in the 

NPQ response with only a minimal increase in NPQ during HL phases while in the light to dark 

transition there is an increase in NPQ during the dark phases. Comparing the two single pH-sensing 

mutant knockouts shows that lhcsr1 has a phenotype similar to WT, indicating its minor role in 

photoprotection. Meanwhile npq4 is notably impaired in its response, though reaches higher NPQ 

values during light phases than the double mutant, indicating that both proteins are needed to 

produce maximum photoprotection (Figure 1-6A). 
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Figure 1-7.  Growth of C. reinhardtii strains {WT (blue), lhcsr1 (purple), npq4 (orange), 

npq4lhcsr1 (red), stt7 (green), stt7npq4 (pink)} in fluctuating light and continuous light conditions. 

On the left, the comparison of the difference strains in 30 minutes, 10 minutes, and 1 minute of HL 

fluctuations. In rapid (1 min HL- 1 min D), the strains that do not contain the pH-sensing proteins 

(lhcsr1, npq4, npq4lhcsr1, stt7npq4) are unable to grow. However, in the 10 min HL- 10 min dark, 

only the two double mutants (npq4lhcsr1, stt7npq4) exhibit decreased growth. In the slow light 

fluctuations, there is no significant change between WT and the mutant strains. On the right, 

continuous light inhibits cells’ ability to grow in 50 μE while all strains are able to grow 

significantly more in HL.  

The relationship between NPQ capacities and growth have remained puzzling in Chlamydomonas, 

because only some light fluctuation regimes have consistently been shown to impair 

growth10,83,94,95. While all mutants, including mutants deficient in one (lhcsr1, npq4, stt7npq4) or 

both LHCSRs (npq4lhcsr1), grow well in continuous light, especially at 400 μE, pH-sensing 

mutants were not able to grow well in rapid fluctuating light sequences (1 min HL-1 min D) (Figure 

1-7). In the intermediate 10 min HL- 10 min dark light pattern, the double mutant npq4lhcsr1 grew 

poorly while the single LCHSR mutants were comparable to WT with npq4 performing worse than 

lhcsr1. This trend was absent under the slowest fluctuating light sequence (30 min HL- 30 min D), 

appearing very similar to continuous light growth. There seems to be a good relationship between 

defect of NPQ and growth deficiency under rapid fluctuations when considering npq4lhcsr1 and 

stt7npq4 mutants (Figure 1-7), clearly showing that LHCSR‐dependent qE is critical for growth 

when light fluctuates within a short period of time.  

1.3.1.3 Eustigmatophyte Algae and Diatoms 

In diatoms like Thalassiosira pseudonana or Phaeodactylum tricornutum and the 

Eustigmatophyte, Nannochloropsis oceanica, LHCX proteins mediate qE. LHCXs are 

homologues to LHCSRs found in green algae. The LHCX proteins are able to modulate NPQ in 

diatoms. In Nannochloropsis, LHCX-like proteins, specifically LHCX1, are necessary for an NPQ 

response96,97. In diatoms, LHCX1 is upregulated, leading to a high NPQ phenotype98–100. LHCX4 
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and LHCX6 are also upregulated in HL exposure, indicating that they may also play a role in 

photoprotection101. LHCX proteins have three membrane-spanning helices like LHCSRs98. 

However, unlike LHSCR3, LHCX1 in P. tricornutum does not bind pigments, nor does it sense 

lumen pH as its protonatable residues, D95 and E205, do not affect NPQ when mutated98. Whether 

LHCX1 can bind pigments or sense a change in pH is highly debated and still under 

investigation97,98,102–106. 

1.3.2 Xanthophyll Cycles and De-epoxidated Carotenoids  

 
Figure 1-8. Schematic of the three xanthophyll cycles, which convert pigments to and from 

preferential light harvesting configurations (epoxidated) to photoprotection (de-epoxidated). A The 

VAZ cycle requires two steps to transform V, the pigment associated with light-harvesting, to Z, 

the pigment typically involved in photoprotection. B The Dd-Dt cycle only needs one step to 

convert between Dd to Dt when the lumen is acidified. C The Lx-L cycle results in the accumulation 

of L in vascular plants.  

Carotenoids play a dual role in photosynthesis as light-harvesting pigments, enhancing 

photochemistry by extending the range of wavelengths that can be utilized by photosystems and 

in photoprotection. In their role in photoprotection, carotenoids can dissipate excess energy as heat 

and quench ROSs, acting as an antioxidant in many other systems besides photosynthetic 

membranes28. Carotenoids are hydrocarbons containing eight isoprenoid units that join two cyclic 

end groups. Specific carotenoids called xanthophylls will have modifications to this base structure 

which gives their unique attributes107,108. Xanthophylls are a class of carotenoids that contain 

oxygen and are the main carotenoids involved in photosynthesis. There are two precursors to 

xanthophylls called α- and β-carotene from which xanthophylls are derived109. α-carotene is 

converted into lutein and lutein epoxide while β-carotene is transformed into zeaxanthin and then 

antheraxanthin and violaxanthin57,109. In diatoms, β-carotene not only is converted into the VAZ 

pool but violaxanthin is further modified to become diadinoxanthin (Dd) and diatoxanthin (Dt)110. 

These oxygenated carotenoids switched between epoxidated and de-epoxidated states with the help 
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of enzymes which either add or remove an epoxide group (Figure 1-8). These enzymes, which are 

species dependent, can be activated by a change in pH gradient as will be discussed below.  

There are three known xanthophyll cycles: the violaxanthin-antheraxanthin-zeaxanthin (VAZ), the 

diadinoxanthin-diatoxanthin (Dd-Dt), and the lutein epoxide-lutein (Lx-L) cycle (Figure 1-8). The 

VAZ cycle is found in all green algae, brown algae, diatoms, plants as well as some moss. The Dd-

Dt cycle is found in diatoms82,104. The Lx-L cycle is found almost exclusively in plants111. In many 

species, there is a linear relationship between the accumulation of de-epoxidated carotenoids and 

photoprotection31,104,112. However, some species like C. reinhardtii do not depend on xanthophyll 

cycles for photoprotection, even if the pigments are present10,89,113. Currently, it is not fully 

understood why three unique cycles have evolved in photosynthetic organisms. Below I explore 

the differences between each cycle and their potential impact on photoprotection. 

1.3.2.1  VAZ cycle 

The most studied xanthophyll cycle is the VAZ cycle as it is found in most photosynthetic 

organisms. It was first characterized by Yamamoto in 196257. In this cycle V is de-epoxidized by 

violaxanthin de-epoxidase (VDE), which requires two ascorbates as a co-substrates114. VDE is a 

water-soluble protein in neutral pHs, but when the lumen acidifies VDE binds tightly to MDGD 

enriched areas of the thylakoid membrane, which typically surround LCHII trimers115,116. The 

active form of VDE is thought to be a dimer82. De-epoxidation is a first-order reaction58, and VDE 

has a higher affinity for A over V117. Additionally, V is converted at different rates depending on 

binding location in LHC proteins26. The epoxidation reaction is catalyzed by zeaxanthin epoxidase 

(ZEP)118. ZEP is located at the stromal side of the thylakoid membrane and its optimal activity is 

between pH 7.4-7.8118. ZEP requires O2, NADPH, and flavin-adenine dinucleotide (FAD) to 

complete the transfer of one oxygen molecule to Z or A119,120. Epoxidation reactions are much 

slower than de-epoxidation, though Z→A is faster than the A→V reaction11,121. 

The role of V in the photosynthetic antenna is to extend the usable wavelengths available to 

organisms. Carotenoids can transfer energy to Chl from their S2 state or S1122,123. S2 goes to Chl 

Qx but transfer needs to be quick as the S2-S1 internal conversion is fast, so must occur within 100 

fs27. Ultrafast energy transfer requires proximity and spectral overlap, which is seen with the two 

L in LHCII; V can participate in excitation energy transfer but not electron transfer from the S1 

state to Chl124. However, in HL, V is converted to Z to switch the system into a photoprotective 

state26,125. This is because of the extended π system of Zea (11 conjugated double bounds); its S1 

state is below most Chl a S1
126. Therefore, energy is transfer to Z and cannot be transferred back 

to Chl, dissipating the energy as heat by a non-radiative decay27.  

Much about the mechanisms of xanthophyll cycles still remains to be discovered. For example, 

the mechanism for how VDE removes V from LHCII or LHC monomers is still not understood. 

Violaxanthin has a lower binding affinity than Z for the V1 binding spot in LHCII26,27. V likely 

equilibrates with a pool of free carotenoids in the membrane where it can be converted into Z27. 

This would also explain how Z is able to act as a lipid protector and an antioxidant in addition to 

dissipating excess energy127. When Z is incorporated into the LCHII or other bind cites, it can lead 

to conformational changes that enable NPQ82. Typically, in plants acclimated in higher light 

intensity, up to 50% of the total xanthophyll pool is converted into Z and A; however, in low light 

grown plants, up to 80% of V because Z and A29.   
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In Physcomitrella patens, a moss with both PsbS and LHCSRs, Z-accumulation has major effects 

on LHCSR-dependent NPQ because LHCSRs can bind pigments even when the majority of V is 

replaced with Z128. However, not all organisms utilize the complete VAZ cycle. Organisms like 

Mantoniella squamata or Ostreococcus lucimarinus82,129,130 are only able to convert V to A. This 

is in part due to an extremely slow reaction from A to Z in these organisms130. Concurrently, the 

reaction from Z to A is fast, effectively erasing any newly formed Z. In the incomplete xanthophyll 

cycle, A is able to replace Z in terms of inducing a strong NPQ phenotype117. The reason for the 

incomplete VAZ cycle is attributed to a significantly reduced affinity for A in the VDE enzyme130. 

This particular VDE has a higher affinity for di-epoxide carotenoids like V, which is in contrast to 

the VDE found in typical land plants which have a higher affinity for A or other mono-epoxides82. 

Another hypothesis is that the VDE in M. squamata or O. lucimarinus are unable to bind ascorbate, 

limiting the ability to convert both epoxy groups131 

1.3.2.2 Dd-Dt cycle 

The VAZ cycle is the major xanthophyll cycle across the photosynthetic taxon. It is also present in 

diatoms; however, the VAZ cycle does not typically contribute to NPQ unless exposed to extreme 

HL104,132. Instead, violaxanthin is the precursor to Dd and Dt110. Similar to the VAZ cycle, Dd is 

converted to Dt when the lumen is acidified, activating a VDE enzyme (often referred to as Dd 

epoxidase, DDE)133,134. Though the optimal pH for DDE is slightly shifted towards a more neutral 

pH134,135. The ZEP (or Dt epoxidase EP, DEP) transforms Dt back to Dd. DDE and DEP have 

similar structures and are encoded by the same genes. The diatom VDE enzyme participates both 

in the VAZ and the Dd-Dt cycle136,137. DDE converts Dd to Dt faster than the conversion of V in 

plants, which may be due to DDE’s higher affinity for ascorbate134. In addition to DDE, diatoms 

also have VDE-like (VDL) enzymes present which may participate in the xanthophyll cycles but 

mainly related to neoxanthin and fucoxanthin formation136,137. In contrast to plants, DEP is 

regulated by the ΔpH across the thylakoid membrane while ZEP is considered constitutively 

active. When the pH-gradient is established, DEP is inactivated. However, DEP might also be 

inactive in dark periods due to a lack of NADPH112. DEP is almost 20 times faster than the ZEP 

enzyme in plants or green algae121.  Additionally, diatom species have 2 (in centric diatoms like T. 

pseudonana) or 3 (in pennate diatoms like P. tricornutum) DEP genes compared to the one in 

plants82.  

The roles of Dt and Z are very similar in diatoms and plants/green algae. The Dd pigment has 10 

conjugated π bonds but contains a triplet carbon bond unlike the VAZ pigments. Interestingly, Dd 

has the same number of conjugated bonds as A while Dt is equivalent to Z138. Both pigments can 

bind to the photosynthetic antenna, facilitating NPQ, but they can also be soluble in the lipid 

membrane to act as antioxidants82,134. As with the conversion of V to Z, converting Dd to Dt lowers 

the lifetimes of the S2 and S1 states, therefore making Dt more suitable for energy dissipation138. 

The lifetime changes of the S2 and S1 state are smaller in diatoms than in organisms with the VAZ 

cycle138. 

1.3.2.3 Lutein Epoxide-Lutein cycle 

Lutein is derived from the α-carotene branch108,139. Because of this, the Lx-L cycle is typically 

only found in vascular plants with a few exceptions111. Lutein is usually present in large amounts, 

and its concentration relative to Chl a and b does not alter much depending on the growth 

conditions, though the concentration of α-carotene does increase in shade-acclimated 

plants29,140,141. Like A and Z, lutein can participate in thermal dissipation140,142. However, the 
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quenching efficiency of L is ten times lower than Z143. The enzymes that participate in the VAZ 

cycle also can convert Lx to L and back, but the regeneration of Lx is extremely slow, suggesting 

ZEP (or LEP) has a low affinity for L139,144. Lx is often accumulated in deeply shaded leaves141.  

In mutants like suppressor of zeaxanthin-less (szl1)145 in A. thaliana, which accumulate high levels 

of L and little to no VAZ pigments, there is a rapid response to HL that peaks and then decreases 

back to a steady state value143. This response can be seen when comparing szl1 (green line) to WT 

(blue line) in Figure 1-5. In this figure, the szl1 mutant is able to respond more rapidly to the 

sudden transition into the light while the WT strain more gradually builds up an NPQτ response, 

which is likely correlated with the accumulation of Z. The szl1 and WT NPQ traces are very similar 

indicating that the overaccumulation of L can compensate for the lack of Z109 (Figure1-5). 

1.3.3 State transitions 

 
Figure 1-9. Schematic of state transitions in algae and plants. When PSII is preferentially excited, 

the PQ pool is over reduced, which activates STT7/STN7, phosphorylating LCHII, which then 

migrates to PSI. When LCHII is attached to PSI, this is referred to as State II. The transition to 

State I occurs when PSI is preferentially excited by far-red light. LCHII is then de-phosphorylated 

by PPH1/TAP38, returning to PSII. This figure is adapted from Subramanyam and Madireddi Adv 

Photosynth Respir. 2021, 47, 303-320146. 

State transitions—as described above—occur when one PS is preferentially excited, activating 

mechanisms to balance this light distribution by changing the antenna size around PSI or PSII. 

State transitions occur within minutes of HL stress and require the phosphorylation or de-

phosphorylation of LHC62,147,148. While xanthophyll cycles and pH-sensing proteins rely on a pH-

gradient to be activated, state transition are triggered by the overexcitation of PSI or PSII. State I 

occurs when LHCII trimers are primarily bound to PSII, but the transition to State II ensues when 

PSII is preferentially excited by blue light. This leads to the accumulation of reducing agents in 

the thylakoid membrane which activated serine/threonine-protein kinase (STT7)61,149–151. In green 

algae, the phosphorylating protein is STT7, but its homologue in vascular plants is STN7152.  

STT7/STN7 phosphorylate LHCII, enabling it to move from PSII to PSI. The transition back to 



15 

State I occurs when PSI is preferentially excited by light enriched in the far-red regions61. In plants, 

LHCII is de-phosphorylated by PPH1153/TAP38154, which are phosphorylases. 

While state transitions only occur in plants and green algae, its impact on NPQ can be large. In 

plants, 15-20% of LHCII are mobile during state transitions152. Absence of STN7 will limit the 

growth of plants when grown in fluctuating light conditions152. In Chlamydomonas, state 

transitions have an even larger impact as 80% of their LHCII trimers dissociate from PSII, though 

only 15% of these LHCII are then bound to PSI146. Because of the significant role state transitions 

play in C. reinhardtii, it is a comply used model system for qT research. STT7 is responsible for 

42% of NPQ10. However, this contribution is even greater when considering photoprotection 

during darkness (60%) or during illumination (36%). State transitions contributed more to NPQ 

after 20 minutes of light fluctuations. Interestingly, the contributions of LCHSR3 to NPQ were 

increased when STT7 was present. The inverse is also true, indicating the synergistic cooperation 

of photoprotective components. Because quenching related to LHCSRs can take a few hours to be 

induced83, it has been hypothesized that state transitions may substitute for other NPQ pathways155. 

Additionally, state transitions appear to accumulate during the dark periods of the light 

fluctuations, allowing it to play a role in NPQ during subsequent light exposures. In Figure 1-10, 

the stt7 mutant (green line) has no significant increase in NPQ during the dark phases while WT 

(Figure 1-6c) and LHCSR-mutants (Figure 1-10) do. State transitions could be ‘anticipating’ the 

next HL exposure, which provide effective photoprotection during rapid, unpredictable fluctuating 

light environments.   

 
Figure 1-10. Comparison of NPQ traces of C. reinhardtii mutant strains: stt7 (green), lhscr1 

(purple), npq4 (orange), and npq4stt7 (red). The white boxes represent the 10 min HL periods while 

the gray boxes show the 10 min dark phases. 

1.4 Method for Studying Photoprotection 

Since non-photochemical quenching is the release of excess energy as heat, it can be difficult to 

directly measure this phenomenon. Figure 1-3b shows the multiple pathways for excited energy to 

be released, returning Chl a to its ground state. Some energy is lost as a fluorescent photon that 

peaks around 680 nm for Chl a22,156.  The rate of decay for energy to photochemistry and 

fluorescence is consistent, but when other pathways such as ISC and NPQ are introduced, less 

energy is lost as fluorescence, shortening the fluorescence lifetime of the system. The fluorescence 
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of a system can be monitored to see how the fluorescence lifetime or yield changes. A perk of this 

technique is that it is non-invasive, which allows us to make measurements without influencing 

NPQ157.  

1.4.1  Time-Correlated Single Photon Counting  

In time-correlated single photon counting (TCSPC), the fluorescence yield is tracked. Directly 

measuring the fluorescence lifetimes in snapshots allows for us to focus only on the processes that 

quench chlorophyll excitation. Methods like pulse-amplitude modulation (PAM) fluorimetry 

measure fluorescence quantum yields, which are influenced by light scattering, chloroplast 

movement, and photobleaching156. These things can lower the fluorescence yield but do not result 

from Chl being quenched157,158.  

TCSPC works by detecting single photons and recording their arrival times with respect to a 

precisely timed reference signal. By accumulating these arrival times over many photon events, 

TCSPC builds a histogram that reveals the distribution of photon arrival times, providing insights 

into the fluorescence lifetime or dynamics of the sample. The histogram is then fit with the 

equation 1 to a biexponential (in the case of my experiments) to get an average fluorescence 

lifetime referred to as 𝜏𝑎𝑣𝑔. This method is able to capture subtle changes in the fluorescence 

lifetime over very short timescales. 

With snapshot TCSPC, a dark-adapted fluorescence lifetime (𝜏𝑎𝑣𝑔,𝑑𝑎𝑟𝑘) is gathered from an 

organism that has been in a dark environment for long enough to de-activate any photoprotective 

mechanisms that may have been triggered. This dark-adapted lifetime will then be used in 

reference to all other snapshot lifetimes (𝜏𝑎𝑣𝑔,𝑙𝑖𝑔ℎ𝑡) collected as a function of an actinic light 

sequence.  Using the equation 2, the unitless value of NPQτ can be determined which represents 

the change in photoprotection.  

𝜏𝑎𝑣𝑔 =
∑ 𝐴𝑖𝜏𝑖𝑖

∑ 𝐴𝑖𝑖
 (1) 

𝑁𝑃𝑄𝜏 =
𝜏𝑎𝑣𝑔,𝑑𝑎𝑟𝑘 − 𝜏𝑎𝑣𝑔,𝑙𝑖𝑔ℎ𝑡

𝜏𝑎𝑣𝑔,𝑙𝑖𝑔ℎ𝑡
 (2) 

1.4.2 Actinic Light Sequences 

As discussed above, light levels are always changing in nature, which has led photosynthetic 

organisms to develop mechanisms to optimize growth in inconsistent light environments. Yet, this 

can introduce a level of complexity that makes it difficult to study NPQ. For example, the PsbS 

mutant npq4 in A. thaliana is unable to rapidly respond to changing light levels, but when grown 

in continuous light is nearly identical to the wild type; it is only under fluctuating light, which 

reveals the mutation159. Including fluctuating light sequences in experiments is important to not 

only see how long-term application of fluctuating light might affect growth but also in how 

immediate response might be impaired.  

By adding in fluctuating light sequences, this also allows for the disentangling of the overlapping 

timescale of NPQ components. Alternating dark and HL periods over a series of cycles allows one 

to measure how the rapid response evolves as the slower components simultaneously move 

towards their steady state behavior. Increasing the complexity of light sequences by introducing 

aperiodic or irregular light sequences will more closely match light dynamics seen in nature.  



17 

1.5 Conclusions 

As can be seen, there is great diversity among the molecular components contributing to NPQ 

across multiple species. Understanding the benefits of each system could help guide modifications 

in biofuel algae or in crop plants to maximize total photosynthetic productivity leading to higher 

yields. In the following chapters, I will discuss my work mostly with Nannochloropsis 

understanding its NPQ components and mechanisms as it contains the fewest photoprotective 

components. With this work, we created a simple model based on the biochemically relevant 

components of the pH-gradient and the xanthophyll cycle to predict changes in NPQ based on the 

light environment. By increasing the complexity of the light sequences and experimental species, 

we hope to approximate NPQ responses in crop plants then to calculate which components should 

be genetically modified and in what ratio.   
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2.1 Abstract 
 
We explore the photoprotection dynamics of Nannochloropsis oceanica using time-correlated 
single photon counting under regular and irregular actinic light sequences. The varying light 
sequences mimic natural conditions, allowing us to probe the real-time response of non-
photochemical quenching (NPQ) pathways. Durations of fluctuating light exposure during a fixed 
total experimental time and prior light exposure of the algae are both found to have a profound 
effect on NPQ. These observations are rationalized with a quantitative model based on the 
xanthophyll cycle and the protonation of LHCX1. The model accurately describes the dynamics 
of non-photochemical quenching across a variety of light sequences. The combined model and 
observations suggest that the accumulation of a quenching complex, likely zeaxanthin bound to a 
protonated LHCX1, is responsible for the gradual rise in NPQ. Additionally, the model makes 
specific predictions for the light sequence dependence of xanthophyll concentrations that are in 
reasonable agreement with independent chromatography measurements taken during a specific 
light/dark sequence. 
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2.2 Introduction 
 
Under ideal conditions of low light, photosynthesis is a highly efficient metabolic process1. When 
subjected to non-ideal environmental conditions such as high light (HL) exposure, most 
photosynthetic organisms rely on protective pathways to prevent damage that occurs when reactive 
oxygen species form2–4. Non-photochemical quenching (NPQ) pathways can quench excess 
energy and dissipate it as heat. However, since these protective pathways are not instantaneously 
activated or de-activated with changing light levels, organisms can be left under- or over-protected. 
Light levels can change rapidly over the course of a day, leading to inefficient energy use and 
damage5,6. Previous studies have shown that optimizing the photoprotective pathways used to 
combat excessive light can increase an organism’s biomass yields7,8. In addition, the suite of 
mechanisms used by plants and algae overlap in timescale and known biochemical components, 
making delineation of specific mechanisms difficult. Here, we study an organism with an 
apparently simpler, but substantial, response to a variety of light/dark exposures and build a model 
based on known biochemical actors with which to confront the data. 
 
Interest in understanding the photoprotective pathways in Nannochloropsis oceanica is growing 
due to its high lipid production, which can be utilized in the biofuel industry9,10. N. oceanica has a 
high NPQ capacity, a comparatively simple pigment composition11,12, as well as a small diameter 
of ~3 μm, making it amenable to spectroscopy and thus a promising organism for mechanistic 
studies of NPQ pathways. N. oceanica contains only chlorophyll (Chl) a in its antenna, as well as 
the xanthophyll (VAZ) cycle pigments, violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z), 
and the carotenoid vaucheriaxanthin13,14. It does not contain the carotenoid, lutein, that is 
commonly found in other algal and plant species, which enables more direct analysis of the 
carotenoids involved in quenching. The xanthophylls are interconverted via the VAZ cycle, which 
requires the enzymes violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase (ZEP), with A 
being an intermediate in the conversion of V to Z15. Triggering of the NPQ response in oxygenic 
photosynthetic organisms generally involves a ΔpH-sensing protein. In N. oceanica this role is 
likely played by LHCX114. Finally, N. oceanica does not exhibit pronounced state transitions, 
which are prominent in C. reinhardtii16–18. Because we are considering the short-time response, 
we have opted not to use conventional divisions into rapidly reversible (qE) or Z-dependent (qZ) 
processes and instead simply refer to NPQ. Longer timescale studies may need to delineate qE and 
qZ12. In our previous live-cell snapshot transient absorption spectroscopic studies of wild-type N. 
oceanica and two mutants lacking either VDE or LHCX1, we found a very small response to 
excess light if either VDE or LHCX1 was absent11. In addition, we found clear signals from both 
the Z S1 state and the Z radical cation when NPQ was turned on, but no such signal in the VDE 
mutant nor the LHCX1 mutant even though it contained Z in high light. These observations suggest 
the importance of a joint action of LHCX1 and Z, with Z binding to a pigment-protein complex 
(putatively LHCX1) to create the quencher. 
 
In this study, we explore NPQ in N. oceanica via fluorescence lifetime snapshot measurements 
under regular and irregular fluctuating light sequences and their description via a biochemically 
informed model based on the VAZ cycle and the protonation/de-protonation of a pH sensor. By 
changing the light intensity over one to several minutes, we aim to simulate the dynamic 
fluctuations experienced in natural environments. The model makes specific predictions for 
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xanthophyll concentrations that are compared with some preliminary snapshot HPLC 
measurements taken under identical conditions to the fluorescence lifetime snapshots.  

 
2.3 Experimental Setup  
 
2.3.1 Algal growth conditions  
 
Nannochloropsis oceanica CCMP177913 was obtained from the National Center for Marine Algae 
and Microbiota (https://ncma.bigelow.org/) and cultivated in F2N medium19. Liquid cultures were 
grown to 2-5 x 107 cells/ml in continuous light at a photon flux density of 60 μmol photons m-2 s-

1 at 22°C. We refer to these cells as LL-grown cells. For HL-grown cells, liquid cultures were 
transferred to HL for 24 hours at 350 μmol photons m-2 s-1 at 22°C.  
 
2.3.2 Time-correlated single photon counting 
 
Time-correlated single photon counting results in a histogram of Chl a fluorescence decay, which 
is then fit to a biexponential decay function yielding a lifetime (τavg). These fluorescence lifetimes 
were captured at 15 second intervals, resulting in snapshots of fluorescence trajectory that track 
the changes in the fluorescence lifetime as a function of HL exposure. The amplitude-weighted 
average lifetime of the Chl a fluorescence decay is converted into a unitless form, similar to that 
measured in the conventional pulse-amplitude modulation technique using the following equation: 
𝑁𝑁𝑁𝑁𝑁𝑁𝜏𝜏(𝑡𝑡) =  𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎(0)−𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)

𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)
 20 where τavg(0) and τavg(t) are the average lifetimes in the dark and at 

any time point t during the HL exposure, respectively. 
 
An ultrafast Ti:sapphire coherent Mira 900f oscillator was pumped using a diode laser (Coherent 
Verdi G10, 532 nm). The center wavelength of the oscillator was 808 nm with a full width at half 
maximum of 9 nm. After frequency doubling the wavelength to 404 nm with a β-barium borate 
crystal, the beam was split between a sync photodiode, which was used as a reference for snapshot 
measurements, and the sample. To control exposure of the sample to the actinic light, three 
synchronized shutters located in the laser path, actinic light path, and path between the sample and 
the microchannel plate-photomultiplier tube detector (Hamamatsu R3809U) were controlled by a 
LABVIEW software sequence. The detector was set to 680 nm to measure Chl a emission. During 
each snapshot, the laser and detection shutters were opened, allowing an excitation pulse with a 
power of 1.7 mW to saturate the reaction center for 1 second while the emission was recorded. 
During HL periods, samples were exposed to white light with an intensity of 885 μmol photons m-

2 s-1 (Leica KL 1500 LCD, peak 648 nm, FWHM 220 nm) by opening the actinic light shutter.  
 
1 mL of N. oceanica culture was pelleted for 10 minutes at room temperature at 14000 x RMP, 
flash frozen, thawed at room temperature, and broken using FastPrep-24 at 6.5 m/s for 60 seconds. 
The pellet was flash frozen and broken two more times. Chlorophyll was extracted from the broken 
cells using 1 mL of 80% acetone, and total chlorophyll in the culture was quantified according 
to Porra et al21. The culture was then concentrated to ~40 μg Chl mL-1 by centrifuging for 5 minutes 
at room temperature at 4000 RPM. Samples were then dark-acclimated for 30 minutes prior to the 
experiment and placed in the custom-built sample holder on a sample stage. The LABVIEW 
sequence was altered for each regular and irregular sequence run to control exposure to light 
fluctuations. 

https://ncma.bigelow.org/


30 

2.3.3 High performance liquid chromatography 
 
Aliquots of N. oceanica algae in F2N media were taken at various time points during several 
irregular and regular actinic light sequences. Samples were then flash frozen in liquid nitrogen. 
After thawing, the aliquots of the same time point were pooled by centrifuging for 5 minutes at 4 
°C at 14000 x RPM to reach a cell count of ~45 x 106. The cells were washed twice with H2O and 
pelleted at 14,000 x RPM for 5 minutes. Then, the cells were again flash frozen and thawed at 
room temperature followed by breaking the cells using FastPrep-24 (MP Biomedicals LLC) at 6.5 
m/s for 60 seconds. The bead beating step was repeated once before adding 300 μL of 100% cold 
acetone. The samples were centrifuged for 10 minutes (14000 x RPM, 4 °C), and the supernatant 
was filtered (0.2 μm nylon filter) into HPLC vials. The supernatant was separated on a Spherisorb 
S5 ODS1 4.6- x 250 mm cartridge column (Waters, Milford, MA) at 30°C. Analysis was 
completed using a modification of Garcı́a-Plazaola and Becerril22. Pigments were extracted with a 
linear gradient from 14% solvent A (0.1M Tris-HCl pH 8.0 ddH20), 84% (v/v) solvent B 
(acetonitrile), 2.0% solvent C (methanol) for 15 minutes, to 68% solvent C and 32% solvent D 
(ethyl acetate) for 33 min, and then to 14% solvent A (0.1M Tris-HCl pH 8.0 ddH2O), 84% (v/v) 
solvent B (acetonitrile) , 2.0% solvent C (methanol) for 19 min/ The solvent flow rate was 1.2 mL 
min-1. Pigments were detected by A445 with reference at 550 nm by a diode array detector. 
Standard curves were prepared from concentrated pigments. The HPLC peaks were normalized to 
the total Chl a concentration.  

 
2.4 Results 
 
2.4.1 General kinetic features of N. oceanica photoprotective response 
 
During the first HL exposure for the LL-grown cells, the photoprotective response as quantified 
by NPQτ has an exponential growth, which gradually slows with continued exposure to HL. The 
maximum NPQτ values for each successive HL period, separated by periods of darkness, trace out 
a sigmoidal curve. In the subsequent exposures to HL, the response to the transition from dark to 
light is immediate (Figure 2-1A). In the light to dark transition, the relaxation rate of NPQτ is also 
rapid. When the dark period is less than or equivalent to the duration of the initial HL period, the 
cells appear to retain a memory of the previous NPQτ activation level (Figure 2-1A). However, 
when the dark period increases, the subsequent HL exposure begins at a much lower NPQτ value 
than in the preceding period (Figure 2-1B and 2-1C). As a result, the photoprotective mechanism 
seems to reset, causing the NPQτ curve during the second HL exposure to increase exponentially 
rather than grow more gradually (Figure 2-1B and 2-1C). 
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Figure 2-1. Select irregular sequence NPQτ traces for LL-grown cells, which demonstrate the cells’ 
apparent memory is dependent on the duration of the dark period. A) 3 min HL- 1 min dark- 1 min HL 
– 3 min dark- 9 min HL- 3 min dark sequence demonstrates that when the dark relaxation period is 
shorter than the total prior HL exposure, the cells retain a memory of the proceeding NPQτ level before 
the light to dark transition. B) 5 min HL-10 min dark-1 min HL-4 min dark and C) 5 min HL-10 min 
dark-5 min HL show that when the dark period is longer than the HL period the initial step in subsequent 
HL period is reduced. 95% confidence intervals are represented by error bars for n=3. The red arrows 
connect the last HL point to the top of the initial response in the subsequent HL period. The black boxes 
at the bottom of each plot represent the dark periods while the white boxes represent HL exposure.  

 
To understand what molecular actors might be involved in the photoprotective pathways of N. 
oceanica, we acquired data for the HL-grown cells using the same light/dark sequences. This 
results in increased Z concentration, [Z]. In the LL-grown cells, when the initial HL exposure is 
less than 2 minutes, the response is minimal (Figure 2-2A). Yet, HL-grown cells show a strong 
and increased NPQτ response. The curvature also differs from convex in LL-grown cells to 
concave in HL-grown cells during the first HL period (Figure 2-2). While the second HL period 
shown in Fig 2A exhibits a sigmoidal growth for LL-grown cells, the HL-grown cells show an 
immediate, significant NPQτ response. Interestingly, the maximum NPQτ value reached in each 
HL exposure remains approximately the same for LL- and HL-grown cells. The relaxation 
dynamics in the dark are also consistent regardless of the [Z]. In the light to dark transition, the 
cells for both treatments respond very rapidly and relax at the same rate to approximately equal 
NPQτ values.   
 
2.4.2 A xanthophyll cycle-based NPQτ model 
In order to understand the origin of the timescales of the experimental NPQτ response in its 
complex form, we propose a kinetic model based on the xanthophyll cycle. Specifically, we sought 
to construct a minimal model constrained by known biochemical processes that was consistent 
with four common kinetic effects observed across the varied light conditions studied. The general 
kinetic features revealed in Figures 2-1 and 2-2 include the rapid decay of NPQτ on transition to 
the dark and the presence of a slow decay following longer HL exposures is similar between the 
two treatments of algae. After a period of HL exposure, the slow increase in the NPQτ over the 
course of subsequent light exposures and the short induction period for response to initial light 
exposure are also similar for both samples.  
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Figure 2-2. HL-grown cells (red squares) compared to LL-grown cells (blue circles) for A) 1 min HL-
4 min dark-7 min HL-5 min dark-1 min HL-2 min dark and B) 5 min HL-10 min dark-5 min HL 
sequences. The LL-grown cells exposed to the fluctuating light sequence in A) show no significant 
response to the first HL stimulus. Conversely, HL-grown cells exhibit an immediate response. B) The 
initial 5-minute HL exposure results in different curvatures which are dependent on the pretreatment. 
HL-grown cells show an immediate, concave response to the first light period rather than a more gradual 
increase in NPQτ for LL-grown cells. In both A) and B), the maximum NPQτ values, as well as the 
extent and rate of recovery, are consistent between HL- and LL-grown cells. 95% confidence intervals 
are represented by error bars (n=3). The black boxes at the bottom of each plot represent the dark 
periods while the white boxes represent HL exposure. 

 
First, the rapid decay and recovery of NPQτ to light after a period of HL exposure suggests that 
some quencher is produced in a primed state, which rapidly switches between an active and 
inactive form. The fast timescale is likely related to the lumen pH that is known to rapidly respond 
to light23. The “inactive” quencher must be relatively long lived in the dark phases for the NPQτ 
to retain a memory of previous light exposure. Second, the slow increase in the NPQτ over the 
course of light exposure suggests that the quencher must be formed during the light phases in a 
second light-dependent process. These observations could be explained by the formation of a Z-
bound protein complex that acts as a quencher in response to a low lumen pH. Likely the complex 
is between LHCX1 and Z given the known importance of both to NPQ in Nannochloropsis11. The 
formation of these quenchers is mediated by the xanthophyll cycle since we assume the LHCX1 
also binds V. To de-epoxidize V to Z, any complexed V must first unbind from LHCX1. In the 
HL-grown algae, we expect a higher initial concentration of Z, which leads to a faster initial onset 
of quenching. Third, the minimal NPQτ response we see in LL-grown cells in 1-minute of initial 
light exposure could be explained by a delay in the activation and deactivation of the conversion 
of V to Z. In our model we account for this delay by including an activation step for the VDE 
enzyme, which mediates the V de-epoxidation. A response time in the light and dark phases of the 
conversion between the active and inactive forms on the order of 1 minute would account for the 
induction time. Finally, the slow decay of the NPQτ during long dark phases suggests that we need 
to include the reverse step of the xanthophyll cycle, in which Z is epoxidized back to V by ZEP. 
This process would remove quenchers in the dark phases, which would account for the decrease 
in NPQτ after long dark phases. 
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Figure 2-3. Schematic of the model, showing the VAZ cycle and the involvement of VDE and ZEP 
(the intermediate step of A is omitted from the VAZ cycle for simplicity, and P is assumed to represent 
LHCX1, though the model does not require this). The activation of VDE and the conversion of PZ to 
Q (eq 7) occur in response to ΔpH. 

 
Synthesizing these ingredients, we arrive at the following model, illustrated schematically in 
Figure 2-3. Protein-violaxanthin complexes (PV) establish an equilibrium with dissociated V and 
protein (P). VDE in its active form (VDEa), irreversibly catalyzes the de-epoxidation of V to Z. 
The activation of the de-epoxidation is mediated by light, due to changes in lumen pH. Z and 
unbound protein are in equilibrium with a protein-zeaxanthin (PZ) complex, the inactive quencher. 
Under HL conditions this PZ complex converts to an active quencher Q in response to changes in 
pH, and in darkness it rapidly converts back to its inactive form. This likely reflects a protonation 
due to altered lumen pH. To reduce the model complexity and the number of parameters needed, 
we have chosen to neglect the A intermediate in the xanthophyll cycle. These specific kinetic 
processes are 

  
  

where to obtain the model kinetic equations, we treat each step in the above scheme as an 
elementary process with rates defined by the arrows.  
 
Our proposed model includes two light intensity, 𝐼𝐼(𝑡𝑡), dependent equilibria. Given that the lumen 
pH is known to respond on a much faster timescale than the kinetics that these experiments probe, 
we model the light intensity 𝐼𝐼(𝑡𝑡) dependent steps as instantaneously switching between a dark-
phase value and a HL phase value, 
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𝑘𝑘�𝐼𝐼(𝑡𝑡)� = �
𝑘𝑘dark, if 𝐼𝐼(𝑡𝑡) = 0
𝑘𝑘light, if 𝐼𝐼(𝑡𝑡) > 0 (1) 

 

for each light-dependent rate in the kinetic scheme. We assume the system is initially in its dark-
phase steady state, which leaves only three free concentrations, [VDE]tot = [VDEa] + [VDEi], 
[X]tot = [V] + [Z] + [PV] + [PZ] + [Q], and [P]tot = [P] + [PV] + [PZ] + [Q]. To obtain the 
NPQτ from this model, we assume that the fluorescence lifetime of chlorophyll a is given by 

1
τ𝐹𝐹

= 𝑘𝑘𝑅𝑅 + 𝑘𝑘𝑁𝑁𝑅𝑅 + 𝑘𝑘𝑄𝑄[Q], (2) 

where 𝑘𝑘𝑅𝑅 is the radiative rate of Chl a, 𝑘𝑘𝑁𝑁𝑅𝑅 is the rate for de-excitation by other non-radiative 
processes, and 𝑘𝑘𝑄𝑄 is the quenching rate. With this we model NPQτ as 

NPQτ = τ𝐹𝐹,0𝑘𝑘𝑄𝑄[Q] − τ𝐹𝐹,0𝑘𝑘𝑄𝑄[Q]0 (3) 

where 𝜏𝜏𝐹𝐹,0 is the initial fluorescence lifetime and [Q]0 is the initial concentration of the Q species. 
 
To solve these kinetic equations numerically, we employ a system of dimensionless variables 
defined by [A]� = 𝜏𝜏𝐹𝐹,0𝑘𝑘𝑄𝑄[A], to eliminate the 𝑘𝑘𝑄𝑄 parameter. In these reduced variables, the NPQτ 

signal is simply NPQ𝜏𝜏 = [Q]� − [Q]� 0. In order to allow for consistent comparison between the 
parameters obtained in fitting the LL-grown algae datasets and HL-grown algae datasets, the NPQτ 
model value has to be scaled by the ratio of the fluorescence lifetimes under HL and LL conditions, 
which within the model is simply 1/�1 − [Q]� 0

LL + [Q]� 0�, where [Q]� 0
LL is the initial value  [Q]�  

obtained for the LL-grown dataset. Overall then the HL-grown dataset NPQτ is given by 

NPQτ
HL =

τ𝐹𝐹,0
HL

τ𝐹𝐹,0
LL �[Q]� − [Q]� 0� =

[Q]� − [Q]� 0

1 − [Q]� 0
LL + [Q]� 0

. (4) 

Furthermore, there is some parametric redundancy in fitting the model to the NPQτ data, because 
this signal depends only on 𝑘𝑘V[VDEa], so 𝑘𝑘V can be scaled arbitrarily provided the total VDE 
concentration is scaled down by the same amount. In order to circumvent this problem, we fit the 
parameters 𝑘𝑘V[VDEa]light

eq , and 𝑘𝑘V[VDEa]dark
eq , and we only explicitly treat the relative activity of 

the VDE enzyme, 𝛼𝛼VDE = [VDEa]/[VDEa]light
eq , as a kinetic variable. Here [VDEa]light/dark

eq  are 
the steady-state values of [VDEa] in the light and dark phases of the experiment.  
 
The remaining 15 model parameters were obtained by performing a least-squares fit to the 
experimental NPQτ data. Details are available in Appendix 1. Due to variation between the 
experiments and shortcomings of the model, we could not find a parameter set that consistently 
captures the maximum NPQτ in both the periodic and irregular sequence datasets, so the model 
was fitted separately to these two datasets. Because longer timescale NPQ components were not 
included in the model, the 1-1 periodic sequence was found to heavily skew the model fitting with 
the periodic sequence data, so this was excluded in the fitting procedure. Additional simplified 
models were also tested in which various components of the current model were removed, for 
example models in which VDE is assumed to respond instantaneously and models in which the Z 
to V conversion is neglected were tested. These simplified models did not adequately capture the 
NPQτ response to light fluctuations, and the model presented was found to be the minimal model 
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that could describe the NPQτ responses. Further details of the model implementation, fitting, and 
error analysis are given in Appendix 1. 
 
2.4.3 NPQ response to regular and irregular light 
 
When N. oceanica is exposed to periodic light fluctuations, the intensity of response is dependent 
on time as well as the duration of the HL periodic exposure. The NPQτ data and model fits for the 
regular light fluctuations are presented in Figure 2-4, and the model parameters are given in Tables 
2-1 through 2-3. The regular light fluctuations fall into two regimes, fast and slow, depending on 
the sequence duration. Sequences 1-1 and 2-2 (Figure 2-4A and 2-4B) are considered fast 
fluctuations, while sequences 4-4, 5-5, and 10-10 (Figure 2-4C-E) have a qualitatively different 
appearance, and we term them slow fluctuations. The fast fluctuations have higher max NPQτ 
values of 4.73 and 4.34, respectively, which is caused by a raising baseline as a result of incomplete 
relaxation of NPQ. Within the slow fluctuations, 5-5 and 10-10 have equivalent total HL exposure 
as the fast fluctuations, but do not exhibit a rising baseline, giving maximum NPQτ values that are 
lower at 3.76 and 3.79, respectively (Figure 2-4D and 2-4E). While the model succeeds in 
capturing the NPQτ values in HL periods for the slow fluctuations, it underestimates these values 
in the fast fluctuation, likely as a result of neglect of slower relaxation of long-timescale NPQ 
components. 
 

 
Figure 2-4. NPQτ traces for each regular fluctuating light sequence for LL-grown cells. The model 
predicted NPQτ traces are shown as the red lines. Rapid fluctuating sequences, A) and B), show an 
increasing recovery baseline compared to slow fluctuating sequences C), D), E), indicating slower 
timescale NPQ components might not be able to relax in A) and B). Because of incomplete recovery in 
the 1 min HL-1 min dark sequence, this sequence was not included in the parameter fitting, which may 
be why the model underestimates NPQτ for this sequence. 95% confidence intervals are represented by 
error bars (n=5). The black boxes at the bottom of each plot represent the dark periods while the white 
boxes represent HL exposure. 
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Parameter LL 

periodic 
Error (2𝜎𝜎) LL 

irregular 
Error (2𝜎𝜎) HL all 

sequences 
Error (2𝜎𝜎) 

𝑘𝑘𝑃𝑃𝑃𝑃,𝑓𝑓 5.86 2.5 6.28 2.6 3.91 1.5 
𝑘𝑘𝑃𝑃𝑃𝑃,𝑏𝑏 0.325 7.2 x10-2 0.364 7.7 x10-2 0.861 0.23 
𝑘𝑘𝑃𝑃𝑃𝑃,𝑓𝑓 115 48 101 70 127 34 
𝑘𝑘𝑃𝑃𝑃𝑃,𝑏𝑏 5.09 1.0 6.00 3.4 5.72 0.68 

𝑘𝑘𝑄𝑄,𝑓𝑓,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 6.55 2.1 10.9 7.1 9.78 1.2 
𝑘𝑘𝑄𝑄,𝑏𝑏,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 2.14 x10-2 2.6 x10-4 1.51 x10-2 4.9 x10-3 2.00 x10-3 6.6 x10-4 
𝑘𝑘𝑄𝑄,𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 1.60 3.5 x10-3 1.13 0.28 12.2 2.5 
𝑘𝑘𝑄𝑄,𝑏𝑏,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 7.34 0.57 3.88 0.66 11.6 2.8 
𝑘𝑘𝑃𝑃,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡

a 0.156 3.3 x10-2 0.158 7.0 x10-2 9.21 x10-2 1.2 x10-2 
𝑘𝑘𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

a 1.13 x10-3 8.7 x10-4 4.53 x10-4 1.1 x10-4 1.30 x10-3 2.6 x10-4 
𝑘𝑘𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 5.29 x10-2 2.1 x10-2 6.21 x10-2 4.7 x10-3 1.10 x10-3 2.6 x10-4 

𝑘𝑘𝑃𝑃𝑉𝑉𝑉𝑉,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
b 3.84 1.6 1.84 0.72 3.58 1.1 

𝑘𝑘𝑃𝑃𝑉𝑉𝑉𝑉,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
b 0.615 0.12 1.42 0.50 0.857 0.33 

Table 2-1. Fitted rate constants for the NPQ models for LL regular, LL irregular and HL datasets. All 
model parameters refer to the reduced variable model, with parameters in min-1.a 𝑘𝑘V,light/dark =
𝑘𝑘V[VDEa]light/dark

eq  is the maximum rate of V to Z conversion in the light/dark phases. b 𝑘𝑘VDE =
𝑘𝑘VDE,𝑓𝑓 + 𝑘𝑘VDE,𝑏𝑏 is the recovery rate for the the VDE activation to its light/dark phase equilibrium value. 
 

Parameter LL 
periodic 

Error 
(2𝜎𝜎) 

LL 
irregular 

Error (2𝜎𝜎) HL all 
sequences 

Error (2𝜎𝜎) 

𝐾𝐾𝑃𝑃𝑃𝑃 22.7 9.5 16.8 10 22.3 4.0 
𝐾𝐾𝑃𝑃𝑃𝑃 18.1 9.5 17.3 8.0 4.54 1.6 

𝐾𝐾𝑋𝑋,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
a 2.13 x10-2 1.7 x10-2 7.29 x10-3 1.9 x10-3 1.25 0.36 

𝐾𝐾𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
 a 2.94 1.7 2.55 1.2 86.2 21 

𝐾𝐾𝑄𝑄,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 0.217 1.7 x10-2 0.292 3.7 x10-2 1.05 0.16 
𝐾𝐾𝑄𝑄,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 306 99 721 350 4790 1600 

𝐾𝐾𝑃𝑃𝑃𝑃,𝑒𝑒𝑓𝑓𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 b 22.0 12 22.3 10 9.28 2.7 

𝐾𝐾𝑃𝑃𝑃𝑃,𝑒𝑒𝑓𝑓𝑓𝑓,𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
 b 5550 2800 12500 6900 21700 12000 

Table 2-2. Equilibrium constants obtained for various equilibria in the model in reduced variables. a𝐾𝐾X =
[Z]eq/[V]eq. b𝐾𝐾PZ,eff = ([PZ]eq + [Q]eq)/[P]eq[Z]eq. 
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Parameter 

LL 
periodic 

Error (2𝜎𝜎) LL 
irregular 

Error (2𝜎𝜎) HL all 
sequences 

Error (2𝜎𝜎) 

[𝑉𝑉]0 32.1 6.6 27.0 17 13.2 0.26 
[𝑍𝑍]0 0.684 0.55 0.197 0.14 16.5 4.8 

[𝑁𝑁𝑍𝑍]0 8.60 x10-2 6.4 x10-2 2.88 x10-2 1.6 x10-2 1.78 0.61 
[𝑁𝑁]0 1.87 x10-2 1.4 x10-2 8.40 x10-3 4.7x10-3 1.86 0.82 

[𝑁𝑁𝑉𝑉]0 5.06 0.40 3.85 0.10 6.99 2.2 
[𝑁𝑁]0 6.96 x10-3 3.3 x10-3 8.46 x10-3 6.6 x10-3 2.38 x10-2 9.9 x10-3 

[𝑋𝑋]𝑡𝑡𝑡𝑡𝑡𝑡 37.9 6.8 31.1 18 40.3 7.7 
[𝑁𝑁]𝑡𝑡𝑡𝑡𝑡𝑡  5.17 0.41 3.90 0.10 10.6 3.6 
𝑁𝑁𝑁𝑁𝑁𝑁𝑚𝑚𝑑𝑑𝑚𝑚 5.13 0.40 3.88 0.10 8.79 2.8 

Table 2-3. Initial concentrations and the theoretical maximum NPQτ for the models fitted to the different 
datasets. All values are given for the reduced variable model, as described in the text, and as such all 
concentrations are unitless.  
 
The initial response to the first HL period clearly differs between the two fluctuation regimes. 
Examining the 10-10 sequence, the NPQτ curve has a sigmoidal shape with an inflection point at 
about 5 minutes, exhibiting an NPQτ value of 2. In sequences 4-4 and 5-5, the first HL period has 
a convex shape which reaches an NPQτ value of approximately 2. However, the fast fluctuations 
have different initial responses to HL. In these cases, the initial photoprotective response is 
minimal. Several light/dark cycles must pass before the fast fluctuations exhibit rapid responses to 
the dark to light transition with concave curvature. When examining the HL period segments, they 
form a sigmoidal curve similar to the continuous HL curve in 10-10. Even with a variety of 
durations, the model correctly generates the convex curvature for the first HL period and the 
changes in the subsequent HL periods to a more gradual NPQτ increase. 
 
In addition to the regular periodic sequences, irregular light fluctuations were also used (Figure 2-
5). Here, the limits of the model were probed by seemingly random light/dark durations, which 
more closely mimic random light changes in nature. Overall, the model was able to capture the 
immediate response the cells have in the light-to-dark and dark-to-light transitions as seen in both 
the regular and irregular sequences. The predicted NPQτ response also retains an apparent memory 
of HL when dark durations are less than preceding HL exposure (Figure 2-5A-F, I, J). The same 
sigmoidal shape can be seen in both the model and experimental data for the HL periodic segments 
except in two sequences: 5-10-1-4 and 5-10-5 (Figure 2-5G and 2-5H). Particularly in the 5-10-1-
4 sequence, the model overestimates the NPQτ response in the second HL exposure. A similar issue 
can be seen in Figure 2-5A when the first HL period is 1 minute, which does not elicit a response 
in LL-grown cells. The experimental data show the sigmoidal growth in maximum NPQτ in the 
second HL period, indicating the quenching mechanism was not fully turned on during the first 
minute of HL.  
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Figure 2-5. NPQτ traces for each irregular fluctuating light sequence for LL-grown cells. The model 
predicted NPQτ curve (red line) is also shown. Experimental NPQτ and predicted NPQτ curve for A) 1 
min HL- 4 min dark- 7 min HL- 5 min dark- 1 min HL- 2 min dark, B) 2 min HL- 1 min dark- 7 min 
HL- 10 min dark, C) 3 min HL- 1 min dark- 1 min HL- 3 min dark- 9 min HL- 3 min dark, D) 4 min 
HL- 1 min dark- 1 min HL- 2 min dark- 10 min HL- 2 min dark, E) 4 min HL- 1 min dark- 2 min HL- 
1 min dark- 5 min HL- 4 min dark- 1 min HL – 2min dark, F) 4 min HL- 4 min dark- 10 min HL- 2 
min dark, G) 5 min HL- 10 min dark- 1 min HL- 4 min dark, H) 5 min HL- 10 min dark- 5 min HL, I) 
6 min HL- 5 min dark- 8 min HL- 1 min dark, J) 10 min HL- 3 min dark- 7 min HL. As can be seen in 
A) the model overestimates the slow, initial increase seen in the experimental data. The model similarly 
overshoots the secondary HL exposure in G) after a 10-minute dark period. Overall, the model is able 
to reproduce the rapid switch on/off with the transitions between light/dark and vice versa. 95% 
confidence intervals are represented by error bars (n=3). The black boxes at the bottom of each plot 
represent the dark periods while the white boxes represent HL exposure. 

 
In Figure 2-6 we show the response and fits to irregular light/dark sequences for HL-grown algae. 
The difference in the initial response when the first light period is short (Figures 2-6A and 2-6B 
vs. Figures 2-5A and 2-5B) is striking. In contrast, the rapid decrease in NPQτ on transition to the 
dark and the presence of a slow decay in NPQτ following longer HL exposures (e.g. Figures 2-5B 
and 2-6B) is quite similar in two treatments. Clearly at least some of the additional Z in the HL-
grown cells is available for quenching on the 1-minute timescale. Interestingly, maximum NPQτ 
values reached in both datasets are the same; they are clearly limited by something other than total 
[Z]. Overall, the model performs equally well for the two data sets. 
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Figure 2-6. Comparison of the model (red line) to the experimental data (black squares) for the HL-
grown cells. This treatment causes the algal cells to accumulate a higher [Z]. The change in kinetics 
can be seen in the concave curves present in all the HL exposure periods during the experimental run. 
Experimental NPQτ and predicted NPQτ curve for HL-grown cells for sequences A) 1 min HL- 4 min 
dark- 7 min HL- 5 min dark- 1 min HL- 2 min dark, B) 2 min HL- 1 min dark- 7 min HL- 10 min dark, 
C) 5 min HL- 10 min dark- 5 min HL, D) 10 min HL- 10 min dark. The black boxes at the bottom of 
each plot represent the dark duration while the white boxes represent HL exposure. 95% confidence 
intervals are represented by error bars (n=3). The black boxes at the bottom of each plot represent the 
dark periods while the white boxes represent HL exposure. 

 
In Tables 2-1 through 2-3 we present the model parameters obtained from fitting the model to the 
experimental NPQτ datasets, all of which are given in the reduced units described above. The full 
set of rate constants in Table 2-1, plus [V]0 and [P]tot, were fitted directly, which were then used 
to obtain the other parameters listed in Tables 2-2 and 2-3. Model parameters for the two LL-
grown datasets largely agree (to within 2 standard deviations), with the exception of [P]tot, while 
there are more significant differences between the model parameters for the LL-grown and HL-
grown algae, in particular in the values of 𝑘𝑘Z, 𝑘𝑘V, [X]tot, [P]tot, and the other parameters that 
depend strongly on these. In the following sections we will highlight some of the points of interest 
regarding the model parameters and discuss what physical insight into xanthophyll-based NPQ 
can be gleaned from their values.  
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2.4.4  Origin of sigmoidal growth of NPQτ  
 
One intriguing feature of the NPQτ signals is the remarkable difference in the responses of LL- 
and HL-grown algae. In the former case a sigmoidal-like growth, NPQ𝜏𝜏 ∝ 1/(𝑎𝑎𝑒𝑒−𝑑𝑑𝑡𝑡 + 1), is 
observed, whereas in the latter case a much simpler NPQ𝜏𝜏 ∝ 1 − 𝑒𝑒−𝑑𝑑𝑡𝑡 response is seen. In the 
former case the growth rate of NPQτ increases then decreases, but in the latter case the NPQτ 
growth rate is decreasing at all times during the light phases.  
 
To explain this in qualitative terms, we note there are two main factors that contribute to the growth 
of PZ and subsequently NPQτ. First, the availability of free P to which Z can bind, and second the 
availability of Z. Assuming V and P binding and unbinding is rapid, free P is created by the 
removal of V, pulling the PV binding equilibrium towards the unbound species. If there is a large 
excess of Z initially as in the HL-grown algae, then free P is able to bind to Z as soon as it is 
produced, and no sigmoidal-like growth is observed. If there is a low initial concentration of Z as 
in the LL-grown algae, then P and Z build up significantly before binding to form PZ, and the rate 
at which PZ is formed will therefore go through a maximum.  

 
Figure 2-7. Model predictions for the concentrations of Z, P, and PZ+Q for LL- and HL-grown algae 
during 10 minutes of light exposure.  

 
This is illustrated in Figure 2-7, where we show the concentrations of Z, P and PZ+Q for LL- and 
HL-grown models during 10 minutes of light exposure. In the LL-grown case, [P] passes through 
a maximum, and [Z] increases significantly, resulting in the total PZ concentration exhibiting 
sigmoidal-like growth. In the HL-grown case, however, the initial Z concentration is much larger, 
and as a result neither Z nor P build up during the light exposure, so the total PZ concentration 
does not exhibit sigmoidal-like growth. 
 

Under quasi-equilibrium assumptions, detailed in Appendix 2, we find the following criterion for 
observing sigmoidal-like NPQ growth in our model, 
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τV <
𝐾𝐾PV[𝑉𝑉]0
𝑘𝑘PZ,𝑓𝑓[𝑍𝑍]0

, (5) 

where 𝜏𝜏V−1 = 𝑘𝑘V[VDEa]light
eq  is the time-scale on which V is converted to Z in the light phases. 

When there is a large excess of V initially, as in the LL-grown algae, the right-hand side of Eq. 4 
is large and the inequality is satisfied, and we observe sigmoidal growth. When more Z is present 
initially, as in the HL-grown algae, we do not see sigmoidal-like growth.  
 
2.4.5 Comparison of model concentration predictions to HPLC 
 
The model produces the time-dependent xanthophyll concentrations, which can be independently 
compared with HPLC data for the various illumination sequences. Figure 2-8 compares 
experimental plots of normalized [Z](t) ([Z]/ [V] + [A] + [Z]) with the model prediction for [Z](t) 
for the 5-10-5 sequence. The shape of the plot of the conventional3 de-epoxidized quantity (([A]/2 
+ [Z])/ [V] + [A] + [Z]) is very similar for both HL-grown and LL-grown algae to those shown in 
Figure 2-8A. 
 
One clear difference between the measurements and the model (Figure 2-8B) is in the initial value 
of [Z]. However, in LL-grown algae the NPQτ data strongly suggest that this pool of Z is not 
rapidly accessible to produce quenching in the first few minutes of HL exposure. If a constant 
[Z](0) is added to the model’s LL prediction, the qualitative agreement with either model of de-
epoxidized xanthophylls is good. In particular, the slow decrease in [Z] in the dark period is 
captured by the model, along with the steep increase in the second light period. However, we do 
not know when, or if, this initial pool of Z becomes active. We note that Jahns et al.24 have shown 
that only a fraction of the total pool of V is accessible to VDE in plant thylakoid membranes even 
on a 120-minute timescale as a result of V binding to specific light-harvesting proteins. In studies 
of understory leaves subject to rapid high intensity sun flecks Adams et al found that high levels 
of Z and A were maintained between sun flecks, even though the dissipation was minimal during 
the low light periods25. The degree to which the full [Z] is available for quenching complicates the 
comparison of the predicted and measured [Z(t)]. In the case of LL grown cells, equating the model 
[Z(t)] with ΔZ, i.e. subtracting the initial [Z] from the HPLC results, seems a reasonable approach 
because none of the initial [Z] is immediately available for NPQ (Figure 2-2). For the HL-grown 
cells, however, at least some of the [Z]0 is immediately available for NPQ, which suggests that this 
fraction may be free in the membrane rather than bound to specific pigment-protein complexes. 
To quantify the initial [Z] availability, we plan in future work to collect an extensive set of HPLC 
xanthophyll data for the light/dark sequences used in this work.  
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Figure 2-8. De-epoxidation states (DES) taken at various timepoints throughout the 5 min HL-10 min 
dark-5 min HL sequence compared to the predicted DES. Results for HL-grown cells are shown in red, 
and the LL-grown results are depicted in blue. A) The DES equation was modified to only include [Z] 
in the numerator since the model does not account for A contributing to the quenching state. B) The 
model’s predicted DES calculated using the predicted total [Z] /([V] + [Z]). 95% confidence intervals 
are represented by error bars (n=3). The black boxes at the bottom of each plot represent the dark 
periods while the white boxes represent HL exposure.  

 
2.5 Discussion 
 
We now turn to the features of the model that underlie its description of the response of N, oceanica 
to excess light. We also comment on the numerical values of the fitting parameters and go on to 
explore whether the model can predict experimentally accessible quantities such as xanthophyll 
concentrations during our light/dark sequences.  
 
The model correctly captures the change in NPQ response from accelerating (roughly exponential) 
to decelerating (roughly sigmoidal) with the cross over depending on the relative concentrations 
of V and Z, on a timescale dictated by the maximum de-epoxidation rate. The model allows us to 
ascertain timescales for the activation and deactivation of the quenching mechanism within the 
hypothetical LHCX1-Z complex. Under dark conditions the deactivation rate (𝑘𝑘Q,𝑓𝑓,dark +
𝑘𝑘Q,𝑏𝑏,dark) is found in the range 4 – 9  min-1, which is very close to the light phase activation rate 
of the quenching (𝑘𝑘Q,𝑓𝑓,light + 𝑘𝑘Q,𝑏𝑏,light), which is in the 7 – 11 min-1 range. The faster activation/de-
activation timescale of PZ could reflect the time taken for protonation/deprotonation of LHCX1. 
However, given the relatively small variation between light and dark phases of the forward rate 
(roughly a 3 – 6 fold increase), where the lumen [H+] changes by much more, this seems unlikely. 
In our view this rate reflects the timescale of a conformational change of the LHCX1 protein, 
which is triggered by a much more rapid protonation/deprotonation23 or unbinding of LHCX1 from 
an antenna protein. A slower component of the NPQ𝜏𝜏 decay in the dark phases is likely due to the 
slower unbinding of Z from LHCX1 during the dark phases, the rate of which, 𝑘𝑘PZ,𝑏𝑏, is found to 
be roughly 0.5 min-1. 
 
Similarly, we find a rate for activation/deactivation of the VDE enzyme 𝑘𝑘VDE = 𝑘𝑘VDE,𝑓𝑓 + 𝑘𝑘VDE,𝑏𝑏 
of 0.5 – 1.5 min-1 in the dark phases and 1.5 – 4 min-1 in the light phases. The relatively small 
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variation between light and dark phases suggests this does not directly reflect the 
protonation/deprotonation rate of VDE. Instead, this rate of activation could reflect a protonation-
state dependent conformational change, or alternatively the rate at which the ascorbate substrate 
binds and unbinds from the enzyme, or unbinding VDE from the membrane. 
 
The irregular sequence fits to LL-grown algae are used as a basis for fitting the HL-grown data. 
These fits captured the very different initial responses of HL- and LL-grown cells (Figure 2-6). 
Comparing the HL fitted parameters to the LL fitted parameters, we find the most significant 
difference between the rate constants to be in the rates of de-epoxidation of V and epoxidation of 
Z (see Table 2-1). The de-epoxidation rate 𝑘𝑘V increases by a factor of ~3 in the dark phase and ~6 
in the light phases between the HL- and LL-grown samples, while the epoxidation rate 𝑘𝑘Z 
decreases by a factor of ~60 in the HL sample relative to the LL sample. These changes lead to the 
large observed difference in the initial Z concentration between the HL- and LL-grown samples, 
which leads to the very different NPQ responses to fluctuating light. One possible explanation for 
these changes is different levels of expression of the VDE and ZEP enzymes when the algae are 
grown under HL and LL conditions26,27. HL and LL growth could also change the availability of 
other substrates involved in the (de-) epoxidation, as well as the average lumen pH and stroma pH, 
which are known to affect the activity of these enzymes28. 
 
The other most significant differences between the HL- and LL-grown algae are the total 
concentrations of xanthophylls and LHCX1, with the xanthophyll pool being ~ 25% larger and the 
LHCX1 pool being around twice as large in in the HL-grown algae12. Increasing the sizes of both 
pools increases the extent of quenching in the cells and the rate at which the quenching mechanism 
activates in response to HL. There are other small differences in the rate constants and equilibrium 
constants for the various processes between the HL- and LL-grown cells. These can likely be 
attributed to other changes between cells grown in different light conditions, for example 
differences in the average dark and light phase lumen pH, and possible changes to the thylakoid 
membrane, stroma, and lumen compositions29. The maximum NPQτ values are the same in the 
HL- and LL-grown cells, though, which may indicate photoinhibition is occurring in HL-grown 
algae. However, measurements of periodic responses to different HL intensities and of gene 
expression levels under diverse illumination conditions should help to characterize the origin of 
this rather surprising result.  
 
The success in fitting the experimental data encouraged us to see if the model could predict 
quantities that could be subsequently measured. For example, the equilibrium constants listed in 
Table 2-3 can be related to binding free energies of various complexes and how they change under 
protonation. Our model also allows us to examine the relative binding constants for V and Z to the 
LHCX1 complex. For the Z binding, we must account for the two states of the PZ complex, so we 
compare 𝐾𝐾PV with 𝐾𝐾PZ,eff = �1 + 𝐾𝐾Q�𝐾𝐾PZ. Under dark conditions, the model predicts that V and 
Z bind similarly to the protein, with binding constants (in reduced units) of around 20. However, 
under HL conditions Z binds about 200 – 400 times more strongly than V to LHCX1. Temperature 
dependent studies should enable us to directly probe the binding free energies. 
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2.5.1 Model extensions 
 
Although the simple xanthophyll cycle-based model of NPQ presented here provides a good 
foundation for understanding the kinetics of NPQ and its changes with fluctuating light, it still 
clearly has its limitations. For example, currently the model cannot account for changes in light 
intensity beyond the simple binary fluctuations in light intensity. This could be accounted for by 
treating the light intensity-dependent rate constants phenomenological modeled, such as 

𝑘𝑘�𝐼𝐼(𝑡𝑡)� =
𝑘𝑘light − 𝑘𝑘dark

1 + �𝐼𝐼(𝑡𝑡)𝐼𝐼act
�
−𝑛𝑛 + 𝑘𝑘dark.  (6) 

which would reduce to the Eq. 1 in the limit that n is large and the activation intensity Iact is similar 
to that used under the HL condition.  
 
An alternative approach would be to incorporate this model with an extended model for the 
photosynthetic reaction network, which incorporates the variables that would directly affect the 
light-dependent rate constants, primarily the lumen pH. This approach could also allow the 
incorporation of feedback effects between the quenching of chlorophyll excitations and the lumen 
pH (which affects the activation of quenching).   
 
Another potential extension of the minimal model we have employed here is to incorporate more 
steps in the xanthophyll cycle and the quenching process itself. For example, our model makes no 
distinction between membrane-bound or protein-bound xanthophylls. This may be particularly 
important because ZEP is believed to reside in the stroma, whereas VDE is in the thylakoid 
lumen30.  
 
Furthermore, in this model we have excluded the A intermediate in the xanthophyll cycle, 
primarily to simplify the model and reduce the number of free parameters. Work from Arnoux et 
al. supports this decision as it indicates that V can be directly converted to Z without the A 
intermediate31. However, our preliminary HPLC results reveal that A is present in a significant 
amount. It may therefore be necessary to incorporate A and PA species into our current model to 
reconcile the differences between theory and experiment for the time dependence of Z 
concentration in HL-grown algae.  
 
One aspect not explicitly included in our model is potential restructuring of the PSII light-
harvesting complexes. State transitions (transfer of light-harvesting complexes from PSII to PSI) 
are not thought to occur in N. oceanica16, though they will likely contribute in other species18.  
Detachment of light-harvesting complexes from the PSII reaction center and subsequent quenching 
as a consequence of aggregation32,33 may occur, but without time-dependent structural data at the 
membrane level, incorporation of such a phenomenon in a bottom-up model is not possible. 
 
Additionally, the rapid regular sequences do not allow full recovery between HL periods, which 
do not fully recovery during the dark periods. This led us to the possibility of longer timescale 
NPQ effects, which led us to fit the regular and irregular sequence data independently. The 
consistency of the best fit parameters (Tables 2-1,2-2) within the error bounds, however, give 
confidence in the overall self-consistency of the model. In developing and refining the model we 
found that fitting the irregular sequence data provided a more rigorous test of the model than 
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simply fitting the regular sequence data, due to the larger variability in NPQ response. We 
therefore suggest that irregular sequences of HL and dark or LL should be key measurements for 
organisms with more complex rapid photoprotection responses than N. oceanica. 

 
2.6 Concluding Comments 
 
The fits in Figures 2-4, 2-5, 2-6 demonstrate that a model containing only the pH-dependent 
interconversion of V and Z via the actions of enzymes VDE and ZEP together with the formation 
of a quenching complex, Q, can quantitatively describe the rapid response of N. oceanica to various 
sequences of alternating HL illumination and dark. For the sake of specificity, we associate Q with 
Z bound to the protonated LHCX1 protein, although our model does not require this. Thus N. 
oceanica appears to have a particularly simple, rapid system to dissipate excess absorbed light. 
Our model may provide a starting point to understand the more complex responses of land plants, 
with their additional dissipative pathways.  
 
The hierarchy of timescales from seconds to minutes seen here will certainly be present in 
organisms with more complex, multi-component photoprotection responses, as these timescales 
relate to fundamental biochemical processes. In our previous analysis of regular periodic 
illumination of A. thaliana and a range of NPQ mutants, we used a purely mathematical model to 
fit the data and then drew mechanistic conclusions from the responses of the various mutants in 
comparison to the wild type34. In contrast, the model described here is bottom-up and, therefore, 
can make much more specific (and quantitative) predictions than our earlier work. Building on the 
work of Zaks et al.35 and of Bennett et al.36, it should be a possible, if complex, undertaking to 
build on the approach to create a bottom-up model for plant rapidly reversible photoprotection. 
 
2.7 Appendix 1: Further details of model simulation and fitting 
 
The model parameters, 𝜃𝜃, are fitted by performing a least-squares fit to the experimental NPQτ 
data. The function that is minimized is the sum of square residuals for the different high-light/dark 
sequences S, 

. 
The covariance matrix of the fitted parameters, from which uncertainties in various model 
parameters are derived, is obtained from the Jacobian matrix of the residuals, 

. 
The covariance of any two functions of the parameters, f and g, can be approximated as 

 
where 𝑁𝑁𝜃𝜃 is the number of parameters in the model.   
 
The model kinetic equations are solved using the ode23s solver in Matlab. The optimization is 
performed using Matlab’s fmincon starting from ~300 randomly chosen initial guesses for the 
parameter set. The models with the lowest least squares fit value are then chosen as the final models 
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for each dataset. The Jacobian is evaluated using a second order central finite difference scheme 
with a step size of 𝛿𝛿𝜃𝜃𝑛𝑛 = 10−3𝜃𝜃𝑛𝑛. 
 
2.8 Appendix 2: The sigmoidal growth criterion 
 
Here we take a more mathematical approach to describing the sigmoidal-like growth. We note that 
the binding and unbinding of P and V occurs very rapidly, which enables us to apply the quasi-
equilibrium/pre-equilibrium approximation to this step. With this we can obtain [P], as a function 
of the other concentrations, 

 
Assuming 𝐾𝐾PV[P] ≪ 1, and neglecting the back reverse step on the xanthophyll cycle where Z is 
converted back to V, and assuming the VDE activity adjusts rapidly, we can also obtain [V] as 
[V] = [V]0𝑒𝑒−𝑡𝑡/𝜏𝜏V, where 𝜏𝜏V−1 = 𝑘𝑘V[VDEa]light

eq .  
 
The kinetic equation for the total concentration of PZ, [PZ]tot = [Q] + [PZ], rate of assuming the 
unbinding of Z from PZ is negligible, can then be obtained as 

 
We see that the growth rate of PZ, and thus the NPQτ, has a sigmoidal component within these 
approximations. If the sigmoidal growth time-scale, 𝜏𝜏V, is shorter than the timescale on which PZ 
initially grows, 𝜏𝜏PZ,0 = 𝐾𝐾PV[V]0/𝑘𝑘PZ,𝑓𝑓[Z]0 (assuming 𝐾𝐾PV[V]0 ≫ 1), then the total concentration 
of PZ initially grows at an increasing rate. This gives the criterion for sigmoidal-like growth given 
above.  
 
In order to obtain the sigmoidal-like growth criterion more carefully, we first solve the above 
kinetic equation. This can be done by assuming [Z] ≈ [Z]0, and then re-writing the differential 
equation as 

 
with 𝑦𝑦 = [PZ]tot − [P]tot, 𝑎𝑎 = 𝑘𝑘PZ,𝑓𝑓[Z]0 and 𝑏𝑏 = 𝐾𝐾PV[V]0. This can be solved to give 

. 
Sigmoidal-like growth will be observed when the derivative of this passes through a maximum at 
𝑡𝑡 > 0. The stationary point on this curve is found to be 

, 
This time is positive, and sigmoidal-like growth is observed when the inequality in Eq. (5) is 
satisfied. It should be noted that these approximations do not capture the true kinetics 
quantitatively, in particular the approximation of constant [Z] is somewhat weak, but these 
approximations do give insight into the origin of the sigmoidal-like growth in NPQ. 
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2.9 Appendix 3: Xanthophyll concentration for low light and high light cells for one 
fluctuating light sequence  

 
The concentration of V in LL-grown N. oceanica decreases throughout the first HL-period as it is 
converted into A and Z, which simultaneously increase in concentration. The [V] stabilizes during 
the dark period while [Z] decreases more noticeably than [A]. In HL-grown cells, the [V] decrease 
more rapidly. The [A] and [Z] are also higher in HL-grown cells. Similar to the LL-grown cells, 
the [Z] is more responsive to the changes in illumination (Figure 2-9).  

 
Figure 2-9. Concentration of V, A, Z for LL- (blue shades) and HL-grown (red shades) cells for 5-10-
5 fluctuating light sequence. Left) [V] (dark blue) decreases through the sequence while [A] (blue) and 
[Z] (light blue) decrease and increase as a function of HL exposure. Right) The trends for V, A, and Z 
are similar in HL-grown N. oceanica. [V] (dark red) is lower while [A] (red) and [Z] (pink) are higher 
than the concentration in LL-grown plants. 95% confidence intervals are represented by error bars 
(n=3). The black boxes at the bottom of each plot represent the dark periods while the white boxes 
represent HL exposure. 

As stated in the main text and seen in Appendix 3 Figure 2-1, while there is some amount of Z 
present before cells are exposed to HL in LL-grown cells, this is not readily available to contribute 
to quenching mechanisms. Since the model equates [Z(t)] with ΔZ, the initial [Z] available to 
incorporate was subtracted from [Z] in both the HL and LL-grown cells to produce ΔZ, which is 
normalized to the total VAZ value. The [Z]0 in LL-grown cells was used to solve for the accessible 
Z as HL- grown cells have a higher initial [Z] and it appears that at least some is available for 
NPQ, suggesting a fraction of Z is free in the membrane to rapidly interact with the quenching 
complex (Figure 2-10). 
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Figure 2-10. ΔZ for LL-grown (blue) and HL-grown (red) normalized by the total VAZ concentration. 
The initial [Z], taken after 30 minutes of dark adaptation, was subtracted from LL-grown Z values. The 
initial [Z] for LL-grown cells was also subtracted from the HL-grown [Z].   
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3.1 Abstract 

 

Efficiently balancing photochemistry and photoprotection is crucial for survival and productivity 

of photosynthetic organisms in the rapidly fluctuating light levels found in natural environments. 

The ability to respond quickly to sudden changes in light level is clearly advantageous. In the alga 

Nannochloropsis oceanica we observed an ability to respond rapidly to sudden increases in light 

level which occur soon after a previous high-light exposure. This ability implies a kind of memory. 

In this work, we explore the xanthophyll cycle in N. oceanica as a short-term photoprotective 

memory system. By combining snapshot fluorescence lifetime measurements with a biochemistry-

based quantitative model, we show that short-term “memory” arises from the xanthophyll cycle. 

In addition, the model enables us to characterize the relative quenching abilities of the three 

xanthophyll cycle components. Given the ubiquity of the xanthophyll cycle in photosynthetic 

organisms the model described here will be of utility in improving our understanding of vascular 

plant and algal photoprotection with important implications for crop productivity. 
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3.2 Introduction 

 

In high-intensity light photosynthetic organisms are unable to utilize all available energy for 

photochemistry. In order to minimize the formation of damaging reactive oxygen species, the 

excess energy is dissipated as heat through non-photochemical quenching (NPQ) pathways1,2. The 

eustigmatophyte alga Nannochloropsis oceanica has a relatively simple NPQ system3,4 in 

comparison to vascular land plants. It consists of two main components: a pH-sensing protein, 

potentially LHCX1, and the xanthophyll cycle. The xanthophyll cycle in N. oceanica is a shared 

feature with higher plants, but this alga lacks additional features like state transitions or pigments 

like lutein and chlorophyll-b5–7. This simplistic nature makes N. oceanica an ideal model organism 

for studying the essential components of NPQ. 

 

The xanthophyll cycle in N. oceanica consists of the same de-epoxidation steps, from violaxanthin 

(V) to antheraxanthin (A) to zeaxanthin (Z), and reverse epoxidation steps, as seen in green algae 

and plants6,8. The enzyme violaxanthin de-epoxidase (VDE), located in the thylakoid lumen, 

converts V to A to Z upon protonation under high-light (HL) stress. Simultaneously, zeaxanthin 

epoxidase (ZEP), which is found in the stroma and thought to be constitutively active, reverses the 

VAZ cycle by epoxidizing Z to A to V9–11 (Figure 3-1). It is now well-established that the VAZ 

cycle correlates with activation of energy-dependent quenching, “qE”, in both N. oceanica3,4 and 

more complex organisms12–14. The fast activating, pH-dependent quenching, qE, in N. oceanica 

also depends on the protein LHCX14. The mechanism of sensing changes in the thylakoid 

membrane pH-gradient and whether or not LHCX1 can bind pigments is still under 

investigation4,15–19, however the vital role of Z together with a pH-sensing protein in qE is widely 

achknowledged8,14. The accumulation of A and Z has been observed to correlate with an increase 

in NPQ throughout a diurnal cycle in plants10,11, and it has been proposed that an additional, slower 

activating and slow deactivating Z-dependent quenching process also operates in the absence of a 

pH-gradient sensing protein, termed “qZ”12,13. However the precise roles of the three xanthophylls 

and the kinetics of their interconversion in NPQ is not well understood, which is surprising given 

the prevalence of this widespread three-state photoprotective system in photosynthetic organisms.  

 

In previous work20, we utilized a simplified kinetic model of the VAZ cycle that did not include 

the intermediate A to understand NPQ in N. oceanica. Despite this simplification, the model gave 

useful insights into the time scales of processes involved in NPQ activation, and it could 

quantitatively predict the quenching response, as well as qualitatively predict changes in V and Z 

concentrations, in response to a variety of regular and irregular light/dark illumination sequences. 

However, when exploring how the response changed when the dark period was progressively 

lengthened, it became clear that N. oceanica has short-term “memory” of previous HL exposure 

which could not be captured by the simplified two-xanthophyll model. This type of memory of 

previous exposure to stressor events, wherein some organisms remain primed for an extended 

period to quickly respond to further stress, has been observed for other stressors such as in drought 

conditions21. Various plant species, including Smilax australis, Monstera deliciosa, Vinca minor, 

and Vinca major, have been shown to possess a long-term memory of growth light conditions, 

which is strongly species dependent. This long-term memory manifests in xanthophyll pool size 

and composition as well as maximum NPQ levels8,22, an effect we also found evidence for 

previously in N. oceanica20. It has also been shown that in phytoplankton and algae possessing a 

simpler two-state xanthophyll cycle, the xanthophylls can act as a long-term memory of growth 
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light conditions23–25. In this work we aim to explore the details of short-term photoprotective 

memory (operating on time scales ≲ 1 hour), complementing existing studies on connections 

between longer-term light exposure memory and the xanthophyll cycle. 

 

We hypothesize that in response to light stress, the VAZ cycle, and the kinetics of the different de-

epoxidation/epoxidation steps, may act as a memory of previous HL exposure26. Specifically, we 

propose that the presence of A in a system could keep plants and algae primed to respond to further 

HL stress, due to the slow rates of transforming A back to V. The role of the partially de-epoxidized 

xanthophyll A in photoprotection has been difficult to investigate directly, however, work on 

plants has suggested that both A and Z correlate with NPQ in plants22,27, but in this work, we also 

aim to further elucidate its role in photoprotection. Previous work has shown the ratio of the rates 

from A → Z to V → A ranges from 4.5–6.3 times faster in various plant species28–30, and the rate 

of epoxidation has been measured to be 1.4 times faster for Z than A11. However precise 

measurements of these rates in N. oceanica and their functional significance in NPQ and short-

term memory of light stress have not been fully explored. 

 

In this work, we aim to fully understand the role of xanthophyll cycle kinetics in photoprotective 

memory by considering the full VAZ cycle in modeling NPQ, and we show that differential rates 

of interconversion between the three xanthophylls are responsible for the multiple timescales of 

photoprotective memory. In a further step towards a comprehensive understanding of NPQ in N. 

oceanica, the full VAZ model allows us to assess the relative quenching abilities of the three 

xanthophylls in the qE process, estimate the relative abundance of quenchers in the thylakoid 

membrane, and also quantify the relative contributions of LHCX1-dependent qE quenching and 

zeaxanthin-dependent qZ quenching in NPQ. In what follows, we start by briefly presenting our 

expanded model, then show how it accurately describes the HL stress responses of N. oceanica, 

and how it encodes the functional role of the VAZ cycle in photoprotection. 

 

3.3 Methods 

 

3.3.1 Algal Growth Conditions 

 

N. oceanica CCMP17796 was obtained from the National Center for Marine Algae and Microbiota 

(https://ncma.bigelow.org/) and cultivated in F2N medium40. Liquid cultures were grown to 2–5 × 

107 cells/mL in continuous light at a photon flux density of 60 μmol photons m−2s−1 at 22 °C or 

room temperature. The knock-out mutants vde and lhcx1 (Ref. 4) were generated using 

homologous recombination of a hygromycin resistance cassette, with the addition of Cas9 RNP 

for lhcx1. Further details of how the mutants were generated will be presented in a separate 

manuscript. 

 

3.3.2 Time-Correlated Single Photon Counting 

 

Time-correlated single photon counting results in a histogram of Chl-a fluorescence decay, which 

is then fit to a biexponential decay function yielding an average lifetime (𝜏̅). Fluorescence lifetime 

measurements were taken every 15 seconds to capture the change in fluorescence lifetimes as a 

function of HL exposure. The amplitude-weighted average lifetime of the Chl-a fluorescence 

decay is converted into a unitless form, like that measured in the conventional pulse-amplitude 
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modulation technique using the following equation: where 𝜏̅(0) and 𝜏̅(𝑡) are the average lifetimes 

in the dark and at any time point t, respectively, during the experiment. 

 

NPQ𝜏 =
(𝜏̅(0) − 𝜏̅(𝑡))

𝜏̅(𝑡)
 

 

An ultrafast Ti:sapphire coherent Mira 900 oscillator was pumped using a diode laser (Coherent 

Verdi G10, 532 nm). The center wavelength of the oscillator was 808 nm with a full width at half 

maximum of 9 nm. After frequency doubling the wavelength to 404 nm with a β-barium borate 

crystal, the beam was split between the sample and a sync photodiode, which was used as a 

reference for snapshot measurements. Three synchronized shutters controlled the exposure of 

actinic light and the laser to the sample as well as to the microchannel plate-photomultiplier tube 

detector (Hamamatsu106 R3809U). The shutters were controlled by a LABVIEW software 

sequence. The detector was set to 680 nm to measure Chl-a emission. During each snapshot, the 

laser and detection shutters were opened, allowing an excitation pulse with a power of 1.7 mW to 

saturate the reaction center for 1 second while the emission was recorded. During HL periods, 

samples were exposed to white light with an intensity of 885 μmol photons m−2s−1 (Leica KL 1500 

LCD, peak 648 nm, FWHM 220 nm) by opening the actinic light shutter. The N. oceanica sample 

was concentrated at 40 μg Chl mL−1. To do this, 1 mL of N. oceanica culture was pelleted for 5 

minutes at room temperature at max speed, flash frozen in liquid nitrogen, thawed at room 

temperature, and broken using FastPrep-24 (MP Biomedicals LLC) at 6.5 m/s for 60 seconds. The 

pellet was flash-frozen and broken two more times. Chlorophyll was extracted from the broken 

cells using 1 mL of 80% acetone, and total chlorophyll in the culture was quantified according to 

Porra et al.41. The culture was then concentrated by centrifuging for 5 minutes at room temperature 

at 3320 g. Samples were dark-acclimated for 30 minutes prior to the experiment and placed in the 

custom-built sample holder on a sample stage. The LABVIEW sequence was altered for each 

regular, irregular, and dark duration sequence run to control exposure to light fluctuations. For the 

NPQτ experiments, three technical replicates were performed for the WT and three for each 

mutant. Two experimental replicates were performed for the 5 HL-T D-5 HL experiments and the 

training data for the model. Only one experimental replicate was performed for the mutants. 

 

3.3.3 High-Performance Liquid Chromatography 

 

Aliquots of N. oceanica in F2N media were taken at various time points during several regular and 

irregular HL/dark duration actinic light sequences. Samples were then flash-frozen in liquid 

nitrogen. After thawing, the samples were pelleted for 5 minutes at 4°C at maximum speed to reach 

a cell count of ~45–60 × 106. The cells were washed twice with dH2O and pelleted at maximum 

speed for 5 minutes. The cells were again flash-frozen and thawed at room temperature followed 

by breaking the cells using FastPrep-24 (MP Biomedicals LLC) at 6.5 m/s for 60 seconds. The 

bead beating step was repeated once before adding 200 μL of 100% cold acetone. The samples 

were centrifuged for 10 minutes (maximum speed, 4°C), and the supernatant was filtered (0.2 μm 

nylon filter) into HPLC vials. The supernatant was separated on a Spherisorb S5 ODS1 4.6- × 250 

mm cartridge column (Waters, Milford, MA) at 30°C. Analysis was completed using a 

modification of García-Plazaola and Becerril42. Pigments were extracted with a linear gradient 

from 14% solvent A (0.1M Tris-HCl pH 8.0 ddH20), 84% (v/v) solvent B (acetonitrile), 2.0% 

solvent C (methanol) for 15 minutes, to 68% solvent C and 32% solvent D (ethyl acetate) for 33 
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min, and then to 14% solvent A (0.1M Tris-HCl pH 8.0 ddH2O), 84% (v/v) solvent B 

(acetonitrile), 2.0% solvent C (methanol) for 19 min. The solvent flow rate was 1.2 mL min−1. 

Pigments were detected by A445 with reference at 550 nm by a diode array detector. Standard 

curves were prepared from isolated pigments. The HPLC peaks were normalized to the total Chl-

a concentration. 

 

3.3.4 Model Details 

 

Each step of the model given in Figure 3-1 is treated as an elementary reaction step in the 12 

species model. As described in our previous work20, we cannot determine from these experiments 

the absolute concentration of VDE, so we replace the VDE species with a dynamical quantity 

𝛼VDE(𝑡) representing the activity of VDE at a time t relative to its maximum possible value. We 

also work in a reduced unit system defined for species B by [B̃] = 𝜏F(0)𝑘qE[B], where 𝜏F(0) is 

the fluorescence lifetime at t = 0. With these reduced variables NPQ𝜏(𝑡) = Δ[QṼ](𝑡) +

Δ[QÃ](𝑡) + Δ[QZ̃](𝑡) + (𝑘qZ 𝑘qE)Δ[Z̃](𝑡)⁄ , where Δ[QX](𝑡) is the change in reduced 

concentration of QX relative to the t = 0 value, and likewise for Δ[Z̃](𝑡). 

 
Figure 3-1. Illustration showing the processes included in the xanthophyll cycle-based model. 

The xanthophyll (X) binds to the protein (P) reversibly to form a protein-xanthophyll complex 

(PX). In response to light this can convert into an active quencher form (QX). When not bound to 

the protein, the xanthophylls interconvert between violaxanthin (V), antheraxanthin (A) and 

zeaxanthin (Z). The activation of the VDE enzyme, which controls the V → A → Z processes, is 

dependent on light conditions, which alter the ratio of the active VDE enzyme (VDEa) and its 

inactive from (VDEi). The light-sensitive steps in the model are highlighted in yellow. The species 

responsible for quenching, the QX complexes in qE and pool Z in qZ, are also indicated by red 

arrows. 
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The model parameters were fitted by minimizing the sum of square differences between the model 

NPQτ and the experimental NPQτ for the 5 HL-9 D-5 HL, 5 HL-15 D-5 HL, 3 HL-1 D-1 HL-3 D-

9 HL-3 D, 1 HL-2 D-7 HL-5 D-1 HL-2 D, 2 HL-2 D sequences. Parameters for the VAZ 

interconversion steps were estimated from a least squares fit of a reduced model, which is a simple 

first-order kinetic model with activation of the VDE enzyme, to the HPLC data (this is detailed in 

the SI). In the rest of the parameter fitting these parameters were constrained to only vary by 50%. 

Additionally, to reduce the number of free parameters, the forward and backward binding rate 

constants 𝑘PX.f and 𝑘PX,b, and the activation rate to form QX, 𝑘QX
light/dark

= 𝑘QX,f
light/dark

+

𝑘QX,b
light/dark

, were set to be independent of the species X. This way the equilibrium constant KQX 

is the only parameter in the model controlling the quenching capacity of each xanthophyll. The 

remaining parameters were fitted first using Matlab’s “globalsearch” function from an initial guess 

based on our previous model. This was then refined using the “patternsearch” algorithm. Errors in 

the fitted parameters were estimated by bootstrapping the experimental time series 1000 times. 

The conversion factor from reduced units to the mmol/mol Chl units the HPLC data are reported 

in was found using a simple least squares fit between the experimental HPLC and model Δ[X]tot 

values shown in Figure 3-2. Full details of the model kinetic equations and the full parameter set 

are given in the SI. 
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Figure 3-2. Experimental HPLC data for the change in xanthophyll concentration. Δ[X] as a 

function of time for four HL exposure sequences: A 5 HL- 10 D- 5 HL, B 1 HL- 4 D- 7 HL- 5 D- 

1 HL- 2 D, C 10 HL- 10 D, D 1 HL-1 D (yellow shaded regions indicate the HL phases). 

Experimental results are shown as points and model predictions are shown as solid lines. 

Predictions correspond to the total xanthophyll concentrations, Δ[X]tot = Δ[X] + Δ[PX] + Δ[QX]. 
Experimental error bars (shaded regions) correspond to two standard errors of the mean (from n = 

3 technical replicates). RMSD (root mean square deviations) in the fits are A RMSDV = 11.2, 

RMSDA = 8.6, RMSDZ = 11.5 B RMSDV = 6.8, RMSDA = 11.5, RMSDZ = 3.1 C RMSDV = 14.6, 

RMSDA = 9.5, RMSDZ = 8.4, and D RMSDV = 11.7, RMSDA = 11.6, RMSDZ = 10.7 all in mmol/ 

mol Chl a. 
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3.4 Results  

 

3.4.1 Kinetic model of xanthophyll-mediated photoprotection 

 

Motivated by measurements of xanthophyll concentrations and NPQ in response to light exposure 

(as presented in the next section), we have developed a new model for the coupled LHCX1-

xanthophyll cycle photoprotection system in N. oceanica, as is summarized schematically in 

Figure 3-1. Before presenting any results, we briefly summarize the features of the model (details 

of the kinetic equations are given in the SI). In the predecessor to this model20, we neglected several 

important features that are included in the new model presented here, such as the intermediate A, 

which we will show plays an essential role in photoprotective memory, and the capability of each 

xanthophyll to act as a quencher, facilitated by LHCX1, which will be important for understanding 

the immediate response of N. oceanica to light stress. Furthermore, we will show that the new 

model can quantitatively describe xanthophyll concentrations in cells, enabling us to estimate the 

absolute abundance of quenching sites in N. oceanica and estimate its absolute quenching rate.  

 

Overall the model involves 12 chemical species: the protein P, the three “pool” xanthophylls X = 

V, A, and Z, three xanthophyll-bound complexes PX in the non-quenching state and three in the 

quenching state QX, and the active (protonated) VDEa and inactive (unprotonated) VDEi forms 

of the VDE enzyme. Within the model, the protein P, binds the xanthophylls, X = V, A, Z, 

reversibly to form a complex PX. For simplicity, we assume a single labile xanthophyll binding 

site per P, which we have found is sufficient to interpret the available experimental data. This PX 

complex is activated under HL conditions to reversibly form an active quencher, establishing the 

PX⇌QX equilibrium, which we assume arises due to protonation and conformational changes. 

Previous work has identified LHCX1 as an essential component in activating the protein P, in the 

“qE” quenching mechanism4,11,20, although the actual active quencher PX/QX could involve other 

proteins, especially since it is not known if LHCX1 binds pigments, and alternatively, LHCX1 

may just induce the conformational changes in P to activate quenching. Thus the precise identity 

of PX/QX is open to interpretation. The total fluorescence decay rate 𝜏F(𝑡)−1 of chlorophylls in 

the membrane at a given time in the experiment t is assumed to be related linearly to the 

concentration of the QX species, 

 
1

𝜏F(𝑡)
=

1

𝜏F,0
+ 𝑘qE([𝑄𝑉](𝑡) + [𝑄𝐴](𝑡) + [𝑄𝑍](𝑡)) + 𝑘qZ[𝑍](𝑡), 

 

where 1/τF,0 is the intrinsic fluorescence decay rate of chlorophyll (arising from both the dominant 

non-radiative and minor radiative pathways), and 𝑘qE is the quenching rate constant for the QX 

complexes that mediate the LHCX1 and ΔpH-dependent qE quenching. We also incorporate 

zeaxanthin-dependent quenching, qZ, into the model by adding a quenching contribution that 

solely depends on the concentration of zeaxanthin in the “pool”. The quenching rate constant for 

Z is denoted 𝑘qZ. We assume that qE and qZ mechanisms are non-radiative, dissipating chlorophyll 

excitation energy as heat into the environment. From this we can obtain the experimentally 

measured NPQτ = (𝜏F(0) − 𝜏F(𝑡))/𝜏F(𝑡). We assume that whilst the extent to which PX converts 

to QX under HL conditions is dependent on X, the quenching rate of each complex in the 

chloroplast is the same. With the available NPQτ data, we found that it is not possible to ascertain 

whether the differences in total quenching capacity of the different QX species arise due to 
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differences in quenching rate, or the positions of the PX ⇌ QX equilibrium under HL conditions. 

Therefore, for simplicity, we treat the quenching rate 𝑘qE as being identical for all QX, and we 

also assume that the equilibrium constant for this process is zero in the dark. 

 

The interconversion of the xanthophylls is assumed to occur after unbinding of X from P, PX ⇌
P + X. The X species in the model should be regarded as X in the pool of xanthophylls not bound 

to P. For example, X could be bound to other light-harvesting proteins from which it can unbind 

rapidly and reversibly. The xanthophylls in the pool can be de-epoxidized sequentially, from 𝑉 ⟶
𝐴 and then 𝐴 ⟶ 𝑍, by VDEa, where the maximum turnover rate for the VDE enzyme is different 

for the two de-epoxidation steps. VDE is assumed to interconvert between VDEa and VDEi forms 

depending on light conditions. We model this as a simple two-state equilibrium with first-order 

rate laws for the activation and deactivation. We also treat the epoxidation steps as sequential, first 

from 𝑍 ⟶ 𝐴 then from 𝐴 ⟶ 𝑉, and we assume that each epoxidation by the ZEP enzyme can be 

treated as a first-order rate process, with different epoxidation rates for Z and A. 

 

3.4.2 Dynamical response of xanthophyll concentrations to light stress 

 

In order to investigate the response of the xanthophyll cycle to fluctuating light conditions, we 

have measured the changes in concentrations of these pigments in N. oceanica in response to four 

sequences of high-intensity light exposure: 5 HL- 10 D- 5 HL, 1 HL- 4 D- 7 HL- 5 D- 1 HL- 2 D, 

10 HL- 10 D, and 1 HL-1 D, where HL denotes high light, D denotes darkness, and numbers 

indicate the duration of the exposure in minutes. The HPLC data showed a significant fraction of 

xanthophylls, particularly V, that remained constant over the time scale of the experiment, which 

we believe corresponds to xanthophylls strongly bound to proteins other than LHCX1. The 

samples were dark-acclimated for 30 min prior to HL exposure to ensure minimal initial amounts 

of A and Z. Figure 3-2 shows the change in VAZ cycle carotenoids relative to their initial dark-

acclimated values (at t = 0), i.e. Δ[X] = [X](𝑡) − [X](0) and [X](𝑡) is the total concentration of X 

at t. The experimental data show that Δ[A] was greater than Δ[Z] during HL exposures; Δ[A] 

remained relatively constant during dark periods (Figure 3-2), which shows a more rapid 

dynamical response to reduction in light exposure. In the 5 HL- 10 D- 5 HL sequence (Figure 3-

2A), during the 10-minute dark period Δ[Z] decreased almost entirely back to its dark-acclimated 

value whilst Δ[A] remained constant for the first five minutes of darkness before it began to 

diminish. Both Δ[A] and Δ[Z] increased in response to the second HL exposure, and the rate of Z 

accumulation was greater than during the first HL period. Similarly in the 10 HL-10 D sequence 

(Figure 3-2C), Δ[A] remained at a constant level compared to Δ[Z], which decreased more rapidly 

back to its dark-acclimated concentration. In the 5 HL- 10 D - 5 HL and 10 HL-10 D sequences, 

there was a small amount of continued accumulation of A and Z in the first dark phase for ~1 min, 

indicating a delayed deactivation of the de-epoxidation process, as we found previously in 

modeling the NPQτ response of N. oceanica20. 

 

Rate constants for xanthophyll interconversion in the model were parameterized based on a 

reduced form of the full model, fitted to the experimental HPLC data, as detailed in the 

Supplementary Information (Sec. 2). The full model predictions for the HPLC data are also shown 

in Figure 3-2, where we see the model mostly predicts the HPLC data within the experimental 

fluctuations, although in the 1 HL- 4 D- 7 HL- 5 D- 1 HL- 2 D sequence the model slightly 

overestimates Δ[A] and Δ[Z] after 1 min of light exposure (it should be noted that the fluctuations 
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in xanthophyll concentrations in Figure 3-2D do not correlate with the periodicity of light exposure 

on close inspection). In Table 1 we summarize the maximum rates for the de-epoxidation 

processes, defined as 𝑘X→X′[VDEa]max
light/dark

, and the epoxidation rates in the light and dark phases, 

and the rate constant for activation/deactivation (i.e. formation of VDEa from VDEi). We see that 

VDE activity increases by a factor of around 1000 in HL conditions, and that the VDE de-

epoxidizes A slightly faster than V, although the difference is small. Conversely for the 

epoxidation we see that Z is epoxidized nearly twice as fast as A. In our model, we find that the 

VDE enzyme takes just over 1 min to activate and deactivate in both the light and dark phases, 

which is consistent with the continuing increase in A and Z concentrations observed at the start of 

the dark phases in the HPLC experiments. 

 

Table 1. Rate constants for xanthophyll interconversion steps for the full VAZ model 

Rate Constants (min-1) HL Conditions Dark Conditions 

𝑘V→A,max 0.092 ± 0.02 (9.1 ± 6.2) × 10−5 

𝑘A→Z,max 0.14 ± 0.05 (1.4 ± 1.0) × 10−4 

𝑘Z→A (8.5 ± 3.0) × 10−2 (8.5 ± 3.0) × 10−2 

𝑘A→V (5.1 ± 2.8) × 10−2 (5.1 ± 2.8) × 10−2 

𝑘VDE 1.3 ± 0.8 1.0 ± 0.75 

𝑘X→X′,max is defined as 𝑘X→X′[VDEa]max
light/dark

, where [VDEa]max
light/dark

 is the maximum concentration 

of VDEa light/dark conditions. 𝑘VDE = 𝑘VDE,f + 𝑘VDE,b is the rate constant for activation/deactivation 

of VDE, such that in a light/dark phase [VDEa] changes according to [VDEa](𝑡) − [VDEa](𝑡0) =
([VDEa]max − [VDEa](𝑡0))e−𝑘VDE(𝑡−𝑡0). Errors given are two standard errors in the mean from 

bootstrapping.  

 

3.4.3 Modeling NPQ response of N. oceanica to light exposure 

 

Time-correlated single photon counting (TCSPC) experiments were also performed on N. 

oceanica to measure NPQτ in response to sequences of HL/dark exposure. In addition to 20-minute 

regular and irregular light sequences that were utilized in previous work20, seven new HL/dark 

cycles were utilized to ascertain how long algae retain their “photoprotective memory” of previous 

HL exposure. The sequences had increasing dark durations (T = 1, 5, 9, 10, 12, 15, 20 min) between 

two five-minute HL periods. The model was employed to describe NPQτ dynamics of N. oceanica 

in response to various HL/dark exposure sequences, with parameters determined by fitting a subset 

of the NPQτ sequences, namely the 5 HL-9 D-5 HL, 5 HL-15 D-5 HL, 3 HL-1 D-1 HL-3 D-9 HL-

3 D, 1 HL-2 D-7 HL-5 D-1 HL-2 D, 2 HL-2 D sequences [Figure 3-3C, F, H, J]. Further details of 

this fitting procedure are given in the Methods section and Supplementary Information (Sec. 1). 
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Figure 3-3. Experimental NPQτ data (black) together with the model predictions for the 

NPQτ (blue) for various sequences of HL exposure/darkness for N. oceanica. Yellow regions 

indicate HL phases of the experiments. Error bars correspond to two standard errors in the NPQτ 

measurements (from n = 3 technical replicates). A–G show data and model predictions for the 5 

HL-T D- 5 HL sequences and H–J show three additional sequences, where HL denotes HL 

exposure and D denotes darkness, with number indicating the exposure time in min. RMSD values 

for the fits are A 0.174 (n = 3), B 0.370 (n = 3), C 0.036 (n = 3), D 0.190 (n = 3), E 0.099 (n = 3), 

F 0.062 (n = 3), G 0.081 (n = 3), H 0.185 (n = 3), I 0.121 (n = 3), J 0.193 (n = 3). 

 

The experimental NPQτ data are shown in Figure 3-3. We see rapid NPQ activation and 

deactivation in response to changes in light levels, occurring on a timescale of <1 min, together 

with a slower increase in NPQτ during light exposure. The rapid component of NPQτ activation 

and deactivation arising from the pH-sensing protein corresponds to the equilibration rate for the 

PX equilibrium in the model, given by 𝑘QX
light/dark

= 𝑘QX,f
light/dark

+ 𝑘QX,b
light/dark

. This equilibration 

rate is 2.1 min−1 under light conditions and 4.7 min−1 in the dark which gives an activation time of 

29 s and a deactivation time of 13 s. Experimental data for the 5 HL-T D-5 HL sequences, Figure 

3-3A–G, show how NPQτ recovers after various dark durations, directly probing the 

photoprotective memory of N. oceanica. The NPQτ component recovered to its value at the end 

of the initial light period (t = 5 min) within 1 min upon secondary light exposure when dark 

durations were up to T = 5 min, and even with a 20 min dark duration, the NPQτ recovered within 

3 min. 

In addition to the HPLC Δ[X]tot data in Figure 3-2, the model is able to predict the average NPQτ 

levels for all the sequences as shown in Figure 3-3, including sequences other than those in the 

training datasets. Differences between the model predictions and experiments were generally 
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comparable to the variability between experimental runs. For example, at the end of the first five 

minutes of light exposure, NPQτ in the 5 HL- T D- 5 HL sequences (Figure 3-3A–G) the 

experimental NPQτ varies between around 0.8 and 1.4, although some discrepancies may be 

attributed to shortcomings of the model. Specifically the over-prediction of NPQτ for the 1 HL-2 

D-7 HL-5 D-1 HL-2 D, 2 HL-2 D sequence [Figure 3-3J] in the second light phase could be 

attributed to VDE activating too fast, as is seen in both the HPLC data and modeling [Figure 3-

2B]. 

 

In the model, the position of the PX ⇌ QX equilibrium under HL conditions determines how well 

each of the xanthophylls can act as a quencher in qE. The maximum fraction of P-bound X that 

can exist in the QX state under HL conditions, denoted 𝑞𝑋, determines the quenching capacity of 

each xanthophyll within our model. This can be expressed as 

 

𝑞X =
𝐾QX

light

1 + 𝐾QX
light

 

 

Where 𝐾QX
light

 is the equilibrium constant for the PX ⇌ QX process under HL conditions determined 

from fitting the model to the experimental data. In Table 2 we list these values for our model under 

light and dark conditions, obtained from fitting the model to the experimental NPQτ curves. From 

the 𝑞X values we find that A is approximately three times more effective as a quencher than V, and 

Z is nearly 10 times more effective than V. From the model we can also quantify the relative 

contributions of qE and qZ to the overall quenching, by the ratio of 𝑘qZ to 𝑘qE, which is found to 

be𝑘qZ 𝑘qE⁄ = 0.026 ± 0.005. 

 

Table 2. Quenching capacity, qX, for each of the xanthophylls 

X Violaxanthin Antheraxanthin  Zeaxanthin  

qX 0.10 ± 0.02 0.28 ± 0.08 0.92 ± 0.05 

Errors given are two standard errors in the mean.  

 

3.4.4 NPQ in N. oceanica mutants 

 

To further test the model, we have modified the wild type (WT) N. oceanica parameterized model 

to predict the NPQτ response of two N. oceanica mutants: the vde and lhcx1 mutants. The NPQτ 

response of the vde mutant, which has VDE knocked out preventing the accumulation of Z, was 

modeled utilizing parameters obtained from the WT model with 𝑘V→A and 𝑘A→Z to zero. The NPQτ 

response was measured for three HL/D sequences, shown in Figure 3-4A–C together with model 

predictions. Even in the absence of A and Z, NPQτ increases near-instantaneously to around 0.3 

in response to light, demonstrating the relevant role of LHCX1 in the vde mutant. However, 

because of V’s low quenching capacity, the NPQτ response is significantly smaller than that seen 

in WT, and there is no steady increase of NPQτ over the duration of the experiment, unlike in the 

WT N. oceanica. The model captures the NPQτ response of the vde mutant remarkably well, 

despite not being parameterized with these data. 

 

We have also modeled the NPQτ response of the lhcx1 mutant, in which LHCX1 is not expressed 

and only zeaxanthin-mediated qZ quenching operates. This was modeled by simply setting 
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[P]tot = 0, removing the qE quenching process, while holding the total xanthophyll concentration 

constant. The experimental NPQτ data and model predictions are shown in Figure 3-4D–F, where 

we see the model accurately captures the slow rise of NPQτ in the light phases, arising from the 

build-up of Z during light exposure, and the slower decay in the dark phases due to slow 

epoxidation of Z. The success of the model in predicting the NPQ response of the lhcx1 mutant 

strongly supports the interpretation of the kinetic model species “P” as involving or at least 

requiring LHCX1 to function. 

 

 
Figure 3-4. NPQτ responses measured for the vde mutant (black) together with model 

predictions (blue) for three sequences of light/dark exposure. Error bars correspond to two 

standard errors in the NPQτ measurements (from n = 3 technical replicates). Light/dark sequences: 

A 1 HL-2 D-7 HL-5 D-1 HL-2 D (n = 2), B 10 HL-10 D (n = 2), and C 2 HL-2 D (n = 3) × 5. D–F 

NPQτ responses were measured for the lhcx1 mutant (black) together with model predictions (blue) 

for three sequences of light/dark exposure. Light/dark sequences: A 1 HL-2 D-7 HL-5 D-1 HL-2 

D (n = 2), B 10 HL- 10 D (n = 3), and C) 2 HL-2 (n = 3) D × 5. RMSD for the model predictions 

are A 0.134, B 0.136, C 0.118, D 0.227, E 0.139, F 0.142. 
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3.5 Discussion 

 

Our combined experimental and kinetic model results suggest that photoprotective memory in N. 

oceanica can be explained qualitatively with a simple three-state model. The three-state system 

should consist of a poor quencher (V), a modest quencher (A), and a good quencher (Z). After a 

sample has sufficiently accumulated the good quencher, during brief dark/low-light periods, Z 

remains before being converted back to the modest quencher (A), acting as short-term memory. 

However, during extended dark durations, Z will be converted almost entirely to A. Whilst A is 

also converted back to V, the A → V transition occurs at a slower rate such that during another HL 

exposure occurs, the Z pool can form more rapidly from the reservoir of A. We can also see this 

dynamic represented in the HPLC data (Figure 3-2). By adding the intermediate step in the VAZ 

cycle, the model not only more accurately reflects the biochemical processes but also allows for 

the short-term photoprotective memory, over time scales between 1 min to ~30 min, to be modeled 

and understood. 

 

From our experiments and modeling, we have also been able to determine the relative quenching 

capacities of the different xanthophylls. We find that V facilitates a weak but rapid response to 

changes in HL. The vde mutant demonstrates that even without an effective quencher like Z, there 

is still an NPQτ response to fluctuating light. In very short bursts of HL, V may act as the main 

quencher where the switch between its roles in photochemistry and photoprotection is determined 

by the pH gradient, as suggested previously31. 

 

As the intermediate step in the VAZ cycle, A’s role as a potential quencher in qE is often 

overlooked. With a quenching capacity of around 30%, it is 3.5 times less efficient than Z (95%) 

at dissipating excess energy. However, it plays a crucial role in photoprotection in facilitating NPQ 

recovery after long dark durations. In Figure 3-5 we show a breakdown of the NPQτ response 

predicted by the model for the 5 HL-10 D-5 HL sequence, where we see at short times the main 

quencher in qE is actually V complexed with LHCX1, with contributions from A emerging at t = 

1 min and Z at t = 2 min. After light exposures of more than 2 min, Z functions as the primary 

quencher, with small, but not insignificant, contributions from V and A. Whilst LHCX1-dependent 

qE makes the largest contribution to NPQτ, qZ also makes a small contribution, and within the 

model, this is the sole contributor to the long-lived NPQτ response in the dark. Even for very long-

time light exposure, the model predicts that LHCX1-dependent qE dominates over qZ, with qZ 

making up only ~23% of the total NPQτ in this limit, whilst the LHCX1-Zeaxanthin qE accounts 

for the majority (~75%) of the limiting NPQτ. It should be noted that this limit is based on 

extrapolating the model to light exposure times beyond those that we have investigated, which 

may not be reliable, and we also expect the relative contributions of qE and qZ to depend strongly 

on species and growth conditions, as has been found in studies of plants22,32,33. We have not 

suggested a microscopic model for the qZ process, although in the SI, Sec. 4, we show how a 

quenching process depending on some other zeaxanthin binding protein (or protein complex) P’ 

would be consistent with our simple model. Zeaxanthin binding to some other protein could 

activate qZ by directly quenching excitation energy, potentially via charge transfer, or inducing 

conformational changes in the protein that promote other quenching mechanisms34–36. 

An essential element of the three-state photoprotective memory system observed in N. oceanica is 

the kinetics of xanthophyll cycle, which together with the quenching capacities of the xanthophylls 

creates an effective photoprotective system. Upon the first exposure to light, NPQ activation is 
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limited by moving through two steps before Z, the primary quencher, is accumulated, where VDE 

activation and the V → A step (with a half-life of ~7 min) control the initial rate of NPQ activation. 

Z may still function as a moderate quencher in the dark through qZ, so fast conversion of Z → A  

by ZEP (half-life ~8 min) in the dark is necessary to facilitate efficient photosynthesis under low-

light conditions. The slower kinetics of A → V in the dark (with a half-life ~20 min) enables A to 

function as a buffer, facilitating rapid NPQ reactivation if light levels fluctuate again to damaging 

levels. The fast A → Z conversion by VDE on light exposure (with a half-life of ~4 min) also plays 

an essential role in photoprotective memory by enabling the buffer of A to be rapidly converted to 

an active quencher. Previous work in plants found the rate of de-epoxidation of A to be about 4 

times faster than that of V28–30, which is a much larger difference compared to the de-epoxidation 

rates that we have found, with de-epoxidation of A being only about 1.5 times faster than that of 

V. However, VDE activity is influenced by the thylakoid lumen acidity, availability of ascorbate, 

and potentially unique species-specific differences, any of which could explain this discrepancy. 

Furthermore, because VDE is not active in the dark, the relative activity of ZEP on Z and A is far 

more relevant to photoprotective memory than the relative activity of VDE on V and A. On top of 

the slower time scale kinetics of the VAZ cycle, which control the maximum quenching capacity 

of the system, very rapid responses to light fluctuations, on time scales of around 1 min or less, 

are facilitated by protonation and subsequent conformational changes of the quenching protein 

which binds the xanthophylls. 

 

From the model, we can directly probe how the total A and Z concentrations vary during the 5 HL-

T D- 5 HL sequences to demonstrate the functional role of xanthophyll cycle kinetics in 

photoprotective memory. Here we show in Figure 3-5 the model NPQτ and the total A and Z 

concentrations normalized by their values at t = 5 min. For very short dark phase (T = 1 min, Figure 

3-5B) Z continues to accumulate (due to the finite deactivation time of VDE in our model), acting 

as short-term light exposure memory and the NPQτ recovers very rapidly upon re-illumination. 

For intermediate and longer lengths of dark duration (T = 10 min, Figure 3-5C and T = 20 min, 

Figure 3-5D), the quencher Z decreases but A remains steady, presumably acting as a buffer, and 

thus as a short-term memory for excess light exposure and facilitating a fast response to HL in the 

second light phase. In these cases, the NPQτ response in the second HL phase correlates most 

strongly with the A concentration, and not the Z concentration. In the Supplementary Information, 

Figure 3-S2, we show the experimental and model NPQτ recovery, averaged over the first minute 

of HL, in the second light phase for the 5 HL-T D- 5 HL sequences, as a function of dark duration 

T. From this we have extracted (see Supplementary Information Sec. 2 for details) an NPQτ 

memory time scale of ~22 min, which matches the model A → V time scale given by 1 𝑘A→V⁄ =
19.9 min. This strongly suggests that antheraxanthin acts as a short-term memory for light 

exposure, with the A → V step of the xanthophyll cycle controlling the effective memory time 

scale. It has previously been observed that xanthophyll composition correlates with 

photoprotection, long- and medium-term light-exposure memory, and light levels during growth 

in plants8,33, phytoplankton23,24 and algae25. We can now however add to this picture that the 

kinetics of the xanthophyll cycle also plays an important role in short-term photoprotective 

memory. 

 



66 

 
Figure 3-5. Contributions of each xanthophyll to the total NPQτ. A Contributions of each 

xanthophyll to the total NPQτ as predicted by the model as a function of time for the 5 HL- 10 D-

5 HL sequence. B–D NPQτ, [A]tot = [A] + [PA] + [QA], and [Z]tot = [Z] + [PZ] + [QZ], predicted 

by the model for three 5 HL-T D-5 HL sequences of light/dark exposure: B T = 1 min, C T = 10 

min and D T = 20 min. 

 

One important quantity we can estimate from this study is the lifetime of Chl-a excitations on the 

active quenching complexes QX. Firstly from the HPLC data and model we obtain an estimate of 

the total concentration of P (possibly LHCX1 or LHCX1 in a complex with other proteins) in the 

system as ~0.6 mmol/mol Chl. Assuming roughly ten Chl-a molecules per light-harvesting protein, 

this means the species P makes up ~1 in 30 light-harvesting proteins in N. oceanica. Using this 

ratio of P to the other light-harvesting proteins and assuming excitation energy diffusion between 

proteins is faster than quenching, we can estimate the lifetime of Chl-a* on the active quenchers 
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to be less than ~10 ps (further details of this calculation are given in the SI, Sec. 4). This 

approximate time scale is roughly consistent with the quenching time scale in HL acclimated N. 

oceanica observed in transient-absorption experiments of ~8 ps4 (especially given the simplifying 

assumptions we use to deduce our estimate). Recent work has suggested that quenching can be 

limited by excitation energy redistribution within and between light-harvesting proteins35,37,38, so 

the actual quenching process (likely either excitation energy transfer or charge transfer 

quenching4) may need to occur on an even shorter time scale than this estimate. 

 

Overall in this work, we have presented a model of xanthophyll cycle mediated non-photochemical 

quenching in N. oceanica, which can both accurately describe the short and intermediate timescale 

NPQτ responses of N. oceanica to HL stress and the accompanying changes in xanthophyll 

concentrations. Employing a combination of experiments and modeling we have developed a 

deeper understanding of the photoprotective roles of the xanthophylls together with LHCX1. From 

this, we have suggested a three-state model for short time scale photoprotection in N. oceanica, 

where the zeaxanthin-LHCX1 system acts as the primary quencher, with antheraxanthin acting as 

a short-term “memory” of HL stress capable of facilitating rapid response to fluctuations in light 

levels, and V deactivating quenching under low-light conditions. This adds to the established 

picture of xanthophyll composition correlating with long-term memory of light-exposure22. 

Although we cannot conclusively identify the qE quencher, PX/QX, we can say that LHCX1 is an 

essential component of this system. We have also been able to estimate the chlorophyll excitation 

lifetime on active quenching proteins as less than ~10 ps, as well as the relative abundance of 

quenchers in the thylakoid membrane. Evidence for zeaxanthin-dependent but LHCX1-

independent “qZ” quenching has also been found, although its contribution to NPQ appears to be 

much smaller than that of LHCX1-dependent “qE” quenching. However, the proportion of qE or 

qZ contributions is going to vary depending on the species39. In order to implement a similar model 

of NPQ for use in vascular plants, more components need to be incorporated such as quenching 

due to lutein and state transitions5–7, which are not present in N. oceanica. However, we believe 

the model presented here provides a basis for building a quantitative model of NPQ responses for 

plants and other photosynthetic organisms, which are mediated by the same xanthophyll cycle. 
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3.6 Supplementary Information 

 

 

I. Further Model Details 

The kinetic scheme for our VAZ cycle based model of non photochemical quenching in Nanno is 

given explicitly here 

 

 
Each step is treated as an elementary rate process in constructing kinetic equations for the chemical 

species. The full set of kinetic equations is therefore 

 
d

d𝑡
[X] = −𝑘PX,F,eff[X][P] + 𝑘PX,b[PX], for X = V, A, Z (6) 

d

d𝑡
[PX] = 𝑘PX,F,eff[X][P] − 𝑘PX,b[PX] − 𝑘

QX,F,eff

light
dark [PX] + 𝑘

QX,b

light
dark[QX], for X = V, A, Z (7) 

d

d𝑡
[QX] = 𝑘

QX,F,eff

light
dark [PX] − 𝑘

QX,b

light
dark[QX], for X = V, A, Z (8) 

d

d𝑡
[P] = − ∑ 𝑘PX,F,eff[X][P]

X=V,A,Z

+ ∑ 𝑘PX,b[PX]

X=V,A,Z

 (9) 

d

d𝑡
[V] = −𝑘V→A[VDEa][V] + 𝑘A→V[A] (10) 

d

d𝑡
[A] = 𝑘V→A[VDEa][V] − 𝑘A→V[A] − 𝑘A→Z[VDEa][A] + 𝑘Z→A[Z] (11) 

d

d𝑡
[Z] = 𝑘A→Z[VDEa][A] + 𝑘Z→A[Z] (12) 

d

d𝑡
[VDEa] = −

d

d𝑡
[VDEi] = 𝑘

VDE,F,eff

light
dark [VDEi] − 𝑘

VDE,b

light
dark [VDEa] (13) 

 

The light/dark labeled rate constants take different values depending on the light conditions at a 

time t in a given sequence of HL/D exposures i.e. 

 

𝑘
light
dark ≡ 𝑘

light
dark(𝑡) = {

𝑘light, if HL at time 𝑡

𝑘dark, if D at time 𝑡.
 (14) 
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There is some parametric redundancy in fitting the model to NPQτ and HPLC data, specifically 

the model is independent of scaling [VDE]tot → 𝛾[VDE]tot, 𝑘V→A → (1 𝛾⁄ )𝑘V→A and 𝑘A→Z →
(1 𝛾)𝑘A→Z⁄ . As such we only work explicitly with the activity of VDE as a dynamical variable, 

 

𝛼VDE(𝑡) =
[VDEa]

[VDEa]eq
light

, (15) 

 

2here [VDEa]eq
light

 is the equilibrium concentration of VDEa under light conditions, and we fit the 

maximum de-epoxidation rates, 𝑘V→A,max = 𝑘V→A[VDEa]eq
light

 and 𝑘A→Z,max = 𝑘A→Z[VDEa]eq
light

, 

and the response rate 𝑘VDE

light

dark = 𝑘
VDE,f

light

dark + 𝑘
VDE,b

light

dark . Overall the equation for 𝛼VDE(𝑡) is 

 

d

d𝑡
𝛼VDE(𝑡) = 𝑘VDE,eq

light
dark − 𝑘VDE,eq

light
dark (𝛼VDE(𝑡) − 𝛼VDE,eq

light
dark ) (16) 

 

where 𝛼VDE,eq
light

= 1 and 𝛼VDE,eq
dark = [VDEa]eq

dark [VDEa]eq
light

⁄ . 

 

As stated in the methods section, we work in reduced variables given by [B̃] = 𝜏𝐹(0)𝑘qE[B], where 

𝜏𝐹(0) is the fluorescence lifetime at t = 0 and 𝑘qE is the quenching rate associated with the QX 

species. With this total NPQτ is given by  

 

NPQ𝜏(𝑡) =
𝜏𝐹(0) − 𝜏𝐹(𝑡)

𝜏𝐹(𝑡)
= 𝜏𝐹(0)(𝜏𝐹(𝑡)−1 − 𝜏𝐹(0)−1) (17) 

NPQ𝜏(𝑡) =  𝜏𝐹(0)𝑘qE (Δ[QV](𝑡) + Δ[QA](𝑡) + Δ[QZ](𝑡) +
𝑘qZ

𝑘qE
Δ[Z](𝑡)) (18) 

NPQ𝜏(𝑡) = Δ[QṼ](𝑡) + Δ[QÃ](𝑡) + Δ[QZ̃](𝑡) +
𝑘qZ

𝑘qE
Δ[Z̃](𝑡) (19) 

 

In order the model the Vde mutant NPQτ we account for the fact that the model predicts different 

fluorescence lifetimes for the WT and vde mutant, 

 

NPQ𝜏
𝑣𝑑𝑒(𝑡) =

1

1 − [QṼ]
𝑣𝑑𝑒

(0) + ∑ [QX̃]
WT

(0) + (𝑘qZ 𝑘qE⁄ )[Z̃]WT(0)X

Δ[QṼ]
𝑣𝑑𝑒

(𝑡). (20) 

 

We find the correction factor to be almost exactly 1 (1.000006), which agrees with the very similar 

fluorescence lifetimes of vde and WT species in the initial dark period of the experiments. 

 

In fitting the model parameters we set the rate constants for the P+X binding and unbinding to be 

independent of the xanthophyll, and we also set the 𝑘QX
light/dark

= 𝑘QX,f
light/dark

+ 𝑘QX,b
light/dark

 to be the 

same for all three xanthophylls. This reduces the number of free parameters and ensures that the 

only parameter controlling the efficacy of the xanthophylls as quencher is the equilibrium constant 
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for the PX ⇌ QX of a given xanthophyll. The parameters treated explicitly as free parameters are 

those given in Table I. The kinetic equations for the model were solved using the “ode23s” solver 

in Matlab. Model parameters were fit to minimize the least squares difference between the model 

and experimental NPQτ 

 

ℒ = ∑ (𝑁𝑃𝑄𝜏
model(𝑡𝑖; 𝑠) − NPQ𝜏

exp(𝑡𝑖; 𝑠))
2

𝑠,𝑖

(21) 

 

Where s labels the sequences used in the fitting procedure: the 5 HL- 9 D- 5 HL, 5 HL- 15 D- 5 

HL, 3 HL- 1 D- 1 HL- 3 D- 9 HL- 3 D, 1 HL- 2 D- 7 HL- 5 D- 1 HL- 2 D, 2 HL- 2 D sequences. 

The parameters were fitted first using Matlab’s “global search” function from an initial guess based 

on our previous model and HPLC data fits (described below). This was then refined using the 

“patternsearch” algorithm. Errors in the fitted parameters were estimated by bootstrapping the 

experimental data 1000 times and all reported errors are two standard deviations in the mean of 

the bootstrapped parameter distributions.  

 

II. Reduced Model for HPLC Data 

 

In order to obtain first estimates of the xanthophyll epoxidation/de-epoxidation rates, we fitted the 

HPLC data directly to a reduced version of the full. We obtain this reduced model by assuming the 

binding/unbinding time-scales and PX ⇌ QX time-scales are fast compared to the xanthophyll 

interconversion. With this we can invoke a quasi-equilibrium approximation for the P,X,PX and 

QX species. 

[QX] ≈ 𝐾
QX

light
dark[PX] (22) 

[PX] ≈ 𝐾PX[P][X]. (23) 

 

With this we find the pool X concentration is  

[X] ≈
1

1 + 𝐾PX,eff[P]
[X]tot (24) 

𝐾PX,eff = (1 + 𝐾
QX

light
dark) 𝐾PX, (25) 

 

And therefore the rate of xanthophyll interconversion is given by  
d

d𝑡
[V]tot = −𝛼VDE(𝑡)

𝑘𝑉→𝐴,𝑚𝑎𝑥

1 + 𝐾PV,eff[P]
[V]tot +

𝑘𝐴→𝑉

1 + 𝐾PA,eff[P]
[A]tot (26) 

d

d𝑡
[V]tot = 𝛼VDE(𝑡)

𝑘V→A,max

1+𝐾PV,eff[P]
[V]tot +

𝑘A→V

1+𝐾PA,eff[P]
[A]tot − 𝛼VDE(𝑡)

𝑘A→Z,max

1+𝐾PA,eff[P]
[A]tot

+
𝑘Z→A

1+𝐾PZ,eff[P]
[Z]tot (27)

  

 
d

d𝑡
[Z]tot = 𝛼VDE(𝑡)

𝑘A→Z,max

1 + 𝐾PA,eff[P]
[A]tot +

𝑘Z→A

1 + 𝐾PZ,eff[P]
[Z]tot. (28) 

 



71 

Because the “pool” xanthophylls are in excess [P] is very small so it can be treated as being in 

steady state, so we assume that 𝐾PX[P] can be treated as constant. This means estimates of the 

xanthophyll interconversion rates can be obtained using a first order kinetic model with light-phase 

dependent rate constants, and the VDE activation as treated in the full model. 

 

 

III. Model Parameters 

 

The final set of fitted model parameters are given in Table I, obtained from least squares fitting of 

a subset of the NPQ𝜏data with xanthophyll interconversion rate constants constrained to be within 

50% of values obtained from the reduced model fitting. The reduced model fitting produced rate 

constants of 𝑘V→A,max = 0.1307 min−1, 𝑘A→Z,max = 0.1245 min−1, 𝑘A→V,max =

0.0458 min−1, 𝛼VDE,eq
dark = 0.0013, 𝑘VDE

light
= 1.285 min−1, and 𝑘VDE

dark = 1.019 min−1. 

 

In comparing the model HPLC data to the experimental HPLC data, we found a scaling constant 

of 0.98 mmol/mol Chl between the reduced units of the model and the concentration relative the 

Chl by least squares fitting the full model HPLC predictions to the experimental values. From this 

we can estimate the total concentration of LHCX1 (P in the model) to be about 3.5 mmol/mol Chl. 

 

Table 3-S1. Best fit parameters obtained for the full model. Confidence intervals obtained by 

bootstrapping experimental NPQ runs and estimating 95% confidence intervals from the 

approximate parameter distribution. All parameters are given in reduced units of the model, 

therefore all rate constants are in min−1 and all other parameters are unitless. 

Parameter Value Lower Bound (95% CI) Upper Bound (95% CI) 

𝒌𝐀→𝐙,𝐦𝐚𝐱 0.1361 0.0935 0.1951 

𝒌𝐕→𝐀,𝐦𝐚𝐱 0.0918 0.0688 0.1181 

𝒌𝐙→𝐀 0.0854 0.0832 0.1414 

𝒌𝐀→𝐕 0.0509 0.0307 0.0685 

𝒌𝐕𝐃𝐄
𝐥𝐢𝐠𝐡𝐭

 1.2846 1.1954 1.2962 

𝒌𝐕𝐃𝐄
𝐝𝐚𝐫𝐤 1.0193 0.5732 76.4352 

𝜶𝐕𝐃𝐄,𝐞𝐪
𝐝𝐚𝐫𝐤  0.001 0.0009 0.0019 

𝒌𝐏𝐕,𝐛 3.4187 1.6648 10.8108 

𝒌𝐏𝐀,𝐛 3.4187 1.6648 10.8108 

𝒌𝐏𝐙,𝐛 3.4187 1.6648 10.8108 

𝒌𝐐𝐙
𝐥𝐢𝐠𝐡𝐭

 2.0744 1.9304 2.3957 

𝒌𝐐𝐙
𝐝𝐚𝐫𝐤 4.6913 4.3656 8.3424 

𝑲𝐏𝐕 0.24 0.2079 1623.424 

𝑲𝐏𝐀 0.24 0.2079 1623.424 

𝑲𝐏𝐙 0.24 0.2079 1623.424 

𝑲𝐐𝐙
𝐥𝐢𝐠𝐡𝐭

 10.9158 3.4519 14.5586 

𝑲𝐐𝐙
𝐝𝐚𝐫𝐤 0 -- -- 

[�̃�]𝟎 67.9332 67.6284 69.1663 

[�̃�]𝐭𝐨𝐭 3.5324 3.5245 3.5326 
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𝑲𝐐𝐀
𝐥𝐢𝐠𝐡𝐭

 0.3872 0.0353 0.5163 

𝑲𝐐𝐀
𝐝𝐚𝐫𝐤 0 -- -- 

𝒌𝐐𝐀
𝐥𝐢𝐠𝐡𝐭

 2.0744 1.9304 2.3957 

𝒌𝐐𝐀
𝐝𝐚𝐫𝐤 4.6913 4.3656 8.3424 

𝑲𝐐𝐕
𝐥𝐢𝐠𝐡𝐭

 0.1173 0.0879 0.1175 

𝑲𝐐𝐕
𝐝𝐚𝐫𝐤 0 -- -- 

𝒌𝐐𝐕
𝐥𝐢𝐠𝐡𝐭

 2.0744 1.9304 2.3957 

𝒌𝐐𝐕
𝐝𝐚𝐫𝐤 4.6913 4.3656 8.3424 

𝒌𝐪𝐙 𝒌𝐪𝐄⁄  0.0259 0.0234 0.0343 

 

IV. Mechanism of qZ 

 

In our model we treat the qZ quenching process as an additional first order quenching process just 

proportional to the concentration of “pool” Zeaxanthin. We can arrive at this model using a simple 

model similar to our LHCX1 based quenching model. We consider adding a second protein or 

complex to our model denoted P′, which binds xanthophylls to form complexes PX′ =PV′, PA′, 

PZ′. We assume the quenching of chlorophyll excitations is proportional to the concentration of 

PZ′, such that the change in fluorescence decay rate is Δ𝑘F,qZ = 𝑘Q,PZ′[PZ′]. Assuming that P’ 

binding X can be treated with the pre-equilibrium/quasi-equilibrium approximation, we find that 

 

[PX′] =
𝐾

PX′[P]
[X]pool

𝐾PX′[P]+1
. (29)  

 

 

Where [X]pool is the xanthophyll concentration in the pool including the bound to P’, and KPX is 

the equilibrium constant for P’ binding X. Assuming that P’ is in a steady state, where 
d

d𝑡
[P](𝑡) ≈

0, and thus [P](𝑡) ≈ [P]0, the change in quenching rate due to qZ is simply proportional to [Z]pool, 

as is assumed in the model.  

 

V. Estimating Quenching Rates 

 

We can construct a simple model for excitation quenching as follows. We assume that the excited 

chlorophylls, Chl*, can exist either on an active quenching complex, QX, which we label ChlQ
∗ , or 

on the other light-harvesting complexes, which we label ChlPool
∗ . We treat the population of Chl* 

in these two environment with a simple first order kinetic model, with a diffusion rate onto QX of 

ηQkD and a diffusion rate off the QX site given by kD. ηQ is the ratio of the number of Chl on QX 

to the number of Chl in the whole system, which we estimate to be approximately the ratio of QX 

to the all of the light harvesting proteins. We further assume that the rate of decay of the Chl* down 

to its ground state is dependent on the site, occurring at a rate kF,eff,0 (Chl* decay is dominated by 

non-radiative decay, but this rate constant should be understood as including a small radiative 

contribution) in the pool and at a rate 𝑘F,eff,Q on the quenching sites. Putting these ingredients 

together we arrive at the following kinetic equations for ChlQ
∗  and ChlPool

∗  
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d

d𝑡
[ChlQ

∗ ] = −(𝑘F,eff,Q + 𝑘D)[ChlQ
∗ ] + 𝜂Q𝑘D[ChlPool

∗ ] (30) 

d

d𝑡
[ChlPool

∗ ] = −(𝑘F,eff,0 + 𝜂Q𝑘D)[ChlPool
∗ ] + 𝑘D[ChlQ

∗ ]. (31) 

 

Applying the steady state approximation to [ChlPool
∗ ], we obtain the following equation for the 

decay of the pool Chl*, 

d

d𝑡
[ChlPool

∗ ] ≈ − (𝑘F,eff,0 + 𝜂Q𝑘D

𝑘F,eff,Q

𝑘F,eff,Q + 𝑘D
) [ChlPool

∗ ], (32) 

 

From which we obtain the fluorescence lifetime as  
1

𝜏F,eff
= 𝑘F,eff,0 + 𝜂Q𝑘D

𝑘F,eff,Q

𝑘F,eff,Q + 𝑘D
, (33) 

 

Recalling that 𝜂Q ∝ ∑ [QX]X , the expression we find is consistent wit the assumption of our NPQ 

model (excluding qZ). Assuming 𝜂Q ≈ 0 before light exposure, we find the NPQτ as 

 

NPQ𝜏 = 𝜂Q

𝑘D

𝑘F,eff,0

𝑘F,eff,Q

𝑘F,eff,Q + 𝑘D
. (34) 

If we assume excitation energy diffusion is very fast between proteins compared to the other time-

scales in the model, we find that NPQτ is given by approximately 

 

NPQ𝜏 = 𝜂Q

𝑘F,eff,Q

𝑘F,eff,0
. (35) 

 

From the time-correlated photon counting experiments used to obtain the NPQ𝜏 we know 𝑘F,eff,0 ≈

1 ns−1. The maximum NPQ𝜏 within our model is limited by the total concentration of P (in 

reduced units), [P̃]tot ∼ 3.5. From the HPLC experiments we have deduced that P is present at a 

concentration of around 3.5 mmol/mol Chl. Assuming ∼10 Chl per light-harvesting protein, this 

means about 1 in 30 proteins in the chloroplast would be P, which puts an upper bound on 𝜂Q of ∼ 

1/30. From this we can estimate a lower bound on 𝑘F,eff,Q to be 𝑘F,eff,Q ∼ 100 ns−1, i.e. the lifetime 

of Chl* on the quencher must be ∼ 10 ps. If we instead use (1/7.7) ps−1 as an estimate for 𝑘F,eff,Q, 

as obtained in Ref. 1, we deduce that roughly 1 in 43 light-harvesting proteins in the chloroplast 

are P. Given the large simplifications and the uncertainty in the abundance of P deduced from 

HPLC data and the model (due to the large uncertainty in the conversion factor from model 

concentration to abundance in the thylakoid membrane), we consider these estimates of the 

proportion of P and the quenching lifetimes as being in excellent agreement.  

 

VI. Raw HPLC Data 

 

In Figure 3-S1 we show the raw HPLC data for each of the HL/D sequences shown in the main 

text. A certain fraction of each xanthophyll does not change over the course of the experiment. 

Since our model only includes xanthophylls that are free to bind/unbind from proteins on the time-

scale of our experiments, we only examine the changes in xanthophyll concentration, and use these 

changes in fitting the model. 
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Figure 3-S1. Raw HPLC data for concentrations of each xanthophyll normalized by the 

total Chl concentration for four HL/D sequences: 5 HL – 10 D – 5 HL(top left), 1 HL – 4 D – 7 HL 

– 5 D – 1 HL – 2 D (top right), 10 HL – 10 D (bottom left), 1 HL –1 D (bottom right). 

 

VII. NPQ Recovery in 5 HL-T D- 5 HL Sequences 

 

In Figure 3-S2 we show window averaged NPQ𝜏 in the second light phase for the 5 HL-𝑇 D-5 HL 

sequences, normalized by the NPQ𝜏 value at 𝑡 = 5 min. This window averaging is defined as 

NPQ̅̅ ̅̅ ̅̅
𝜏 =

1

𝑡𝑓 − 𝑡𝑖
∫ NPQ𝜏(𝑡)d𝑡

𝑡𝑓

𝑡𝑖

. (36) 

 

The experimental window averaging is estimated using the trapezoidal rule. Fitting the averaged 

normalized NPQ𝜏 in the first minute to an exponential decay as a function of 𝑇, i.e. NPQ̅̅ ̅̅ ̅̅
𝜏 =

NPQ𝜏(0)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅𝑒−𝑘mem𝑇, we obtain an effective recovery rate constant of 𝑘mem = 0.0464 (lower CI (95%): 

0.0064, upper CI (95%): 0.0861) min−1, which matches the model 𝑘A→V rate constant of 0.0509 

min−1. 
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Figure 3-S2. Window averaged NPQ𝜏 in the second light phase for the 5 HL–𝑇 D–5 HL 

sequences, normalized by the NPQ𝜏 value at 𝑡 = 5 min, for the first minute (blue) and 

fourth minute (red) of the second light phase, from the experiment (dashed lines and 

circles) and model (solid line). Error bars correspond to two standard errors in the mean. 

The data collection/number of replicates is described in the methods section of the main 

text. 
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Chapter 4 
The effect of a two-state xanthophyll cycle on photoprotective 

memory in the diatom Thalassiosira pseudonana 
This chapter is based on work performed by A.H. Short in collaboration with S. Wakao, R. 

Mangal, R. Lee, K. K. Niyogi, and G.R. Fleming 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1 Abstract 
 
In high light (HL) conditions, plants and algae are exposed to excess energy, which cannot be 
utilized in photochemistry and is instead dissipated through non-photochemical quenching (NPQ) 
as heat, minimizing damage. In most photosynthetic organisms, the VAZ cycle, which is a type of 
xanthophyll cycle, is integral to NPQ. In Nannochloropsis algae, the xanthophyll cycle imparts a 
memory of previous stressor events, allowing cells to attenuate their relaxation rate, improving 
responsiveness to successive stressors. This photoprotective memory arises due to the three-state 
nature of the VAZ cycle. Antheraxanthin, which is the intermediate pigment, acts as a buffer 
allowing the system to reset back to a light harvesting state while being able to immediately convert 
back into a photoprotective state upon HL exposure. A two-state xanthophyll cycle does not have 
this ability. In the diatom species, Thalassiosira pseudonana, the diadinoxanthin-diatoxanthin 
cycle is the main xanthophyll cycle. The differences that arise between the two systems could be 
due to 1) Dt have a higher quenching efficiency than Z, 2) the Dd to Dt de-epoxidation is faster or 
the epoxidation step in Dd-Dt is slower than in the VAZ cycle, or 3) a higher initial concentration 
of Dt than Z even after dark adaption. With the aid of modeling, we speculate that there is more 
Dt present even after long incubations in the dark compared to Z, and that Dt is a more effective 
quencher than Z. Further work needs to be done to confirm the modeling predictions.   
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4.2 Introduction  

In nature, plants and algae are exposed to rapidly fluctuating light environments that can range 
from limiting to excessive light conditions1. In low light conditions, chlorophylls (Chl) absorb 
energy and transfer it to the reaction centers of photosystem (PS) I or II where it will eventually 
be utilized to reduce NADP+ and form ATP for the Calvin-Benson cycle2. However, during high 
light (HL) exposure, reaction centers reach a saturation level and are unable to process all energy 
captured by the photosynthetic antennae. Plants and algae have therefore developed non-
photochemical quenching (NPQ) pathways to dissipate the excess energy as heat, preventing the 
accumulation of reactive oxygen species3–6. Understanding how NPQ pathways are activated and 
regulated can be important for improving photosynthetic efficiencies in fluctuating light 
conditions7,8. Research by Souza et al. has shown that altering gene expression of NPQ-related 
proteins can improve soybean yields by ~25%9. It is unknown if this is the maximum increase in 
yield that can be achieved by modifying NPQ.  

In attempt to model NPQ behaviors to theoretically test for optimal balance between NPQ 
expression and the light-harvesting state, we created a model based on the xanthophyll cycle and 
pH-sensing protein, which are the main molecular actors involved in photoprotection, in the 
simplified model organism, Nannochloropsis oceanica10,11. In N. oceanica and vascular plants, the 
xanthophyll cycle refers to the conversion of violaxanthin (V) to zeaxanthin (Z) through the 
intermediate antheraxanthin (A), known as the VAZ cycle3,12. A key aspect of antheraxanthin is 
that it acts as a buffer because of its slow conversion back to V11. This dynamic occurs specifically 
because the VAZ cycle is a three-state system, where the conversion between each carotenoid is 
its own individual step. Because A is able to accumulate, it facilitates a ‘photoprotective memory’ 
for N. oceanica, allowing the algae to transition back to a light-harvesting state while being able 
to rapidly respond to subsequent stressor events11,13,14. To further understand the role of the 
xanthophyll cycle, this chapter will explore how a two-state xanthophyll cycle differs in its 
photoprotective responses compared to a three-state xanthophyll cycle like the VAZ cycle.  

Diatoms are an incredibly diverse species of unicellular, photosynthetic eukaryotes found in all 
types of aquatic environments that are responsible for about 40% of oceanic carbon fixation15–17. 
There are two types of diatoms: pennates like Phaedactylum tricornutum and centrics like 
Thalassiosira pseudonana18. Diatoms contain a two-state xanthophyll cycle known as the 
diadinoxanthin- diatoxanthin (Dd-Dt) cycle. Diatoms contain the VAZ cycle and utilize the same 
enzyme that converts V to A to Z—violaxanthin de-epoxidase (VDE)— to transform Dd to Dt 
because V is a precursor to Dd19. A and Z can accumulate in diatoms, but the VAZ cycle does not 
typically contribute to NPQ unless exposed to extreme HL20,21. When the lumen is acidified, Dd 
is converted to Dt with a VDE enzyme, referred to here as Dd epoxidase (DDE) for clarity 22,23. 
DDE is very similar to plant VDE; though, the optimal pH for DDE is slight shifted towards a 
more neutral pH23,24. Zeaxanthin epoxidase (ZEP), which is utilized by the VAZ cycle to add epoxy 
groups back to the pigments, epoxidizes Dt, here referred to as Dt epoxidase (DEP). DDE and DEP 
have similar structures and are encoded by the same genes as their plant counterparts4. The diatom 
xanthophyll enzymes have faster conversions rates comparitively23,25. 

In this study, we utilized T. pseudonana to explore the effects of a two-state xanthophyll cycle on 
photoprotective dynamics and memory. The photoprotective pathways in T. pseudonana are 
relatively simple like Nannochloropsis since diatoms do not accumulate lutein23. T. pseudonana 
has a pH-sensing protein, which is in the LHCX protein family, though the identity is still being 
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researched as to if it is LHCX1, LHCX4, LHCX6, or some combination of multiple proteins18,26. 
For these reasons, T. pseudonana also provides a good model system to extend our model to test 
its flexibility in predicting NPQ responses in other species.  

4.3 Methods 

4.3.1  Cell Culturing 

Thalassiosira pseudonana was cultivated in ASW medium. Liquid cultures were grown to 2–5 × 
106 cells/mL in diurnal light (12 hr night- 12 hr day) at a photon flux density of 100 μmol photons 
m−2s−1 at 18 °C. Two cultures of T. pseudonana were grown—a static culture and a shaken 
culture—to see if this resulted in a difference. Shaking the culture allows for more CO2 to be 
circulated throughout the cells, which leads to greater relaxation of NPQ during darkness (Figure 
4-1). Because of this, all experiments are done with shaken cultures.  
 

 
Figure 4-1. Comparison of static and shaken T. pseudonana cultures grown in diurnal light. On the 
left are the fluorescence lifetime measurements of the static culture. The initial dark-adapted 
lifetimes for each actinic light sequence are spread over a range from ~0.6 to 0.75 ns. On the right 
are the fluorescence lifetime measurements for the shaken culture. The dark-adapted lifetime 
measurements are more consistent between the different actinic light sequences averaging at 0.6 
ns. The white boxes represent HL periods while the striped boxes represent the varying dark 
durations of the memory series. 

4.3.2  Time Correlated Single Photon Counting 

The data collection method for this investigation was Time Correlated Single Photon Counting, or 
TCSPC. TCSPC is a process by which the average time taken for an electron to absorb and emit 
singular photons can be measured. The photons were fed into the sample by pumping a diode laser 
(Coherent Verdi G10, 532nm) with a Ti:sapphire coherent Mira 900 oscillator. After frequency 
doubling the wavelength to 404nm, with a β-barium borate crystal, the beam was split between the 
sample and a sync photodiode, which was used as a reference for snapshot measurements. Three 
synchronized shutters controlled the exposure of actinic light, the laser to the sample and to the 
microchannel plate-photomultiplier tube detector (Hamamatsu106 R3809U). The shutters were 
controlled using a LABVIEW software sequence. The detector was set to 680nm to detect Chl-a 
emission. During each snapshot, the laser and detection shutters were opened, allowing an 
excitation pulse of 1.2mW to saturate the reaction center for one second while the emission was 
recorded. Emissions were recorded in 15 second intervals. During high light periods, the species 
was exposed to white light with an intensity of 850uE. The detection times for photon emission 
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were plotted on a histogram. These data were analyzed, first using a MatLab file, then using 
PicoQuant FluoFit to find a best fit estimate bi-exponential function for the histogram. The average 
lifetime (𝜏𝜏̅) values from this function were then used to calculate NPQ values using the following 
formula: 

𝑁𝑁𝑁𝑁𝑄𝑄𝜏𝜏 =
�𝜏𝜏̅(0) − 𝜏𝜏̅(𝑡𝑡)�

𝜏𝜏̅(𝑡𝑡)
 (1) 

𝜏𝜏̅(0) is the average lifetime in the dark and 𝜏𝜏̅(𝑡𝑡) is the average lifetimes at some time point t during 
the experiment.  

The samples were concentrated to 80ug/mL of chlorophyll by centrifugation. To do so, two tubes 
each containing 2mL of cell culture were centrifuged for 5 min at 14,000rpm. The supernatant was 
removed and discarded, after which 1mL of 80% acetone was added to each tube. Tubes were 
centrifuged again for 5 min at 14,000rpm. The supernatant from each was added to cuvettes and 
spectrophotometer readings taken to determine chlorophyll concentration according to Porra et 
al27. The culture was then concentrated by centrifuging an appropriate volume for 6 min at 1300G. 
Supernatant was discarded, and the pellet was suspended in vitamin rich ASW media to bring up 
to volume.  

4.4 Results and Discussion 

4.4.1  NPQ Dynamics in Response to Short High Light Exposures  

We tested to see how an initial, short (< 2 min) HL period would affect NPQ dynamics as well as 
subsequent aperiodic light exposures (Figure 4-2). Within 1 min, NPQ is fully induced and steady 
state levels of NPQτ are reached and maintained in all subsequent HL exposures. At the light to 
dark transitions, the NPQτ value drops instantaneously before more gradually relaxing back 
towards its dark-adapted state, indicating a fast and slow component to the relaxation dynamics.  

When compared to Nannochloropsis for the same irregular light fluctuations (Figure 4-2 and see 
ref.10), the HL-adapted Nannochloropsis, which has a higher [Z] accumulated than LL-adapted 
Nannochloropsis, response more closely resembles the diatom phenotype. There are notable 
differences, though. First, T. pseudonana has a much sharper increase in its initial response to HL 
that is only seen in Nannochloropsis with subsequent HL exposures. This could be explained by 
three possibilities:  

1. T. pseudonana either does not need to accumulate Dt like Nannochloropsis needs to 
accumulate Z for a significant NPQ response. Previous work in diatoms has shown that the 
ΔpH gradient alone cannot induce a significant NPQ response28. However, it may be that 
a lower concentration of Dt is necessary to induce photoprotection. This could be due to a 
number of factors such as the quenching efficiency Dt/Dd or the ability for LHCX1 to bind 
pigment, making it the quenching cite. Though, Z is thought to have a higher quenching 
efficiency, but Dd has a stronger involvement than V4,21.  

2. T. pseudonana has a significantly faster de-epoxidation cycle to accumulate Dt or slower 
epoxidation step. Interestingly, even though DDE and DEP are homologues of VDE and 
ZEP found in Nannochloropsis, both diatom enzymes are suspected to be faster. DDE’s 
conversion rate may be faster due to its higher affinity for the co-substrate, ascorbate 23. 
DEP is regulated by the ΔpH across the thylakoid membrane such that when the pH-
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gradient is established, DEP is inactivated. In the dark, when NADPH concentrations are 
limited, DEP is also inactivated29. 

3. After one hour of dark adaption, a significant amount of Dt remains, enabling a rapid, 
steady state response. While T. pseudonana has a rapid response to transitions from light 
to dark, there is a slow component that is not present in Nannochloropsis. In another diatom 
species, Phaeodactylum tricornutum, it too has sustained NPQ in the dark that lasts 5-10 
minutes, but an hour of darkness seems to reverse the effect on fluorescence quenching, 
which has been linked to Dt30. In line with this theory, is that Dt epoxidation might be 
limited in the dark, allowing some Dt molecules remain after incubation in the dark21.  

The next difference in the NPQ response between T. pseudonana and Nannochloropsis is their 
relaxation kinetics. Nannochloropsis appears to only have one significant component, being 
related to the pH-sensing protein, i.e. the sharp decrease in NPQτ upon transition into the dark 
before it reaches a steady state. Nannochloropsis’s relaxation is independent of its [Z]. T. 
pseudonana seems to have a rapid component likely related to its pH-sensing protein(s), but it also 
has a slower component that may be related to the inactivation of DEP in the dark. 

 
Figure 4-2. The NPQτ traces for T. pseudonana (blue) in irregular light fluctuations compared to 
Nannochloropsis. The error bars HL-Grown Nannochloropsis NPQτ (red) and LL-Grown 
Nannochloropsis (black) are omitted for clarity. Left graph shows the photoprotective response to 
1 HL – 4 D – 7 HL – 5 D – 1 HL – 2 D. Right graph shows the NPQ response to 2 HL – 1 D – 7 
HL – 10 D actinic light sequence. Standard deviation was used to calculate the error bars. 
Nannochloropsis data was obtained from ref 10. The white boxes represent HL periods while the 
black boxes represent the dark periods. 

4.4.2  Photoprotective Memory in a Two-State System 

To understand how memory is affected by a two-state xanthophyll cycle, we utilized a similar 
approach as in Short, Fay et al. where an initial five-minute HL period is followed by increasing 
dark durations ranging from 5 minutes to 15 minutes which is then followed by a second five 
minutes of HL11. The data is normalized at t = 5 min to compare between species as well as focus 
on the relaxation dynamics after the first HL period.  

In the first HL period, the diatom NPQτ response is immediate and significant, reaching a steady 
state value within 1 minute of HL exposure (Figure 4-3A). Unlike Nannochloropsis, which 
requires the entirety of the HL exposure before it reaches its peak value, T. pseudonana maintains 
the same NPQτ level (Figure 4-3B,C). This indicates T. pseudonana is already at a quasi-steady 
state. 
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Figure 4-3. The photoprotective dynamics and memory of T. pseudonana in 5 min HL- X min D- 
5 min HL actinic light sequence, where X= 5, 10, 20 minutes. A graph shows the three light 
sequences of 5 HL – 5 D – 5 HL (blue), 5 HL – 10 D – 5 HL (red), and 5 HL – 20 D – 5 HL (green). 
B graph shows the comparison between N. oceanica (black) and T. pseudonana (blue) for 5 HL – 
5 D – 5 HL. C graph shows the comparison between N. oceanica (black) and T. pseudonana (green) 
for 5 HL – 20 D – 5 HL. Nannochloropsis data is taken from Short, Fay et al. Nat. Commun. 2023, 
1411. The white boxes represent HL periods, the black boxes represent the dark periods, and the 
striped box represents the varying dark durations of the memory series. 

 

At the transition from HL to darkness, the diatom NPQτ level instantaneously drops before slowing 
down to a more moderate decline, displaying the same two-component relaxation as noted above. 
When the T. pseudonana cells are transitioned into the second HL exposure, they instantaneously 
respond and reach the steady state value within 30 seconds for all sequences (Figure 4-3A). In 
comparison, the response to secondary HL stress is vastly different in Nannochloropsis. For 
Nannochloropsis, as the dark duration increase, the photoprotective ‘memory’ of the previous HL 
exposure is lost. That is to say that Nannochloropsis begins to reset its photoprotective pathways 
such that it takes longer to return to the previous NPQ level after long incubations in the dark. 
However, for T. pseudonana, regardless of dark duration, its memory of stress induced by the first 
HL period is retained, even after 20 minutes of darkness. When the dark duration is 5 minutes, 
Nannochloropsis has an immediate response to the secondary HL period that reaches steady state 
within 1 minute, which resembles the response seen in T. pseudonana (Figure 4-3B). When 
considering the longer dark duration, the 20 minutes of darkness reduces the extent of the response 
for Nannochloropsis, causing a delay in reaching the steady state value (Figure 4-3C).  

T. pseudonana also relaxes past the NPQτ value of zero, reaching negative values. This comes 
from how the NPQτ is calculated (see eq 1). The negative NPQτ values indicate the fluorescence 
lifetimes of the diatom cells increase past the starting fluorescence lifetime. While the diatom cells 
were incubated for 1 hour in the dark, the cells could be in an initially more quenched state than is 
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relaxed to during the experimental run. Why this happens is still unknown, but potentially T. 
pseudonana has an over-dampening effect when in fluctuating light. Longer studies of how NPQτ 
respond in prolonged dark periods should be run.   

4.5 Modeling 
 
We fit the diatom data using the two-state model from ref 10. In this simple model of the NPQ 
response in Nannochloropsis, only a few changes have been made to fit the T. pseudonana data. 
First, the data was all normalized to be between zero and one as the model was unable to process 
negative NPQτ values. Second, the quenching complex, Q, was also assumed to be zero at t = 0. 
As in the Nannochloropsis model, we assume DDE has an active and inactive form which is 
controlled by the pH gradient, which is assumed to activate/de-activate instantly at light 
transitions31. The pH-sensing protein, P, is again agnostic to the actual identity, but forms a 
connection with either Dd or Dt. The PDt complex converts to Q, indicating it is a quenching state 
upon HL exposure. As with the first iteration of modeling, only one pigment, in this case Dt, is 
assumed to contribute to quenching.  
 
Figures 4-4 and 4-5 show the results of the model based on the fitted data. While the model is able 
to fit the data reasonably well, there are some aspects where the model cannot capture the data—
particularly, the relaxation dynamics. While the model is able to capture the rapid decrease in 
NPQτ at the HL to dark transition, it fails to capture the slower component. This is evident in 
Figure 4-4 for the irregular sequences as well as the 5 HL – 20 D – 5 HL in Figure 4-5. Additionally, 
while the model is assumed to begin with no formed quenching complex, therefore the model starts 
at an NPQτ = 0, the experimental data begins at higher values between 0.1 and 0.3 depending on 
the sequence. This indicates that the cells are either already quenched due to damage from the 
growth or experimental conditions or that some concentration of the quenching complex is already 
present.  

 
Figure 4-4. Comparison of the model to the experimental data for irregular light sequences. The 
model is shown in blue while the experimental data is in red. The white boxes represent HL periods 
while the black boxes represent the dark periods. 
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Figure 4-5. Comparison of the model to the experimental data for 5 HL – X D – 5 HL sequences. 
The model is shown in blue while the experimental data is in red. The white boxes represent HL 
periods while the black boxes represent the dark periods.  

With the modeling, the initial starting concentrations can be determined (Figure 4-6). All values 
are given for the reduced variable model, as described in the Short et al. (2022)10, and as such all 
concentrations are unitless. Figure 4-6 shows how these parameters change during an actinic light 
sequence. While the quenching complex begins at 0, the protein-Dt complex, PDt begins at 0.7785, 
indicating the system is primed to respond to a HL stimulus. Also, the model predicts that the Dd 
concentration is much greater than Dt, which is consistent with dark-adapted cells32, but some 
amount of Dt is accumulated before the experiment, and the amount of Dt nearly doubles by the 
end of the actinic light sequence. Interestingly, instead of the [Dt] decreasing during the dark 
periods, it remains constant, which could account for the slow component noted during T. 
pseudonana’s relaxation.  

When considering the hypotheses listed above, the modeling supports that there is more Dt, which 
is equivalent to Z, present even after long incubations in the dark. The model also supports the 
notion that Dt is a more efficient quencher than Z. The [Dt] is nearly five times greater than [Z] 
found in LL-Grown Nannochloropsis initially. However, the HL-Grown Nannochloropsis has four 
times the concentration of Z compared to Dt, which may indicate that less Dt is needed as it is a 
more efficient quencher. Considering the starting protein-pigment complexes across the two 
Nannochloropsis growth conditions and the diatom species, we can see that HL-Grown 
Nannochloropsis and T. pseudonana are more similar in their relative concentrations with [PDt] 
being about half of [PZ] while [PDt] is nine times greater than LL-Grown Nannochloropsis.  but 
in this grown condition Nannochloropsis has [Q]0 = 1.8610.  
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Figure 4-6. The dynamics of the Dd, Dt, PDt, and Q, and VDE during the actinic light 
sequence of 1 HL – 4 D – 7 HL – 5 D – 1 HL – 2 D given as reduced variables. The initial 
parameters are as follows [Dd]0 = 41.40, [Dt]0 = 3.93, [PDt]0 = 77.85 x10-2, [Q]0 = 0, and 
[DDE]0 = 30.77 x10-2.  

4.6 Future Work 

Diatoms exist in turbulent waters where due to mixing they are exposed to rapid changes in light 
levels that they must adapt to33. Studying these systems can provide useful insights into enzyme 
dynamics that could lead to improved responsiveness of NPQ in algae and plants. For this work, 
we can see that T. pseudonana has a rapid, quasi-steady state response that does not require time 
to accumulate a photoprotective pigment as seen in Nannochloropsis. Nannochloropsis only has 
as rapid and significant of a response when [Z] is already accumulated due to growth conditions. 
However, T. pseudonana has a slower relaxation component that is absent in Nannochloropsis. 
Yet, given enough time in the dark that begins to reset the three-state xanthophyll cycle, T. 
pseudonana is able to recover to its previous NPQτ level within one minute of the secondary light 
exposure. 

However, more work still needs to be done before the complete story of how a two-state 
xanthophyll cycle affects photoprotective memory can be unraveled. First, is to understand why T. 
pseudonana displays a rapid, quasi-steady state behavior. Three hypotheses were given above. 
Using HPLC experiments, the concentrations of Dd and Dt as a function of actinic light exposures 
can be determined. Not only will this inform us as to the relative starting concentrations of Dd to 
Dt but will also provide the rate of converse for the forward and backwards reactions. Additionally, 
experiments using low light instead of darkness should be run to see if T. pseudonana relaxes more 
rapidly, confirming that DEP is NADPH limited. Finally, the duration of how long it takes for Dt 
to convert fully back to Dd should be observed. Together all of this information can be used to 
improve the model and provide realistic boundaries. Additionally, using the updated model11 
modified for a two-state system will provide estimates on the quenching efficiencies.  
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Chapter 5 
 

 Conclusions and Future Directions 
 
 

 
5.1 Conclusions   
 
With the work presented in this thesis, significant steps towards creating a flexible model that is 
based on the universal biochemical processes that occur in the majority of photosynthetic 
organisms—specifically, the VAZ xanthophyll cycle which is found in vascular plants and many 
algal species. Yet, the model is adaptable enough to also model the Dd-Dt xanthophyll cycle found 
in diatoms with a few modifications. This reinforces the understanding that de-epoxidated 
carotenoids are vital in photoprotection. The second main biochemical aspect used to create the 
model was the pH-gradient instantaneously activating a pH-sensing protein upon exposure to light 
or deactivating the photoprotective mechanisms when transitioned back to darkness. Because the 
model is agnostic to the identity of the pH-sensing protein, this factor does not need to be altered 
between species. Because the model is based on biochemical processes, mutant NPQ behavior can 
be described using parameters derived from WT fittings and setting the model to reflect the mutant 
phenotype. This is a powerful capability of our model, which can allow us to explore which 
molecular aspects should be tuned for optimized photoprotective responses. Looking forward, the 
model can be iterated and refined to guide the necessary changes to crop genomes to improve the 
responsiveness of NPQ to fluctuating light environments1. In order to achieve this goal, future 
work needs to (1) increase our understanding of NPQ in dynamic environments that resemble the 
light fluctuations in nature; (2) explore the effects of differing xanthophyll cycles on 
photosynthetic efficiencies; and (3) scale the model to fit other species, specifically vascular plants, 
by adding in the molecular components unique to each species.   
 
5.2 Mimicking Natural Light Fluctuations to Improve Model Complexity 
 
In our previous experiments to understand NPQ activation and deactivation rates, we subjected 
organisms to changes in light intensities by transitioning between HL and D to turn on and then 
off NPQ pathways, respectively2–4. In these experiments, periodic light fluctuations are used; 
however, in nature, light fluctuations are sporadic and random between a multitude of light levels. 
Plants and algae experience various levels of shading from canopies or cloud coverage or intense, 
brief spikes of light levels from sunflecks5–7. Algae can also experience rapid changes in light level 
from mixing experienced in aquatic environments8,9. To fully replicate the NPQ response plants 
and algae use, we need to increase the complexity of our actinic light fluctuations. In Chapter 2, 
we introduced irregular light sequences to replicate natural fluctuations more closely in light 
levels10. Utilizing irregular light periods allowed us to notice interesting NPQ dynamics, indicating 
the role antheraxanthin plays in NPQ relaxation. 

Yet, within the work presented in this thesis, we have not addressed changing light intensities. 
Some works have conducted experiments at varying light intensities11–13. However, most studies 
focus on growing organisms in either high light or low light rather than observing changes in rapid 
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fluctuating light intensities14–17. Following similar experiments as utilized in previous chapters, 
changing the HL intensity during periodic and aperiodic light fluctuations would help create an 
intuitive understanding of how NPQ is modulated by light intensities. With this information, we 
could add onto the model a function to modulate the photoprotective response based on the light 
intensity input. Additionally, pigment data as a function of light intensity could also reveal how 
the xanthophyll cycle rates are affected. 

Finally, to simulate more accurately what occurs in nature, the effect of transitions between HL 
and low light (LL) conditions should be observed. Transitions between excessive light and limiting 
light conditions may affect the rates of NPQ activation/deactivation. Some work has shown that 
relaxation of NPQ mechanisms is faster as carbon sink pathways are activated to more rapidly de-
acidify the lumen18,19. However, pathways that are not as rapidly reversible as qE such slower 
relaxing pathways of state transitions and qZ might have a greater effect on NPQ levels in natural 
light conditions than previously considered. By testing several low light conditions, we can 
determine a potential light intensity threshold needed to maintain NPQ mechanisms even in 
seemingly ideal light environments. Understanding how photoprotection works in more natural 
light environments will help improve modeling NPQ systems and our understanding of NPQ’s 
effect on crop yields. Some preliminary work has been conducted for these experiments, but more 
work needs to be done to completely understand the effect of lower light levels between HL 
periods.  

 
Figure 5-1. Preliminary data of WT N. oceanica exposed to HL-LL sequences. WT N. oceanica cells 
subjected to fluctuating light sequences of A) 5 min HL- 20 min LL- 5 min HL and B) 5 min HL- 5 
min LL- 5 min HL- 5 min LL. The LL values are 0 μE (dark blue), 50 μE (orange), 200 μE (green), and 
400 μE (light blue). The gray to white gradient box depicts the low light actinic light exposures while 
the white boxes represent 750 μE HL.  

The preliminary work shown in Figure 5-1 shows two light sequences of two 5 min of HL exposure 
with 20 minutes of LL ranging from 0 μE to 400 μE separating the two HL periods. The second 
sequence is of two repeating cycles of 5 min of HL followed by 5 minutes of LL. Unfortunately, 
there is an issue of biological noise that arises from how the N. oceanica was cultured, but several 
interesting conclusions can be made from the data to guide future work on this topic.  

For further work on this subject, a saturation curve for N. oceanica would be beneficial to guide 
which lower light intensities should be used in the experiments. This was not done for the 
preliminary tests as assumptions were made based on previous work and culturing conditions. The 
typical HL intensity is 750 μE so the LL values were chosen for the preliminary work to consistent 
of sub-saturating values such as 50 μE which is close to the light level the cells are grown under 
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(40 μE). The 200 μE and 400 μE were chosen as they are less than the HL value but thought to be 
sub-saturating. The preliminary data show that this assumption is not true as 400 μE induces the 
same NPQτ value as 750 μE (data not shown). However, with a saturation curve, the exact levels 
at which NPQ is low and when it saturates can be used.  

In Figure 5-1A, the most interesting features appear at the transition from 750 μE to either 50 μE 
(orange) or 200 μE (green) at t = 5 min. In the HL to 50 μE transition, there is an immediate 
decrease in NPQτ similar to that seen in a HL to D transition; however, within 30 seconds, the 
NPQτ level begins to increase in LL. It continues to rise for the rest of the 20 min LL period until 
a steady state level is reached. Upon transition from 50 μE to 750 μE at t = 25 min, there is no 
discernable increase in NPQτ as seen in a typical D to HL transition (dark blue). For the 200 μE 
LL sequence, there is no decrease in NPQτ at the HL to LL transition, but the value remains 
constant for several minutes before increasing to a steady state value that is retained through the 
LL to HL transition. The 400 μE LL sequence follows a similar trend as the 200 μE LL sequence, 
but due to inconsistency from the growth conditions, it is difficult to see this trend without 
normalizing all sequences at t = 5 min (data not shown).  

Figure 5-1B shows data from the 5 min HL- 5 min LL periodic sequence run using the same range 
of LL. The trends are very similar to those discussed above; though, the 50 μE sequence (orange) 
does have a few interesting features to note. First, in the first HL to LL transition at t = 5 min, the 
immediate decrease in NPQτ is retained but plateaus for ~ 2 minutes before the value begins to 
increase. It would be interesting to investigate if this slight decrease is related to the acidification 
of the lumen, which might require time to build up at lower light intensities, or if this is due to 
VDE being activated in a non-ideal pH environment. The next interesting feature is at the LL to 
HL transition at t = 10 min. At this transition, there is a slight, rapid increase in NPQτ indicating 
the pH gradient was sub-saturating before this moment. Finally, at the second HL to LL transition 
(t = 15 min), there is again a minute, but instantaneous, decrease in NPQτ, signifying a change in 
the pH gradient across the thylakoid membrane.    

These initial data are intriguing and encouraging, yet a few issues should be addressed in future 
work. One potential explanation for why no significant change in NPQ behavior was in for LL at 
200 μE or 400 μE is that the NPQ mechanisms had already been completely activated and 
saturated, covering any minor relaxation we might see at these values. To test this theory, shorter 
initial HL excitation periods should be utilized followed by LL.  

5.3 Comparing Two-State Versus Three-State Xanthophyll Cycles 
 
The model developed for making quantitative and accurate predictions of predicting 
Nannochloropsis oceanica NPQ2,10 is a three-state model based on the VAZ cycle.  The role of A 
as a rapidly convertible buffer is critical to the model’s success in describing the short-term 
“memory” of the response to high light. This suggests a two-state system would have very different 
response to periodic and aperiodic light exposure. Evidence of this is explored in detail in Chapter 
4. However, one unanswered question is why have photosynthetic organisms developed two 
xanthophyll cycles. Additionally, what are the benefits of a two-state system versus a three-state 
system on adapting to fluctuating light conditions.  

Based on the modeling work from Chapter 4, the Dd-Dt cycle appears to respond to changes in 
light levels, increasing the responsiveness of NPQ. To further test if a two-state system could 
benefit organisms exposed to rapid light fluctuations, a two-state system needs to be introduced 
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into a model organism that typically has the VAZ cycle. One way to do this would be to replace 
the VDE enzyme in N. oceanica with the VDE strain from Mantoniella squamata or Ostreococcus 
lucimarinus20–22. Both species are only able to convert V to A with little to no accumulation of Z 
in natural conditions. 

With the VA-Nannochloropsis mutant, a similar battery of tests utilized throughout this thesis 
would be used to determine the NPQ dynamics. Special attention would be given to observing 
changes in photoprotective memory. If the VA-Nannochloropsis acts like T. pseudonana, then we 
would expect to see a sustained photoprotective memory, even after twenty minutes of dark 
incubation, unlike what is seen in WT Nannochloropsis. In addition to experiments to characterize 
the NPQ dynamics of VA-Nannochloropsis, tests should be run to identify which condition 
survives in fluctuating growth conditions. By comparing the WT N. oceanica to the VA-mutant to 
T. pseudonana, we can determine what conditions are best suited for fluctuating light conditions. 
The experiments would be similar to those done in Steen, Burlacot et al where the algae are grown 
in a variety of light/dark cycles on agar plates for several days23. To fully test if xanthophyll cycle 
enzymes relate to improved fitness in fluctuating light, the light/dark cycles should range from 1 
min to 12 hr periods. For a control, the algae should also be grown in continuous light, which may 
also indicate which xanthophyll system is more robust in extended light periods.  
 
5.4 Modeling Non-Photochemical Quenching in Plants 

 
The success of a xanthophyll cycle-based model to quantify the mechanism of qE in the single-
cell alga N. oceanica and its flexibility to describe T. pseudonana, which utilizes an entirely 
different xanthophyll cycle, is encouraging as we endeavor to model the NPQ response in crop 
plants. However, in order to describe vascular plants, we need to increase the complexity of the 
model to include more complicated NPQ mechanisms, such as the addition of lutein as quenching 
carotenoid, state transitions, and photo-inhibitory effects. Utilizing the plant, Nicotiana 
benthamiana, we can extend the existing model by incorporating parameters for lutein-dependent 
qE, zeaxanthin-dependent quenching (qZ), photoinhibition (qI). N. benthamiana is an ideal model 
organism because many mutants already exist which target specific molecular NPQ components, 
allowing us to recursively build an intuition for how each component contributes to the WT 
phenotype. Through subtraction from the WT photoprotective phenotype, we can quantify the 
extent each unique molecular actor contributes to NPQ. In addition to the added complexities from 
light intensities and durations, this improved model would be able to describe the NPQ response 
in fields. We could then alter the model parameters to test how modifications to gene expression 
could improve photoprotective responses, allowing us to optimize crop yields with guidance.  
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