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1 General introduction 
1.1  Background 

Photosynthesis is one of the most important processes in biology, 

due to its huge impact on Earth's atmosphere (e.g. by the production of 

oxygen) and the biosphere in general. Photosynthesis research thus has a 

long history. The understanding of this fascinating process becomes even 

more important nowadays, as according to the latest numbers, the world 

population is estimated to rise close to 10 billion people in the next 30 

years. This prediction opens several key issues like the increasing food 

demand and the need for renewable energy sources that are both connected 

with photosynthesis. Our understanding of the entire process could thus in 

the future bring a required increase in the overall crop yield that is crucial 

for the sustainable development of our planet.  

One of the mechanisms which affect yield in crop production is 

nonphotochemical quenching (NPQ) (see e.g. Kromdijk et al. (2016)). This 

mechanism protects photosynthetic proteins from damage by reactive 

oxygen species produced at high light. It dissipates the excessive excitation 

energy safely as heat. The molecular mechanism of NPQ has been 

extensively studied mostly in higher plants, however, its detailed 

mechanism is rather puzzled in many other phototrophs. Therefore, there 

is a need to study the evolutional variability of this protective mechanism.  

The thesis is based on studies of NPQ in less explored species of 

algae; cryptophytes, Rhodomonas salina, and Chromera velia representing 

photosynthetic alveolate alga. Through insight into the molecular basis of 

their photoprotection, together with our knowledge of the NPQ mechanism 

in other model organisms (e.g. higher plants), we can get important 

information about the possibilities to improve the efficiency of 

photosynthesis. 

 
1.2  An overview of photosynthesis 

The sustainable life on Earth is based on the chemistry of carbon, 

which is present as three inorganic ionic forms: carbon dioxide (CO2), 

bicarbonate (HCO3
-) and carbonate (HCO3

2-). These three forms, however, 
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cannot be used to build organic molecules. First, they need to be reduced 

with the expense of free energy. The most important process in charge of 

carbon reduction is photosynthesis. 

Photosynthesis converts light energy into the energy of chemical 

bonds. The whole process can be simplified into the general oxidation-

reduction equation: 

 

2H2A + CO2 + Light     pigment    (CH2O) + H2O + 2A 

 

Note that compound A is the oxygen atom and the process runs 

under oxygenic conditions in cyanobacteria, prochlorophytes, eukaryotic 

algae, and higher plants (see e.g. Falkowski and Raven (2007)). 

Chlorophyll a (Chl a) is the main light-harvesting pigment in eukaryotic 

phototrophs and in prokaryotic cyanobacteria. The pigment (embedded in 

proteins) is required to catalyze reactions of water oxidation, which results 

in the production of free molecular oxygen. The oxygenic photosynthesis 

thus gave rise to the current value of oxygen concentration on Earth. 

The overall mechanism of photosynthesis is historically divided 

into two main series of reactions acting simultaneously (Blankenship, 

2002): Light-dependent reactions and light-independent reactions 

(historically dark reactions). They take place in different parts of 

chloroplasts, the photosynthetic organelles in eukaryotes. The light 

reactions occur in thylakoid membranes, whereas carbon fixation in 

chloroplast stroma (see Figure 1). The light-dependent reactions include 

light absorption (requiring pigments), charge separation (in reaction 

centers of photosystem I and II) and subsequent electron flow between 

redox systems of proteins (cytochrome b6/f) and electron carriers 

(plastoquinone, plastocyanin).  The system of electron transporters is often 

called an electron transport chain (ETC) (see Figure 1). The redox energy 

during electron transport in ETC is used to pump protons into the thylakoid 

lumen. Protons subsequently form a concentration gradient across the 

thylakoid membrane that is afterward used when protons slide down 
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through ATP synthase as it is described by the chemiosmotic theory 

(Mitchell, 1961).  

During dark reactions, Calvin-Benson cycle catalyzes the synthesis 

of triose-phosphate (glyceraldehyde 3-phosphate) and subsequent 

sucrose/starch synthesis, from the free CO2 and with the help of light-

reactions products – ATP and NADPH. The crucial reaction of the cycle 

is carboxylation (conversion of 1,5-bisphosphate to two molecules of 3-

phosphoglycerate) that is catalyzed by the Earth's most abundant enzyme, 

ribulose bisphosphate carboxylase/oxygenase – “RuBisCO”. The initial 

step is followed by the “reduction” step when triose-phosphate is formed 

and later utilized during gluconeogenesis to produce glucose 6-phosphate. 

Figure 1: The schematic overview of photosynthesis, its electron transport chain and
Calvin-Benson cycle. The light-driven electron flow is coupled to the accumulation of
protons in the lumen which is then used for ATP synthesis. The energy stored in ATP and
NADPH is then used in the Calvin-Benson cycle, which consists of three stages:
carboxylation, reduction, and regeneration. Key: PS II, photosystem II; PS I, photosystem 
I; PQ and PQH2, oxidized and reduced plastoquinone; cyt, cytochrome; PC, plastocyanin;
Fd, ferredoxin; FNR, ferredoxin-NADP reductase, Triose-P, triose phosphate; C3, three 
carbon-containing molecule; C5, five carbon-containing molecule. Picture from Ort and 
Whitmarsh (2001) 
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The whole Calvin-Benson cycle ends with the “regeneration” step when 

remaining triose-phosphate molecules are used to form ribulose 1,5-

bisphosphate (see e.g. (Falkowski and Raven, 2007; Ruban, 2013)). 

1.3  Light-harvesting antennas of photosystems 

The process of photosynthesis in the two photosystems (PSI, PSII) 

starts with light absorption by pigments, which are precisely organized in 

pigment-protein complexes called light-harvesting antennas. Throughout 

the evolution, antenna proteins have evolved into various antenna systems 

that are capable of adapting to different light conditions (low light, high 

light, the light of different spectral compositions, etc.). The antenna 

systems thus vary considerably among photosynthetic species (see e.g. 

reviews (Büchel, 2015; Green and Parson, 2003; Green and Pichersky, 

1994; Green, 2011; Liu et al., 2008; Liu and Blankenship, 2019)) in 

contrast to photosystems that are very similar among species (Sobotka et 

al., 2017). Most of the light-harvesting antennas of oxygenic phototrophs 

share some common features; they contain chlorophylls (chlorophyll a, b, 

c) together with different carotenoids (lutein, violaxanthin, zeaxanthin, β-

carotene, etc.) that are both covalently bound to protein complexes.  

All light-harvesting antenna complexes share properties and fulfill 

the following crucial functions: i) an increase of the absorption cross-

section of photosystems (see e.g. (Ley and Mauzerall, 1982; Nawrocki et 

al., 2016)); ii) a widening of the spectral range of photosynthetically active 

irradiation by means of various pigments or proteins with different 

absorptions (see e.g. (Horton and Ruban, 2005; Horton et al., 2000)). 
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Two types of antennas can be distinguished based on their position 

in the membrane (outer vs inner) and interactions with reaction centers: (I) 

membrane integral antennas and (II) membrane peripheral antennas that 

are associated with reaction centers via noncovalent interactions (see 

Figure 2: A: Types of membrane integral antennas: Fused antennas are integrated into 
the reaction center (RC) sharing the same polypeptide, typical example is 
photosystem  I (PSI) RC, Core antennas are closely associated with RC but they do 
not share the same polypeptide, typical examples are antennas of PSII CP43 and 
CP47, Accessory antennas are arranged separately from RC and taking various 
localizations, typical example are LHCII; B: Types of membrane peripheral antennas: 
Stromal phycobilisomes found in cyanobacteria, red algae and glaucophytes, and 
luminal phycobiliproteins found in cryptophytes. Picture modified after (Ruban, 
2013)       

B 

A A 
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Figure 2). The type (I), the integral antennas are further divided into three 

subtypes: i) fused antennas, integrated into the reaction center sharing the 

same polypeptide – e.g. photosystem I reaction center complex which 

contains two polypeptides binding the photochemically active chlorophyll 

together with a vast number of Chl a molecules serving as light-harvesters 

(see e.g. (Mazor et al., 2015)); ii) core antennas, associated with reaction 

centers but not sharing the same polypeptide – e.g. CP43 and CP47 

complexes of photosystem II (Alfonso et al., 1994); iii) accessory 

antennas, which are composed of proteins taking various arrangements and 

localizations relative to reaction centers – e.g. the main light-harvesting 

complexes of PSII  (LHCII), and of PSI (LHCI). Due to their flexibility 

and number of possible rearrangements, accessory antennas are, besides 

light-harvesting, commonly involved in photoprotection (Ruban et al., 

2012). A typical example of the latter type, peripheral antennas, are 

phycobilisomes found in cyanobacteria (Calzadilla et al., 2019; 

Niedzwiedzki et al., 2019), red algae and glaucophytes (for review see e.g. 

(Büchel, 2015; Green and Parson, 2003)). These antennas are located in 

the stromal side of the membrane and they exhibit strict structures of water-

soluble phycobiliproteins (Yamanaka et al., 1980; Zhao et al., 2019). Other 

examples of peripheral antennas are phycobiliproteins found in 

cryptophytes (Funk et al., 2011; Kaňa et al., 2012) that do not organize into 

complex structures and are tightly packed in lumen instead (Kaňa et al., 

2009).    

The majority of eukaryotic photosynthetic organisms have as an 

accessory antenna the membrane intrinsic pigment-proteins of the Light-

harvesting complex (LHC) family (see e.g. (Büchel, 2015; Wolfe et al., 

1994)). These proteins are classically formed by three transmembrane α-

helices connected by loops of various sizes. Their pigment content varies 

based on species, as Chl a can be accompanied with Chl b or c and by a 

large number of carotenoids (for review see (Büchel, 2015; Büchel, 2019; 

Engelken et al., 2010)). All accessory LHC proteins are encoded by the 

nucleus genes. So, LHC apo-proteins need to be transported into 
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chloroplasts, where they bind chlorophylls and carotenoids  (Green and 

Parson, 2003; Pan et al., 2012). One, two or four-helix antennae proteins 

from LHC family are usually involved in special functions in 

photoprotection, e.g. PsbS acting as a pH sensor (see e.g. (Croce, 2015; 

Mou et al., 2013; Zhang et al., 2013)).  

From the evolutionary point of view, genes from the Lhc protein 

superfamily can be divided into two major groups (Engelken et al., 2010; 

Koziol et al., 2007): i) “green group” - it codes for Chl a/b antennas 

proteins of PSI (Lhca genes) and PSII (Lhcb genes) from green algae, 

mosses, and higher plants; ii) red group - genes coding various chlorophyll 

a/c light-harvesting antenna proteins including Lhcf (in dinoflagellates), 

Lhcr (in cryptophytes and dinoflagellates), Lhcx (the analog of  LhcSR 

from the green lineage) found in some dinoflagellates and Lhcz (in 

cryptophytes). For a general overview see Figure 3 (Büchel, 2015). This 

antenna species variability is crucial for aquatic organisms as they are 

challenged by attenuated light intensities and varying light spectra in 

higher water depths. As a result of various antenna systems employing 

different pigments, aquatic organisms are nowadays able to use basically 

almost the whole range of wavelengths of visible light available from the 

Rhodomonas 
salina 

Figure 3: Light harvesting complex (Lhc) proteins in different algal groups and their
phylogenetic relationship adapted from (Büchel, 2015). E2, secondary endosymbiosis, 
E3, tertiary endosymbiosis, brackets indicate that a gene is present but no protein is
usually expressed, dotted lines point out alternative routes for tertiary endosymbiosis. 
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sun (see e.g. (Falkowski and Raven, 2007)). This high efficiency in light 

absorption, however, brings a need to cope with dynamic changes in light 

intensities as high-light peaks can be harmful to the photosynthetic 

machinery. From that reason, systems of antenna proteins have been 

adapted for both efficient light harvesting, and for fast excess light 

dissipation by mechanisms of photoprotection (for more information in 

higher plants see (Ruban et al., 1992; Ruban et al., 2012), for diatoms see 

(Buck et al., 2019; Lavaud et al., 2002b), for recently discovered alveolate 

Chromera velia see (Belgio et al., 2018; Mann et al., 2014)). 

 

1.4 Mechanisms of photoprotection and light acclimation 

Photosynthetic organisms optimize their light-harvesting systems 

for variability in the incident light to buildup and gain sufficient biomass 

and energy based on their habitat. In this long-term acclimation (days, 

weeks) they can modify pigment-protein content (e.g. by a change in the 

number of light-harvesting units and reaction centers) or pigment content 

itself (by modification in the concentration of chlorophylls and 

carotenoids). For instance, leaves in the tree canopy experience various 

light environment at a different location; it results in different pigment 

profiles – the shaded/sun leaves are enriched in chlorophyll/xanthophylls 

(Hansen et al., 2002; Poorter et al., 2009). 

However, it is important to note that light intensity in a particular 

habitat is not constant. Irradiance changes with the position in the forest 

canopy (shaded leaves vs leaves on direct sunlight (Ruban, 2013)), or in 

the water column (either turbulent changes in irradiation due to water 

mixing (Dera and Gordon, 1968; Falkowski et al., 1981)), or due to an 

active algal movement in the water column (e.g. for cryptophyte algae see 

(Kaňa et al., 2019)). Irradiance changes also with time, there are either 

periodical everyday diurnal changes in irradiation or rapid and 

unpredictable sunlight shading caused by clouds or leaf movement 

(Kromdijk et al., 2016; Ruban, 2016). 
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Light-harvesting antennas efficiently collect light and deliver 

sufficient excitations into reaction centers at various irradiances. The 

relationship between the absorbed and utilized energy in photosynthesis is 

depicted in Figure 4. The reaction centers and whole photosynthesis 

become saturated with 

increasing light intensity 

that can lead to the reduction 

of harmful products like 

reactive oxygen species - 

ROS (Goss and Lepetit, 

2014; Horton et al., 1996; 

Johnson et al., 2011; 

Takahashi and Badger, 

2011). ROS can be then fatal 

to the photosynthetic 

proteins primarily at the 

level of PSII. The light-

induced PSII degradation is 

called photoinhibition (in 

other words, reduction in the 

number of functional PSII 

reaction centers, for review 

see (Takahashi and Badger, 2011)). It limits overall photosynthetic 

activity, growth, and productivity. Therefore, photosynthetic organisms 

have evolved fast PSII repair mechanisms represented by D1 protein 

turnover (see e.g. (Komenda et al., 2006; Yamamoto et al., 2008)) to deal 

with the continual damage caused by high PSII sensitivity to high-light.  

To cope with fluctuating light intensities, plants and algae evolved 

an effective network of adaptive mechanisms acting at four levels (adapted 

from (Li et al., 2009; Long et al., 1994)): i) Light avoidance - on the level 

of light absorption – it controls the amount of energy absorbed by antennas; 

ii) Light tolerance – when already absorbed light-energy in the antennas 

Figure 4:  The fate of absorbed light energy and its
utilization in photosynthesis. Under low light
conditions, the amount of absorbed and utilized
energy matches. However, with continuing light
absorption, the photosynthetic reaction centers
become saturated, which leads to a buildup of 
potentially harmful excess energy. Figure adapted
from (Ruban et al., 2012)  
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system is utilized or dissipated; iii) damaged protein turnover, e.g. D1 

protein during photoinhibition; iv) the long-term changes in irradiations 

(days, weeks) that cause acclimation to high light. All these mechanisms 

(i-iv) are then controlled and triggered differently (see sensing mechanisms 

in Figure 5). Once the excess light is sensed, the signal is transduced and 

continuously triggers (with different kinetics) one of these basic 

physiological responses to high light: light tolerance, light avoidance, light 

damage (photoinhibition) or light acclimation (summarized in Figure 5). 

The light tolerance mechanism includes dynamic changes affecting some 

of the crucial antenna properties, changes in effective absorption cross-

section of PSII and fluorescence lifetime. In general, adaptation 

mechanisms can be distinguished based on their temporal action on Long-

term acclimation and Short-term acclimation. The fastest physiological 

responses are represented by nonphotochemical quenching and state 

transitions (see section 1.4.1). Later in time, there is light avoidance on the 

Figure 5: A schematic representation of mechanisms for sensing and responding to excess
light modified after (Li et al., 2009), PQ, plastoquinone; ROS, reactive oxygen species.
There are 4 basic physiological responses to high-light (Long et al., 1994): light-
tolerance, light-avoidance, photoinhibition, acclimation. 
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whole organism level (e.g. adjustment of leaf orientation), on the cellular 

level (chloroplast movement) or most importantly, the acclimation on the 

molecular level (a long-term control of chlorophyll content in the 

membrane connected with the antenna size and with the PSI/PSII ratio 

(Belgio et al., 2012; Belgio et al., 2014; Belgio et al., 2018; Ruban, 2013)). 

All the above-mentioned acclimation strategies are discussed in 

connection to high light stress throughout the following section. 

 

1.4.1  Physiological responses to high light 

Tolerance: The short-term acclimation mechanisms allow a 

tolerance of high/low light. They act as pre-existing regulatory 

mechanisms triggered by high light, with no effect on gene expression. 

These mechanisms are rather fast, they occur in seconds/minutes after a 

sudden change in light intensity (sun flecks, shading by clouds, etc.). The 

first example of this mechanism is the process of state transitions (for 

review see (Goldschmidt-Clermont and Bassi, 2015; Mullineaux and 

Emlyn-Jones, 2004)), firstly observed in green (Bonaventura and Myers, 

1969) and red (Murata, 1969) algae. Afterward, it was also found active in 

cyanobacteria (Mullineaux and Allen, 1990), in higher plants (see e.g. 

(Nellaepalli et al., 2013; Wientjes et al., 2013a)) and in other secondary 

endosymbiotic algae, cryptophytes (Cheregi et al., 2015). State transitions 

can balance an excitation energy distribution between photosystems. 

Based on the standard model, state transitions functionally re-localize the 

antennas of PSII either to PSI or leave them uncoupled from photosystems. 

The process makes use of differences in absorbance spectra of 

Photosystems, as PSI often contains red-shifted pigments (above 700 nm) 

that are absent in PSII. State transitions are thus essential to keep the 

balance between both reaction centers activity in order to optimize the 

linear electron transport chain. State transitions are usually involved under 

low light irradiance when light is a limiting factor (reviewed in Mullineaux 

and Emlyn-Jones (2004)). However, under high light conditions, another 

quickly-responding phenomenon takes place, the so-called 
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nonphotochemical quenching of fluorescence (discussed separately in 

section 1.5). 

Avoidance: Other short term acclimation strategies lead to light 

avoidance due to organelle/cell motility. In higher plants, a controlled 

chloroplast movement takes place in order to optimize the incident light 

(see e.g. (Suetsugu and Wada, 2007; Wada, 2016)) together with the leaf 

movement (Feng et al., 2019; Koller, 1990). Chloroplasts are able to move 

into the shade of other chloroplasts after the blue-light photoreceptors are 

activated (Cazzaniga et al., 2013). Motile algae, like cryptophytes, exhibit 

positive and negative phototaxes (Häder et al., 1987) – they move away 

from the intense light in response to blue and green light receptors (Kaneda 

and Furuya, 1986; Kaneda and Furuya, 1987). Recently, it has been also 

suggested that the algal cell rotation around the longitudinal axes might 

have a photoprotective role as it changes the continual irradiation to 

periodically fluctuating light (Kaňa et al., 2019). 

Photoinhibition: Photoinhibition starts with changes on the 

acceptor side of PSII (Vass, 2012) leading to the degradation of the central 

subunit of PSII, the D1 protein. The degraded protein is exchanged for the 

newly synthesized copy in the so-called D1 protein turnover to restore the 

PSII activity (reviewed in (Li et al., 2009; Yamamoto et al., 2008)). It is 

important to note that the process of the D1 protein damage occurs at all 

light intensities, yet the repair mechanisms keep the pace with it. Under 

saturating light intensities, however, the mechanism fails to keep up with 

the damage and a net decrease of the photosynthetic rate, the 

photoinhibitory damage of PSII can be observed (Aro et al., 2005).  

The common strategy to avoid photoinhibition in higher plants is 

reducing the light-harvesting antenna size to decrease the amount of 

absorbed light energy (Kouřil et al., 2013; Ware et al., 2015a). Algae, in 

contrast to higher plants, often reduce the number of PSII reaction centers 

without the change in the antenna size (Belgio et al., 2018). It results in a 

portion of antennas poorly connected to reaction centers – uncoupled 

antennas (Behrenfeld et al., 1994; Belgio et al., 2012) that prevent the 

12



photoinhibitory damage of PSII (Belgio et al., 2018; Kaňa et al., 2002). 

The further mechanism typical rather for algae is the so-called excess 

capacity of PSII that represents another efficient acclimation strategy 

(Behrenfeld et al., 1994; Belgio et al., 2018; Kaňa et al., 2002). It allows 

keeping the maximal photosynthetic rate, the so-called “photosynthetic 

capacity” (measured either as oxygen evolution or CO2 assimilation, at 

saturating light intensity). The excess capacity of PSII is present when the 

number of PSII is reduced by photoinhibition but photosynthetic capacity 

remains unchanged. It has been rationalized by the increase in PSII 

turnover (Behrenfeld et al., 1998; Kaňa et al., 2002). 

Acclimation and adaptation: Long-term acclimation mechanisms 

are connected with the development and regulation of gene expression, 

which can take from days to weeks and usually results in changes in 

composition and structure on the membrane level. The typical examples 

are fine-tuning of PSI/PSII ratio (Walters, 2005), changes in effective 

antenna size of photosystems (see e.g. (Havelková-Doušová et al., 2004; 

Kagawa et al., 2001)) or the number of reaction center units in total (Belgio 

et al., 2018). For example, high light treatment in higher plants usually 

increases Photosystem I/Photosystem II ratio (Boardman, 1977; Kendrick 

and Kronenberg, 1994), reduces total chlorophyll content (see e.g. (Oguchi 

et al., 2003; Pyke, 2009) – this is often connected with smaller effective 

antenna size of PSII (Anderson and Osmond, 2001; Anderson et al., 1988; 

Morosinotto et al., 2006; Pesaresi et al., 2009; Wientjes et al., 2013b). 

However, the reduction in the effective antenna size at high light is not a 

universal principle for all organisms as especially aquatic organisms react 

differently to high-light (HL) (see for diatoms (Behrenfeld et al., 1998), 

for green algae (Bonente et al., 2012; Havelková-Doušová et al., 2004), or 

in other algae (e.g. Chromera velia (Belgio et al., 2018))). For overall 

species variability in the changes in antenna size, see the review 

(Falkowski and Owens, 1980) for algae and (Kouřil et al., 2012) for 

comparison with higher plants. Another interesting example of long-term 

acclimation is present in colonial algae; they need to optimize their overall 
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antennae system, in contrast to single cellular species. Therefore, they 

often display larger and more spatially heterogeneous colonies, where cells 

that are deeper inside have increased pigmentation and larger antenna 

system due to overcoming self-shading (van den Berg et al., 2019; Wobbe 

et al., 2016).  

 

1.5 Nonphotochemical quenching – description and detection 

Nonphotochemical quenching (NPQ) of Chl a fluorescence 

represents one of the most common and the fastest mechanism of tolerance 

to high light (see the previous chapter). It is a rapidly responding 

mechanism of photoprotection, in which the excess light energy absorbed 

by pigments is safely dissipated as heat. The term quenching results from 

the fact that it is often measured as a decrease in quantum yield of Chl a 

fluorescence. Therefore, it has been defined as a so-called 

nonphotochemical Chl a fluorescence quenching. Currently, also some 

other methods of NPQ detection based on fluorescence life-time (see e.g. 

(Johnson et al., 2010; Kaňa et al., 2016; Miloslavina et al., 2009)) and 

measurements of isolated proteins in vitro in detergent micelles  (Belgio et 

al., 2013; Kuthanová Trsková et al., 2018; Petrou et al., 2014) are 

commonly used.  

NPQ operates in different organisms including higher plants, 

various algae, and also in cyanobacteria (Büchel, 2014; Demmig-Adams 

et al., 2014; Finazzi and Minagawa, 2014; Ruban and Murchie, 2012). 

Even though there are many similarities in NPQ regulations for different 

species (e.g. triggering by pH), there are also some species-specific 

features of NPQ (e.g. location either in antennas or in reaction centrum). 

Although numerous studies have been already performed, our knowledge 

of the general features of NPQ mechanisms is still rather puzzled as most 

of the studies have been focused on only a few model organisms: higher 

plants, green algae (most often represented by Chlamydomonas, see e.g. 

(Tian et al., 2019) and section 1.5.2) and diatoms (see section 1.5.2). The 

overall understanding of NPQ in other algae formed by secondary 
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endosymbiosis like cryptophytes and an evolutionary interesting alveolate 

alga Chromera velia, both used in this thesis as model organisms, is much 

worse.  

The NPQ mechanism is usually studied based on the changes in 

variable fluorescence by means of pulse amplitude modulated (PAM) Chl 

a fluorescence in vivo. A typical measuring protocol is depicted in Figure 

6 (see e.g. (Belgio et al., 2018; Kuthanová Trsková et al., 2018; Müller et 

al., 2001; Ruban, 2016). NPQ is often kinetically divided into two or even 

more components (Figure 6) based on fluorescence recovery in dark: the 

fast component often called qE - the high energy quenching; slowly 

reversible component – often called photoinhibitory (qI) or sustained 

quenching.  NPQ can be then calculated based on Sterm-Volmer equation 

for concentration quenching of fluorescence according to the following 

formula 

NPQ = (Fm- Fm’)/ Fm’.  

 

The fast reversible NPQ - qE is a major type of NPQ in plants 

caused by ∆pH (Horton et al., 1996). It contrasts to slowly reversible 

photoinhibitory quenching (Ruban and Horton, 1995) which is rather 

ambiguous, highly complex component that is hard to interpret,  (Nilkens 

et al., 2010; Ware et al., 2015b). We need to note that the above-mentioned 

definition perfectly fits for higher plants and green algae where fast 

reversibility of qE is connected with its fast triggering. On the contrary, 

this is not fully correct in many other secondary endosymbiotic algae like 

diatoms (Ruban et al., 2004) and recently discovered Chromera velia 

(Kotabová et al., 2011). In these organisms, NPQ can be rapidly induced, 

but it is only very slowly reversible. The mechanism has been defined as 

the so-called NPQ lock (Belgio et al., 2018; Kuthanová Trsková et al., 

2018; Ruban et al., 2004). Therefore, the more general term “NPQ” is used 
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throughout my thesis instead of qE (which has been defined rather for 

higher plants). 

The mechanism of NPQ has been often studied in isolated pigment-

protein complexes (PPC) in vitro (Ruban et al., 1994b). Protons are 

considered to be the main trigger of the NPQ mechanism in light-

harvesting antenna. In order to decompose the effect of protons on 

antennas itself, the technique of in vitro Chl a fluorescence quenching of 

light-harvesting antenna proteins has been developed (Ruban et al., 

1994a). The method is based on the detection of Chl a fluorescence in 

isolated antennas solubilized in a detergent (close to critical micellar 

concentration - CMC). For samples below CMC simple acidification of 

Figure 6: A typical fluorescence induction trace obtained with a higher plant Arabidopsis 
thaliana adapted from Ruban (2016). The major parts of the protocol are marked with
arrows. Under weak measuring light, minimal fluorescence (Fo) is detected.
Subsequently, all the reaction centers of PSII become closed by high-intensity pulse of 
light and a maximum level of fluorescence in dark is observed (Fm). A following
continuous illumination with moderately excess light leads to the decrease in
fluorescence yield caused by both photochemical and nonphotochemical quenching. Fs 
= steady-state fluorescence level; Fm’= maximum fluorescence during actinic light
illumination. The formula for NPQ is indicated.  Energetic quenching, qE in higher 
plants, is a major, quickly reversible component of NPQ. Inhibitory quenching, qI, is a
minor, slowly reversible NPQ component. 
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antenna solution (solubilized in detergent) induces quenching of Chl a 

fluorescence (see Figure 7). It has been shown that this type of 

fluorescence quenching in antennas shares some characteristic features 

with the nonphotochemical quenching of chlorophyll a fluorescence as 

defined for native cells (Belgio et al., 2013; Petrou et al., 2014; Ruban et 

al., 1994a). The following similarities can be listed: i) the fluorescence 

quenching is pH-dependent (Petrou et al., 2014; Ruban et al., 1994a); ii) it 

is connected with the aggregation/oligomerization of the antenna proteins 

as dilution of detergent results in fluorescence decrease (Kuthanová 

Trsková et al., 2018);  iii) the fluorescence quenching is reversible, the 

addition of the detergent in the sample results in the original fluorescence 

value (Belgio et al., 2013; Ruban et al., 1994a); iv) the dilution does not 

cause any pigment release (fluorescence and absorption spectra are the 

same) (Ruban et al., 1994a), v) the addition of carotenoids results in the 

changes in fluorescence (Kaňa et al., 2016; Ruban et al., 1994a). These 

above-mentioned similarities between NPQ in vivo and Chl a fluorescence 

Figure 7: Chlorophyll a fluorescence quenching in isolated antennas in detergent micelles.
After the antenna addition, detergent is diluted which results in changes in protein
structure (aggregation/oligomerization) accompanied by decrease in chlorophyll a
fluorescence that is fully reversible upon detergent addition. 
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quenching in isolated antennas justified the application of this technique to 

study the quenching properties of isolated antenna complexes. It is also 

possible to qualitatively compare the in vitro method with PAM method in 

intact cells/chloroplasts used for calculation of NPQ. This method has been 

already successfully used for various antennas systems – see (Belgio et al., 

2013; Ruban et al., 1994b; Wentworth et al., 2000) for Chl a/b containing 

antennas from higher plants, (Kaňa et al., 2012) for Chl a/c containing 

antennas from cryptophytes, and for Chl a containing antennas from 

Chromera velia (Kuthanová Trsková et al., 2018). It was also used to test 

the properties of CP43 which was proven to be not sensitive to acidification 

(Ruban et al., 1998). 

 

1.5.1 Molecular mechanisms and regulation of NPQ 

The most commonly accepted theory states that NPQ in higher 

plants and green algae resides in the light-harvesting antennas which 

change their conformation responding to this ∆pH (Horton et al., 1996; 

Peers et al., 2009; Ruban et al., 2012), although some additional theories 

suggest quenching in the reaction center (Bruce et al., 1997; Ivanov et al., 

2008; Nicol et al., 2019) that is probably more important in extremophilic 

organisms (Krupnik et al., 2013). For the rest of this thesis, I will only 

concentrate on the light-harvesting antenna-type quenching.  The antennas 

in vivo respond to pH either directly through the protonation of amino acid 

residues at their luminal side (see e.g. (Belgio et al., 2013; Kuthanová 

Trsková et al., 2018; Petrou et al., 2014)), or indirectly, through the pH-

dependent de-epoxidation of xanthophylls that triggers/facilitates NPQ 

(Johnson et al., 2010). The xanthophyll cycle pigments act as an NPQ 

modulator, allosteric factor, together with PsbS protein (a ∆pH sensor) that 

accelerates both fluorescence quenching and recovery (Croce, 2015; 

Johnson and Ruban, 2010).  
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The molecular mechanism of NPQ can be studied from different 

perspectives starting from triggering mechanism, location (site of NPQ), 

allosteric regulators and quenching pigments. The general NPQ scenario 

in antennas of higher plants and our species of interest, Chromera velia 

and Rhodomonas salina (for more information see section 3.1), is 

presented in Figure 8.  

The currently most common model of NPQ in antennas of 

eukaryotic phototrophs proposes that lumen acidification is a key factor 

for triggering of nonphotochemical quenching. Low lumen pH induces 

antenna protonation that leads to conformational changes and 

aggregation/oligomerization followed by energy dissipation. The previous 

research (see e.g. (Ballottari et al., 2016; Ruban et al., 1998)) showed that 

the sensors of the ∆pH are negatively charged residues (Asp and Glu) 

located mainly in the luminal loop of the antenna protein and in the C-

terminus (Walters et al., 1996). These residues become neutral upon 

protonation subsequently making the whole protein structure more 

hydrophobic and easier to aggregate. Several types of antennas were 

already tested in vitro (Gundermann and Büchel, 2012; Kaňa et al., 2012; 

Kuthanová Trsková et al., 2018), however, the protonable residues are 

mostly identified only in the green lineage (see e.g. (Ballottari et al., 2016; 

Figure 8: The proposed scenario of the NPQ mechanism in antennas modified after

(Ruban and Murchie, 2012). The trigger of NPQ are protons in the lumen which are

regulated by electron transport (ET), the function of ATPase and H+/K+ specific 

antiporters. The protons react either directly with antennas or through allosteric regulators

(xanthophyll cycle). Nonphotochemical quenching occurs thanks to pigments,

xanthophylls, and chlorophylls. The main differences between species of interest of this

thesis are depicted; CLH = Chromera light-harvesting complex, CAC = chlorophyll a/c 

antennas of R. salina 
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Li et al., 2004; Liguori et al., 2013)) with exception of alveolate alga C. 

velia (Kuthanová Trsková et al., 2018). 

Allosteric regulators of NPQ – Xanthophylls: There are different 

types of light-induced xanthophyll cycles in different organisms: i) 

Violaxanthin –– zeaxanthin cycle in higher plants, green algae, 

chromerids, eustigmatophytes, chrysophytes, phaeophyceae, and 

raphidophytes; ii) Diadinoxanthin – diatoxanthin cycle in diatoms, 

dinophytes, and haptophytes; iii) Lutein cycle involving lutein-5,6, 

epoxidase observed in cuscuta species (Bungard et al., 1999). Lutein is 

indeed another xanthophyll with known function in NPQ also in other 

higher plants ((Pogson, 2000); for review see (Goss and Lepetit, 2014)). 

The overall mechanism of how particular xanthophylls affect NPQ is still 

an open question. They can act directly as quenchers, or indirectly from 

the outside of the antennas proteins (Croce, 2015; Kaňa et al., 2016; Xu et 

al., 2015). The indirect effect of xanthophylls on NPQ could be caused by 

their hydrophobic/hydrophilic interaction with membrane lipids or with 

membrane proteins (Johnson et al., 2010; Ruban and Johnson, 2010). By 

experimental studies, it was confirmed that xanthophylls modulate 

membrane fluidity and permeability to ions (Gruszecki and Sielewiesiuk, 

1991). Moreover, they can act as modulators of tertiary protein structure, 

they modulate membrane protein function (Ruban and Johnson, 2010), and 

they are crucial for photosynthetic membrane protein assembly (Phillip et 

al., 2002).  

Photosynthetic light harvesting-antennas typically contain several 

xanthophylls, therefore, their direct effect on the NPQ value has been often 

proposed (Holt et al., 2005). The hydrophobic xanthophylls (e.g. 

zeaxanthin) accelerate the development of NPQ on light but slow down its 

relaxation in dark. In fact, hydrophobicity of xanthophylls is a crucial 

parameter affecting directly both the amplitude and kinetics of NPQ 

(Johnson et al., 2010). Considering indirect, regulatory allosteric role, the 

highly hydrophobic pigment (e.g. zeaxanthin) makes antennas more 

dehydrated, which subsequently shifts their pH sensitivity to higher pH – 
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making them ready to quench. On the contrary, hydrophilic xanthophylls 

(e.g. violaxanthin) act rather as quenching inhibitor (Gundermann and 

Büchel, 2008; Kaňa et al., 2016; Kotabová et al., 2011; Ocampo-Alvarez 

et al., 2013; Ruban et al., 1994b).     

Allosteric regulators of NPQ – the PsbS protein: The PsbS 

protein is another NPQ allosteric modulator (Croce, 2015), which is 

present only in higher plants (Fan et al., 2015; Roach and Krieger-Liszkay, 

2012), mosses (together with LHCSR protein (Alboresi et al., 2010; 

Gerotto et al., 2011)) and some green algae (Mou et al., 2013; Zhang et al., 

2013). It does not specifically bind pigments and possesses a dimeric 

structure that is more stable at low pH (Fan et al., 2015). The molecular 

mechanism of action and localization of PsbS is still not fully clear. It has 

been proposed that the acidified PsbS protein changes its conformation in 

a way similar to the NPQ-switch in antennas; it makes these antenna 

proteins more sensitive to protonation (Croce, 2015; Ruban et al., 2012). 

Alternatively, PsbS could lead to an increase in the fluidity of the 

membrane, accelerating the re-organization of the photosystem II 

macrostructure that is necessary for the induction of NPQ (Goral et al., 

2012).  

It is important to note that reversible NPQ can be formed in several 

organisms even without the allosteric regulators like PsbS or zeaxanthin. 

For instance cryptophytes, secondary endosymbiotic algae, exhibit “qE” 

type of NPQ even without the presence of any xanthophyll cycle (Kaňa et 

al., 2019; Kaňa et al., 2012; Kuthanová Trsková et al., 2019). It is worth 

noting that the slowly reversible, and ∆pH-sensitive NPQ can be found 

also in plant mutants without PsbS however with very slow kinetics 

(Johnson et al., 2011). Further, NPQ can be stimulated by the addition of 

chemicals providing protons, e.g. diaminodurene (Ruban et al., 2012). It 

suggests that the main role of PsbS in higher plants is facilitating the fast 

changes in NPQ (Ruban et al., 2012). 

Quenching mechanism: The scientific chase to find quenchers 

during the fast qE mechanism of NPQ has brought results that proposed 
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various mechanisms requiring different pigments (e.g. zeaxanthin, lutein, 

chlorophyll) as a physical quenchers of the excitation energy (see e.g. 

(Demmig-Adams, 1990; Holt et al., 2005; Phillip et al., 2002; Ruban et al., 

2007). In principle, four physical mechanisms of nonphotochemical 

quenching of excited chlorophyll states have been proposed: 1) quenching  

of  the  Chl a excited  state  via  electron  transfer  to carotenoid (Holt et 

al., 2005), 2) Energy  transfer  quenching – through transfer of energy from 

Chl a to carotenoid (Duffy and Ruban, 2015; Ruban et al., 2007), 3) 

Quenching due to excitonic interactions between Chl a and carotenoid 

(Bode et al., 2009); 4) Quenching due to excitation energy transfer from 

chlorophylls to a dark state of carotenoid (lutein) (Mascoli et al., 2019). 

Despite the intensive research on this topic, there is still no conclusive 

model of the final quencher/quenching mechanism. Moreover, the research 

on the quenching mechanism is often hampered by the great diversity of 

photosynthetic species and their antennas/pigment systems as it is 

described in the following paragraph.    

 

1.5.2 NPQ in algal kingdom 

There are only a few typical algae used as model organisms to 

explore the NPQ mechanism, namely Chlamydomonas reinhardtii for 

green algae, and diatom algae Phaeodactylum tricornutum or 

Thalassiosira pseudonana. Therefore, in the following section, NPQ 

mechanisms/features in these algal groups will be summarized more 

specifically. 

Green algae: To some extent, green algae have a very similar NPQ 

mechanism in comparison to higher plants. It depends on the lumen 

acidification and on changes in the structure of antenna proteins (reviewed 

in (Goss and Lepetit, 2014)). Interestingly, there is a lack of the proposed 

low pH sensor typical for higher plants, PsbS, in many green algae, 

although the responsible gene is present (Büchel, 2015); exception is 

represented by green alga Ulva linza (Zhang et al., 2013) or 

Chlamydomonas reinhardtii, in which it has been suggested that the role 
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of PsbS in physiologically relevant growth conditions might be more 

prominent than previously thought (Nawrocki et al., 2020). Functional 

NPQ in green alga requires rather other proteins - LHCSR (Light-

Harvesting Complex Stress-Related, see e.g. (Girolomoni et al., 2019; 

Peers et al., 2009)) that are expressed under blue (Gabilly et al., 2019) or 

high light (Peers et al., 2009). Some green algae exhibit NPQ only under 

specific conditions; biofilm-forming algae exhibit substantial NPQ 

capacity only in low light. Interestingly, under high light, NPQ amplitude 

increases, but its kinetics is unchanged in colonial algae (van den Berg et 

al., 2019). One of the last differences between higher plant and green algal 

NPQ comes from the function of the xanthophyll cycle pigments. NPQ in 

some green algae is modulated by the xanthophyll cycle, whereas in other 

green algal species (e.g. Chlorella, Scenedesmus, Pedinomonas minor, 

Chlamydomonas reinhardtii, etc.), violaxanthin is not de-epoxidized or its 

de-epoxidation state is not related to the formation of NPQ (Goss et al., 

2015; Masojidek et al., 2004; Masojidek et al., 1999). 

Diatoms: Diatom algae possess secondary endosymbiotic 

chloroplasts that originated from a red algal ancestor (Keeling, 2013). 

They are the main model organism for NPQ research from the red clade of 

photosynthesis. They contain different types of light-harvesting antenna 

proteins in comparison to green plants/algae (see Figure 3), the so-called 

fucoxanthin-chlorophyll a/c proteins (FCPs), together with stress-related 

proteins (similar to LHCSR) from the LHCX family (Büchel, 2015). 

Further, their xanthophyll cycle pigments differ from higher plants and 

green algae: there is a diadinoxanthin cycle in which diatoxanthin is 

formed from diadinoxanthin (Büchel, 2015; Büchel, 2019). Diatoms 

display a great capacity to rapidly inducible energetic quenching (see e.g. 

(Lavaud et al., 2002a; Lavaud et al., 2002b; Ting and Owens, 1994)) that 

is however only slowly reversible in dark due to the so-called NPQ lock 

(Ruban et al., 2004). NPQ is, similarly to higher plants, dependent and 

mutually controlled by several factors: lumen acidification (Lavaud and 

Kroth, 2006), a xanthophyll cycle, presence of LHCX proteins (Lepetit et 
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al., 2017), and aggregation/oligomerization of FCP antennas (see e.g. 

(Buck et al., 2019; Hao et al., 2018; Lavaud et al., 2002a)). It is important 

to note, however, that there is no PsbS protein required for NPQ 

(Giovagnetti and Ruban, 2018). Further, a pennate diatom, Phaeodactylum 

tricornutum, grown under the intermittent light regime, is capable of so-

called “super quenching”: its NPQ is five times larger compared to higher 

plants (Ruban et al., 2004). As diatoms live in different aquatic habitats 

with various light inputs, there is species variability also in their NPQ 

features, especially between centric and pennate diatoms (Lavaud and 

Lepetit, 2013). For example, when compared to widely studied pennate 

diatom P. tricornutum, a centric diatom Skeletonema costatum shows 

approximately two times lower NPQ extent due to different organizations 

of FCP antennas and LHCX proteins and the possibly lower amount of 

diatoxanthin involved in NPQ (Lavaud and Lepetit, 2013). 

NPQ mechanism/regulation in other algal groups: Except for 

the most common model organisms (plants, green algae, diatoms) there are 

several other species mostly belonging to the red clade of algae (algae with 

red algal ancestor) for which we have only fragmental knowledge on NPQ 

(see review (Goss and Lepetit, 2014)). For example, this is the case of red 

algae (Rhodophyta), eukaryotic algae containing phycobilisomes similar 

to cyanobacteria. The mechanism of NPQ in red algae, in general, is still 

questionable (Delphin et al., 1996), even though pieces of evidence now 

point to reaction center quenching (Krupnik et al., 2013). Considering the 

role of xanthophylls, different red algal species have different xanthophyll 

profiles with either lutein or zeaxanthin as the main carotenoids (Schubert 

et al., 2006). Even though the presence of the epoxy-carotenoids points at 

their involvement in photoprotection, the interconversion of xanthophyll 

cycle pigments was found only in Gracilariales species with no evidence 

for their photoprotective role (Andersson et al., 2006; Ursi, 2003).  Several 

other algae have been only partially studied; it includes chrysophytes 

(golden algae) with NPQ dependent on violaxanthin cycle (Tanabe et al., 

2011), brown algae with NPQ associated only with the formation of 
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zeaxanthin (Garcia-Mendoza et al., 2011; Ocampo-Alvarez et al., 2013) or 

dinophytes with NPQ dependent on the diadinoxanthin cycle (Brown et 

al., 1999; Warner and Berry-Lowe, 2006).  

Two species from the red lineage are important for my thesis: 

Chromera velia from alveolates and cryptophyte alga Rhodomonas salina. 

They both are secondary endosymbiotic algae with unusual NPQ 

mechanisms (for details on their NPQ mechanism see section 3.1). C. velia 

exhibits an effective and fast inducible NPQ dependent on the violaxanthin 

cycle (see e.g. (Kaňa et al., 2016; Kotabová et al., 2011; Quigg et al., 2012) 

and chapter 3.1.1). R. salina is specific in the way that it does not possess 

any xanthophyll cycle, yet still shows rapidly inducible and reversible 

NPQ (see e.g. (Cheregi et al., 2015; Kaňa et al., 2019; Kaňa et al., 2012) 

and chapter 3.1.2.). 
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2 Main goals 
Aquatic photosynthetic organisms have to cope with dynamic 

changes in light intensities which directly influence the process of 

photosynthesis. The overall aim of this thesis was to study the mechanism 

of regulation of photosynthetic activity of thylakoid membrane pigment-

protein complexes at the level of light-harvesting processes. I focused on 

the mechanisms of photoprotection in these complexes in algae from the 

red clade of photosynthesis; the data were also compared with mechanisms 

observed in the land plants.  

My research was based on an assumption that these algae, although 

being evolutionary distant, share some common features in their 

photoprotective mechanisms. In order to address this hypothesis, I carried 

out experiments that were divided as follows: (a) Algal physiology and 

photoprotection – to analyze the photoprotective behavior of live cells 

under different light conditions and with uncouplers; (b) Study on isolated 

pigment-proteins complexes – to isolate native photosynthetic complexes 

(photosystems, light-harvesting antennas), characterize their pigment and 

protein composition, intactness and mechanisms of protective quenching 

in vitro; (c) In silico study – to exploit the bioinformatics tools for the 

prediction of algal protein structure and the theoretical effect of pH in silico 

based on known aminoacid composition. 

 

 

Specific goals: 

 

Goal 1: Improve and optimize the current methods for the isolation of 

pure, functional algal pigment-protein complexes (PPCs); 

characterize their function with respect to the NPQ mechanism.  

Isolation of pure and intact pigment-protein complexes is a crucial 

step for any in vitro study. Although the traditional biochemical methods 

have been already successfully adapted by many authors for the isolation 

of membrane proteins from higher plant thylakoids, the situation is 
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different in algae. This is probably due to the peculiar structure of their 

thylakoids, the lack of grana-stroma heterogeneity and the problems with 

cell disruption. I have tested different methods of cell disruption and 

membrane solubilization (A), isolation of PPCs (B), and biochemical 

characterization (C) from two selected algal species, Chromera velia and 

Rhodomonas salina. 

A: The proper conditions of cell disruption were tested: the number 

of breaking cycles, various buffers, pH and ionic composition. Moreover, 

the different types of detergents were tested: dodecyl-𝛽-maltoside (𝛽-DM), 

dodecyl-α-maltoside (α-DM), Triton X-100 in various concentrations.  

B: Several biochemical techniques were tested to isolate pure and 

active pigment-protein complexes, namely light-harvesting antennas and 

photosystems. The applied techniques included: sucrose gradient density 

centrifugation (separation based on density and the molecular weight of 

complexes), size exclusion gel chromatography (separation based on 

physical size of complexes), ion-exchange chromatography IEC 

(separation based on electrical charges of complexes) and preparative 

isoelectric focusing (separation based on isoelectric points).  

C: The isolated PPCs, especially light-harvesting antennas, were 

characterized spectroscopically (absorption spectroscopy, room/low-

temperature fluorescence spectroscopy, fluorescence lifetime 

measurements, fluorescence quenching in vitro) and biochemically (clear 

native electrophoresis (CN-PAGE), SDS-PAGE). HPLC was used to 

monitor the pigment composition of isolated PPCs and for the isolation of 

pigments.  

The experimental outcomes of goal 1 were used in Articles I, II, 

III, and IV directly connected with the topic of the thesis, together with my 

other co-authored publications (Belgio et al., 2017; Sobotka et al., 2017; 

West et al., 2016) that do not deal with the mechanism of photoprotection, 

and are, therefore, not included in the thesis.  
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Goal 2: Estimate the effect of xanthophylls on Chromera velia NPQ in 

vivo and in vitro  

Xanthophylls are considered as the main allosteric regulators of 

NPQ. Nonphotochemical quenching in plants and many algal strains is 

often accompanied by the light-dependent cycling of the xanthophyll 

pigments. However, the overall molecular mechanism of the action of 

xanthophylls is still a matter of discussion, as it was proposed that they can 

act either directly (in proteins) as quenchers or indirectly through some 

allosteric regulations that transform the PSII antenna proteins from an 

unquenched to a quenched state. It is generally accepted that the 

deepoxidized/epoxidized xanthophylls stimulate/inhibit NPQ. Within goal 

2, we wanted to compare the effect of naturally formed xanthophylls in 

vivo with the effect induced when they are mixed with isolated light-

harvesting antennas in vitro. Therefore, we isolated two xanthophyll 

pigments, violaxanthin (from Chromera velia) and zeaxanthin (from 

Cyanidioschyzon merolae). The in vitro effect was then studied by the 

analysis of Chl a fluorescence quenching for which the xanthophylls were 

mixed with isolated antennas (see chapter 3.2). To study the same effect of 

xanthophylls during natural and in vivo accumulation at high-light, we pre-

treated the photosynthetic material (chloroplasts from Spinacia oleracea 

and algal culture of Chromera velia) under different light conditions to 

tune the number of pigments. Farther, these samples with different 

xanthophylls composition were then used to explore the differences in 

NPQ kinetics and absolute values caused by xanthophylls.  

The outcomes of goal 2 are summarized in Articles I and III. 

Moreover, isolated alloxanthin was also used in the article (West et al., 

2016) which is not directly connected with the topic of the thesis.  

 

Goal 3: Examine the effect of high light growth on photoprotection 

and photosynthetic apparatus in Chromera velia 

It is known that the photosynthetic apparatus can adapt its growth 

to different light conditions. We wanted to address the mechanism of 
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photoprotection in Chromera velia with respect to the changes in structure 

and composition of thylakoid membrane pigment-protein complexes 

grown at low/high light. It has been previously shown that C. velia is very 

flexible in adapting to different light conditions (Kotabová et al., 2014; 

Kotabová et al., 2011; Quigg et al., 2012). For our experiments, C. velia 

was grown under continuous light of 20 and 200 µmol.m−2.s−1. The two 

differently grown cultures were then characterized considering PPCs 

compositions (number of photosystems and light-harvesting proteins) and 

their ability for photoprotection in vivo. The mechanisms of 

photoprotection (photoinhibition, NPQ) were estimated based on the 

biochemistry and the determination of the variations of Chl a fluorescence 

and oxygen evolution. Via combining all the above-mentioned methods, it 

was possible to compare the mechanisms of long-term high light 

acclimation (i.e. growth on high light) with the effect of short high-light 

treatment on photosynthesis and photoprotection in C. velia. The data were 

put into the wider context of the same processes known for higher plants.  

The outcome of goal 3 is summarized in Article II.  

 

Goal 4: Compare the role of lumen acidification in triggering NPQ in 

Chromera velia and in the land plants (Spinacia oleracea) 

Based on the standard model, nonphotochemical quenching is 

triggered by lumen acidification that causes protonation of light-harvesting 

antenna proteins (Belgio et al., 2013). There are almost no direct data 

showing interspecies variability in the sensitivity of the light-harvesting 

antenna proteins to protonation. However, there seem to be differences in 

the ability of trans-thylakoid ΔpH to trigger NPQ in vivo (Finazzi et al., 

2006). In addition, based on in vitro studies it has been proposed that only 

chlorophyll a/b antennas are able to be reversibly protonated (Miloslavina 

et al., 2009; Ruban et al., 1994a), but the same effect is questionable in 

chlorophyll a/c containing antennas of diatoms (Lavaud and Kroth, 2006; 

Lavaud et al., 2002a). Within goal 4, we wanted to test the sensitivity of 

antenna proteins for acidification directly with isolated antennas of 
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Chromera velia (CLH) and in higher plants LHCII from S. oleracea. For 

this purpose, CLH and LHCII proteins were isolated and used to study the 

effect of antenna pH sensitivity on the overall mechanism of 

photoprotection. The in vitro experiments were further supported by in 

vivo experiments with native cells (or chloroplast) and by in silico analysis 

of CLH and LHCII proteins. 

The outcome of goal 4 was summarized in Articles II and III.  

 

Goal 5: Study on the composition of pigment-proteins and 

photoprotective strategies in cryptophytic alga Rhodomonas salina 

 

Cryptophytes are an exceptional group of algae in many ways; they 

display flexible and effective NPQ not dependent on the xanthophyll cycle 

(Kaňa et al., 2012) they have active state transitions at stationary growth 

phase (Cheregi et al., 2015) and most importantly, they carry a unique 

combination of light-harvesting systems combining phycobiliproteins and 

chlorophyll a/c (CAC) antennas (Green and Parson, 2003). The proper 

characteristics of cryptophyte light-harvesting antennas, characterization 

of the activity of their photosystems (especially PSI) and details on 

photoprotective strategies were missing in the literature. For that reason, 

we combined in vivo (physiological and biophysical) and biochemical as 

well as other in vitro methods to address these questions. 

First, I have optimized a biochemical method (a combination of 

sucrose gradient density centrifugation with ion-exchange 

chromatography) for the isolation of intact light-harvesting antennas. The 

resulting complexes were then characterized by means of absorption and 

fluorescence spectroscopy, HPLC, and gel electrophoresis. The isolated 

CAC proteins were subjected to in vitro quenching analysis (see chapter 

3.2). The in vitro method was then combined with other physiological 

experiments in vivo to address general photoprotective strategy in 

cryptophytes. 

The outcome of goal 5 was summarized in Articles IV and V.
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3 Material and Methods 
 

3.1 Model Organisms 

Two secondary endosymbiotic algal species belonging to 

Chromalveolates were studied during my PhD project: Chromera velia, 

colpodellid alga possessing a very efficient and simple photosynthetic 

system, and Rhodomonas salina, a cryptophyte alga showing a special 

mechanism of nonphotochemical quenching without any xanthophyll 

cycle. As a control, most measurements were done also with chloroplasts 

of Spinacia oleracea, a well-characterized higher plant model organism 

for studying photoprotection. In the following sections, some key and 

important features of our model algal species are mentioned. 

3.1.1 Chromera velia  

Chromera velia is a unicellular alveolate alga (Figure 9) isolated 

from a stony coral (Plesiastrea versipora) near the eastern coast of 

Australia (Moore et al., 2008). It is a close relative of apicomplexan 

parasites (organisms that possess unpigmented chloroplast, the apicoplast). 

Therefore, it constitutes an interesting evolutionarily link between 

photosynthetic 

organisms and 

heterotrophic 

apicomplexan 

parasites. The life 

cycle of C. velia 

involves three 

distinct life 

stages: i) the 

spherical, coccoid 

form (Figure 9) 

represents immotile but dividing cells and is the predominant type of cells 

used for our measurements; ii) if the culture is stationary and grown under 

Figure 9: Typical spherical type of Chromera velia cells
recorded using Zeiss LSM 880. Panel A: Transmission picture
of C. velia cells. B: The location of chlorophyll a detected by
excitation 488 nm/emission 696-758 nm in the cells is shown by
red colour.  

BA 
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low light, the flagellate form occurs; iii) when there is an unfavorable 

environment, it is found in cystic form, which can withstand harsh 

conditions for a long time (Oborník et al., 2011). Evidence suggested that 

C. velia can be endosymbiotic in coral larvae (Cumbo et al., 2013); 

however, it can also become parasitic, a transition accompanied by the 

formation of organelles needed for invasion into the host (Oborník et al., 

2016). 

The chloroplasts of C. velia are bound by four membranes and 

contain four major pigments: chlorophyll a, violaxanthin, zeaxanthin and 

an isofucoxanthin-like carotenoid. These chloroplasts are thus supposed to 

origin from a secondary (at least) endosymbiotic event (Janouškovec et al., 

2010). It is important to note that CLH are nuclear-encoded as is the case 

for most antenna proteins, and they exhibit different evolutionary origin 

when compared to proteins encoded in the chloroplast. The research with 

EST sequences provided data suggesting that C. velia contains peptide 

sequences closely related mostly to diatoms, brown algae and 

dinoflagellates (Pan et al., 2012), suggesting possible horizontal gene 

transfers from these algae.  

The chloroplasts of C. velia lack any additional chlorophylls (e.g. 

chlorophyll b or c) and use only the primitive type of RuBisCO. Despite 

this simplicity, it exhibits a highly efficient and versatile photosynthetic 

system (Kotabová et al., 2011; Quigg et al., 2012) with protective 

nonphotochemical quenching (Kotabová et al., 2011). C. velia NPQ  shares 

similarities with higher plants mechanism (the presence of violaxanthin 

cycle) on one side (Belgio et al., 2018; Kotabová et al., 2011; Quigg et al., 

2012), and with diatoms (e.g. variable fluorescence below minimal 

fluorescence and the presence of “NPQ lock” (Ruban et al., 2004)) on the 

other. Interestingly, although C. velia is proposed to be a facultative 

symbiont (Cumbo et al., 2013) usually found at depths of at most 5 meters, 

it is able to acclimate to a wide range of light intensities under laboratory 

conditions and tends to perform photosynthesis in maximal rates under 

numerous different growth conditions (Kotabová et al., 2014; Quigg et al., 
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2012). There are several reasons for this wide light-acclimation ability, 

including i) photorespiration (Quigg et al., 2012); ii) efficient NPQ 

(Kotabová et al., 2011) that can avoid photoinhibition (Belgio et al., 2018); 

iii) high CO2 assimilation rates (especially under sinusoidal light regime) 

that are enabled by activation of the oxygen-consuming mechanism 

helping to maintain anoxygenic conditions necessary for RuBisCO type II 

(Quigg et al., 2012). As a consequence, the water/water cycle has been 

suggested to be active in C. velia  (Quigg et al., 2012). Indeed, this has 

been indirectly confirmed by the presence of a high amount of PSI 

accompanied by superoxidismutases, enzymes for scavenging the reactive 

oxygen species (Sobotka et al., 2017); iv) High light acclimation is 

accompanied with the strong increase in violaxanthin pool, which is either 

free or localized in the membrane and modulates NPQ (Belgio et al., 2018; 

Mann et al., 2014); v) C. velia can synthesize red-shifted antenna very 

quickly to improve light harvesting under far-red light (Kotabová et al., 

2014). 

3.1.2  Rhodomonas salina 

The second model organism in my thesis is represented by the 

motile marine cryptophytic alga Rhodomonas salina (see Figure 10). The 

alga is usually found in estuarine, highly euthrophic areas Hammer et al. 

(2002), where it can form blooms, however not connected to excretion of 

harmful substances (Al-Najjar et al., 2007). Cryptophytes have a unique 

photosynthetic system, as they use both phycobiliproteins and chlorophyll 

a/c (CAC) antenna proteins for efficient light harvesting. Therefore, 

cryptophytes constitute the evolutionary intermediates between red algae 

containing phycobiliproteins but no chlorophyll c, and diatoms that contain 

chlorophyll c but no phycobiliproteins (see e.g. Armbrust et al. (2004)).   

Phycobiliproteins are formed either by phycoerythrin or by 

phycocyanin (it is species-dependent) and they do not organize into the 

typical phycobilisomes known in red algae and in cyanobacteria (Green et 

al., 2003; Overkamp et al., 2014). They are located exclusively in the 

thylakoid lumen (Kaňa et al., 2009). The second light-harvesting system is 
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composed of cryptophytic equivalents of LHC known in other algae, CAC 

antennas. These proteins are membrane intrinsic and they are formed by 

three 𝛼-helices, that are, however, distinct from the chlorophyll a/b binding 

antennas of green algae and higher plants (LHC), but also differ from 

chlorophyll c antennas of chromalveolates including peridinin-chlorophyll 

proteins (PCP proteins) of dinoflagellates and the fucoxanthin-chlorophyll 

antennas (FCP proteins) of diatoms (Kaňa et al., 2012). 

Several studies have provided evidence that these CAC proteins are 

involved in the adaptations to even extreme low light conditions (see e.g. 

(Gervais, 1997)). However, cryptophytes also make use of other 

mechanisms to overcome light-limited conditions as well. The first of them 

is their active flagellar motion connected to phototaxis that would allow 

them to move between light-limiting and light-saturating water layers. 

Interestingly, it has been suggested that algal cell rotation around 

longitudinal axes changes continual irradiation to intermittent light that can 

protect cells against excessive irradiation (Kaňa et al., 2019). The second 

Figure 10: Cells of Rhodomonas salina recorded using confocal Zeiss LSM 880. Panel
A: The transimission picture R. salina. B: The location of chlorophyll a detected by 
excitation 488 nm/emission 696-758 nm in the cells is shown by red colour. C: The
overal scheme of the three unusual triple bonds carotenoids from R. salina. 

C

B

A
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one, still controversial, is an idea of mixotrophy occurring in these species 

(see e.g. (Gervais, 1997; Salonen and Jokinen, 1988)).  

The nonphotochemical quenching in cryptophytes exhibits special 

features as well (Kaňa, 2018). Cryptophytes represent so far the only 

known type of algae that displays effective NPQ (Kaňa et al., 2012; 

Kuthanová Trsková et al., 2019) which can be exchanged for state 

transitions depending on the growth stage (Cheregi et al., 2015).  

Moreover, NPQ is not accompanied by the cycling of any xanthophyll 

cycle  (Funk et al., 2011; Kaňa et al., 2012), even though the NPQ kinetics 

show similar features, being rapid and reversible, as energetic quenching 

in higher plants and was shown to be modulated by Ca2+ fluxes (Kaňa et 

al., 2019). Concerning the photosynthetic apparatus itself, it has been 

shown, at the molecular level, that cryptophytic PSI binds the so-called red 

chlorophyll forms (opposite to e.g. C. velia which was shown not to bind 

them (Belgio et al., 2017)). Finally, next to Chl a and c, R. salina carries 

unusual carotenoids with triple bonds in their structures (see Figure 10). 

Alloxanthin is the major carotenoid with two triple bonds and is the only 

known carotene with two triple bonds in photosynthetic organisms (West 

et al., 2016). Crocoxanthin and monadoxanthin are additional less 

abundant carotenes (Kaňa et al., 2012; Kuthanová Trsková et al., 2019) 

with one more triple bond. All these three carotenoids possess special 

spectroscopic features due to their molecular structure and they are present 

in native CAC antennas (Kaňa et al., 2012). However, the molecular 

function of crocoxanthin and monadoxanthin remains unknown, and only 

recently alloxanthin was identified as a possible light harvester in R. salina 

(West et al., 2016). 
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3.2 Methods 

 

Culture cultivation: Chromera velia (strain RM12) and 

Rhodomonas salina (strain CCAP 978/27) cultures were grown in artificial 

seawater medium with additional f/2 nutrients (Guillard and Ryther, 1962) 

in 450 ml glass tubes kept in the temperature-controlled baths. Cells were 

continually bubbled with air and illuminated by dimmable fluorescence 

tubes light with different light regimes: C. velia cells were grown in a 

continuous light regime with either 200 µmol m−2 s−1 or 20 µmol m−2 s−1 

(t = 28°C) and R. salina was grown under 35 μmol photons m−2s−1(day-

night cycle 12/12 h) at 18°C. All the in vivo experiments and culture 

harvesting were performed in the exponential growth phase to ensure the 

reproducibility of the results. For more information, see articles I, II, III 

and IV. 

 

Membrane preparation: A successful study of membrane 

proteins requires a mild method for thylakoid membrane isolation and 

solubilization without destroying the pigment-protein complexes. The 

thylakoid membrane preparations from algal cells are even more 

challenging as they commonly possess hard cell walls that need to be safely 

removed. We homogenize our algal cells using glass beads in an optimized 

buffer followed by solubilization using dodecyl-maltoside. For more 

information, see Articles I, II, III and IV. 

Instrumentation: Mini Bead Beater (BioSpec, USA). 

 

Antenna isolation: Isolation of native complexes from algal 

species is usually hampered by the fact that no standardized methods are 

available for their purification. Moreover, algae often possess structural 

differences making the isolation more challenging. Several techniques 

working properly in higher plants result in contaminants in isolates and 

affected supercomplex integrities. For our purposes, we used several 

isolation techniques with optimized detergent concentrations: Sucrose 
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gradient ultracentrifugation (for more information, see Articles I, III and 

IV), gel chromatography (for more information, see Article II) and ion-

exchange chromatography (for more information, see Article IV).  

Instrumentation: L8-M ultracentrifuge (Beckmann, USA), FPLC 

system (Pharmacia, Biotech, Sweden). 

 
In vivo chlorophyll a fluorescence quenching – the 

measurement of variable fluorescence: To address the mechanism of 

photoprotection in our species of interest, we needed to employ the 

variable fluorescence measurements (for more information, see Figure 6 

and chapter 1.5) in algal cultures and higher plant chloroplasts. NPQ is then 

calculated according to formula. 

NPQ = (Fm- Fm’)/ Fm’. 

Instrumentation: FL 3000 fluorometer (PSI, Czech), Dual PAM 

100 Fluorometer (Walz, Germany). 

 

Chlorophyll a fluorescence quenching in isolated antennas: We 

tested the mechanism of NPQ by the method of chlorophyll a fluorescence 

quenching in isolated antennas. In higher plants, and many algae, NPQ is 

considered to be localized mostly in accessory PSII antennas. The 

hypothesis that the in vivo antennas aggregation/oligomerization is a 

mechanism behind NPQ has been widely supported by several facts: i) 

similarities in quenching kinetics between isolated antennas and intact 

chloroplasts (see e.g. (Johnson and Ruban, 2009; Kuthanová Trsková et 

al., 2018)); ii) plants with the majority of LHCII antennas removed display 

highly reduced NPQ (Havaux et al., 2000); iii) isolated antennas react to 

cross-linkers, and several ions in a similar way as NPQ in vivo (see e.g. 

(Johnson and Ruban, 2009; Kaňa and Govindjee, 2016). We wanted to test 

the effect of pH, xanthophylls and detergent concentration on still 

unexplored antennas of our species of interest. For more information, see 

section 1.5 and Articles I, II, III and IV 

Instrumentation: FL 3000 fluorometer (PSI, Czech), Dual PAM 

100 Fluorometer (Walz, Germany). 
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Gel electrophoresis: We used the standard electrophoretic 

technique – SDS – PAGE (for more information, see Articles I, II, III, IV). 

Further, the clear-native gel electrophoresis was employed which allowed 

us to study native oligomerization state and total content of our complexes. 

For more information, see Articles III and IV.  

Instrumentation: Mini – Protean Cell (Bio-Rad, USA), PAGE 

apparatus PROTEAN II xi Cell (Bio-Rad, USA), PowerPac HV High-

Voltage (Bio-Rad, USA). 

 

Absorption spectroscopy: We used room-temperature absorption 

spectroscopy to study the intactness and the pigment composition of our 

isolated material. For more information, see Articles I, II, III and IV.  

Instrumentation: Unicam UV /VIS 500 spectrometer (Thermo 

spectronic, UK). 

 

Fluorescence steady-state spectroscopy: Low-temperature 

fluorescence spectroscopy was used to check the sample intactness, 

characterization and composition. For more information, see Articles I, II, 

III and IV. 

Instrumentation: Aminco–Bowman Series 2 spectrofluorometer 

(Thermo Fisher Scientific, USA). 
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4 Overview of my research 
 

My thesis is based on five published articles directly connected 

with the mechanism of photoprotection defined as NPQ; some from my 

side results obtained in the Goal I (“Optimization of PPCs isolations from 

alga strains”) are not discussed directly in my thesis (see (Belgio et al., 

2017; Sobotka et al., 2017; West et al., 2016)) as they are not directly 

connected with the regulation of light-harvesting efficiency. Article I 

focuses on the effect of violaxanthin onto nonphotochemical quenching in 

isolated CLH antennas of Chromera velia, violaxanthin has been defined 

as an inhibitor of NPQ. Article II describes the process of C. velia 

acclimation to high light (HL) and its connection with the photoprotective 

mechanism of NPQ and with photoinhibition. Article III compares the 

sensitivity of CLH (from C. velia) and LHCII antenna (from Spinacia 

oleracea) for protonation; the process has been recognized as the key 

factor determining the light-harvesting strategy in these two organisms and 

the date are put in the wider context of their xanthophyll compositions. 

Article IV describes the methodology for isolation of native pigment-

protein complexes in cryptophyte alga Rhodomonas salina, the basic 

properties of light-harvesting antennas are also studied. Finally, article V 

describes the overall photoprotective strategies in motile cryptoptophyte 

alga of R. salina.  

Article I 

Violaxanthin inhibits nonphotochemical quenching in light-harvesting 
antennae of Chromera velia. 

Nonphotochemical quenching is a photoprotective mechanism that 

is most often placed in light-harvesting antennas. It is triggered by low pH 

in the thylakoid lumen and it is modulated by the xanthophyll cycle, 

namely violaxanthin de-epoxidation to zeaxanthin. In this study, we tested 

the effect of violaxanthin on the extent of NPQ in isolated CLH antenna 

from Chromera velia. We reported that naturally present violaxanthin in 
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isolated CLH antennas reduces the fluorescence quenching; a higher 

amount of violaxanthin in isolated fraction of CLH resulted in lower 

quenching.  It contrasts with the effect of zeaxanthin that acts in the 

opposite direction. Further, we have pointed out that the same correlation 

between the amount of violaxanthin in light-harvesting proteins and their 

quenching is also visible in isolated higher plant LHCII antennas. All these 

data have indicated an inhibitory role of violaxanthin on NPQ; It also 

points out to the fact that violaxanthin needs to be removed from the 

antenna protein vicinity to reach maximal NPQ. 

 

Article II 

High light acclimation of Chromera velia points to photoprotective NPQ.  

The acclimation of photosynthetic organisms to the different light 

regimes is usually accompanied by changes in structure and in the 

composition of the pigment-proteins complexes in the thylakoid 

membrane. In this study, we compared the low light (LL) and high light 

(HL) grown C. velia cells. We found a rather unusual physiological 

response of C. velia to growth on HL. HL cells showed severe changes in 

PPCs composition of the thylakoid membrane resembling higher plant 

thylakoid treated by lincomycin (chloroplast inhibitor of PSII synthesis) 

(Belgio et al., 2012). The HL C. velia culture reduced the number of PSII 

but kept similar antenna content to LL C. velia culture; it contrasted with 

the typical higher plant acclimation to HL causing the reduction in the 

antenna content. The increased number in CLH per PSII resulted in partial 

uncoupling of CLH from PSII and enhanced NPQ. Interestingly, the 

reduced number of PSII reaction centers was not connected with 

photoinhibition. That was, in fact, minimized under HL thanks to a lower 

PSII content. C. velia cells were thus protected mostly by effective NPQ 

located in the CLH antennas. 
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Article III 

Antenna proton sensitivity determines photosynthetic light harvesting 
strategy.  

In this study, we compared the light-harvesting strategies and 

photoprotection mechanisms in the C. velia alga with the well-studied land 

plant model organism, Spinach oleracea. NPQ formation/relaxation 

kinetics are usually said to be dependent on the pH and xanthophyll 

composition. However, Chromera velia displays a constitutively fast 

formation rate of NPQ on the light that is independent of the xanthophyll 

pigments composition. It contrasts with higher plant behavior of NPQ 

formation, where high-light grown plants exhibit s faster NPQ rate of 

formation because of the zeaxanthin formation. Our in vitro results with C. 

velia together with the in silico studies showed that the constitutively fast 

formation rate of NPQ on light is an intrinsic property of the Chromera 

light-harvesting complexes (CLHs), related to the structure and amino acid 

composition of CLH proteins. Based on in vitro pH titration experiments 

(see Chapter 3.2, Chlorophyll a fluorescence quenching in isolated 

antennas) with isolated CLH we showed that these antenna proteins are 

more sensitive to protons in comparison to plant LHCII; the pKa value for 

CLH is shifted by 0.5 units to higher pH values. In line with this, our in 

silico calculations proved that CLH also contains additional easily 

protonable amino acid residues on their luminal side. We propose that 

organisms with antenna proteins intrinsically more sensitive to protons, 

such as C. velia, carry a relatively high concentration of violaxanthin to 

improve their light-harvesting ability. In contrast, higher plants need less 

violaxanthin per chlorophyll because LHCII proteins are more efficient 

light harvesters and instead require co-factors such as zeaxanthin and PsbS 

to accelerate and enhance quenching. 
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Article IV 

Isolation and characterization of CAC antenna proteins and photosystem 
I supercomplex from the cryptophytic alga Rhodomonas salina.  

All the in vitro methods and spectroscopic characterization of 

pigment-protein complexes are usually hampered by their purity and by 

intactness. This is especially true for the chlorophyll a/c type of antennas 

that are considered to be rather sensitive and easy to damage by isolating 

procedures (see e.g. Büchel (2003)). In this article, we described an 

improved method for isolation of chlorophyll a/c light-harvesting antennas 

(CAC) and also pure PSI supercomplex from a cryptophyte alga, 

Rhodomonas salina. We combined the sucrose density gradient with ion-

exchange chromatography to that allowed us to obtain pure native CAC 

antennas. The pure antennas were subsequently used to study in vitro 

quenching (see Chlorophyll a fluorescence quenching in isolated antennas 

in chapter 3.2). The method showed that protein 

aggregation/oligomerization is a plausible mechanism behind 

nonphotochemical quenching in R. salina. Moreover, a functional 

photosystem I supercomplex has been purified by sucrose gradient as a 

side-product of antenna isolation. The isolated PSI from R. salina showed 

a remarkably fast photochemical trapping rate, comparable with previously 

reported rates in PSI from other secondary endosymbiotic algae, Chromera 

velia and Phaeodactylum tricornutum (Belgio et al., 2017). 

  

Article V 

Photoprotective strategies in the motile cryptophyte alga Rhodomonas 

salina – role of non-photochemical quenching, ions, photoinhibition and 

cell motility. 

Cryptophytes are secondary endosymbiotic algae that possess, 

together with chlorophyll a/c antennas inside thylakoids, an additional 

light-harvesting system of phycobiliproteins situated in the thylakoid 

lumen. These algae display pH-dependent nonphotochemical quenching 
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similar to energetic quenching in higher plants, that is, however, not 

dependent on any xanthophyll cycle (Kaňa et al., 2012). In this article, we 

investigated the photoprotective strategies in the cryptophyte 

representative, Rhodomonas salina. At first, based on the treatment with 

selective ion inhibitors (diltiazem and non-actin), we concluded that the 

initial fast phase of NPQ is sensitive to monovalent and divalent cations. 

Further, the motile R. salina cells exposed to high light displayed a lower 

level of PSII photoinhibition in comparison to the immotile, planktonic 

representative of diatoms, Phaeodactylum tricornutum. Therefore, we 

investigated a possible role of algal motility in the reduced photoinhibition 

in R. salina. We found out that high light exposure increased cell velocity 

by almost 25% percent.  We suggested that algal cell rotation around 

longitudinal axes can transform the continual irradiation to periodically 

fluctuating light. Based on these findings, we proposed that algal cell 

motility could represent yet another photoprotective strategy.
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5 Conclusion and future prospects 
 

Photosynthetic organisms inhabit almost all environments on Earth 

including fresh and marine waters, soils, muds, snow, and hypersaline 

environments (see e.g. (Blankenship, 2002; Falkowski and Raven, 2007; 

Lee, 2008)). The major limiting factor in many environments is the 

incoming light input: phototrophs are exposed to periods of sometimes 

limiting, sometimes largely excessive irradiations. The latter can be then 

fatal to the thylakoid pigment-proteins as they can be damaged by reactive 

oxygen species  (Roach and Krieger‐Liszkay, 2019). The overall aim of 

this thesis was to investigate the mechanism of photoprotection of these 

pigment-protein complexes (PPCs) with the main focus on 

nonphotochemical quenching in light-harvesting antenna. As model 

organisms, we selected two marine algal species from the red clade of 

photosynthesis, Rhodomonas salina and Chromera velia. Our findings 

were compared with well-studied higher plants model organism, Spinacia 

oleracea.  

Initially, I had to improve and optimize the current biochemical 

methods for the isolation of pure, functional algal PPCs. The successful 

fulfilling of this goal was crucial for my further experiments on the NPQ 

mechanism. When I started, there was no widely applicable method for 

isolation of thylakoid membrane PPCs from these algal species in our 

laboratory. The goal was accomplished by testing several homogenizing 

conditions, detergent systems, buffers, and isolation techniques. At the end 

of this phase, I managed to optimize all the necessary methods for isolation 

of pure light-harvesting antennas from these algal species. As a side result, 

I also isolated pure photosystem I (PSI) supercomplexes for both model 

organisms. The isolated antenna complexes from C. velia and R. salina 

were biochemically and spectroscopically characterized and used for 

further analysis of NPQ mechanism. The data was published in 4 articles 

that I co-authored (Belgio et al., 2018; Kaňa et al., 2016; Kuthanová 

Trsková et al., 2018; Kuthanová Trsková et al., 2019). The isolated PSI 
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supercomplexes were used to study the efficiency of PSI photochemical 

trapping (Belgio et al. (2017), and detailed structure of C. velia PSI 

(Sobotka et al., 2017).  In the latter work, we found out that C. velia PSI 

supercomplex contains bound superoxide dismutases to cope with the 

oxidative damage (Sobotka et al., 2017). These data are however not 

discussed in the frame of my thesis as they are not directly connected with 

the main topic. Thanks to the optimization of cell disruption and pigment 

extraction, we also managed to isolate pure pigments (violaxanthin from 

C. velia, zeaxanthin from the red alga Cyanisioschyzon merolae, and 

alloxanthin from R. salina), which were further used in two studies (Kaňa 

et al., 2016; West et al., 2016). 

With the optimization of biochemical methods (Goal I), I started 

exploring NPQ mechanism in vivo and in vitro (Goals II-IV). Initially, I 

tried to estimate the allosteric role of xanthophylls on algal NPQ. This part 

of my work has been based on the known fact that xanthophyll cycle 

pigments are able to modulate NPQ and they affect the structure of antenna 

complexes in general (Ruban and Johnson, 2010). The typical model of 

NPQ in higher plants states that zeaxanthin enhances steady-state value of 

NPQ. It also accelerates the rate of NPQ triggering upon illumination when 

it is already present as a result of a previous irradiation (Ruban et al., 

1994b). We wanted to establish the effect of xanthophylls on NPQ in our 

model organisms. Firstly, the effect of violaxanthin in C. velia has been 

studied (Kaňa et al., 2016). It was known from the previous studies (Tichý 

et al., 2013) that CLH (Chomera light-harvesting complex) is naturally rich 

in violaxanthin. The ratio of Vio/Chl in native cells varies between 1 : 3  

to 1 : 4 in the cells grown in high and low light, respectively (Quigg et al., 

2012). Based on our study (see Article I (Kaňa et al., 2016)), we concluded 

that violaxanthin reduces NPQ in isolated CLH; this xanthophyll thus 

works as an inhibitor of NPQ. The result implied that violaxanthin needs 

to be removed from the protein vicinity to reach the maximal NPQ (Kaňa 

et al., 2016). Our conclusion was in line with the published results showing 

the indirect effect of zeaxanthin on stimulation of NPQ  (Xu et al., 2015).  
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We do not know the precise molecular mechanisms behind this 

indirect effect of xanthophylls on NPQ so far. One may speculate that it 

can be connected with the changes in the antenna structure in the presence 

of particular xanthophylls of different chemical properties, hydrophilic of 

hydrophobic (Johnson et al., 2010). Violaxanthin, as a hydrophilic 

xanthophyll, makes the protein structure less dehydrated which can lead to 

the inhibition of excited states quenching by preventing the closer 

chlorophyll–chlorophyll or chlorophyll–xanthophyll interactions (Ruban 

and Johnson, 2010). The opposite effect can then be expected from 

hydrophobic zeaxanthin. Moreover, the same stimulatory or inhibitory 

effect of xanthophylls on quenching of Chl a fluorescence is also visible 

in isolated antenna proteins when they are studied in detergent micelles 

(for the methods see chapter 3.2 and (Kuthanová Trsková et al., 2018)). 

When violaxanthin is added into the reaction mixture of isolated antennas 

in micelles, the addition clearly inhibits quenching of Chl a fluorescence 

(see (Ruban et al., 1994a) for LHCII, and supplementary data from (Kaňa 

et al., 2016) for CLH). However, to understand this phenomenon, 

additional precise biochemical and in silico analysis methods are required 

to be applied in the future. The most promising of them might be the in 

vitro system of antennas in proteoliposomes (Akhtar et al., 2019; Wilk et 

al., 2013) that would, possibly, better mimic the native conditions in 

thylakoids.  

We have also discussed the importance of different xanthophyll 

content in C. velia (in comparison to higher plants) in light of broader 

evolutionary consequences. Based on our findings (Kuthanová Trsková et 

al., 2018), we proposed that higher plants LHCII proteins are efficient light 

harvesters (i.e. these antennas are ready to harvest light) and they need less 

hydrophilic violaxanthin per chlorophyll. However, they require co-factors 

such as hydrophobic zeaxanthin and PsbS to accelerate and enhance 

quenching. Whereas organisms with antennas not that efficient in light 

harvesting (i.e. antennas ready to be switched into the quenched state), 

such as CLH from C. velia, have to carry a high concentration of free (lipid 
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phase) violaxanthin to improve their light-harvesting (Kuthanová Trsková 

et al., 2018). The future studies need to address the relevance of this model 

also in other model alga like diatoms as the high carotenoid content in CLH 

antennas resembles their carotenoid-rich FCP antennas (Joshi-Deo et al., 

2010). The presence of loosely-bound xanthophyll molecules seems to be 

a unique feature mostly for red-clade algae. In diatoms, the presence of 

lipid-phase hydrophilic xanthophyll (diadinoxanthin) has been shown 

(Goss et al., 2010) and the existence of loosely-bound violaxanthin in CLH 

antennas has been already discussed previously for C. velia (Bína et al., 

2014; Kuthanová Trsková et al., 2018). All this is in line with the fact that 

violaxanthin has the lowest interaction strength among all of the other 

carotenoids (Ruban et al., 1999). In contrast to red-clade algae, the 

presence of lipid-phase violaxanthin (unbound to proteins) in higher plants 

thylakoids seems to be rather minimal (Dall'Osto et al., 2010). However, 

the presence of xanthophylls weakly bound to the proteins/in the lipid 

phase seems to have no effect on NPQ kinetics in vivo. In Article III 

(Kuthanová Trsková et al., 2018), we showed that C. velia, on the contrary 

to higher plants, possesses a constitutively higher rate of light-induced 

triggering of NPQ, because CLH antenna are much more sensitive to 

protonation than LHCII. The rate is not dependent on the presence of 

zeaxanthin formed by previous light cycle, which is the typical 

phenomenon observed in higher plants (Ruban et al., 1994b). 

The above-mentioned knowledge about xanthophylls was also 

implemented in a more general model of C. velia photoprotection and 

long-term photo-acclimation (Goal III). In fact, as the typical natural 

habitat of C. velia is still not fully clear, we do not know how often this 

alga is exposed to periods of high light. Previous works suggested that it 

could live either closely associated with corals, experiencing only 

moderate light intensities, or it can be found as a free-living planktonic 

alga in the ocean, where it can often experience light intensities of up to 

1000 µmol m−2 s−1 (Oborník et al., 2011). This may be the reason for its 

very efficient photosynthesis at a relatively broad range of intensities and 
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for effective photoprotection (Kotabová et al., 2011; Quigg et al., 2012). 

We have explored this adaptability of C. velia in more detail. Based on our 

physiological and biochemical analysis, we figured out that C. velia cells 

grown under relatively high light (200 µmol m−2 s−1) exhibit no severe 

effect on photosynthesis, as summarized in Article II (Belgio et al., 2018). 

Even much higher light intensities (above 500 µmol m−2 s−1) were needed 

in our case to saturate the photosynthetic chain. Further, high light-grown 

cells displayed enhanced NPQ connected with severe changes in the PPCs 

composition in the thylakoid membrane. We observed lowered PSII 

content in HL (in comparison to LL) accompanied by unchanged amount 

of CLH antenna. The antennas in HL cells were then partially uncoupled 

from PSII and the decrease in PSII content was compensated by the excess 

photosynthetic capacity of PSII (Behrenfeld et al., 1998; Kaňa et al., 2002). 

Both these processes then guaranteed efficient photosynthesis under high 

light in C. velia. Our data thus further explain why C. velia can be 

considered as a simple system with high efficiency at both HL and LL 

grown conditions. The molecular mechanisms underlying the trigger and 

control of this unusual HL acclimation (i.e. maintaining antennas and 

reducing PSII content) still have to be elucidated.  

Apart from the role of xanthophylls on NPQ, I also focused on the 

effect of lumen acidification in NPQ triggering in Chromera velia and the 

land plants (represented by Spinacia oleracea) (see Article III (Kuthanová 

Trsková et al., 2018) and Goal IV). We know that NPQ in C. velia is pH-

dependent (Kotabová et al., 2011) similarly to higher plants (Ruban et al., 

1992). Farther, PsbS protein is not present in this organism (Belgio et al., 

2018). Therefore, I wanted to characterize the sensitivity of Chromera 

light-harvesting antennas (CLH) to protons in comparison to LHCII 

proteins from S. oleracea. We know that, during NPQ, low pH is sensed 

by protonable lumenal amino acid residues of antenna proteins (Belgio et 

al., 2013). From our in vitro quenching experiments in detergent micelles 

(see chapter 3.2) we were able to quantitatively estimate a pH-dependency 

of quenching in both types of these antennas. Their actual pH sensitivity 
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was different, as CLH showed higher proton sensitivity with pKa shifted 

by 0.5 to higher values in comparison to LHCII (see Figure 11 for further 

details). The in vitro results also explained the faster rate of NPQ formation 

after irradiation (e.g. during transition from dark to light) in native cells of 

C. velia. In summary, CLH switched into a dissipative quenched state more 

easily than LHCII in vivo and in vitro. These results were further supported 

by in silico analysis that confirmed more sensitive protonable residues in 

CLH. Following our previous findings on the effect of carotenoids, we 

proposed a combined hypothesis that the sensitivity of antenna for 

acidification affects overall photoprotective strategy in particular 

organisms. Phototrophs containing antennas more sensitive to protons (e.i. 

antennas that are ready to quench), simultaneously carry also a relatively 

higher concentration of hydrophilic xanthophyll (violaxanthin) as 

Figure 11: Scheme showing the different light-harvesting strategies of C. velia and higher 
plants. The C. velia thylakoid membrane carries CLH proteins that are ‘natural quenchers’
with three protonable lumen-facing residues (indicated by small protrusions). The
membrane is highly enriched in unbound, ‘anti-quenching’, violaxanthin pigments, and 
PsbS protein is absent. The higher plant thylakoid membrane supports the LHCII protein,
a ‘natural light harvester’ with two protonable lumen-facing residues. PsbS protein is 
required for effective quenching, and the amount of unbound violaxanthin in the
membrane is negligible. The scheme does not represent real stoichiometries/proportions.
For more details, see (Kuthanová Trsková et al., 2018) 
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quenching inhibitor to improve their light-harvesting ability. On the other 

hand, organisms with less free/loosely bound violaxanthin (e.g. higher 

plants) contain light-harvesting proteins (LHCII) that are more efficient 

light harvesters as they have lower pKa to trigger NPQ. The scheme 

showing these two light-harvesting strategies is presented in Figure 11.  

In the final part of my research (goal V) I studied the composition 

of photosynthetic apparatus and photoprotective strategies in my second 

model organism, the cryptophyte alga Rhodomonas salina. First, I 

optimized the method for isolation of pure and intact pigment-protein 

complexes from R. salina, namely chlorophyll a/c antennas (CAC) and PSI 

supercomplex (data are summarized in the Article IV (Kuthanová Trsková 

et al., 2019)). The isolated PSI supercomplex was then used to study the 

efficiency of PSI photochemical trapping (Kuthanová Trsková et al., 

2019).  In parallel, we proved that CAC antenna proteins acted similarly to 

higher plant antennas when subjected to in vitro quenching analysis. The 

detergent removal induced changes in the relative distances and positions 

of pigments leading to the formation of quenching sites in these antennas. 

The photoprotective strategies of R. salina were further studied also in vivo 

(see Article V (Kaňa et al., 2019)). Based on the study, we newly 

concluded that the fastest part of protective NPQ seems to be sensitive to 

monovalent and divalent cations. This is another factor next to the 

previously known effect of pH on NPQ triggering in cryptophytes (Kaňa 

et al., 2012). Moreover, the data suggested that the algal cell rotation in 

this motile alga might change the continual irradiation to periodically 

fluctuating light and this movement, together with the light-induced 

increase in cell velocity could in general act as another photoprotective 

mechanism of high light avoidance.  

Thanks to our work, together with previous data, the current 

knowledge on the mechanism of photoprotection in cryptophytes can be 

summarized as follows: 1) Cryptophytes exhibit pH-dependent NPQ 

(Kaňa et al., 2012) that resembles quickly recovering qE type quenching 

of higher plants; 2) Their CAC antennas reacts to pH in vitro (Kaňa et al., 
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2012); 3) The antenna aggregation/oligomerization induces quenching 

(Kuthanová Trsková et al., 2019); 4) Cryptophytes use state transitions as 

a form of photoprotection during the exponential growth phase (Cheregi et 

al., 2015); 5) Their NPQ is not accompanied by the cycling of xanthophyll 

cycle pigments (Kaňa et al., 2012), and R. salina contains unusual triple 

bond carotenoids (Kuthanová Trsková et al., 2019; West et al., 2016); 6) 

Cryptophytes’ photoprotection does not involve any effect of a single helix 

LHC-like proteins (Funk et al., 2011); 7) Ions have pronounced effect on 

the fast phase of NPQ (Kaňa et al., 2019); 8) Algal cell motility was 

proposed as a photoprotective strategy of HL avoidance (Kaňa et al., 

2019).  

A similar model of photoprotective strategies can be also 

summarized for C. velia into following points: 1) NPQ is pH–sensitive and 

photoprotective (Belgio et al., 2018; Kotabová et al., 2011); 2) C. velia 

shows unusual acclimation strategy to high light, as it keeps the same 

number of light-harvesting antennas and limits the number of active 

photosystem II reaction centers on high light (Belgio et al., 2018); 3) The 

mechanism of high light acclimation tries to avoid the presence of 

photoinhibition, reducing PSII content is a “surviving” strategy to avoid 

PSII photodamage as several indispensable assembly factor proteins for 

PSII (known as Ycf48/Hcf136, Psb27 and Psb28) are missing (Belgio et 

al., 2018)  4) The quenching in C. velia is located in CLH complexes as 

confirmed by several studies (Kaňa et al., 2016; Kuthanová Trsková et al., 

2018); 5) Long-term high light acclimation results in the presence of 

uncoupled/weakly coupled antennas that reduces the energy transfer to 

reaction center (Belgio et al., 2018); 6) CLH antenna are highly sensitive 

to protons, which makes them ready to quench (Kuthanová Trsková et al., 

2018); 6) So far there are no indications of regulation of light-harvesting 

by state transitions; 7) The fast NPQ present in C. velia is slowly reversible 

(Kuthanová Trsková et al., 2018) and similar to the so-called NPQ lock 

found in diatoms (Ruban et al., 2004), therefore C. velia NPQ cannot be 

considered as a displaying the classical, fast reversible qE type quenching 
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typical for higher plants; 8) C. velia can synthesize red-shifted chlorophyll 

antenna protein after a few days under low white (Lukes et al., 2019) or 

red light (Kotabová et al., 2014), which helps to overcome shading effects; 

9) Native PSI supercomplex contains superoxide dismutases, enzymes for 

scavenging the reactive oxygen species (Sobotka et al., 2017). 

In conclusion, the two secondary endosymbiotic algae I used in my 

study turned out to be useful model organisms with NPQ features that are 

unique in comparison to higher plant models. Results that I have obtained 

and published during my study helped to better understand the fine-tuning 

and regulation of algal NPQ. It has also shown the general importance of 

this photoprotective mechanism among different algal species. 

Nevertheless, the complete understanding of all the processes 

accompanying NPQ and its actual impact on the final crop production 

(Kromdijk et al., 2016) is still a long-term task for researchers around the 

world. I hope my work sets the background and provides useful data for 

future successful studies in this field.   
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Non-photochemical quenching (NPQ) is a photoprotective mechanism in

light-harvesting antennae. NPQ is triggered by chloroplast thylakoid lumen

acidification and is accompanied by violaxanthin de-epoxidation to zeaxan-

thin, which further stimulates NPQ. In the present study, we show that vio-

laxanthin can act in the opposite direction to zeaxanthin because an increase

in the concentration of violaxanthin reduced NPQ in the light-harvesting

antennae of Chromera velia. The correlation overlapped with a similar rela-

tionship between violaxanthin and NPQ as observed in isolated higher plant

light-harvesting complex II. The data suggest that violaxanthin in C. velia

can act as an inhibitor of NPQ, indicating that violaxanthin has to be

removed from the vicinity of the protein to reach maximal NPQ.

Keywords: Chromera velia; light-harvesting antennae; nonphotochemical

quenching; photoprotection; violaxanthin; zeaxanthin

Photosynthetic organisms use light as a main source of

energy. The efficiency of conversion of light into chem-

ical energy is a precisely controlled process requiring

the functional connection of a number of light-harvest-

ing pigment–protein complexes (known as photosyn-

thetic antenna) to the photosynthetic reaction center.

Under optimal light conditions, these pigment–proteins
can efficiently collect light for photochemistry. How-

ever, during periods of excessive irradiation, absorbed

light energy in antenna complexes can be safely dissi-

pated into heat [1] via a photoprotective mechanism

termed non-photochemical quenching NPQ [2]. Fac-

tors regulating NPQ are closely related to variability

in species dependence on the type of light-harvesting

antennae present in particular phototrophs [3]. In the

outer membrane-bound phycobiliproteins, NPQ

proceeds via a pH-independent mechanism (see NPQ

in PBsomes of cyanobacteria) [4] or it can be even neg-

ligible (no NPQ in phycoerythrins of cryptophytes) [5].

Except for evolutionary older cyanobacterial high-light

inducible proteins (e.g. HliD protein) that are in a

fixed quenching state [6], NPQ in the other membrane-

spanning light-harvesting antennae is usually controlled

(stimulated) by an increase in lumen acidification. The

sensitivity of NPQ to the lumen pH is tuned by several

allosteric regulators affecting the sensitivity of light-

harvesting complexes (LHCs) to lumen acidification.

These allosteric regulators include small membrane

proteins such as PsbS in higher plants [7], or a stress-

related light harvesting complex (LhcSR protein) in

green algae [8], mosses [9] and in diatoms [10].

Xanthophylls are other compounds involved in the

Abbreviations

Chl, chlorophyll; CLH, Chromera velia light-harvesting; DM, N-dodecyl-b-D-maltoside; FM, maximal variable fluorescence in the dark;

FM
0, maximal variable fluorescence on light; LHC, light-harvesting complex; NPQ, nonphotochemical quenching; PSI (II), photosystem I (II);

PSI-LHCr, photosystem I with bound light-harvesting complexes; Vio, violaxanthin.
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regulation of NPQ sensitivity to lumen pH and

therefore are important for photoprotection [11]. The

correlation between de-epoxidation of certain xantho-

phylls and enhancement of NPQ has been already

observed in higher plants [12] and diatoms [13], as well

as recently in Chromera velia [14], which is a newly

discovered algae that belongs to colpodellids [15]. An

exception for algae appears to comprise cryptophytes

without a xanthophyll cycle [5,16] and red algae where

the role of xanthophylls in the mechanism of photo-

protection is still questionable [17,18]. The molecular

mechanism of photoprotection by de-epoxidized xan-

thophylls such as zeaxanthin is still a matter of discus-

sion. It was proposed that they have a direct

quenching role (e.g. by zeaxanthin) [19] or, alterna-

tively, they may act indirectly through allosteric regu-

lation of NPQ in light-harvesting antenna via binding

to a specific site [20] or from the outside of a protein

without any specific interaction with antennae [21].

Indeed, all of the xanthophylls can act as modulators

of membrane protein function [22]. It has been pro-

posed that the hydrophobic nature of de-epoxidized

xanthophylls such as zeaxanthin makes the protein

structure more compact, leading to protein dehydrata-

tion. This, in turn, promotes closer pigment–pigment

interactions that result in a shortening of fluorescence

lifetime and hence NPQ [23].

The effect of epoxidized xanthophylls on NPQ has

been studied in less detail [22–24]. In the present study,

we explored the effect of various amounts of naturally

present violaxanthin on NPQ in isolated C. velia light-

harvesting (CLH) antenna complexes. The fluorescence

lifetime measurements show a strong anti-correlation

between the extent of NPQ and the violaxanthin to

chlorophyll (Vio/Chl) ratio in these antennae. The

inhibitory effect of violaxanthin on fluorescence

quenching has been confirmed directly by an artificial

mixing of additional violaxanthin with CLH antennae

reducing NPQ. These data match the same anti-corre-

lation observed in chlorophyll a/b antenna complexes

isolated from higher plants [24]. We suggest that vio-

laxanthin functions as an inhibitor of NPQ in C. velia,

as has already been indicated in higher plants [24]. We

propose that NPQ in C. velia requires not only violax-

anthin de-epoxidation to zeaxanthin, but also removal

of violaxanthin from the close vicinity of LHCs.

Materials and methods

Alga growth

The C. velia strain RM 12 originally isolated from the

stony coral Plesiastrea versipora in Sydney Harbour [25],

was obtained from Professor M. Oborn�ık (University of

South Bohemia). The strain was grown at 28 °C in artificial

seawater medium with supplementation of f/2 nutrients as

described previously [14]. Cells were kept in aerated glass

tubes in semi-continuous batch growth with 24 h of irradia-

tion by fluorescence tubes (100 lmol�m�2�s�1). All physio-

logical measurements were performed with culture

harvested in the late exponential phase.

Chlorophyll fluorescence lifetime

Time-correlated single photon counting measurements were

performed on a FluoTime 200 fluorometer (PicoQuant,

Berlin, Germany) as described previously [22,26]. Excitation

at a 10 MHz repetition rate was provided by a 470 nm

laser diode, and its intensity was carefully adjusted to com-

pletely close all photosystem (PS)II reaction centers without

causing photoinhibitory quenching of maximal variable flu-

orescence in the dark (FM) and to be far below the onset of

singlet–singlet exciton annihilation. The instrumental

response function was during the first 50 ps. Fluorescence

was detected at 682 nm with a 2 nm slit width.

Native cells of C. velia were either treated with 100 lM
NH4Cl in the dark to completely inhibit NPQ, or kept

untreated for 4 min under white light (300 lmol�m�2�s�1)

to induce NPQ. Fluorescence lifetimes of isolated CLH

complexes were measured either in a light-harvesting state

[800 lM N-dodecyl-b-D-maltoside (DM), 20 mM Hepes,

pH 7.8) or in a quenched state induced by a reduction in

DM concentration (8 lM DM, pH 5.5). The same quench-

ing yield was obtained when detergent was reduced by

3 min of incubation with 80 mg�mL�1 Bio-Beads (SM-2;

Bio-Rad, Hercules, CA, USA) in low pH (5.5) medium.

Fluorescence lifetime decay kinetics were analyzed by FLU-

OFIT (PicoQuant) and chi-squared was used as a good-fit

indicator. The intensity-weighted average lifetimes (s) were

used for further analysis. NPQ in native cells and in the

light-harvesting antennae was calculated based on

Stern–Volmer formalisms as NPQ = s/s0 � 1 where s0 and s
represent the intensity-weighted average lifetimes for a sam-

ple in the quenched and nonquenched states, respectively.

77K fluorescence

77K fluorescence emission spectra were measured using an

Aminco–Bowman Series 2 spectrofluorometer (Thermo Fisher

Scientific, Waltham, MA, USA) as described previously [27].

The excitation was at 435 nm with a 4 nm slit width.

Isolation of Chromera velia antenna proteins

To isolate antenna complexes cells of C. velia (0.5 L with

A750 = ~0.5), cells were washed and resuspended in 1.5 mL

of the working buffer containing 25 mM Hepes (pH 7.8).
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The resuspended cells were mixed with 0.5 mL of glass

beads (0.1–0.2 mm in diameter) in a 2 mL Eppendorf tube

and broken using Mini-BeadBeater (BioSpec Products,

Inc., Bartlesville, OK, USA) (eight shaking cycles, 10 s

each with 2 min breaks for cooling the suspension on ice).

Membranes were separated from the cell extract by cen-

trifugation (40 000 g for 20 min) and solubilized with DM

(2%, DM/chlorophyll = 20 w/w for 1 h on ice). Antenna

proteins were isolated by ultracentrifugation (141 000 g for

18 h) in a 5–20% gradient of sucrose in the working buffer

containing 0.04% DM. Obtained fractions from sucrose

gradient were analyzed by Tricine-SDS-electrophoresis

according to Schaegger [28].

Pigment extraction and analysis

Pigment analysis of cells was carried out as described previ-

ously [14]. Pigment from protein complexes was extracted

in 100% methanol, centrifuged and the supernatant used

for HPLC analysis on a 1200 chromatography HPLC sys-

tem (Agilent Technologies Inc., Santa Clara, CA, USA)

and the eluted pigments were quantified at A440 [14,29].

Results

Fluorescence lifetime analysis in NPQ state in

native cells of Chromera velia

NPQ in native C. velia cells was studied by fluorescence

lifetime measurements. Fluorescence decay kinetics were

measured under unquenched (FM state, brought about

by addition of NH4Cl) and quenched conditions

induced by high light (Fig. 1). In both cases, three expo-

nential decays were sufficient to optimally fit the experi-

mental data (see minimal residual in Fig. 1). The

intensity-weighted average lifetime (s) thus obtained

(see also Materials and methods) was then used for fur-

ther analysis. Its value for C. velia cells in FM state (i.e.

nonquenched) was approximately 1.39 ns, which is

comparable with that of diatoms [30] but somewhat

shorter than values usually observed in Arabidopsis

(~ 1.8–2 ns) [22,26]. High-light illumination shortened

the fluorescence lifetime (s0 at FM
0 state) to approxi-

mately 0.69 ns as a result of the onset of NPQ in native

cells [14]. The NPQ value (defined as s/s0 � 1; see also

Materials and methods) in this experiment was 1.02

(Table 1), which is very close to the values previously

reported in C. velia grown under similar conditions [29].

Isolation and characterization of antenna

complexes from Chromera velia

The LHCs of C. velia were isolated by DM solubiliza-

tion of membranes followed by ultracentrifugation on

a sucrose density gradient (Fig. 2). Photosynthetic

complexes separated into three main bands: top (frac-

tions 1–3), middle (PSI, PSII supercomplexes, super-

complexes – S.C.) and low (PSI with bound antenna

complexes, PSI-LHCr); see Tichy et al. [31]. Three

upper fractions (fractions 1–3 of Fig. 2) were further

characterized by SDS/PAGE (Fig. 2B) and by spec-

troscopy (Figs S1 and S2). The CLH proteins

described previously (with molecular weights in the

range 19–25 kDa) [31,32] were found to be dominant

in all three fractions (see asterisk in Fig. 2B). Absorp-

tion and 77K fluorescence spectroscopy (Figs S1

and S2) further supported the identification of frac-

tions 1–3 as antenna complexes.

The pigment composition of fractions 1–3 was deter-

mined by HPLC. This analysis revealed the presence of

three main pigments for this alga [14,29]: chlorophyll a

(approximately 50%), isofucoxanthin (approximately

30%) and violaxanthin (approximately 10%) (Table 2).

There was no zeaxanthin detected because we used

dark-adapted cells to avoid de-epoxidation of violaxan-

thin into zeaxanthin [14]. The relative concentration of

Fig. 1. Chlorophyll fluorescence lifetime decays of Chromera velia.

The light harvesting state with maximal fluorescence FM induced in

the presence of 100 lM NH4Cl is shown in black; the

photoprotective quenched state induced by 5 min of treatment at

300 lmol�m�2�s�1 is shown red. The intensity weighted

mean � SD fluorescence lifetime (n = 6) is also shown. The panels

with residuals display the difference between the three exponential

fit and the experimental data used for estimation of average

fluorescence lifetime.
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chlorophyll a and isofucoxanthin was similar in all three

fractions. By contrast, the concentration of violaxanthin

varied significantly (Table 2 and Fig. S3). The data

clearly showed that fraction 1 was enriched by violaxan-

thin and also that its abundance was lower in fraction 2

and further decreased in fraction 3 (Table 2). These dif-

fering amounts of violaxanthin in the three antennae

fractions enabled us to study the effect of violaxanthin

on NPQ in CLH antenna complexes.

NPQ in the isolated antenna complexes is

inhibited by violaxanthin content

NPQ in isolated complexes of C. velia was measured

by fluorescence lifetimes decays (Fig. 3). The intensity-

weighted average fluorescence lifetime (s) of CLH

complexes in a nonquenched state (high DM concen-

tration) was approximately 3.9 ns for fraction 1 or

3.6 ns for fractions 2 and 3 (Table 1). Solubilization of

antenna complexes therefore induced an increase in

the fluorescence lifetime (FM) by more than three-fold

compared to the native state, ranging from 1.4 to 3.6–
3.9 ns (Fig. 1). A similar increase in fluorescence life-

time in detergent-solubilized antennae was shown for

antenna complexes from higher plants or diatoms

[26,30]; this was rationalized by antennae aggregation

in vivo that is minimal in the detergent-solubilized sys-

tem [26] or by antennae perturbations as a result of a

detergent-aqueous environment [33,34]. Quenching of

the antenna fractions was induced in vitro using a

method described previously [35–37] (Fig. S4). The

CLH complexes in a quenched state possessed a

reduced fluorescence lifetime. The lifetime in the

quenched state was different for all three antenna com-

plexes, which was also reflected by different levels of

NPQ calculated from the lifetimes (Table 1). To

Table 1. Comparison of average fluorescence lifetimes from Chromera vera live cells and isolated antenna fractions at FM and FM
0.

Fraction 1 Fraction 2 Fraction 3 Cells

sunquenched (ns) 3.90 � 0.02 3.59 � 0.02 3.58 � 0.02 1.39 � 0.03

s0quenched (ns) 2.39 � 0.11 1.82 � 0.09 1.43 � 0.09 0.69 � 0.07

NPQ 0.63 � 0.08 0.97 � 0.10 1.51 � 0.16 1.02 � 0.22

Detergent-solubilized antenna complexes were separated on a sucrose density gradient, harvested and measured in FM and FM
0 states.

sunquenched represents the light harvesting state at high DM concentration (800 lM DM, pH 7.5), whereas squenched is the photoprotective

quenched state induced by removal of DM with Bio-Beads, and acidification (pH 5.5). sunquenched in native cells reflects the light harvesting

state with maximal fluorescence FM induced by 100 lM NH4Cl, whereas squenched is the photoprotective quenched state after 5 min under

300 lmol�m�2�s�1 light. The intensity weighted fluorescence lifetime represents the mean � SD (n = 6). The NPQ value was defined as

s/s0 � 1 (see also Materials and methods).

Fig. 2. Isolation and characterization of light-harvesting antenna

complexes of Chromera velia. (A) Sucrose gradient (5–20%)

separation of light-harvesting complexes (fractions 1–3) from PSI

and II supercomplexes (S.C.) and PSI-LHCr band. (B) SDS/PAGE of

fractions 1–3 from (A). Molecular weights of used standards are

marked; the typical position of Chromera light harvesting proteins

is indicated by an asterisk.

Table 2. Relative pigment content in intact cells of C. velia and in

their isolated light-harvesting antenna complexes (fractions 1–3).

Chlorophyll

a/total

pigment

(molar ratio,

%)

Violaxanthin/

chlorophyll a

(molar ratio,

%)

Isofucox/

chlorophyll

a (molar

ratio, %)

b-carotene/

chlorophyll

a (molar

ratio, %)

Fraction

1

50.1 � 1.2 33.6 � 0.8 64.7 � 2.9 1.2 � 0.8

Fraction

2

54.2 � 1.0 20.5 � 0.5 63.2 � 2.7 0.8 � 0.1

Fraction

3

56.3 � 0.2 17.1 � 0.2 59.9 � 0.3 0.5 � 0.4

Cells 42.4 57.9 71.5 6.4

Pigments were extracted from cells and antenna fractions with

methanol, separated and quantified by HPLC. Data represent the

molar ratio pigment content relative to total pigments or to total

chlorophyll a (see description). Pigment analysis and protein isola-

tion were performed in dark-adapted cells; therefore, no zeaxanthin

has been detected [14].
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understand the origin of these changes, NPQ in frac-

tions 1–3 was compared with the relative violaxanthin

content. The NPQ value for particular CLH fractions

(Table 1) was plotted over the relative concentration

of violaxanthin (Table 2) and this relationship is

shown in Fig. 4. There was a clear decrease in NPQ

with an increasing concentration of violaxanthin

(Fig. 4). The higher concentration of violaxanthin in

CLH from fraction 1 resulted in a smaller NPQ and

vice versa. This result indicates the inhibitory effect of

violaxanthin on NPQ in native light-harvesting pro-

teins of C. velia. The inhibitory effect of violaxanthin

on NPQ has also been confirmed directly by the artifi-

cial addition of 5 lM violaxanthin into isolated CLH

antennae (Fig. 4, insert). The additional violaxanthin

reduced the observed NPQ by approximately 35%.

The effect observed in C. velia CLH with naturally

high violaxanthin has been explored further, and the

data obtained (Tables 1 and 2) were compared with

the inhibitory effect of violaxanthin on NPQ in LHCs

from higher plants (LHCII antennae) [24]. All of these

data taken together show a similar relationship

between violaxanthin content and NPQ: antenna com-

plexes with a relatively higher violaxanthin concentra-

tion had a smaller NPQ. This nonlinear correlation is

valid for both violaxanthin when artificially added just

before the NPQ measurements (see LHCII data in

Ruban et al. [24]), as well as for violaxanthin in native

CLH antenna complexes from C. velia containing vari-

able amounts of violaxanthin [14,29]. These data allow

us to suggest that violaxanthin has an inhibitory effect

on NPQ in C. velia, and they also indicate that the

maximum NPQ in vivo requires the removal of violax-

anthin from the protein moiety.

Discussion

Chromera velia represents a simple photosynthetic

model system with light-harvesting antennas lacking

accessory chlorophylls [29]. This alga is photoprotected

by NPQ triggered by lumen acidification and amplified

by a fast violaxanthin de-epoxidation into zeaxanthin

[14]. In the present study, we have shown that the for-

mation of NPQ in vivo results in a shortening of the

chlorophyll fluorescence lifetime of cells from 1.39 ns

to 0.69 ns (Table 1), which is representive of lifetimes

not far from those displayed in vivo by higher plants

[26]. NPQ in C. velia appears to have some features

similar to higher plants. It has already been shown to

comprise a DpH-dependent process [14]; in the present

study, we show that fluorescence quenching in CLH

complexes can be induced by a decrease in the amount

of detergent in vitro and by acidification (Fig. 4, insert,

and Fig. S4). To resolve the particular importance of

these NPQ triggering conditions (low pH, low deter-

gent concentration), more detailed experiments are

required because the efects are not fully separate; the

decrease in detergent/protein ratio is able to increase

the sensitivity of pH-induced quenching [37]. It is also

Fig. 3. Chlorophyll fluorescence lifetime decays in different light-

harvesting complexes of Chromera velia. The light harvesting

(unquenched) state (in the presence of 800 lM DM, pH 7.5) is

shown in black; the photoprotective (quenched) state (in the

presence of low DM after treatment with Bio-Beads, pH 5.5) is

shown in grey. Panel A, B and C represent chlorophyll fluorescence

lifetime decays of isolated antennae protein complexes from fraction

1, 2 and 3 respectively (see Fig. 1 and Table 2 for their protein and

pigment composition). The intensity weighted mean � SD fluo-

rescence lifetime of each decay (n = 6) is also shown.
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worth checking for the presence of protonable residues

in CLH, as already shown for higher plant LHCs

[35,38].

We have demonstrated an inhibitory effect of artifi-

cially added violaxanthin on NPQ in isolated CLH

antennae (Fig. 4, insert). The data are in line with pre-

vious experiments carried out with LHCII antennae of

higher plants [24,39]. The same inhibitory effect has

been also shown in isolated CLH antennae of C. velia,

which were naturally rich in violaxanthin (the Vio/Chl

ratio varies between 1 : 3 in the cells grown in high

light to 1 : 4 in those grown in low light) [29] (Fig. 4).

The high carotenoid content in CLH antennae

(Table 2) resembles the carotenoid-rich FCP antennae

from diatoms [40] and contrasts with plant LHCII

antenna where the amount of carotenoid including vio-

laxanthin is lower [41]. In plants, the tight binding of

violaxanthin to a specific binding site of antenna com-

plexes (CP29 complex) strongly limits the rate of vio-

laxanthin deepoxidation [42]. It is also responsible for

the restriction of maximal violaxanthin conversion to

zeaxanthin, which, in plants, can typically reach up to

70% [41]. We note that, even though the maximal de-

epoxidation in C. velia is rather small if calculated in

relative values (approximately 40% of violaxanthin is

de-epoxidized to zeaxanthin) [14], the absolute amount

of zeaxanthin formed on light is high as a result of the

much higher violaxanthin content in dark-adapted

C. velia cells [14].

In higher plant antenna complexes, three putative

violaxanthin binding sites (V1, N1 and L2) have been

identified [43–45]. They are different in their affinity

for violaxanthin, with loosely-bound violaxanthin situ-

ated on the antennae periphery [44]. However, the

binding of two out of three of the sites appears to be

an artifact as a result of reconstitution (e.g. see crystal

structure data [46]; work on mutagenesis [47]; and den-

sity functional theory studies [48]) because violaxan-

thin binds exclusively to site V1 native LHCII. Both

the number and the binding sites of violaxanthin in

CLH antennae are not known. However, the homol-

ogy of all light-harvesting antenna complexes would

Fig. 4. The relative inhibition of chlorophyll fluorescence quenching in isolated antenna complexes by violaxanthin. Black points represent

inhibition of chlorophyll fluorescence quenching in isolated LHCIIb from spinach [24] when violaxanthin was added to the incubation medium

before the addition of LHCII. Grey cycles represent the same inhibition of quenching in light-harvesting antennas complexes isolated from

Chromera velia, fractions 1–3 (for their NPQ, see Fig. 2 and Table 1). Violaxanthin from light-harvesting antennas of C. velia represent its

native fraction detected after sucrose gradient isolation (Table 2). For a comparison of LHCIIb complexes with the high capacity of

photoprotection (maximal NPQ = 3.5) [24] with C. velia antennas of much lower NPQ (NPQ = 1.51) (Table 1), the presented NPQ is relative

with normalization to the NPQ maxima at low Vio/Chl. The insert present the inhibitory effect of free violaxanthin on NPQ in isolated CLH

fraction no. 1. Quenching was induced by injection of CHL complexes in a buffer (pH 7.8) containing low detergent (6 lM final concentration

DM) (left arrow). The second arrow indicates the time when the pH of the medium was changed from 7.8 to 5.5 by the addition of small

drops of HCl (see acidification). The black line represent control samples (no violaxanthin addition, see ‘Control’); the gray line represents

the antenna sample previously mixed with additional violaxanthin (5 lM final concentration). Data represent typical curves (for more data,

see Fig. S5). Violaxanthin was purified as described in the Supporting information (Data S1).
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indicate the presence of several binding sizes with

various affinities for violaxanthin and also for CLH

antennae of C. velia. Indeed, violaxanthin has the low-

est interaction strength among all of the other carote-

noids [44] and the existence of loosely-bound

violaxanthin in CLH antennae has been discussed pre-

viously [49]. These loosely-bound violaxanthin mole-

cules are most likely situated on the protein periphery,

where they are in equilibrium with the lipid phase.

This could result in the antennae nonbound violaxan-

thin that has been already observed in lipid phase of

C. velia thylakoids [50], which makes C. velia similar

to diatoms where the lipid-phase xanthophyll (diadi-

noxanthin) has been already identified [51]. The pres-

ence of protein unbound violaxanthin in the antennae

of higher plants is still questionable and requires

further research [52,53]. In C. velia, the lipid-phase

violaxanthin could be the cause of the fast rate of vio-

laxanthin de-epoxidation to zeaxanthin [14] because

the liberation of violaxanthin from antennae is consid-

ered to be the main limiting step of violaxanthin de-

epoxidation in plants [54]. In the present study, we

propose an additional role of the loosely/weakly pro-

tein-bound violaxanthin molecules in C. velia thy-

lakoids; we suggest that the action of the violaxanthin

fraction in NPQ inhibition in vivo is similar to that

observed in isolated antenna of C. velia (Fig. 4).

The effect of violaxanthin on NPQ in CLH and in

LHCII antenna [24,39] has been compared (Fig. 4). By

plotting the data together, we identified a common

relationship between the Vio/Chl ratio and NPQ in

these two different types of antennae; in both cases,

the lower the concentration of violaxanthin present,

the higher is the observed NPQ, and the relationship

can be fitted by a nonlinear exponential decay (Fig. 4).

Therefore, the inhibitory effect of violaxanthin on

NPQ that we showed in CLH antennae could be a

general phenomenon for chlorophyll-binding antennas.

Indeed, it was also recently proposed for brown algae

[55]. This would indicate that maximal NPQ requires

not only violaxanthin de-epoxidation to zeaxanthin,

but also the removal of violaxanthin from the vicinity

of the protein. However, to validate this hypothesis,

more direct in vitro experiments using isolated anten-

nae from different species are required.

We do not know the precise molecular mechanism

by which violaxanthin affects light-harvesting protein

efficiency and inhibits NPQ efficiency in the CLH

antennae of C. velia (Fig. 4). Violaxanthin has been

recognized as a modulator that can also trigger struc-

tural changes in the antenna complexes [22,23]. Violax-

anthin and zeaxanthin differ markedly in their

apparent polarity, as determined empirically by their

tendency to form aggregates in water/ethanol mixtures

[56]. It has also been proposed previously [23] that

hydrophilic xanthophylls such as violaxanthin

make the protein structure less dehydrated and thus

less compressed; this state could prevent the formation

of closer chlorophyll–chlorophyll or chlorophyll–
xanthophyll interactions and thus inhibit the quenching

of excited states. Indeed, the extent of quenching could

be further affected by other factors (e.g. an effect of

aggregation or a different oligomeric state on NPQ)

[57–59]. A similar effect has already been proposed for

NPQ in light-harvesting antenna from diatoms [60].

However, to study this phenomenon, new experiments

are required with a more detailed biochemical analysis.

Although the molecular mechanism of the effect of vio-

laxanthin on NPQ is still unknown, it is clear that max-

imal NPQ in light-harvesting antenna complexes

requires more than high zeaxanthin formation. We sug-

gest that the removal of violaxanthin or other hydro-

philic xanthophylls (diatoxanthin) from the vicinity of

the protein is necessary for stimulation of NPQ.
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Supplementary figures: 

 

Supplementary Figure 1: Absorbance spectrum of isolated antenna protein 
fractions from Chromera velia. Protein fractions were isolated from sucrose 
gradient (see Figure 2) CLH Fraction 1,2, 3, and Supercomplex fraction. Spectra 
are normalised at 670 nm. 
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Supplementary Figure 2: 77 K fluorescence emission spectra of fractions 
from sucrose gradient. Light-harvesting antennae fractions 1, 2, and 3 
(normalised to the maximum ~ 685 nm) together with Supercomplex band (S.C. 
– fraction). Excitation was 457 nm. Same spectra were obtained with 425 nm 
excitation. 
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Supplementary Figure 3: Bar chart showing the different 
violaxanthin/chlorophyll a molar ratio in distinct antenna fractions. Antenna 
fractions were isolated from sucrose gradients, as shown in Figure 2. Pigment 
extraction was done in 80% methanol, followed by quantification via HPLC.  
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Supplementary Figure 4: Scheme showing the procedure for inducing 
quenching of antenna complexes from Chromera velia. Quenching was 
induced by injection of CHL complexes in a buffer containing low detergent (8 
µM final concentration DM) and low pH (5.5). At steady state, sample where 
collected and immediately used for lifetime measures (see the red arrow). 
Quenching was completely reversible by high detergent, high pH buffer (800 μM 
DM, pH 7.8). Sample integrity was verified by absorption/fluorescence 
spectroscopy throughout the entire process. 
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Supplementary Figure 5. Inhibitory effect of free violaxanthin on non-
photochemical quenching in isolated CLH fraction no. 1. Quenching was induced 
by injection of CHL complexes in a buffer (pH 7.8) containing low detergent (6 
µM final concentration DM), see left arrow). The second arrow indicates the time 
when the pH of the medium was changed from 7.8 to 5.5 by addition of small 
drops of HCl (see acidification). Gray lines represent control samples (no 
violaxathin addition, see “Control”), colored lines represents antenna sample 
previously mixed with additional violaxanthin (final concentration 5 µM). 
Violaxanthin was purified as it is described in supplementary materials. 
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Supplementary methods 

Preparation of pure violaxanthin 
Violaxathin was purified from Chromera velia cells (strain RM 12) grown 
in an artificial seawater medium supplemented with f/2 nutrient. 
Irradiation was provided by fluorescence tubes (100 µmol m-2 s-1, 
continual light cycle) and cells were continuously bubbled by air. 
Harvested cells were re-suspended in 25 mM Hepes buffer, pH 7.8 and 
broken by glass beads using Mini-Bead-Beater (BioSpec, USA). 
Thylakoid membrane fraction was separated by centrifugation, re-
suspended in 1 ml of distilled water, mixed with 9 ml of methanol and 
incubated for one hour in dark under room temperature. Extract was 
clarified by centrifugation and the remaining pellet was extracted again by 
10 ml of 90% methanol. Both supernatants were pooled and completely 
evaporated by a vacuum evaporator. Pigments were dissolved in methanol 
and separated by HPLC (Agilent 1200) on a semi-preparative reverse 
phase column (Eclipse XDB-C8 5µm, 250x9.4 mm, Agilent, USA) with 
35% methanol and 15% acetonitrile in 0.25M pyridine (solvent A) and 
20% methanol and 20% acetone in acetonitrile as solvent B. Pigments were 
eluted by 80 % of solvent B at a flow rate of 3 mL min-1 at 40 °C. The peak 
corresponding to violaxanthin was collected and its concentration was 
calculated from dry weight. 
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PSII content and that cells are protected by NPQ in the 
antennas.

Keywords Nonphotochemical quenching · 
Photoinhibition · Chromera velia alga · High light 
acclimation · Uncoupling of antennas from Photosystem II.

Abbreviations
NPQ  Nonphotochemical quenching
PSII  Photosystem II reaction centers
HL  High light
LL  Low light
ΔpH  Trans-thylakoid membrane proton gradient
Fm  Variable fluorescence
Fm  Maximum fluorescence
Pmax  Maximal photosynthetic rate or photosynthetic 

capacity
TL  Thermoluminescence
FRRF  Fast repetition rate fluorescence
ETR  Electron transport rates
σPSII  Effective antenna size of PSII
Ik  Photosynthetic limiting light
Isat  Light intensity where photosynthetic saturation 

starts
α-DM  n-Dodecyl α-D-maltoside
DES  De-epoxidation state

Introduction

Changes in the quantity and quality of the light, to which 
photosynthetic organisms are exposed, occur both periodi-
cally, due to the position of the Earth and stochastically, 
due to weather variations. Aquatic organisms, moreover, 
need to cope with variations related to water circulation and 

Abstract It has previously been shown that the long-
term treatment of Arabidopsis thaliana with the chloroplast 
inhibitor lincomycin leads to photosynthetic membranes 
enriched in antennas, strongly reduced in photosystem II 
reaction centers (PSII) and with enhanced nonphotochemi-
cal quenching (NPQ) (Belgio et  al. Biophys J 102:2761–
2771, 2012). Here, a similar physiological response was 
found in the microalga Chromera velia grown under high 
light (HL). In comparison to cells acclimated to low light, 
HL cells displayed a severe re-organization of the photo-
synthetic membrane characterized by (1) a reduction of 
PSII but similar antenna content; (2) partial uncoupling of 
antennas from PSII; (3) enhanced NPQ. The decrease in 
the number of PSII represents a rather unusual acclimation 
response compared to other phototrophs, where a smaller 
PSII antenna size is more commonly found under high 
light. Despite the diminished PSII content, no net damage 
could be detected on the basis of the Photosynthesis versus 
irradiance curve and electron transport rates pointing at the 
excess capacity of PSII. We therefore concluded that the 
photoinhibition is minimized under high light by a lower 
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optical effects induced by the waves at the surface (Dera 
and Gordon 1968; Falkowski and Wirick 1981). In order 
to overcome light changes with minimum effect on pho-
tosynthetic efficiency, phototrophs evolved several mecha-
nisms to keep their photosynthetic yields high even in the 
most heterogeneous environments. Long-term regulations 
involve gene expression and protein degradation of both, 
photosynthetic and nonphotosynthetic processes. They lead 
to macroscopic changes including the amount and compo-
sition of pigments per cell; re-arrangements of the photo-
synthetic units in terms of their size or number of units per 
cell; and changes in electron carriers and carboxylases rates 
(Havelková-Doušová et al. 2004; Kagawa et al. 2001; Kirk 
1994; Schöttler and Tóth 2014; Walters 2005).

On a relatively shorter term, i.e., seconds to minutes, 
more localized, transient, and usually reversible changes 
occur within the photosynthetic complexes like the de-
epoxidation of xanthophyll cycle pigments, the nonpho-
tochemical quenching of fluorescence (NPQ), and state 
transitions (see i.e., Demmig-Adams 1990; Finazzi and 
Minagawa 2014; Kaňa and Vass 2008; Ruban et al. 2012).

High light acclimation usually includes morphological 
changes in the cell structure, an increased Photosystem I to 
Photosystem II stoichiometry and reduced total chlorophyll 
content (Boardman 1977; Kendrick and Kronenberg 1994; 
Lichtenthaler et  al. 1981; Oguchi et  al. 2003; Pyke 2009; 
Terashima et al. 2001). Often the size of the photosynthetic 
antenna is also regulated during acclimation to high light 
intensities (Anderson and Osmond 2001; Anderson et  al. 
1988; Ballottari et al. 2007; Caffarri et al. 2009; Hogewon-
ing et al. 2012; Kouřil et al. 2012; Morosinotto et al. 2006; 
Niyogi 1999; Pesaresi et  al. 2009; Tikkanen et  al. 2006; 
Wientjes et al. 2013). However, adjustment of the antenna 
to reaction center ratio does not appear to be mandatory to 
all phototrophs as it seems to be species-dependent, espe-
cially for aquatic organisms (Anderson et al. 1988; Bailey 
et  al. 2004; Bonente et  al. 2012; Falkowski and Owens 
1980; Hogewoning et  al. 2012; Kouřil et  al. 2012, 2013; 
Leong and Anderson 1984; Lichtenthaler et al. 1981; Ware 
et al. 2015; Wientjes et al. 2013).

Despite the regulatory adjustments, high light in combi-
nation with adverse environmental factors that reduce  CO2 
assimilation rate (nutrient starvation, etc.) can compro-
mise the photosynthetic functionality. The oxidative dam-
age occurs primarily at Photosystem II [see i.e., (Aro et al. 
1993; Hakala et al. 2005; Ohnishi et al. 2005; Prášil et al. 
1992)]. It occurs at all light intensities; however, under sat-
urating lights, the repair mechanisms of Photosystem II do 
not keep the pace and a net decrease of the photosynthetic 
rate can be observed (Aro et  al. 2005), a process called 
photoinhibitory damage (Barber 1995; Kok 1956; Powles 
1984) as it reflects the sustained decline of the photosyn-
thetic efficiency.

Quantitative estimates of photoinhibition are often 
based on the ratio between variable and maximal fluores-
cence (Fv/Fm) and on the decline of Fm, broadly known as 
nonphotochemical quenching (Bose and Fork 1988; Car-
taxana et  al. 2013; Kolber and Falkowski 1993; Ruban 
2013; Tyystjarvi and Aro 1996). However, also the oppo-
site mechanism, i.e., photoprotection, competes for chloro-
phyll excited states, thus equally resulting in quenching of 
maximal fluorescence. Some distinctive features exist: pho-
toprotective quenching is usually reversible in the dark (in 
the absence of zeaxanthin, see Demmig-Adams and Adams 
1992) and it is dependent upon the level of the transmem-
brane proton gradient (∆pH); photoinhibition, on the con-
trary, lasts also in the dark (i.e., Giovagnetti and Ruban 
2015) and is active also in the absence of ∆pH (Johnson 
et al. 2011; Roach and Krieger-Liszkay 2014). However, it 
is often difficult, if not impossible, to distinguish between 
the two processes based on fluorescence measurements 
only (Kolber and Falkowski 1993; Ruban and Murchie 
2012).

In the present paper, we investigated the NPQ mecha-
nisms of high light (HL)-acclimated Chromera velia. The 
colpodellid, unicellular alga isolated from Sydney bay 
(Moore et al. 2008) has been reported to display a violax-
anthin-based NPQ mechanism (Kotabová et al. 2011; Mann 
et  al. 2014). Despite the unusual NPQ kinetics found in 
the alga, characterized by fast formation and slow relaxa-
tion, NPQ was previously shown to be dependent on ∆pH 
and its kinetics linearly correlated with the de-epoxidation 
state (DES) of the cells (Kotabová et al. 2011; Mann et al. 
2014). Here, we found that HL acclimation brought about 
an unusual response in C. velia, different from other model 
organisms, including higher plants. This mainly involved a 
strong reduction in the number of Photosystem II reaction 
centers (PSII) without decrease in the antenna size. As a 
consequence, part of the antenna was energetically poorly 
connected to the few remaining PSIIs, and NPQ greatly 
enhanced. As the diminished number of PSII did not affect 
the photosynthetic capacity of HL cells (i.e., maximal pho-
tosynthetic rate), this pointed at an “excess capacity” of 
PSII (see e.g. Behrenfeld et al. 1994; Kaňa et al. 2002). We 
propose that reducing the number of PSII while increasing 
photoprotective NPQ in the antennas may represent a strat-
egy to avoid photoinhibitory damage under HL.

Materials and methods

Cell growth

Chromera velia strain RM 12 originally isolated from 
the stony coral Plesiastrea versipora in Sydney Harbour 
(Moore et  al. 2008), was obtained from Dr. M. Oborník 
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(University of South Bohemia). The strain was grown at 
28 °C in artificial seawater medium with supplementation 
of f/2 nutrients as described previously (Kotabová et  al. 
2011). Cell stocks (20  μmol  m−2  s−1 continuous light) 
were transferred to aerated glass flasks for a minimum of 
3 weeks in semi-continuous batch growth with 24-h irra-
diation by fluorescence tubes (20 or 200  μmol  m−2  s−1) 
and nutrient-saturating concentrations. Cell size was deter-
mined with a calibrated Coulter Counter (Beckman Multi-
sizer III) equipped with a 50-μm aperture. All physiological 
measurements were performed with cultures harvested in 
late exponential phase.

Variable fluorescence measurements

Chlorophyll fluorescence was measured using a double-
modulation fluorometer FL-3000 (Photon System Instru-
ments, Czech Republic) on whole cells (chlorophyll con-
centration 0.7 μg ml−1). Cells were dark adapted for 30 min 
before the measurements to oxidize the electron transport 
chain. A multiple turnover saturating flash was applied 
to measure the maximum quantum yield of photochemis-
try of Photosystem II (Fv/Fm) according to (Fm−F0)/Fm, 
where the difference between the maximum (Fm) and 
minimal fluorescence (F0) is used to calculate the vari-
able fluorescence (Fv) (van Kooten and Snel 1990). Cells 
were then illuminated with an orange actinic light (625 nm, 
250, or 750 μmol photons  m−2 s−1), during which periodi-
cal saturating flashes were applied. NPQ was calculated 
as (Fm−Fm )/Fm , where Fm  is the maximum fluorescence 
measured in the presence of actinic light.

Photosystem II functional antenna size, electron 
transport rates, and connectivity

The effective antenna size of photosystem II (σPSII) was 
measured with a custom designed fluorometer FL3500 
(Photon Systems Instruments, Czech Republic) using a 
fast repetition rate fluorescence protocol. A single-turnover 
was induced by application of a series of 80 short blue sub-
saturating flashes (1 μs long, λ = 463 nm) to dark-adapted 
samples. Single turnover flashes were then measured dur-
ing sequential exposure to background blue actinic light 
(463 nm, 11 steps with increasing intensities, 0–1023 μmol 
photons  m−2  s−1). The measured fluorescence rise during 
the single turnover flash was fitted according to the model 
described earlier (Kolber et al. 1998), giving the connectiv-
ity of RC PSII and effective PSII cross-section parameter 
σPSII. These parameters were used for calculation of the 
electron transport rate as follows:

ETR = 𝜎PSII × nPSII ×
(
F′

q∕F′
v

)
∕
(
Fv∕Fm

)
× I,

where Fm is the maximal fluorescence in the dark and Fm  
that in the light; Fv is the variable fluorescence in the dark 
and Fv  is the one in the light; Fq  equals Fm −F , where 
F  represents steady state value of fluorescence at a given 
irradiance; I is the light intensity; and nPSII gives the ratio 
of functional PSII to total chlorophyll a. The value 1/
nPSII = 500 [mol chlorophyll a/mol PSII] was used (see 
(Suggett et al. 2010) for details).

Thermoluminescence

Thermoluminescence (TL) glow curves were recorded 
using a thermoluminescence system TL 400/PMT (Photon 
Systems Instruments, Czech Republic). Cell suspension 
(0.5–2  ml) was filtered through a Pragopor 5 nitrocellu-
lose membrane filter (pore size 0.6 ± 0.1 μm; Pragochema, 
Czech Republic) that was placed on the instrumental sam-
ple holder. After 2 min of incubation at 28 °C in the dark, 
the samples were cooled down to 3 °C where two subse-
quent saturating single turnover flashes (80 μs long, 200 ms 
apart, λ = 625  nm) were applied prior to the start of the 
heating/recording phase. TL curves were recorded from 3 
to 65 °C with a linear heating rate of 0.5 °C  s−1. The amount 
of active photosystem II was quantified by integrating the 
area under the glow curves and normalized per chlorophyll 
concentration, in agreement with Küpper et al. (2002).

Pigment extraction and quantification

Cells were collected on GF/F filters (Whatman, England), 
soaked in 100% methanol overnight at −20 °C, and dis-
rupted using a mechanical tissue grinder. Filter and cell 
debris were then removed by centrifugation (12,000  g, 
15 min) and the supernatant used for absorbance measure-
ments at 652, 665, and 730 nm. Chlorophyll estimation was 
done according to an already established method (Porra 
et al. 1989).

Violaxanthin-to-chlorophyll molar ratio was determined 
from high-performance liquid chromatography (HPLC) 
analysis on Agilent 1200 chromatography system equipped 
with the diode array detector as described in Kotabová 
et  al. (2011). Pigments were separated on Phenomenex 
column (Luna 3u C8(2), size 100 x 4.6 mm) by applying 
the 0.028  M ammonium acetate/MeOH gradient (20/80). 
Eluted pigments were quantified at 440 nm using the rela-
tive extinction coefficients.

77 K Fluorescence

77  K fluorescence emission spectra were measured 
using an Aminco–Bowman Series 2 spectrofluorom-
eter (Thermo Fisher Scientific, USA) as described pre-
viously (Kaňa et  al. 2009). The excitation wavelength 
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was 435 nm  and slit width  4 nm. The emission spectra 
were recorded in 0.4 nm steps from 600 to 800 nm, with 
1  nm slit width. The instrument function was corrected 
by dividing raw emission spectra by simultaneously 
recorded signal from the reference diode. Spectra were 
normalized around 690 nm.

Gel chromatography

Fast protein liquid chromatography (FPLC) analy-
sis was performed on fresh thylakoid membranes pre-
pared as described in Kaňa et al. ( 2016). The detergent 
solubilization and sample separation was performed as 
described in Belgio et  al. (2012). Briefly, membranes 
were suspended to a final chlorophyll concentration of 
0.7 mg ml−1 and partially solubilized by the addition of 
n-dodecyl α-D-maltoside (α-DM) to a final concentration 
of 0.7%, incubated 1  min on ice, and then centrifuged 
3 min at 16,000 g. The supernatant was filtered through 
a 0.45-mm filter and loaded onto a gel filtration Amer-
sham-Pharmacia Äcta purifier system, including a Super-
dex 200 HR 10/30 column at 4 °C. The same amount of 
chlorophyll was loaded for low and high light samples. 
This was also verified by a similar integral calculated for 
the whole chromatogram. The buffer used throughout the 
whole procedure contained 0.03% α-DM, 20 mM Hepes 
pH 7.8, 5 mM  MgCl2. Complex identification was based 
on SDS-PAGE, western blotting, and spectroscopy data 
in comparison with published protein profiles and spectra 
(Mann et al. 2014; Tichý et al. 2013) and was in line with 
previous gel filtration results (Ruban et al. 2006).

SDS-PAGE and western blotting

Proteins were resolved by SDS-PAGE using a denatur-
ing gel gradient of 16–20% acrylamide (acrylamide to 
bis-acrylamide ratio = 60), using the method described in 
(Knoppová et  al. 2016). Low light and high light mem-
branes were adjusted to the same chlorophyll concentra-
tion. The amount of chlorophyll loaded in each lane is 
indicated in Fig.  2b. Separated proteins were visualized 
by staining with Coomassie Brilliant Blue or transferred 
onto nitrocellulose membrane and incubated with anti-
body against D1 protein. The primary antibody against 
D1 used in this study was previously described (Dobák-
ová et  al. 2007; Komenda et  al. 2004). Detection was 
performed using the Luminata Crescendo Western HRP 
substrate (Merk Millipore). Densitometry analysis of the 
signals was done using NIH Image-J software and asso-
ciated plugins (http://rsb.info.nih.gov/ij/), taking the low 
light sample as 100%.

Photosynthesis versus Irradiation curve

The photosynthetic limiting light  (Ik), the light inten-
sity where photosynthetic saturation starts (Isat), and the 
photosynthetic capacity (i.e., maximum photosynthetic 
rate Pmax) were obtained as described previously (Eil-
ers and Peeters 1988) from the measured oxygen light 
curves using the “GRG nonlinear solver calculator” from 
Excel. Oxygen evolution of C. velia cells was measured 
under eleven different light intensities, ranging from 0 to 
1017  μmol  m−2  s−1, using the Hansatech DW1 Oxygen 
Electrode Chamber (Hansatech Instruments Ltd, Narbor-
ough, UK), coupled to the PSI OxyCorder 401  A/D sig-
nal transducer equipped with the PSI OxyWin software 
(Photon Systems Instruments, Brno, Czech Republic). 
The desired light intensities were attained using LEDs of 
the Act2 Systems (Chelsea Technologies Group Ltd, Sur-
rey, UK). The maximal turnover rate of a Photosynthetic 
unit (1/τ) was calculated from Photosystem II cross-section 
(σPSII) and Ik values, according to the equation (Falkowski 
and Raven 2007).

Results

Feature of high light acclimation in C. velia: enhanced 
NPQ

Cultivation of C. velia cells under high light (HL) induced 
a decrease in total chlorophyll and lowered the Fv/Fm ratio 
(Table 1), in agreement with a previous report (Quigg et al. 
2012). These changes were accompanied by alterations 
of the fluorescence induction trace (Fig.  1). At the turn-
ing on of the actinic light, the fluorescence signal of HL 
cells dropped below F0, reaching maximal fluorescence 
quenching in less than 2 min, due to a fast-forming, slowly-
relaxing, nonphotochemical quenching (NPQ). Such a fast 
NPQ activation was previously attributed to an unusually 
rapid xanthophyll de-epoxidation in C. velia (Kotabová 
et  al. 2011). NPQ in HL cells was about 2.4 (Figure S1 
and Table 1), i.e., 10 times greater than in LL cells. A very 
similar change in the fluorescence induction trace was 
previously observed in higher plants after long-term treat-
ment with the antibiotics lincomycin (Fig. 1b inset). Also 
in that case, the actinic light induced a strong decrease of 
the fluorescence signal, twice lower than F0 level due to 
an enhanced NPQ (see also Belgio et  al. 2012). On the 
other hand, NPQ relaxation was different in HL C. velia in 
comparison with lincomycin-treated plants, as the strong 
quenching was still present after 5-min dark relaxation. 
This was previously reported to be due to the slow zeax-
anthin re-epoxidation in the dark (see Mann et al. 2014 and 

Ik = 1∕(𝜎PSII × 𝜏).
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“Discussion”). The HPLC data confirmed the presence of 
more than 50% DES at this stage of the fluorescence induc-
tion kinetics (data not shown).

Feature of high light acclimation in C. velia: reduced 
PSII content

We tested whether like lincomycin-treated plants, also 
HL C. velia cells carried a modified antenna to Photo-
system II reaction centers (PSII) ratio, possible cause 
of the observed fluorescence changes. Light acclimation 

resulted in a different gel filtration profile of the two types 
of membranes. Gel filtration is a gentle and incisive way 
to separate different green complexes on the basis of size 
(larger complexes elute first). Photosynthetic complex 
identification was based on SDS-PAGE, western blotting, 
and spectroscopic analysis of the eluted fractions (Figure 
S2 and S3), according to the published data (Mann et al. 
2014; Tichý et al. 2013). The order of elution of protein 
complexes (PSI, PSII, antenna fraction) was similar to 
that of higher plants (Ruban et al. 2006). The membranes 
isolated from HL cells displayed three main differences 

Table 1  Summary of 
physiological responses of 
low and high light-acclimated 
Chromera velia cells

Nonphotochemical quenching of fluorescence (NPQ) was calculated as (Fm−Fm )/Fm , where Fm  was 
measured after 5 min of actinic light at the intensity indicated (250 or 750 μmol m−2 s−1) using the protocol 
shown in Fig.  1. ETR, electron transport rates; σPSII, effective antenna size of PSII from FRRF meas-
urements; Ik, photosynthetic limiting light; Isat light intensity where photosynthetic saturation starts; 1/τ* 
maximal turnover rate of a Photosynthetic unit calculated from σPSII and Ik as described in “Materials 
and Methods”; Pmax, maximum photosynthetic rate, i.e., photosynthetic capacity (experimental values from 
Photosynthesis vs. irradiance experiments)

Parameter Low light cells (LL) High light cells (HL)

Growing light intensity, μmol photons  m−2 s−1 20 200
Chlorophyll/cell, pg 0.6 ± 0.1 0.3 ± 0.1
Fv/Fm 0.60 ± 0.04 0.40 ± 0.03
NPQ at 250 μmol m−2 s−1 0.1 ± 0.2 0.8 ± 0.3
NPQ at 750 μmol m−2 s−1 0.24 ± 0.12 2.4 ± 0.6
ETR, μmol electron mg chl−1h−1 822 ± 22 1108 ± 126
Vioxanthin/chlorophyll, mol mol−1 0.27 ± 0.01 0.42 ± 0.01
σPSII, Å/quantum 328 ± 8.3 453 ± 16
Isat, μmol photons  m−2 s−1 256 ± 105 547 ± 8
Ik, μmol photons  m−2 s−1 56 ± 11 85 ± 2.7
1/τ*,  ms−1 0.111 0.232

Pmax, μmol  O2 mg chl−1 h−1 239 ± 60 406 ± 30
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Fig. 1  Representative chlorophyll a fluorescence quenching kinetic 
analysis of low (a) and high (b) light-acclimated C. velia cells illu-
minated with 250 μmol m−2 s−1 actinic light (arrow). Cells were dark 
adapted for 30 min before the measurements. Inset chlorophyll fluo-

rescence trace of a lincomycin-treated Arabidopsis thaliana leaf illu-
minated with 200 μmol m−2 s−1 actinic light (small arrow) (modified 
from Belgio et al. 2012)
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compared to LL cell (Fig. 2a). One of the most noticeable 
was a decrease of the PSII-related fraction, eluted around 
20  min. PSII elution seemed to occur slightly earlier in 
HL than LL. We cannot exclude that this could be due 
to a slight difference in the size of PSII, in terms of a 
slightly bigger PSII in HL cells. Interestingly, PSII band 
was about three times smaller in HL than LL membranes 
based on the decomposition of the relative chromato-
grams [Figure S4, for more details, see “Materials and 
Methods” and Belgio et al. (2012)]. Besides this, the elu-
tion profile of the antenna complexes was also altered. In 
place of one main peak in LL membranes, eluted between 
25 and 40 min and attributed to oligomeric antennas, two 
distinct peaks were found in HL membranes at 27 and 
30  min. Moreover, one broad monomeric antenna frac-
tion appeared between 35 and 40 min, absent in LL mem-
branes. This band balanced the decrease in PSII content 

in HL, so that the total area below the chromatogram, and 
therefore the total chlorophyll loaded, was the same in 
the two types of sample. Despite the changes in antenna 
oligomerization, the total amount of antenna was similar 
in HL and LL cells.

The change in PSII content was verified by SDS-PAGE 
and Western Blotting analysis. The amount of total antenna 
per chlorophyll was similar in HL compared to LL mem-
branes (Fig. 2b, bottom and Table 2; for a full gel, see Fig-
ure S5), in agreement with gel filtration data (Fig. 3a). On 
the contrary, PSII content (detected using α-D1 antibody) 
was between three and four times weaker in HL membranes 
(Fig. 2b, top). Both methods therefore confirmed a strong 
decrease in the number of PSII per chlorophyll induced by 
high light acclimation. This result was also additionally 
confirmed by thermoluminescence (Figure S6) using the 
method described earlier (Küpper et  al. 2002). Based on 
the FPLC chromatogram decomposition, it was possible to 
estimate the antenna-to-PSII ratio. This was about five and 
15 in LL and HL cells, respectively (Table  2). We stress 
here that the change in the ratio was caused by a drop in 
PSII complexes while antenna content remained unaffected 
(Fig. 2).

Functional PSII antenna size and connectivity in HL 
cells

As the total antenna per PSII core was increased under HL 
(see Table  2), we investigated what proportion of it was 
efficiently transferring the excitation energy to the remain-
ing Photosystem II reaction centers. For this purpose, we 
applied fast repetition rate fluorescence (FRRF) technique 
to HL and LL cells (Kolber et al. 1998), finding that Pho-
tosystem II cross-section was increased by ~35% in HL 
compared to LL cells (Fig.  3, left). This percentage was 
less than what was expected on the basis of FPLC, SDS-
PAGE, and Thermo-luminescence data as the three meth-
ods had indicated an antenna per PSII ratio 3 times larger 
in HL compared to LL (see previous section). We there-
fore concluded that a large part of the antenna complement 
(3–1.35) was functionally not well connected to PSII in HL 
cells. This was estimated to correspond to ~8–9 antennas/
PSII on the basis of FPLC chlorophyll ratios (see Table 2). 
In Fig. 5 a putative model of PSII antenna organization is 
presented showing the difference between total and cou-
pled PSII antenna in HL cells. The analysis of FRRF data 
indicated also that PSII connectivity was almost zero in HL 
cells (Fig. 3, right). As “disconnected” antennas would pre-
vent the efficient energy transfer between PSII units, this 
result is consistent with the suggestion that a large propor-
tion of antennas weakly coupled to PSII in HL cells (see 
Fig. 5 and “Discussion”).
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Fig. 2  a Profile of mildly solubilized membranes isolated from low 
(black) and high (gray) light-acclimated cells eluted by gel filtration 
chromatography. Identification of the peaks was performed accord-
ing to the method of Belgio et al. (2012) and verified by SDS-PAGE 
(data not shown). For the decomposition of the relative chroma-
tograms, see supplementary Figure S2. PSI, Photosystem I; PSII, 
Photosystem II core; 1, oligomeric antenna; 2, monomeric antenna; 
3, free pigments. The arrow points at the decrease in PSII band in 
high light. b Typical SDS-PAGE and Western blotting results of low 
(LL) and high (HL) light membranes. Numbers on top of the lanes 
correspond to the amount of chlorophyll per lane. D1 represents the 
signal detected using α-D1 antibody; antennas represent Coomassie 
Brilliant Blue staining results. Gel preparation was according to the 
method of Komenda et al. (2004) and Dobáková et al. (2007). Signals 
were analyzed using Image-J program as described in “Materials and 
methods.” MW, approximate molecular weight in kDa
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Lack of photoinhibition in HL C. velia points 
to photoprotective NPQ

The reduction in the number of PSII in HL cells prompted 
us to investigate the possible presence of chronic photoin-
hibition induced by high light. HL cells displayed slightly 
higher electron transport rates in comparison to LL cells 
(Table  1). This pointed at a high photosynthetic capacity 
notwithstanding the reduced PSII content (see “Discus-
sion”). Additionally, while LL cells started to display signs 

of photoinhibition at 200  μmol  m−2  s−1 (Figure S9), the 
analysis of the Photosynthesis versus irradiation curve indi-
cated no photoinhibition (β-parameter = 0) in HL cells for 
light intensities of up to 800  μmol  m−2  s−1 (Fig.  4a); the 
light intensity corresponding to photosynthetic saturation 
(“Isat”) was estimated to be 546 ± 6  μmol  m−2  s−1, while 
the limiting light intensity (“Ik”) was 89 ± 6 μmol m−2 s−1 
(Table  1). This pointed at a high photosynthetic capacity 
(see Pmax value in Table  1) notwithstanding the reduced 
PSII content (see “Discussion”).

These results were interpreted in terms of absence of 
photoinhibitory damage of PSII in HL cells, which in turn 
indicated that NPQ was protective for the HL cells. Con-
sistent with this, violaxanthin pool was doubled in HL 

Table 2  Relative content of total antenna, PSII, strongly and loosely 
bound antenna in low and high light C. velia cells based on FPLC and 
SDS-PAGE results

Percentages refer to chlorophyll ratios obtained from decomposition 
analysis (see Figure S2) of chromatograms from three independent 
FPLC runs, taking LL antenna band as 100%
a Results in agreement with an unchanged content of antenna poly-
peptides in HL compared to LL, as quantified from five replicates of 
Coomassie-stained SDS-PAGE gels using Image-J software
b Results in agreement with ~30% PSII content in HL compared to 
LL based on five Western Blotting replicates against D1 protein (see 
Fig.  2b) and five Thermoluminescence experiments (Figure S3). 
Western-blot analysis was performed with Image-J software
c Ratios calculated dividing “Total antenna” by “PSII”
# Strongly bound antenna/PSII are based on FRRF results, considering 
100% for the total antenna/PSII of LL, and consequently 133% for HL
## Loosely bound antenna/PSII were calculated as the difference 
between total antenna and strongly bound antenna

Total 
 antennaa

PSIIb Total 
antenna/
PSIIc

Strongly 
bound 
antenna/
PSII#

Loosely 
bound 
antenna/
PSII##

LL C. velia 100% ~20% 5 5 0

HLC. velia 90–100% 5–8% ~15 6–7 8–9
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ments (for more details, see Materials and methods) of C. velia cells 
grown under low light (black) or high light (gray). Samples were dark 
adapted for 30 min before the measurements. Both parameters were 
obtained based on the fluorescence rise from Fo to Fm measured by 
single turnover flash and fitted according to the model described in 
Kolber et al. (1998). Data are means ± standard deviation from three 
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cells compared to LL (Table 1) and NPQ was totally ∆pH-
dependent (Fig.  4b and S7). We therefore concluded that 
in HL cells, photoinhibition is minimized by a lower PSII 
content and NPQ provides further photoprotection.

Discussion

Acclimation

The physiological response of C. velia grown under high 
light (i.e., decrease in PSII, unaffected antenna protein con-
tent, slight increase in the effective PSII antenna size, see 
Table  2) represents an unusual strategy in comparison to 
other phototrophs. For instance, a 30–50% decrease in PSII 
antenna size has been reported for high light-acclimated 
Arabidopsis thaliana plants (Kouřil et al. 2013; Ware et al. 
2015). Similarly, another study (Chukhutsina et al. 2013), 
reported a smaller overall antenna size (50%) for the high 
light-acclimated diatom Cyclotella meneghiniana (Table 2) 

on the basis of fluorescence lifetime measurements. This 
points to a different regulatory mechanism in C. velia as 
the alga can cope with long-term high light condition by 
decreasing the number of PSII centers while keeping the 
antenna protein content unaffected.

Similar response to HL can be found in higher plants 
after long-term treatment with the antibiotic lincomycin 
(Figure S8A and B). Although the effect there was more 
extreme, with a 10 times bigger antenna size (see Table 2), 
the inhibition of D1-protein (induced by the antibiotic) led 
to a strong reduction in the number of PSII, without any 
decrease in the antenna protein content (see also Belgio 
et al. 2012, 2015).

One might therefore suggest that, like lincomycin-
treated plants, C. velia is also affected in some of the steps 
of D1 protein repair. PSII repair involves partial disassem-
bly of damaged complexes, subunit replacement by newly 
synthesized proteins (a step inhibited by lincomycin), and 
reassembly. The process requires several indispensable 
assembly factor proteins (known as Ycf48/Hcf136, Psb27 
and Psb28, see Nixon et  al. 2010). Our preliminary anal-
ysis did not find sequence identity higher than 30% for 
Ycf48/Hcf136 and Psb27 in C. velia (Sobotka et al. work in 
preparation). Therefore, we can speculate that, in C. velia, 
replacement of D1 protein is ineffective under photoinhibi-
tory conditions (like high light growth) and reducing PSII 
content is a “surviving” strategy to avoid PSII photodam-
age. On the other hand, it is more difficult to explain why, 
in contrast to other organisms (see i.e., Kouřil et al. 2013), 
C. velia keeps a high antenna content under HL. This could 
be either guarantee efficient light harvesting under fluctu-
ating light intensities (Havelková-Doušová et  al. 2004) or 
provide light harvesting for PSI, that is extremely efficient 
in C. velia (Belgio et al. 2017).

Poorly coupled antennas

The decrease in PSII contrasted with an unchanged amount 
of antenna proteins in HL cells (see Fig. 2, diagrammatic 
scheme in Fig. 5; Table 2). This resulted in antennas poorly 
coupled to PSII, as previously described for higher plants 
treated with lincomycin. Energetically poorly bound anten-
nas can in fact provide an explanation for the reduced 
Fv/Fm, the drop of variable fluorescence below  F0, and the 
increased NPQ (an extensive explanation can be found in 
Belgio et  al. 2012). A confirmation of this can be found 
in the 77  K fluorescence spectra of HL cells (Figure S8 
C and D). Besides the strong reduction in the red tail of 
emission (~715  nm), attributable to the limited presence 
of “red” chlorophyll forms (Belgio et  al. 2017; Kotabová 
et al. 2014), in HL cells, a shift from 693 to 689 nm can be 
clearly noticed. This shift towards the blue can be attribut-
able to antennas poorly coupled to PSII. Also FRRF results 

Fig. 5  Putative organization of Photosystem II (PSII) antenna in 
low light (LL) and high light (HL)-acclimated Chromera velia cells. 
The model shows diagrammatically the observed difference between 
total and coupled PSII antenna found in HL cells (see Table 2). Each 
LL PSII is surrounded by ~5 coupled antenna proteins, while in HL 
each PSII is surrounded by 6–7 connected antennas plus 8–9 uncou-
pled antennas. When the excitation energy (lightening) reaches one 
PSII in closed state, it can still efficiently reach an open PSII nearby 
in LL (displayed by an orange arrow). In HL, this is not possible due 
to the longer distance that the excitation energy has to travel to reach 
another PSII (crossed arrow). This provides a possible explanation 
for the limited connectivity in HL cells (see also Fig. 3b)
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are consistent with a proportion of antennas loosely con-
nected to PSII as poorly coupled limiting the connectivity 
between PSII units (see Figs.  3b, 5). We cannot exclude 
that antennas poorly coupled to PSII might be partially 
connected to Photosystem I (PSI), thus increasing the 
cyclic electron flow around it (see i.e., Roberty et al. 2014). 
However, to clarify this point, a direct measurement of PSI 
antenna size will be necessary.

FPLC revealed that high light adaptation induced a dif-
ferent structural organization of the antennas (Fig. 2). Oli-
gomers separated into two bands, instead of one, and even 
the milder detergent solubilization yielded a visible “mono-
meric” antenna band, absent in LL. It is possible that this 
different fractionation is also connected with the presence 
of poorly coupled antennas. A less compact Photosystem 
II supercomplex, in fact, would disaggregate more easily 
during the detergent-solubilization procedure. Interestingly, 
antenna proteins of diatoms displayed different oligomeric 
states also (Beer et  al. 2006; Büchel 2003; Gardian et  al. 
2011; Grouneva et  al. 2011; Lavaud et  al. 2007; Lepetit 
et  al. 2007) and the partitioning of such antennas onto 
sucrose gradients seems to depend on light acclimation 
(Lepetit et  al. 2010). Mann et  al. (2014) also reported on 
additional violaxanthin distributed in a lipid phase close to 
antennas in high light C. velia that can further regulate their 
efficiency (Kaňa et al. 2016). Therefore, we do not exclude 
a different lipid composition under high light.

Photoinhibition

High light adaptation induced dramatic changes in the alga, 
some of which may be interpreted as PSII photodamage. 
The present results, however, do not support this interpre-
tation. First, slow NPQ relaxation was fully reversed by 
 NH4Cl (Figure S7), proving that NPQ is ∆pH-dependent. 
Moreover, it was previously shown that both slow zeax-
anthin re-epoxidation and NPQ relaxation can be acceler-
ated by light of weak intensity (Mann et al. 2014), probably 
because of a limited pool of NADPH and  H+ co-factors 
in the dark (Goss et al. 2006; Grouneva et al. 2009). Slow 
NPQ recovery therefore is not an evidence of photodamage 
in C. velia.

No decrease in the maximal electron transport rates and 
maximal photosynthetic rates (i.e., photosynthetic capacity) 
was found in HL C. velia cells (see Table 1; Fig. 4), which 
further pointed to the lack of any photoinhibitory dam-
age of PSII in C. velia acclimated to HL. Indeed, we esti-
mated that the maximal turnover rate of a Photosynthetic 
unit (see Materials and methods and Table 1) in HL cells is 
twice that of LL. A similar effect of high light acclimation 
on Photosystem II turnover rate was previously observed 
in a green alga (Chlorella) and in a diatom (Thalassiosira 
weissflogii) (Behrenfeld et  al. 1998; Kaňa et  al. 2002). In 

these phototrophs, it was found that a decrease in the num-
ber of reaction centers was compensated by an increased 
turnover rate, which led to similar photosynthetic capacity 
with less PSII. The absence of decrease in photosynthetic 
capacity in spite of reduction in number of PSII centers was 
rationalized by “excess capacity” of PSII (Behrenfeld et al. 
1998; Kaňa et  al. 2002). C. velia therefore seems to be a 
clear-cut example of an alga having excess photosynthetic 
capacity. The molecular mechanism by which this occurs 
still needs to be clarified.

As a coral symbiont, Chromera velia is expected to be 
mainly exposed to rather “moderate” light intensities, how-
ever, as this organism can be also found “free-living” out-
side the coral, at depths of 3–5 m, light intensities of up to 
1000  μmol  m−2  s−1 are normally experienced on a sunny 
day (Behrenfeld et al. 1998; Oborník et al. 2011). Thus, the 
150–200 μmol m−2 s−1 quanta used in this study and pre-
vious studies (see i.e., Mann et  al. 2014) are well within 
the physiological range, and much higher intensities (above 
500 μmol m−2 s−1) are in fact required to saturate photosyn-
thesis (see Fig. 4). Based on the present data, no photoin-
hibitory damage of PSII occurs in HL-acclimated C. velia 
as photodamage is minimized by a lower PSII content and 
protective NPQ in the antennas. Nevertheless, excess pho-
tosynthetic capacity of PSII guarantees efficient photosyn-
thesis under high light.
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Supporting material 

 
 

Figure S1: Comparison between total NPQ of low and high light adapted C. velia 
cells calculated as (Fm-Fm’)/Fm’ at the end of the illumination cycle of the 
relative fluorescence curves as representatively shown in Figure 1. Actinic light 
was 750 µmol m-2s-1. Data are means ± standard deviation from at least three 
independent replicates.  
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Figure S2: Low temperature fluorescence (A) and room temperature absorption 
(B) spectra of FPLC fractions from Figure 2. The names of the relative fractions 
are indicated next to the relative spectra. A: solid: low light FPLC elutions; dotted, 
high light FPLC elutions. B: low light FPLC spectra. Similar spectra were found 
for high light fractions.  
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Figure S3: Typical SDS-page (A) and Western blotting (B) results of FPLC 
fractions. Names on top of the lanes correspond to the relative FPLC elutions as 
presented in Figure 2. The amount of chlorophyll in each lane was 15 µg. (A) 
Coomassie Brilliant Blue staining result of high light (HL) FPLC fractions. A 
similar pattern was found for LL. (B) Results from high light (HL) and low light 
(LL) fractions. Signal detected using α-D1 antibody. Gel preparation was 
according to Komenda et al. 2004 and Dobáková et al. 2007. 
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Figure S4: Decomposition of the FPLC elution profiles shown in Figure 2 and 
reported here in solid black line. (A) low light membranes; (B) high light 
membranes. The fit (dashed black line) was obtained using the Gaussian fit multi-
peak option of Originlab program providing the number and positions of the peaks 
to fit the spectrum. PSI, Photosystem I supercomplex; PSII, Photosystem II 
complex; 1, oligomeric antenna complexes; 2, monomeric antenna complexes, 3 
free pigments.   
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Figure S5: Typical SDS-page result of low (LL) and high (HL) light membranes. 
Numbers on top of the lanes correspond to the amount of chlorophyll per lane (chl, 
µg). Gel preparation was according to (see Komenda et al. 2004 and Dobáková et 
al. 2007). Signals were analyzed using Image-J program as described in Materials 
and Methods. MW, approximate molecular weight in kDa. 
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Figure S6: Thermo-luminescence signal of high (grey) and low (black) light 
acclimated C. velia cells. Both types of cells were dark-adapted for 30 min before 
the measurements. The insect shows the calculated area per chlorophyll below 
each thermo-luminescence trace. For more details, see Materials and Methods and 
(Küpper et al. 2002). 
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Figure S7: Representative chlorophyll a fluorescence quenching analysis 
showing the effect of the uncoupler NH4Cl during actinic illumination on the NPQ 
of high light acclimated C. velia cells. Dashed, control (no NH4Cl); solid line, 
effect of NH4Cl addition. The timing of application of NH4Cl is marked by an 
arrow. Actinic light was on during the entire experiment. 
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Figure S8: Comparison showing similiarities between lincomycin-treated 
Arabidopsis thaliana (A, C) and Chromera velia (B, D). Top: pulse-modulated 
fluorimetry traces and Western blotting results; bottom: 77 K fluorescence. Data 
for A. thaliana were taken from Belgio et al. 2012. 
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Figure S9: Comparison between representative Photosynthesis versus light curve 
of high light and low light acclimated cells measured under different actinic light 
intensities (for more details, see Materials and Methods). 
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Abstract

Photoprotective non-photochemical quenching (NPQ) represents an effective way to dissipate the light energy 

absorbed in excess by most phototrophs. It is often claimed that NPQ formation/relaxation kinetics are determined 

by xanthophyll composition. We, however, found that, for the alveolate alga Chromera velia, this is not the case. In the 

present paper, we investigated the reasons for the constitutive high rate of quenching displayed by the alga by com-

paring its light harvesting strategies with those of a model phototroph, the land plant Spinacia oleracea. Experimental 

results and in silico studies support the idea that fast quenching is due not to xanthophylls, but to intrinsic properties 

of the Chromera light harvesting complex (CLH) protein, related to amino acid composition and protein folding. The 

pKa for CLH quenching was shifted by 0.5 units to a higher pH compared with higher plant antennas (light harvesting 

complex II; LHCII). We conclude that, whilst higher plant LHCIIs are better suited for light harvesting, CLHs are ‘nat-

ural quenchers’ ready to switch into a dissipative state. We propose that organisms with antenna proteins intrinsically 

more sensitive to protons, such as C. velia, carry a relatively high concentration of violaxanthin to improve their light 

harvesting. In contrast, higher plants need less violaxanthin per chlorophyll because LHCII proteins are more efficient 

light harvesters and instead require co-factors such as zeaxanthin and PsbS to accelerate and enhance quenching.

Keywords:  Chromera velia, in vitro quenching, light harvesting strategy, non-photochemical quenching, NPQ kinetics, 

photoprotection, quenching pKa, violaxanthin.

Introduction

Although under low light more than 83% of absorbed photons 

can be converted into chemical energy (e.g. Jennings et al., 2005; 

Wientjes et  al., 2013), prolonged high light exposure rapidly 

switches photosystems to energy-dissipating states that release 

excess energy as heat (Demmig-Adams, 1990; Kaňa and Vass, 

2008; Ruban et  al., 2012). The switch from light-harvesting 

to energy-dissipation mode has long been investigated, result-

ing in various models for various autotrophs (Demmig-Adams, 

1990; Horton et al., 1996; Kaňa et al., 2012; Pinnola et al., 2013; 

Erickson et al., 2015; Büchel, 2015).

In higher plants, several processes contribute to excess 

light energy dissipation, but only the pH-dependent one, the 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),  

which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Experimental Biology.

Abbreviations: CLH, Chromera light harvesting complex; DCCD, dicyclohexylcarbodiimide; DEPS, xanthophyll cycle de-epoxidation state; LHCII, light harvesting 

complex II; NPQ, non-photochemical quenching.
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so-called energy-dependent quenching mechanism (non-

photochemical quenching; NPQ) is considered photoprotec-

tive (Demmig-Adams and Adams, 1992; Ruban, 2013). Proof 

of a strict connection between NPQ and pH is that reverse 

ATPase activity can stimulate NPQ even in the dark (Gilmore 

and Yamamoto, 1992). Besides controlling xanthophyll cycle 

activity, in several phototrophs pH exerts a direct control on 

NPQ. This is thought to act via a regulation of antennas (e.g. 

Dekker and Boekema, 2005; Horton et al., 2008; Peers et al., 
2009; Grossman et  al., 2010). Indeed, a very similar thermal 

dissipation process to that in vivo can be induced in vitro in 

purified antennas by lowering pH and detergent concentra-

tion (Ruban et al., 1994a). Starting from this evidence, it was 

proposed that antenna aggregation is at the basis of the NPQ 

process (Horton et al, 1996), and subsequent findings employ-

ing liposomes started to clarify how pH and ions together 

with lipids and lipid to antenna ratios control the ‘aggregation 

state’ of antennas (Moya et  al., 2001; Kirchhoff et  al., 2008; 

Akhtar et  al., 2015; Kaňa and Govindjee, 2016; Natali et  al., 
2016; Crisafi and Pandit, 2017). In higher plants, antennas are 

the site of energy dissipation, whilst xanthophylls and the PsbS 

protein seem to be simply controllers of the process (Noctor 

et al., 1991; Walters et al., 1994; Li et al., 2000; Betterle et al., 
2009). Evidence that npq1, a mutant lacking zeaxanthin, and 

npq4, a mutant without PsbS, could both perform NPQ indi-

cated their dispensability, thus placing antennas and pH as the 

only key elements of the process (Niyogi, 1999; Johnson et al., 
2009; Johnson et  al., 2011). Nevertheless, xanthophylls play 

an important role modulating the kinetics of NPQ activa-

tion and dissipation (Johnson et  al., 2010). Pre-conditioning 

of leaves with light exposure, for instance, makes NPQ fast 

and persistent because of the conversion of violaxanthin into 

zeaxanthin (Ruban and Horton, 1999). Zeaxanthin, a highly 

hydrophobic pigment, in turn, makes antennas more dehy-

drated and therefore sensitive to pH and prone to quench 

compared with violaxanthin-enriched antennas. Interestingly, 

this idea was put forward not only for higher plant antennas 

(Ruban et al., 1994a), but also for antennas from distant organ-

isms such as diatoms (Gundermann and Büchel, 2008), brown 

algae (Ocampo-Alvarez et al., 2013) and alveolates (Kaňa et al., 
2016).

The state-of-the-art model of NPQ for plants claims that, 

under high light, lumen acidification induces antenna protona-

tion, which in turn triggers protein conformational changes, 

aggregation and energy dissipation. However, it seems that pre-

aggregation in vivo can affect efficiency of antenna protonation 

and vice versa (e.g. Petrou et al., 2014). Optical changes induced 

by aggregation can be visualized spectroscopically (Lokstein 

et al., 2002), specifically as an increase in the fluorescence yield 

of red-shifted emission from antennas at low temperatures 

(Ruban et al., 1991; Bassi and Dainese, 1992; Miloslavina et al., 
2008; Belgio et al., 2012). Based on dicyclohexylcarbodiimide 

(DCCD) binding and mutagenesis work (Ruban et al., 1998; 

Belgio et al., 2013; Ballottari et al., 2016), it was concluded that 

sensors for low pH are negatively charged residues located in a 

lumen-exposed antenna protein loop and in the C-terminus. 

Once protonated, those residues become neutral, thus making 

the whole protein more hydrophobic and easier to aggregate 

and quench. Although in vitro fluorescence quenching as a 

function of pH has been observed for various types of antennas 

(Gundermann and Büchel, 2012; Kaňa et  al., 2012; Schaller-

Laudel et al., 2015), identification of putative protonable resi-

dues so far concerned mainly antennas from the green lineage 

(Ruban et al., 1998; Li et al., 2004; Liguori et al., 2013; Belgio 

et al., 2013; Ballottari et al., 2016).

Despite the progress in our understanding of NPQ in higher 

plants, this subject has been less explored in algae. The alveolate 

Chromera velia represents an interesting system in this context, 

as it shows efficient non-photochemical quenching (Kotabová 

et al., 2011; Quigg et al., 2012; Mann et al., 2014) with similari-

ties on the one side to higher plants, and on the other to brown 

algae and diatoms (see below). Isolated from stony corals from 

Sidney harbor, this facultative symbiont is globally distrib-

uted in the marine environment at depths not exceeding 5 m 

(Obornik and Lukes, 2013). The phylogenic origin of the alga 

is complex. C. velia is an alveolate, and therefore closely related 

to dinoflagellates and other algae in the SAR clade (such as 

diatoms and brown algae), but all phylogenic analyses have 

invariably demonstrated its genuine relationship to apicom-

plexan parasites (Oborník et al., 2016). In any case, C. velia is 
considered a ‘red-clade’ alga, i.e. an alga whose chloroplast was 

obtained by secondary endosymbiosis from a red algal ances-

tor (Kotabová et  al., 2011; Sobotka et  al., 2017). In C.  velia, 
NPQ is connected to the xanthophyll cycle (Kotabová et al., 
2011) as in brown algae (Ocampo-Alvarez et al., 2013); how-

ever, differing from them (Garcia-Mendoza et  al., 2011) but 

similar to diatoms (Ruban et al., 2004; Lavaud and Kroth, 2006; 

Grouneva et al., 2008), its activation is extremely fast (almost 

monophasic) and pH-dependent (see Belgio et al., 2018).

In the present paper, we investigated the reasons for the 

characteristic high rate of quenching displayed by the alga. We 

compared the NPQ of C. velia with that of a higher plant (a 

well-known system) and showed that the mechanism of heat 

dissipation and in particular NPQ activation is different in the 

two evolutionarily distant phototrophs. Our data indicated that 

the Chromera light harvesting complex (CLH) is more sensi-

tive to protons than the higher plant antenna (light harvest-

ing complex II; LHCII). We propose that protonation of the 

antenna is the basis of the ‘constitutively’ fast NPQ found in 

C. velia and, as previously suggested for diatoms (Lavaud and 

Kroth, 2006; Lavaud and Lepetit, 2013), ΔpH by itself is import-

ant for NPQ activation. This conclusion might also explain the 

unusual high light acclimation strategy recently reported for 

C. velia, consisting of a decrease in reaction centers whilst still 

maintaining a full antenna content (Belgio et al., 2018).

Materials and methods

Plant material
Chromera velia (strain RM12) was grown in artificial sea water with add-
itional f/2 nutrients (Guillard and Ryther, 1962). Cells were cultivated in 
glass tubes at 28 °C, in a continuous light regime of 200 μmol m−2 s−1 
while aerated with air.

Spinacia oleracia (spinach) was purchased from a local supermarket. 
Intact chloroplasts were prepared as previously described (Crouchman 
et al., 2006).
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Isolation of C. velia and plant light harvesting complexes
C. velia cells were broken and solubilized as described in Kaňa et  al. 
(2016) and then loaded on a fresh, continuous 5–15% sucrose density 
gradient prepared using a home-made gradient maker in buffer con-
taining 25  mM HEPES pH 7.8 and 0.04% n-dodecyl β-D-maltoside 
(β-DM). The ultracentrifugation was performed at 140 000 g at 4  °C 
for 20 h (with rotor SW28, for 40 ml tubes, of an L8-M ultracentrifuge; 
Beckmann, USA). The resulting band no. 2 contained a strong double 
band at 18 and 19 kDa, previously identified as ‘fucoxanthin chlorophyll 
a/c binding protein (FCP)-like antenna’ (Tichy et  al., 2013). The band 
analysis by Pan et al., (2012) and Tichy et al. (2013) placed this antenna 
protein within the main FCP-like group of light-harvesting complexes 
and so it was named Chromera light harvesting complex (CLH).

After separation by sucrose gradient, the antenna protein was desalted 
using a PD10 column (GE Healthcare) in a buffer containing 20 mM 
HEPES (pH 7.6) and 0.01% (w/v) β-DM. Spinach LHCIIb was isolated 
as previously described (Ruban et al., 1994b) and then purified, desalted 
and eluted in the same buffer as CLH. In both cases, antennas were iso-
lated from samples dark-adapted for 30–45 min.

Non-photochemical fluorescence quenching in native cells and 
isolated chloroplasts
Chlorophyll fluorescence was measured using a double modulation 
fluorometer FL-3000 (Photon System Instruments, Czech Republic). 
A multiple turnover saturating flash was applied to measure the max-
imum quantum yield of the photochemistry of photosystem II (Fv/Fm) 
according to (Fm−F0)/Fm, where the difference between the maximum 
(Fm) and minimum (F0) fluorescence is used to calculate the variable 
fluorescence (Fv) (van Kooten and Snel, 1990). Cells were then illumi-
nated with an orange actinic light (625 nm, 500 μmol photons m−2 s−1), 
during which periodic saturating flashes were applied. NPQ was calcu-
lated as (Fm−Fm′)/Fm or Fm′, where Fm′ is the maximum fluorescence 
measured in the presence of actinic light. Non-photochemical quench-
ing of fluorescence was measured in whole cells of C. velia (chlorophyll 
concentration 0.7 μg ml−1) and isolated spinach chloroplasts (chlorophyll 
concentration 1.4 μg ml−1). NPQ formation rates (NPQ as a function of 
time) in different xanthophyll cycle de-epoxidation states (DEPSs) were 
determined from the measured fluorescence traces as described in the 
‘Data analysis and model fitting’ section.

Where indicated (Fig. 2; Supplementary Fig. S1 at JXB online), the 
effect of an uncoupler on the fluorescence quenching was examined by 
adding NH4Cl (final concentration of 15 mM) at different time points of 
the measuring protocol.

In vitro fluorescence quenching of antennas
Isolated antennas (OD676=1 cm−1), solubilized in 0.01% DM, were diluted 
20 times, while constantly stirring, in a room temperature buffer containing 
10 mM sodium citrate and 10 mM Tris–HCl and adjusted with small drops 
of HCl to give the desired pH (for further details see Ruban et al., 1994a; 
Belgio et al., 2013). Chlorophyll fluorescence was continuously monitored 
using an FL 3000 fluorometer (PSI, Czech Republic, blue excitation at 
464 nm, 184 μmol m−2 s−1). The pKa values for quenching kinetics were 
calculated as described in the ‘Data analysis and model fitting’ section.

Absorption measurement
Absorption spectra were recorded with a Unicam UV 500 spectrometer 
(Thermo Spectronic, UK).

Pigment extraction and HPLC analysis
Cells or chloroplasts were collected on GF/F filters (Whatman, UK) and 
soaked in 100% methanol (overnight at −20 °C) and disrupted using a 
mechanical tissue grinder. Filter and cell debris were removed by cen-
trifugation (12 000 g, 15 min) and the supernatant used for absorbance 
measurements at 652, 665, and 730 nm. Chlorophyll concentration was 

determined according to Porra et al. (1989). HPLC was carried out on an 
Agilent 1200 chromatography system equipped with a diode array detec-
tor. Pigments were separated on a Luna Phenomenex C8 (2) column (par-
ticle size, 3 μm; pore size, 100 Å; dimensions, 100 × 4.6 mm), by applying 
a 0.028 M ammonium acetate–MeOH gradient (20/80) as described in 
(Kotabová et al., 2011) and the eluted pigments were quantified at 440 nm. 
The de-epoxidation state of the xanthophyll cycle pigments (DEPS) was 
calculated as: (zeaxanthin+0.5 antheraxanthin)/(violaxanthin+antheraxan
thin+zeaxanthin) (Johnson et  al., 2009; Kotabová et  al., 2011; Oborník 
et al., 2011). For purified antennas, the same procedure was applied simply 
skipping the first step of filtration through GF/F filter.

Zeaxanthin enrichment
Plant chloroplasts and C. velia cells with a DEPS of 10% were obtained 
from dim-light-adapted samples (30 min). Enrichment in zeaxanthin was 
achieved as described previously (Ruban et al., 1994b; Belgio et al., 2014) 
by pre-conditioning leaves with 350 μmol photons m−2 s−1 under 98% 
N2 for 20–40  min for 20% and 40% DEPS, respectively. For C.  velia, 
10 min illumination with 500 μmol photons m−2 s−1 was sufficient to 
obtain 40% DEPS, in agreement with what has been previously pub-
lished (Kotabová et al., 2011). DEPS was assessed by immediate incuba-
tion in methanol followed by HPLC analysis (see ‘Pigment extraction 
and HPLC analysis’ section).

In silico studies
For in silico studies, the LHCIIb structure resolved at 2.5 Å resolution 
(PDB code: 2BHW; Standfuss et al., 2005) was employed. The structure of 
the CLH polypeptide (CveliaI_19753.t1 taken from Tichy et al. (2013)) 
was predicted using Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index) and YASARA software (http://www.yasara.org). The 
protonation states of protein ionizable groups were computed in both 
cases using the H++ program (http://biophysics.cs.vt.edu), an auto-
mated system that calculates pK values of ionizable groups in macro-
molecules and adds missing hydrogen atoms according to the specified 
pH of the environment. Results shown for LHCIIb are relative to chain 
A, but results for chains B and C were very similar, in agreement with 
(Xiao et al., 2012). As recommended for typical physiological conditions 
and deeply buried residues, the external dielectric value was set to 80, the 
internal dielectric value to 4, salinity to 0.15 and pH to 7.5.

Data analysis and model fitting
NPQ formation rates (NPQ in function of time; see Fig. 1) were deter-
mined using a well-established methodology valid for both algae and vas-
cular plants (see Serôdio and Lavaud (2011) concerning the applicability 
of the Hill equation to NPQ in algae). Briefly, average data from three to 
six independent measurements of C. velia cells and spinach chloroplasts 
in different DEPSs were fitted using the sigmoidal Hill equation three-
parameter implementation in SigmaPlot 12.5 (Systat Software, Inc., San 
Jose, CA, USA). The standard error of the estimate was between 0.02 
and 0.08, meaning that ~95% of the data fell within 2% of the fitted line; 
moreover R2 values were above 0.97, thus confirming the appropriateness 
of the approach.

In order to determine the quenching pKa of antennas, we used a 
method previously established for various antennas including mutants 
(Ruban et al., 1994a; Ruban and Horton, 1999; Belgio et al., 2013; Zaks 
et al., 2013). Briefly, the relationship between quenching kinetics and pH 
(see Fig. 4) and relative parameters (Table 1) were obtained from experi-
ments like the one shown in Fig. 3 as follows. Quenching kinetics were 
calculated at each pH point by fitting the measured traces (Fig. 3) with 
the three-parameter hyperbolic decay function: y=(y0+ab)/(b+x) where 
1/b represents the rate of the process. Then the data points from Fig. 4 
were fitted by the sigmoidal Hill equation y=[axb]/[cb+xb] in order to 
obtain Hill coefficients (b), pKa values (c) and quenching kinetics at pH 
4.97 (see also (Johnson et al., 2012; Petrou et al., 2014). The standard error 
of the estimate was again low (below 0.1) and R2 above 0.90, confirming 
the validity of the approach.
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Results

The kinetics of non-photochemical quenching (NPQ) acti-

vation were studied for C. velia in different xanthophyll de-

epoxidation states (DEPSs) and compared with that of Spinacia 

oleracea (spinach) (Fig. 1). NPQ formation rate positively cor-

related with the DEPS in spinach as 10, 20, and 40% de-epox-

idation yielded significantly different NPQ formation rates of 

0.006, 0.011, and 0.05 s−1, respectively (Fig. 1B), in agreement 

Fig. 2. NPQ of Chromera velia cells is ΔpH-dependent. (A) Representative fluorescence induction traces showing the effect of the uncoupler NH4Cl on the 

NPQ of C. velia cells. Dashed black, control (no NH4Cl); light gray, NH4Cl added after 45 s; medium gray, uncoupler added after 99 s; dark gray, uncoupler 

added after 198 s; solid black, uncoupler added after 297 s. The actinic light intensity was 500 μmol m−2 s−1. Samples were dark adapted for 30 min before 

measurements. Care was taken to ensure that the sample was efficiently stirred throughout the whole experiment. For further information, see ‘Materials and 

methods’. (B) NPQ ((Fm−Fm′)/Fm), calculated from the relative fluorescence traces shown in (A). (This figure is available in colour at JXB online.)

Fig. 1. Fast NPQ formation rate in C. velia. Comparison between NPQ formation in C. velia cells (A) and intact spinach chloroplasts (B) in different 

de-epoxidation states (10, 20, or 40%). Circles, average data from three to six independent measures; solid lines, fittings; dashed lines, 95% confidence 

intervals. The error bar shows a typical standard deviation of the data. (C) Fitting parameters and relative errors obtained using the sigmoidal Hill equation 

y=[axb]/[cb+xb], where a is NPQmax, b is the sigmoidicity parameter (Hill coefficient) and 1/c is NPQ formation rate (for more details, see ‘Materials and 

methods’).
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with current NPQ models and previous results from various 

phototrophs (see e.g. (Demmig-Adams, 1990; Ruban et  al., 
1994b; Jahns and Holzwarth, 2012; Goss and Lepetit 2015). In 

contrast, NPQ in C. velia formed quickly regardless of the de-

epoxidation state (Fig. 1A). Values between 0.04 and 0.05 s−1 

were thus found for both 10 and 40% DEPS, showing fast NPQ 

formation, independent of xanthophyll content (Fig. 1C).

The lack of an evident kinetic effect of xanthophylls in 

C. velia can also be seen from the shape of the NPQ formation 

curve. Whilst in spinach the increase in zeaxanthin (zea) con-

centration from 10 to 40% reduced curve sigmoidicity from 

3.2 to 1.8 (Fig. 1B; Table S1), in C. velia no evident change 

could be seen (Fig.  1A) and the Hill coefficients were not 

significantly different in the two conditions (3.0  ±  0.4 ver-
sus 2.5 ± 0.3; see Supplementary Table S1). The increased de-

epoxidation (from 10% to 40%; Fig.  1A), therefore, did not 

seem to affect NPQ kinetics as strongly as in spinach, but it 

stimulated the total NPQ (NPQmax; see Table S1). This is in 

agreement with a previous report (Kotabová et al., 2011) show-

ing NPQ enhancement by zeaxanthin in C. velia.
In C. velia, NPQ was induced almost instantaneously with 

the turning on of the actinic light, and we therefore used 

NH4Cl to investigate the possibility that lumen acidification 

was the basis of fast NPQ. As with spinach, in C. velia NH4Cl 

reversed fluorescence quenching independent of its add-

ition time during irradiation (Fig.  2A), proving a strict link 

between protons and NPQ in C. velia. However, the kinetics 

of NPQ relaxation at different time points were very different 

from each other and from those of spinach (Supplementary 

Fig. S1A). Whilst in spinach NPQ relaxed almost immediately 

after NH4Cl injection, with 70% fluorescence recovery within 

10  s, it took at least 500  s to achieve a similar recovery in 

C. velia (Fig. 2B). Interestingly, in C. velia, the later NH4Cl was 

added, the faster NPQ relaxed (Fig. 2B). This is in strict con-

trast to higher plants (Supplementary Fig. S1B), where faster 

relaxation kinetics were observed at the beginning of NPQ 

formation (see e.g. Fig. 3A in (Ruban et al., 2004), suggesting 

a different sensitivity of NPQ to lumen acidification. The con-

nection between NPQ and protons was further investigated in 
vitro using isolated antennas.

‘Fluorescence quenching titration’ is an efficient way to sys-

tematically study the pH dependency of quenching in vitro, 
by injecting purified antennas into buffers of increasingly 

acidic pH (Ruban et al., 1994b; Wentworth et al., 2000; Kaňa 

et  al., 2012; Belgio et  al., 2013). This method was employed 

Fig. 3. Quenching of Chromera velia antennas is highly sensitive to pH. Representative fluorescence time course of CLH (A) and LHCII (B) as a function 

of pH. Samples were injected into a buffer containing 0.0005% β-DM, 10 mM HEPES and 10 mM sodium citrate (final concentrations). Each buffer had 

been HCl-buffered to the pH indicated in the figure, prior to sample injection. Data were normalized to the fluorescence maximum. Inset: absorption 

spectrum of CLH at high (solid line, pH 7.8) and low (dashed line, pH 4.5) pH. (This figure is available in colour at JXB online.)

Fig. 4. Comparison of pH titration curves for fluorescence quenching of 

LHCII and CLH. The relationship between percentage of quenching and 

pH was obtained from traces like those shown in Fig. 3 fitted as described 

in the ‘Data analysis and model fitting’ section of ‘Materials and methods’, 

using a previously established model (see e.g. Ruban and Horton 1999). 

Circles, mean averages from at least three independent replicates; solid 

lines, fittings; dashed lines, 95% confidence intervals. The error bar shows 

typical standard deviation.
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to assess the hypothesis that faster NPQ activation (Fig.  1) 

related to antenna protonation, rather than to zeaxanthin con-

tent. Therefore LHCII and CLH complexes were isolated from 

dark-adapted material and the absence of zeaxanthin was con-

firmed by HPLC analysis (see Supplementary Table S1 at JXB 

online).

Upon injection, CLH displayed a progressive quenching 

proportional to the acidity of the buffer (Fig.  3A). Sample 

integrity was constantly monitored by absorption spectroscopy 

(Fig. 3, inset) and by reversibility of the quenching after deter-

gent addition (data not shown). Besides the general similarity 

of the process, pointing to a fundamentally conserved quench-

ing mechanism, the differences between the two types of sam-

ple are notable. At each pH value, fluorescence quenching was 

consistently higher in CLH compared with LHCII, with the 

biggest difference found around pH 6.0. From the traces in 

Fig.  3, a titration curve of quenching kinetics as a function 

of pH was constructed (Fig.  4). It shows that, to attain the 

same rate of fluorescence quenching, a lower pH is required 

in LHCII compared with CLH. In particular, almost 50% of 

maximum quenching rate was observed at pH 5.5 in CLH, 

whilst a pH of 5.0 was necessary to get the same quenching 

rate in spinach. Similarly, CLH showed almost the maximum 

quenching rate (90 ± 5%) at pH 4.97, whereas for LHCII it 

was only 50%. This was reflected in a shift by 0.5 pH unit to 

higher values in the calculated quenching pKa of CLH com-

pared with LHCII, i.e. from 5.5 ± 0.1 to 5.0 ± 0.1 (Table 1). 

The pKa value for LHCII was in good agreement with that 

previously reported (see e.g. pKa=4.9 in Petrou et al. (2014)). 

The Hill coefficient for CLH was not significantly different 

from that of LHCII (7.2 ± 1.9 and 7.5 ± 1.1 for LHCII and 

CLH, respectively; Table 1) and in both cases they were higher 

than those for in vivo quenching (see Fig. 1), consistent with 

the absence of zeaxanthin (see Supplementary Table  S1 and 

Discussion). In summary, the shift in quenching pKa confirmed 

a higher proton sensitivity of CLH compared with LHCII, 

independent of xanthophylls.

In order to address possible reasons behind the higher 

pH sensitivity found in CLH, a comparative in silico analysis 

was conducted using the amino acid sequences of CLH and 

LHCII (Supplementary Fig. S2). A schematic overview of the 

two proteins is presented in Supplementary Fig. S3. We have 

explored in particular the protein lumenal loop to identify res-

idues that are protonable within the physiological range. The 

protein structure predicted for CLH is presented in Fig. 5. We 

found 24 negatively charged amino acidic residues in total (i.e. 

aspartic and glutamic acids) in CLH, four of which are located 

in the luminal loop (Glu-93, Asp-107, Asp-113, Asp-119) and 

one in the C-terminus (Glu-205).

The estimated in situ pKa values were calculated and com-

pared with LHCII (2.5 Å resolution structure from Standfuss 

et al. (2005)) and are presented in Table 2. Results for LHCII 

are in good agreement with a previous report (Xiao et  al., 
2012), where two residues in particular (Glu-107 and Asp-

215) were indicated as putative pH sensors for NPQ as their 

quenching pKa values are within the thylakoid physiological 

range (3.9–7.5). The same analysis applied to CLH revealed the 

presence of three plausible protonable residues: Asp-107, Asp-

119 and Glu-205 (see Table 2, Fig. 5 right). Furthermore, their 

pKa values were shifted to higher pH values compared with 

LHCII, confirming that the lumenal loop is more sensitive to 

protonation in CLH (see Asp-107, Asp-119 and Glu-205 and 

their pKa in Table 2).

An overall comparison between LHCII and CLH protein 

structures (Table 3) indicated that, despite a similar number of 

total protonable residues (~11.4–11.5% in both cases), CLH 

displayed a lower protein charge than LHCII at pH 7.6, that 

is −6 versus −24, respectively. This means that LHCII tends to 

be more charged than CLH and a stronger protein–protein 

repulsion is expected for LHCIIs at pH 7.6 (see Discussion). 

In agreement with this, the CLH isoelectric point was ~0.4 

higher than LHCII, implying that ~30 times fewer protons are 

required to neutralize negatively charged residues compared 

with LHCII. In summary, the in silico results supported the 

experimental data well and provided theoretical explanations 

for the faster, more efficient quenching found for CLH.

Discussion

In the present paper, we investigated reasons for fast NPQ activa-

tion in C. velia. In higher plants, the kinetics of NPQ induction 

are influenced by xanthophyll composition (Fig. 1B). Demmig-

Adams (1990) was the first to provide evidence for a connec-

tion between the xanthophyll cycle and NPQ. She showed 

that the conversion of violaxanthin into zeaxanthin, stimulated 

under light by lumen acidification, strongly enhanced NPQ. 

Later it was noticed (Ruban and Horton, 1999) that the NPQ 

of zeaxanthin-enriched samples was much faster, as zeaxanthin 

changed the NPQ dependency (cooperativity) as a function of 

ΔpH, from sigmoidal (violaxanthin) to hyperbolic (zeaxanthin) 

(see also Horton et  al., 2000; Johnson et  al., 2009). Here, we 

confirmed with a control sample (spinach) that the transition 

into the quenched state is slower for leaves enriched in violaxan-

thin compared with zeaxanthin (Fig. 1B) as the Hill coefficient 

Table 1. pH versus quenching titration curve fitting parameters in CLH and LHCII 

Sample Hill coefficient Estimated pKa Quenching kinetics at pH 4.97

LHCII 7.2 ± 1.9 5.0 ± 0.1 0.50 ± 0.01

CLH 7.5 ± 1.1 5.5 ± 0.1 0.90 ± 0.05

Titration parameters were determined by fitting measured traces like those represented in Fig. 3 as described in the ‘Data analysis and model fitting’ 

section of ‘Materials and methods’. Standard fitting errors were provided by SigmaPlot software. (For more details, see Ruban et al. 1994a; Ruban and 

Horton 1999; Petrou et al. 2014.)
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decreased in the presence of zeaxanthin. In C.  velia however, 

we found a different behavior. Although NPQ was greater in 

zeaxanthin-enriched samples, confirming the first observations 

(Kotabová et  al., 2011), its rate was insensitive to xanthophyll 

composition (Fig.  1A, C), indicating that the reason for the 

fast NPQ in C. velia resided elsewhere. The NH4Cl-infiltration 

experiment (Fig.  2) following the procedure of Ruban et  al. 
(2004) and Lavaud et al. (2002), suggested that fast NPQ related 

to lumen acidification and protons. Incomplete diffusion of the 

uncoupler was in fact ruled out by previous evidence of efficient 

NH4Cl penetration in C. velia cells (see Fig. 4b in Belgio et al., 
2018). The titration of NPQ as a function of pH confirmed that 

CLH was significantly more sensitive to protons than LHCII 

(Figs 2, 3). Most importantly, the rate of quenching was increased, 

especially between pH 5 and 6.5. Within this pH range a very 

rapid quenching formed almost instantly upon injection of a 

CLH sample (Fig. 3A). This resulted in a shift in quenching pKa 

of CLH to higher pH values than LHCII (Table 1). Therefore, to 

attain 50% of maximum quenching kinetics, a 0.5 unit lower pH 

value (corresponding to 3.16 times more protons) was required 

for LHCII than CLH, indicating that the latter had an increased 

sensitivity to acidification. The high level of structural similarity 

between CLH and LHC protein families (Pan et al., 2012; Tichy 

et al., 2013; see also Supplementary Fig. S3) prompted an in silico 
comparison between lumenal loop residues. The analysis identi-

fied five protonable (i.e. negative) residues in the lumenal loop 

of CLH (Table 2). Three of them were predicted to be protona-

ble within the physiological range (assuming a chloroplast lumen 

pH ranging between 3.9 and 7.5 (Peltier et al., 2002). Compared 

with the corresponding residues in LHCII, the quenching pKa 

values of these three residues are significantly higher in CLH 

(Table 2), which is consistent with the shift in the quenching pKa 

found from experimental data (Fig. 4). We propose that during 

lumen acidification and in vitro quenching (Fig. 3), these residues 

shift from negative to neutral (i.e. become protonated) and this 

occurs earlier (i.e. at higher pH values) in CLH than in LHCII. 

This mechanism would explain the faster quenching (Fig. 3) and 

the shift to higher values of CLH quenching pKa found experi-

mentally (Fig.  4). Interestingly, the pKa of Lys-211 (which in 

standard conditions has a pKa of 10.67) was found to be reduced 

to 7.4 in CLH (Table 2). If confirmed by further studies, this 

means that this lumenal loop residue can also be protonated 

during lumen acidification and therefore might play a role in 

NPQ activation in C.  velia. The comparison between LHCII 

and CLH (Table 3) indicated also that the algal antenna is less 

charged at physiological pH than LHCII. As protein clustering 

proved to be crucial for efficient quenching of LHCII (Betterle 

et al., 2009; Johnson et al., 2011; Belgio et al., 2012; Petrou et al., 
2014), an overall less charged protein like CLH could be more 

prone to aggregate and therefore quench more easily, due to 

a minor protein–protein electrostatic repulsion. The predicted 

isoelectric point is consistent with this. For CLH, in fact, a ~0.4 

lower pI was found (Table 3), corresponding to 30–40 less pro-

tons required for charge shielding. Considering the in vitro and 

in silico results together, we suggest that the increased NPQ for-

mation kinetics relate to inbuilt antenna properties, in terms of 

Fig. 5. Predicted protein structure for CLH. Predicted structure of the CLH antenna based on sequence homology with LHCII. A zoom of the stranded 

lumenal loop is shown on the right. The putative residues involved in triggering NPQ are labelled in black. Blue, transmembrane helices; green, lumenal 

loop region; yellow, stromal loop. For the prediction of protein structure and the pKa of residues, YASARA and H++ programs were used, respectively.

Table 2. List of protonable lumenal loop residues (Glu, Asp) 

predicted by the H++ program for LHCII and CLH antenna 

proteins

LHCII CLH

Residue pKa Residue pKa

Glu-94 1.5 Glu-93 1.0

Glu-107 4.4 Asp-107 5.9*

Asp-111 3.4 Asp-113 2.9

Glu-207 2.9 Asp-119 3.9*

Asp-211 3.5 Lys-211 7.4

Asp-215 5.3 Glu-205 >7*

The putative residues that can be protonated within the physiological pH 

range (3.9–7.5) are in shown bold. Residues in CLH with a higher pKa than 

LHCII have been marked with an asterisk. Set values in the simulation 

were: for internal dielectric, 4; external dielectric, 80; and salinity, 0.15; 

in agreement with Xiao et al. (2012). Predicted sequences and protein 

structures are shown in Supplementary Figs S2 and S3, respectively.
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both a higher number of lumen-exposed protonable residues 

and an overall increased protein hydrophobicity. We hypothesize 

that this applies also to other similar antennas, such as diatom 

FCPs. In fact, although CLH binds only chlorophyll a and xan-

thophylls (see Kotabová et al., 2011), due to its structural proper-

ties, this protein was classified as ‘FCP-like’, i.e. closely related to 

antennas from dinoflagellates, brown algae, and diatoms (Lepetit 

et al., 2010; Pan et al., 2012; Tichy et al., 2013). Moreover diatoms 

can also be characterized by fast NPQ activation (Ruban et al., 
2004; Lavaud and Kroth, 2006; Grouneva et al., 2008).

It was experimentally shown for brown algae (Nitschke 

et al., 2012), alveolates (Belgio et al., 2018), and other micro-

algae (Goss and Jakob, 2010) that the habitat and particularly 

the light conditions affect NPQ capabilities of algae from 

the SAR clade. As a coral symbiont, C.  velia is expected 

to be mainly exposed to rather ‘moderate’ light intensities. 

However, as this organism can be also found ‘free-living’ 

outside the coral, at depths of 3–5 m, light intensities of up 

to 1000 μmol m−2 s−1 are normally experienced on a sunny 

day (Behrenfeld et al., 1998; Oborník et al., 2011). We can 

speculate that, due to fast quenching of antennas, in C. velia 
there was no selective pressure towards proteins capable 

of enhancing NPQ rate such as PsbS or Lhcsr (Pan et  al., 
2012). These proteins in fact have a role as NPQ enhancers 

in vascular plants and green microalgae, respectively (Goss 

and Lepetit 2015). Spinach and C. velia seem therefore to 

have evolved very different ‘antenna behaviors’ in relation 

to different acclimation strategies. They can be summarized 

as follows (Fig. 6):

 • Chromera velia carries antenna proteins that are ‘natural 
quenchers’; PsbS, a strong NPQ enhancer (Li et al., 2000), 
is absent (Pan et al., 2011) and the thylakoid membrane is 
highly enriched in violaxanthin, an ‘anti-quenching’ pig-
ment (Kaňa et al., 2016). As a consequence its NPQ kinet-
ics are characterized by fast formation/slow relaxation.

 • Higher plant antenna proteins, here represented by spinach 
LHCII, are ‘natural light harvesters’, so PsbS is required 
for effective but in particular fast quenching (Johnson and 
Ruban, 2011) and little or no free violaxanthin is present 
the membranes (Dall’Osto et  al., 2010; Xu et  al., 2015). 
The NPQ kinetics are characterized by slow formation/fast 
relaxation.

Fig. 6. Scheme showing the different light harvesting strategies of C. velia and higher plants. The C. velia thylakoid membrane carries CLH proteins 

that are ‘natural quenchers’ with three protonable lumen-facing residues, D107, D119, and E205 (indicated by small protrusions). The membrane is 

highly enriched in unbound, ‘anti-quenching’, violaxanthin pigments, and PsbS protein is absent. The higher plant thylakoid membrane supports the 

LHCII protein, a ‘natural light harvester’ with two protonable lumen-facing residues. PsbS protein is required for effective quenching, and the amount of 

unbound violaxanthin in the membrane is negligible. The scheme does not represent real stoichiometries/proportions. For more details, see main text.

Table 3. Comparison of total charges between LHCII and CLH

LHCII CLH

Protonable residues 25/218 (11.5%) 24/211 (11.4%)

pI 4.61 4.97

Charge at pH 7.6 −24 −6

Total number of protonable residues, the isoelectric point (pI) and the total 

protein charge of LHCII and CLH antenna proteins, as predicted by the 

H++ program. Relative sequences and protein structures are shown in 

Supplementary Figs S2 and S3, respectively.
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In this scenario, ‘free’ violaxanthin plays a role of quenching 

inhibitor, particularly important for C.  velia and less crucial 

for LHCII. A similar role of violaxanthin was previously sug-

gested for some brown algae (Ocampo-Alvarez et al., 2013). It 

explains the abundance of violaxanthin in algae like C. velia, 
where the violaxanthin to Chl a ratio is ~0.36 (mol mol−1), 

~8 times higher than in plants (see e.g. Kotabová et al., 2011), 

which is supported by work showing quenching modulation 

by ‘free’, i.e. not firmly bound to protein, xanthophylls (Ruban 

et al., 1994a; Lepetit et al., 2010; Mann et al., 2014; Xu et al., 
2015; Kaňa et al., 2016).

Finally, the model presented (Fig. 6) provides an explanation 

also for the unusual acclimation strategy observed in C. velia: 
whilst plants (carrying ‘natural harvester’ antennas) protect 

themselves from high light by  reducing their antenna size 

(see Kouřil et al., 2013), in C. velia (characterized by ‘natural 

quencher’ antenna proteins) the antenna size is unaffected even 

after days of exposure to high light (Belgio et al., 2018). This 

evidence, at first puzzling, seems now more logical in view of 

the results presented here.

Conclusions

In conclusion, we have shown a similar quenching mechanism 

in antennas from a higher plant compared with those from an 

alveolate. In both cases the trigger is low pH and the likely sen-

sors are protonable lumenal residues. However, the actual sensi-

tivity to lowering pH is different for the two proteins as CLH 

is more sensitive to protons than LHCII. We propose that this 

is due to subtle differences in the amino acid composition of 

the protein lumenal loop. As a result, CLH switches into a dis-

sipative quenched state more easily than LHCII and therefore 

the higher plant antenna protein can be considered a ‘natural 

light harvester’ whilst the CLH protein is a ‘natural quencher’.

Supplementary data

Supplementary data are available at JXB online.

Fig.  S1. NH4Cl induces fast NPQ relaxation in spinach 

chloroplasts.

Fig.  S2. Sequence of LHCIIb and CLH used in the 

present study.

Fig.  S3. Schematic overview of LHCII (left) and CLH 

(right) antenna protein structures used in the present study.

Table  S1. Pigment composition of antennas isolated from 

C. velia and spinach.
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 Neo Vio Ant Lut (LHCII) 
Isofuco(CLH) 

Zea DEPs xan/ 
chl 

LHCIIb 29±1 4±1 0 67±1 0 0 0.35 

CLH 0 30±1 0 69±3 0 0 0.9 

 
 

 
  

  

 
 
 
 
 
 
 
 

Table S1: Pigment composition of isolated LHCIIb and CLH. Neo, Vio, 
Ant, Lut, Isofuco, Zea, DEPs: neoxanthin, violaxanthin, antheraxanthin, 
lutein, isofucoxanthin, zeaxanthin, de-epoxidation state (Z + 
0.5A)/(V+A+Z) and xanthophyll/chlorophyll molar ratios. Data are 
presented as (xanthophyll/total xanthophyll) % and are means ± SD from 3 
replicates, xan/chl: xanthophyll/chlorophyll molar ratio. 
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Time, s Time, s 

A 

Figure S1. NH4Cl induces fast NPQ relaxation in spinach chloroplasts. 
Panel A. Representative fluorescence traces showing the uncoupler-
dependent reversibility of NPQ in intact chloroplasts isolated from spinach. 
Black, control (no NH4Cl); red, NH4Cl added at 188 s; green, uncoupler 
added after 250 s. The actinic light intensity was 500 μmol m-2s-1. Samples 
were dark adapted for 30 min before measurements. Care was taken to 
ensure sample mixing throughout the whole procedure. For further 
information, see materials and methods. Panel B. NPQ, (Fm-Fm’)/Fm 

calculated from the relative fluorescence traces in panel A. 
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>2BHW:A|PDBID|CHAIN|SEQUENCE 

RKSATTKKVASSGSPWYGPDRVKYLGPFSGESPSYLTGEFPGDYGWDTAGLS
ADPETFSKNRELEVIHSRWAMLGALGSVFPELLSRNGVKFGEAVWFKAGSQI
FSEGGLDYLGNPSLVHAQSILAIWATQVILMGAVEGYRIAGGPLGEVVDPLY
PGGSFDPLGLADDPEAFAELKVKELKNGRLAMFSMFGFFVQAIVTGKGPLEN
LADHLADPVNNNAWSYATNFVPGK 

>CveliaI_19753.t1|Fucoxanthin-chlorophyll a-c binding protein 
MKTVAATVCAFAAVSVDAFTLGGVKPVARSARSEMKMSFDDAPGSGKYGL
PGFPIFNPFDLSPEDEKFKEYRLKELKNGRLAMLGILGLAATELGARLPGNLN
AGFDLPFKQDGPAFSDIPGGFAAFPALPAAGWAQVALFVALMDQVFYKQTD
ADEVAPGITYGKPEDPEEYLDLRNKELNNGRIAMIGLLAMTFQYYIGGATEFP
YISK 

Figure S2. Sequence of LHCIIb and CLH used in the present study. Sequence of 
LHCIIb (DB code: 2BHW, Standfuss et al. 2005) and CLH (CveliaI_19753.t1 taken 
from Tichý et al. 2013) polypeptides employed for in silico analysis. 
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 Signalpeptide S1-29 g p
N-terminal 

Extracellular 

Cytoplasmic 
Membrane 

C-Terminal 

200 11985

65 140 180 

S2 S1 S3 LHCII 

 Signalpeptide S1-36 g p
N-terminal 

Extracellular 

Cytoplasmic 
Membrane 

C-Terminal 

199 12395

75 147 180 

S2 S1 S3 CLH 

Figure S3. Schematic overview of LHCII (left) and CLH (right) antenna protein 
structures used in the present study. Structures were predicted using PHYRE 2 
software. Transmembrane helixes are represented as yellow rectangles whilst stromal 
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In the present paper, we report an improved method combining sucrose
density gradient with ion-exchange chromatography for the isolation of
pure chlorophyll a/c antenna proteins from the model cryptophytic alga
Rhodomonas salina. Antennas were used for in vitro quenching experiments
in the absence of xanthophylls, showing that protein aggregation is a plausible
mechanism behind non-photochemical quenching in R. salina. From sucrose
gradient, it was also possible to purify a functional photosystem I supercom-
plex, which was in turn characterized by steady-state and time-resolved flu-
orescence spectroscopy. R. salina photosystem I showed a remarkably fast
photochemical trapping rate, similar to what recently reported for other red
clade algae such as Chromera velia and Phaeodactylum tricornutum. The
method reported therefore may also be suitable for other still partially unex-
plored algae, such as cryptophytes.

Introduction

Together with stramenopiles (or heterokonts), alveo-
lates and haptophytes, cryptophytes have long been
considered as part of the Chromalveolata supergroup
(Cavalier-Smith 1999), with plastids originated from
single secondary endosymbiosis with a red alga (Lane
and Archibald 2008, Keeling 2009). Like haptophytes,
stramenopiles and dinoflagellates, cryptophytes are
characterized by the unique presence of chlorophyll
c (Jeffrey 1976, Cavalier-Smith 2018). Plastids from
these groups also share a common structure with four
membranes, the outermost of which is connected
to the endo-membrane and to the nuclear envelope
(Cavalier-Smith 1999, Cavalier-Smith 2018). However,

Abbreviations – 𝛽-DM, dodecyl-𝛽-maltoside; CAC, chlorophyll a/c; CN–PAGE, clear native polyacrylamide gel electrophoresis;
DAS, decay-associated spectra; DCPIP, dichlorophenolindophenol; FWHM, full width at half maximum; IRF, instrument
response function; NPQ, non-photochemical quenching; PSI, photosystem I; PSII, photosystem II.

a consensus is emerging that the Chromalveolata super-
group is not monophyletic and now the four original
subgroups have been split at least into two categories:
one comprises the stramenopiles and the alveolates,
to which the rhizaria are now usually added to form
the stramenopiles (heterokonts), alveolates, and rhizaria
(SAR) group; the other comprises the cryptophytes and
the haptophytes (Burki et al. 2008, Kim and Graham
2008). Recent phylo-genomic analysis by Burki et al.
(2012) even indicated that cryptophytes are not even
sister group to SAR, as they seem to branch with plants.
Cryptophytes are indeed distinguished from other algae
by the presence of characteristic extrusomes called
ejectisomes or ejectosomes, which allow algae to move
away from disturbance like light stress. Moreover, they
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are the only known lineage that still harbors a red-algal
endo-symbiont nucleus (so-called nucleomorph). For all
these reasons, cryptophytes are of pivotal importance to
study endosymbiosis and evolution (see, e.g. Burki et al.
2012).

Cryptophytes are peculiar in many ways. In the con-
text of evolution, they carry a unique light harvesting
system composed of phycobiliproteins and chlorophyll
a/c (CAC) antenna proteins. Phycobiliproteins differ
from phycobilisomes of red algae and cyanobacteria in
several aspects, from their location to their structure
and type of phycoerythrin/phycocynanin bound (Green
and Parson 2003, Overkamp et al. 2014). CAC pro-
teins can be considered as the cryptophytic equiva-
lent of light harvesting complex (LHC), because they
are membrane intrinsic, three-𝛼-helix proteins, evolu-
tionarily closely related to LHCs of red algae (Green
and Parson 2003). Cryptophytes are the only known
algae that displays a flexible and effective photoprotec-
tive non-photochemical quenching (NPQ) (Kaňa et al.
2012) co-regulated with state transitions in function of
the growth stage (Cheregi et al. 2015). At the molecu-
lar level, the cryptophytic photosystem I (PSI) binds few
of the so-called red chlorophyll forms, with important
implications on chlorophyll-chlorophyll energy transfer
(Belgio et al. 2017). Finally, CAC proteins do not bind any
xanthophyll cycle pigments, but they are instead charac-
terized by unusual carotenes. The major one, alloxan-
thin, is the only known carotene with two triple bonds
in photosynthetic organisms, and it was recently studied
by advanced spectroscopic methods (West et al. 2016).

Despite this, cryptophytes have not been thoroughly
studied yet, partially because no standardized biochem-
ical methods are currently available for the purification of
photosynthetic complexes from them. The main issue of
any such protocols is the minimization of contaminants,
especially in isolated antennas, and the maintenance
of supercomplex functionality in case of photosystems.
Here, we improved isolation of CAC proteins by cou-
pling sucrose gradient to ion-exchange chromatography
and antennas were employed for in vitro quenching
by detergent removal. At the same time, sucrose gra-
dient allowed isolation of functional PSI supercomplex
from Rhodomonas salina, which was characterized by
steady-state and time-resolved spectroscopy. Themethod
therefore proved useful to get new insight on various bio-
physical and ecological aspects of cryptophytes.

Materials and methods

Membrane preparation

Thylakoid membranes were extracted from R. salina
cells by a procedure described previously in Kaňa et al.

(2016). Briefly, harvested cells were resuspended in
25-mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.8 and broken by glass beads,
membranes were separated from cell extracts by cen-
trifugation (40 000 g for 20min) and washed twice to get
rid of residuals of phycobiliproteins.

Sucrose density ultracentrifugation

Thylakoid membranes (1 mg of chlorophyll) were
solubilized with 2% dodecyl-𝛽-maltoside (𝛽-DM),
for 1 h on ice, loaded onto continuous sucrose gradi-
ent (5–20% sucrose in 25-mM HEPES pH 7.8, 0.04%
𝛽-DM) and ultracentrifuged using SW 28 rotor (L8-M
ultracentrifuge; Beckmann, Brea, California, USA) at
4∘C for 20 h at 141118 g (based on Kaňa et al. 2012).

Ion-exchange chromatography

Two millimeter of fraction 2 (PP2) and 3 (PP3) col-
lected from sucrose gradient (Fig. 1) were loaded into
a Pharmacia fast protein liquid chromatography (FPLC)
system equipped with UV/Vis detector (SPD 20AV; Shi-
madzu, Kyoto, Japan). Proteins were separated on an
anion-exchange column (UnoQ-6; Bio-Rad, Hercules,
California, USA) and their absorbance recorded at 450
and 670 nm. The proteins were eluted by a protocol
starting with 15min of isocratic washing with buffer A
(20-mMHEPES, 0.04% 𝛽-DM, pH 8) followed by 45min
of a linear gradient of MgCl2 (0–0.25M) in buffer A. The
concentration of MgCl2 was finally increased from 0.25
to 0.5 M in a 5 min ramp to elute the remaining proteins
from the column. The separation was carried out at 8∘C
at the constant flow rate of 1 mlmin−1.

Absorption and fluorescence steady-state
spectroscopy

77-K fluorescence emission spectra were measured
using an Aminco–Bowman Series 2 spectrofluorometer
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA). For fluorescence emission, the excitation wave-
length was 435 nm and the slit width 4 nm. The
emission spectra were recorded in 0.4-nm steps from
600 to 800 nm, with 1-nm slit width. The instrument
function was corrected by dividing raw emission spectra
by simultaneously recorded signal from the reference
diode. Absorption spectra were detected by Unicam
UV/vis 500 spectrometer (Thermo Spectronic, Lough-
borough, UK) in the standard cuvette setup from 340
to 760 nm (1-nm bandwidth, 0.5-nm steps).

In vitro quenching of purified CAC proteins

CAC proteins (OD676 = 0.5 cm−1 in 20-mM HEPES
0.01% 𝛽 DM, pH 8) were injected into a fluorescence
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Fig. 1. Isolation and characterization of photosynthetic complexes of
Rhodomonas salina. Panel A. CAC proteins and PSI supercomplex in a
native state were isolated by ultracentrifugation in a sucrose gradient
(5–15% sucrose in 25-mM HEPES, pH 7.8, 0.04% 𝛽-DM) yielding four
bands (PP1–PP4), which were subsequently characterized by 12% standard
SDS-PAGE as seen in panel B. The resulting protein pattern was assigned
based on Kaňa et al. (2012): PP1, mainly free pigments; PP2 and PP3, CAC
proteins (18–20 kDa); PP4, PSI supercomplex.

measuring chamber, and adsorbent beads (0.15 g;
Bio-Beads SM-2, Bio-Rad) were added under constant
stirring. Chlorophyll fluorescence was continuously
monitored using a Dual PAM 100 Fluorometer (Walz,
Effeltrich, Germany).

Time-resolved fluorescence spectroscopy

The time-resolved fluorescence spectroscopy of PSI
was measured and processed as previously described
in Belgio et al. (2017). Briefly, the excited-state decay
kinetics were detected using a laboratory assembled
time-correlated single-photon counting setup. The
PSI samples, at an optical density 0.1 cm−1 at maxi-
mal absorption, were placed in a 3-mm path-length
cuvette (at 10∘C). They were incubated with 10-μM
dichlorophenolindophenol and 100-μM ascorbate
in 25-mM HEPES, pH 7.2 to ensure photochemi-
cally open state of PSI (P700). The emission was
detected by a cooled microchannel plate photomulti-
plier (R5916U-51; Hamamatsu photonics, Hamamatsu
City, Japan). The decay kinetics were collected and
stored by an integrated board (SPC-330; Becker & Hickl,
Berlin, Germany). The excitation is provided by a pulsed
diode laser (PicoQuant 800B, Berlin, Germany), cen-
tered at 632 nm [full width at half maximum (FWHM)
3 nm], operating at a repetition rate of 20MHz. The
intensity was kept sufficiently weak (2 pJ/pulse) to avoid
non-linear absorption processes and building-up of
long-lived metastable species. Moreover, the excitation
conditions were verified on the present samples, by
varying the pulse repetition rate and intensity, using
neutral density filter. The kinetics were not affected
by changing the average excitation flux by over one
order of magnitude. The instrument response function
(IRF), measured using 1,1′-diethyl-2,2′-carbocyanine
iodide, was 110 ps FWHM, that after numerical
deconvolution, allows resolving lifetimes of the order
of 10 ps.

Lifetimes of unquenched and quenched CAC proteins
were measured by a FluoTime 300 using LDH-P-C-485
excitation laser, PMA-C-192 detector and TimeHarp 260
PICO TCSPC board (PicoQuant, Berlin, Germany). Data
were analyzed using FluoFit sotware (PicoQuant).

Time-resolved data analysis of PSI

For PSI analysis, the excited-state decay was analyzed
by convoluting the IRF and a decay model function,
consisting in a sum of weighted exponential functions,
using the global analysis approach by a laboratory devel-
oped software namedmultiexp (see Belgio et al. 2017 for
more details). The outputs of the fit are the wavelength
independent lifetimes and their associated, wavelength
dependent, pre-exponential, amplitudes which define
the decay-associated spectra (DAS). The presented DAS
are the weighted means from two to three independent
purifications of PSI. The average trapping time was cal-
culated from the fit solutions as previously described in
Belgio et al. (2017). As previously demonstrated in Jen-
nings et al. (2004), this parameter represents the effective
trapping time of the photochemistry.

Pigment analysis

Pigments analysis was performed on an Agilent-1200
HPLC device as essentially described in Shukla et al.
(2018). Samples (CAC proteins and PSI supercomplex)
were extracted with 90% methanol and the extract was
separated on a reverse phase column (4.6 μm, 100mm;
Zorbax Eclipse Plus C18, Agilent technologies, Santa
Clara, California, USA) with 35% methanol and 15%
acetonitrile in 0.25-M pyridine (solvent A) and 20%
methanol, 20% acetone in acetonitrile as solvent B.
Pigments were eluted with a linear gradient of solvent
B (60–100% in 25min) followed by 100% of solvent B
at a flow rate of 0.8 mlmin−1 at 40∘C. Eluted pigments
were monitored by their absorption at 440 nm, and their
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spectra were determined according to the literature.
The pigment contents were calculated as ratios between
integrated peak areas.

Analysis of protein complexes by 2D
electrophoresis

Analysis of native complexes from sucrose gradient
was performed using clear native (CN) electrophoresis
as described previously (Dobáková et al. 2007, Wittig
and Schagger 2008). Isolated complexes were sepa-
rated on 4 to 14% CN-polyacrylamide gel electrophore-
sis (PAGE), and individual proteins were subsequently
resolved in the second dimension by sodium dodecyl
sulfate (SDS)-PAGE in a 12 to 20% linear gradient poly-
acrylamide gel containing 7-M urea. Protein spots were
stained by Coomassie Blue. As the annotated genome of
R. salina is not available, we assigned the relevant PSI and
photosystem II (PSII) subunits based on previous stud-
ies on R. salina (Kaňa et al. 2012) and Chromera velia
(Sobotka et al. 2017) using a typical pattern of these pro-
teins as they comigrate with given complexes (D1, D2,
CP43, CP47 protein for PSII and PsaA/B for PSI).

Results

Thylakoidmembranes were prepared from R. salina cells,
solubilized by 𝛽-DM and the obtained protein com-
plexes separated by ultracentrifugation by a method
described previously in Kaňa et al. (2016); see also
section Materials and methods. Four pigmented bands
(PP1–4, counted from the top of the gradient) were col-
lected and analyzed by SDS-PAGE (Fig. 1). The upper
band PP1 consisted mainly of free pigments, PP2 and
PP3 bands showed a similar protein pattern as they
both contained CAC proteins, in agreement with Kaňa
et al. (2012), with PP3 more enriched with photosystems
(Fig. S1). Band PP4 contained a ‘large’ PSI supercom-
plex (‘PSI L’ of Fig. 2), of around 750-kDa size, as con-
firmed by 2D CN/SDS electrophoresis. This fraction was
used for time-resolved/steady-state spectroscopy mea-
surements without any further purification step, while
bands PP2 and PP3 were further purified to obtain
high-quality CAC proteins. In order to get rid of contami-
nation from photosystems, these two bands were loaded
into an FPLC system and ion-exchange chromatography
was performed as described in section Materials and
methods. The resulting chromatogram is presented in
Fig. 3. Pigment-protein complexes were separated into
four major peaks: unbound free pigments; reaction cen-
ters (peak 1 of Fig. 3); CAC proteins with contamination
of higher molecular weight proteins (peak 2); CAC pro-
teins (peak 3).

Fig. 2. 2D CN/SDS electrophoresis of the PSI complex (band PP4)
isolated by sucrose gradient. The PP4 fraction (see Fig. 1) was first
separated by a native 4–12% gradient polyacrylamide gel that was
scanned in true colors by Canon CanoScan 8800F scanner (Scan). Gel
strip from CN-PAGE was further separated in a second dimension by
SDS-PAGE and stained with Coomassie blue. PSI L indicates the isolated
PSI core complex associated with CAC proteins with a total estimated
mass around 750 kDa. A smaller PSI complex designated PSI S was
identified in the sucrose gradient PP3 fraction (see Fig. S1). Spots of
PsaA/B and the PSI-associated CAC proteins were assigned according
to previous analysis of PSI complexes of Rhodomonas salina (Kaňa et al.
2012) and Chromera velia (Sobotka et al. 2017).

The isolated photosynthetic complexes, ‘PSI L’ from
sucrose gradient (from this moment on referred to as PSI)
and CAC proteins from ion-exchange chromatography
were first analyzed by steady-state spectroscopy (Fig. 4)
and their pigment composition determined (Tables 1
and 2). The values obtained for CAC proteins consists
mainly of chlorophyll a, chlorophyll c and alloxanthin in
approximately 10:10:7 M ratio, with the other xantho-
phylls present only in substoichiometric amounts, sim-
ilar to what previously published by Kaňa et al. (2012).
Compared to CAC proteins, PSI supercomplex contained
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Fig. 3. Purification of CAC proteins. (A) Fractions PP2 and PP3 from
sucrose gradient were loaded onto ion exhange chromatography col-
umn (UnoQ-6; Bio-Rad) in Pharmacia FPLC system equipped with
UV/Vis detector (detection at 450 nm and 670nm). The photosynthetic
complexes were eluted with a linear gradient (0–0.25M) of MgCl2
at constant flow rate 1 mlmin−1 and constant temperature of 8∘C.
The complexes were eluted in four distinct peaks: Unbound free pig-
ments; reaction centers (peak 1); CAC proteins with contamination
of higher molecular weight proteins (peak 2); CAC proteins (peak
3). (B) 12% SDS-PAGE of peak 3 from ion-exchange chromatogra-
phy showed antenna proteins without the previous contamination from
higher molecular weight proteins (molecular weights of corresponding
protein standards are marked).

less chlorophyll c and alloxanthin and it was enriched
in 𝛽-carotene (see also relative chromatograms in Fig.
S2). The absorption maximum of PSI was at 682 nm
(see Fig. 4), because of slightly red-shifted chlorophylls
typical of PSI and visible in low temperature fluores-
cence at 712 nm (Fig. 4B). In both complexes, the pres-
ence of chlorophyll c determines a structured absorp-
tion at 467 nm, while the shoulder at 493 nm can be
attributed to carotenes, especially alloxanthin (see Kere-
iche et al. 2008). The low temperature fluorescence
spectra have emission maximum at 682 and 712nm
for CAC proteins and PSI, respectively. A secondary
emission peak at 682 nm in PSI is due to residual
emission from the bulk of antenna and, possibly, to a
minor contaminantion of energy uncoupled PSI-antenna
complement.

CAC proteins were used for the in vitro study of
the NPQ mechanism. Using a standard methodology
(Ruban et al. 1997, van Oort et al. 2007, Belgio et al.
2013), an antenna sample was injected into a buffer
were polystyrene bio-beads, acting as detergent adsor-
bants (see, e.g. Lambrev et al. 2011, Akhtar et al. 2015,
Enriquez et al. 2015), were added, while monitoring
fluorescence emission using a modulated fluorime-
ter (Fig. 5). This induced a 5 times decrease in the

steady-state emission of the sample, showing that like in
higher plant antennas, also in CAC proteins quenching
sites can be induced by detergent removal. Absorption
spectra of antennas in unquenched and quenched states
were measured and compared (Fig. 6). The obtained
absorption difference spectrum indicated that the main
changes occurred in the Soret region at 405 and 509nm
(Fig. 6, blue). However, the quenched state of CAC
proteins also involved changes in the Qy region as
the 77K emission spectrum was broader and by 4 nm
red-shifted (Fig. 7). The unquenched versus quenched
antennas were also analyzed and compared in terms
of fluorescence lifetimes (Fig. 5B). In the unquenched
sample approximately 80% of emission was due to a
3.5-ns component, while a very fast component (0.2 ns)
represented most of the decay (66%) under quenched
conditions. Time-resolved changes occurring upon
quenching onset in CAC proteins were, therefore, very
similar to those occurring in light harvesting complex II
(LHCII) antennas (see section Discussion).

In order to verify the functionality (trapping efficiency)
of R. salina PSI, band 4 from sucrose gradient was char-
acterized by time-resolved spectroscopy (Fig. 8). Four
components were needed to describe the time-resolved
fluorescence decay: 13, 80, 2179 and 5222ps. The two
fast components (13 and 80 ps) represent the decay of the
PSI as they have a maximum emission at approximately
685 nm, while the emission of the two slow components
(2179 and 5222ps) is shifted to shorter wavelengths
(approximately 675 nm), which is typical of impurities
(partially decoupled antennas and/or free chlorophyll).
The present description of the decay is similar to the one
previously found for C. velia and Phaeodactylum tricor-
nutum PSI complexes in Belgio et al. (2017); it resulted
in estimated trapping times of around 30 ps across the
whole emission spectrum (670–750nm, Fig. 8B). These
trapping times are shorter than those found for intact PSI
from higher plants (Fig. 8B). The present analysis there-
fore indicates that the R. salina PSI is one of the most
efficient so far reported and that a high trapping effi-
ciency is due to a low red form content (see section
Discussion).

Discussion

Isolation of pure but intact photosynthetic complexes is a
crucial step in understanding of pigment-protein bioen-
ergetics. It is generally more challenging to isolate native
complexes from algal species than from higher plants
because they often display peculiar thylakoid structure,
lack of grana-stroma differentiation and therefore require
specific solubilization conditions, without mentioning
problems with cell disruption in general.
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Fig. 4. Spectral analysis of CAC
proteins and PSI. Panel A. Room tem-
perature absorption spectrum of iso-
lated Rhodomonas salina CAC pro-
teins (solid line) and PSI complexes
(dashed – Dotted line) with marked
position of particular maxima. Spectra
were recorded in the standard cuvette
setup from 340 to 760nm with 1-nm
bandwidth and 0.5-nm steps. Spec-
tra were normalized to the maximum
in the Qy region. Panel B. Low tem-
perature (77K) fluorescence emission
spectrum of isolated R. salina CAC
proteins (solid line) and PSI complexes
(dashed – Dotted line) were recorded
after excitation at 435 nm andwith the
slit width of 4 nm. The spectra were
normalized to the maximum.
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Table 1. Pigment content in isolated CAC proteins and PSI supercomplex of Rhodomonas salina based on HPLC data. Number represents integrated
peak areas relative to total chlorophyll (Chl).

Sample Chl a Chl c Alloxanthin Monadoxanthin Crocoxanthin Carotene

CAC proteins 0.500 ± 0.002 0.500 ± 0.002 0.720 ± 0.007 0.120 ± 0.001 0.120 ± 0.001 0.030 ± 0.002
PSI supercomplex 0.899 ± 0.005 0.101 ± 0.005 0.280 ± 0.012 0.048 ± 0.002 0.067 ± 0.001 0.129 ± 0.034

Table 2. Pigment content of isolated CAC antenna and the PSI super-
complex of Rhodomonas salina, expressed as mol/100mol chlorophyll
(Chl) a.

Sample
Chl
a

Chl
c

Alloxan-
thin

Monado-
xanthin

Crocox-
anthin Carotene

CAC proteins 100 100 68 8 8 2
PSI supercomplex 100 9 21 4 5 9

Compared to the available isolation protocol, a ‘wash-
ing’ step was added after cell disruption to get rid of
phycobiliproteins, which can undermine gradient sepa-
ration (Kaňa et al. 2012). Then different approaches were
tested to improve the purity of isolated antennas. Using
of alternative detergents to 𝛽-DM (i.e. 𝛼-DM, Triton X100
etc.) or a combination of detergents did not yield any
significant improvement; antenna proteins were always
contaminated with higher molecular weight proteins and
they lost their intactness. This observation seems to imply
stronger bonds between antennas and reaction centers
in R. salina (or other cryptophytes; see, e.g. Janssen and
Rhiel 2008, Kereiche et al. 2008) than in higher plants,
as previously also found for other red clade species in
general (see, e.g. Büchel 2003, Kaňa et al. 2016). On
the other hand, it may relate to the fact that chloro-
phyll c-containing antennas seem to be more delicate
(see, i.e. Büchel 2003) and therefore sensitive to deter-
gents. A combination of sucrose gradient density cen-
trifugation and ion-exchange chromatography therefore

appears to be an appropriate method to eliminate con-
taminations without affecting CAC protein integrity. It
was, therefore, possible to use the isolated antenna
for in vitro quenching experiment (Fig. 5), which sug-
gested that protein–protein aggregation, by changing rel-
ative distances/positions of pigments, induces formation
of quenching sites within CAC proteins, in a possibly
very similar way to what previously observed for higher
plant antennas (Horton et al. 2000). Concomitant spec-
tral changes in the absorption spectrum were mainly
observed in the Soret region, at 455 and 509nm, and
in the Qy region, at 662, 673 and 682nm. It is inter-
esting to note that the latter changes were almost iden-
tical to those occurring in quenched LHCII (662, 670
and 681nm; see, i.e. Ruban et al. 1992, Ilioaia et al.
2008), suggesting involvement of similar rearrangements
of chlorophyll pigments in the quenched antenna pro-
teins. In agreement with this, the emission spectrum
of quenched CAC proteins was broader and red-shifted
(by 4 nm) compared to the unquenched one. This is
a typical quenching feature of higher plant antennas,
where red shifts up to 710 nm can be found (Ruban
et al. 1997, van Oort et al. 2007). On the other hand,
the different absorption changes compared to LHCII in
the Soret region may be related to the fact that xantho-
phylls cycle pigments are not involved in quenching of
CAC proteins (Kaňa et al. 2012). R. salina, in fact, carries
xanthophylls which are not common in photosynthetic
organisms with unusual chemical properties related to
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Fig. 5. In vitro quenching of
purified CAC proteins: Quench-
ing of CAC proteins induced by
protein aggregation. (A) CAC
proteins were injected into a
fluorescence measuring chamber
and bio-beads added under
constant stirring. After 25min,
antennas fluorescence was
reduced to 1/5 of the beginning.
(B) Analysis of the chlorophyll
fluorescence lifetime in har-
vesting and photoprotective
states. Relative time-resolved
fluorescence lifetime component
amplitudes of unquenched
(black) and quenched (gray)
antennas. Data are means from
three replicates± SD.
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Fig. 6. Absorption spectrum of CAC proteins in unquenched/
quenched states. Room temperature absorption spectrum of CAC pro-
teins in unquenched (black) and quenched (red) states, corresponding
to point U and Q of Fig. 5, respectively, were recorded in the standard
cuvette setup from 340 to 760nm with 1-nm bandwidth and 0.5-nm
steps. The spectra were normalized to the maximum of absorption in
the Qy region. The blue line represents quenched minus unquenched
difference spectrum.

the presence of three triple bonds (see Fig. S2 and S3 for
chromatogram and structure of alloxanthin, monadox-
anthin and crocoxanthin). The exact role of triple bonds
in light harvesting remains unknown, nevertheless, their
presence have important consequences for excited-state
dynamics and it cannot be excluded that alloxanthin, the
main carotene of CAC proteins, may play a role in pho-
toprotective quenching (West et al. 2016).

Fluorescence lifetime analysis of CAC proteins
revealed that the unquenched sample was mainly
characterized by a 3.5-ns component, similar to LHCII

antennas (see, e.g. Ide et al. 1987, Bassi et al. 1991).
However, for the CAC proteins, one longer lifetime
of approximately 5.2 ns representing approximately
20% of the emission was also required to fit the decay.
Spectral analysis (data not shown) indicated that the
spectrum of the two components was identical, with
the maximum of emission around 680nm, both compo-
nents, therefore, represent emission from antennas and
not from impurities. Their origin is most probably related
to different oligomeric states of the CAC proteins, similar
to fucoxanthin chlorophyll a/c binding protein (FCP)
antennas from diatoms as seen in Büchel (2003). The
average lifetime of unquenched CAC proteins (3.9 ns) is
in the range of those previously reported for LHCII and
minor antenna complexes of higher plants (Crimi et al.
2001, Moya et al. 2001, van Oort et al. 2007, Belgio
et al. 2012). Besides shortening the two components
down to 2.7 ns (2.4%) and 0.7 ns (31%), the detergent
removal induced appearance of a very fast component
(0.2 ns), which represented most of the decay (66%)
under quenched conditions. As a result, the average
fluorescence lifetime was 0.4 ns (quenching Kd ∼ 9).
As loss of pigment leads to long (>4 ns) fluorescence
lifetimes, both evidence, red-shift of 77K fluorescence
spectrum and shortening of lifetimes, indicate that
very limited protein unfolding occurred upon quenching
onset (see, e.g. Ilioaia et al. 2008, Natali et al. 2016). The
current analysis is overall very similar to that of LHCII
antennas (see, i.e. Petrou et al. 2014), it therefore allows
suggesting that protein aggregation may be a plausible
mechanism of quenching without xanthophylls cycle
also in R. salina. Nevertheless, in order to confirm that
aggregational quenching is physiological mechanism
of photoprotection for the alga, further studies will be
required.
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Fig. 7. Low temperature
fluorescence spectrum of
unquenched/quenched CAC pro-
teins. (A) Low temperature (77K)
fluorescence emission spectrum
of unquenched (solid line) versus
quenched (dashed line) state of
CAC proteins, corresponding
to point U and Q of Fig. 5,
respectively, were recorded after
excitation at 435 nm and with
the slit width of 4 nm, position
of particular maxima are marked.
(B) Fluorescence emission spectra
from Panel A normalized to the
maximum.
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There were at least two forms of PSI purified by sucrose
gradient: PSI L, ‘large’, in band PP4, used for all fur-
ther analysis, was around 750-kDa size (protein assign-
ment based on Kaňa et al. 2012 and Sobotka et al. 2017)
while band PP3 contained ‘small’ PSI (PSI S of Fig. S1),
binding a lower number of antennas. Although the pres-
ence of two different types/aggregation states of PSI-CAC
supercomplexes has been previously reported as a phys-
iological condition in Rhodomonas SP24 (Kereiche et al.
2008), we cannot exclude that, in the present case,
fraction PP3 can be instead an artifact of the solubiliza-
tion procedure, inducing loss of antennas from PSI.

Looking at the pigment data (Table 2), it is possi-
ble to get an estimate of the pigment composition of
PSI antenna, built on the assumption that R. salina PSI
core, like all known PSI cores, binds approximately 20
carotenes +100 Chl a. For instance, utilizing red-algal

PSI core value of 21+97 (Pi et al. 2018) after normal-
izing to carotene, one gets approximately 230 Chl a
per PSI supercomplex, a standard value for PSI super-
complexes from a broad phylogenetic range, from red
algae, heterokonts to green algae (Kargul et al. 2003,
Ikeda et al. 2008, Thangaraj et al. 2011, Bína et al.
2016). The pigment content of PSI antenna can then
be computed by the difference (Table 3). The pigment
ratio thus obtained differs from that of CAC proteins,
where the most conspicuous difference is the approx-
imately 12-fold decrease of chlorophyll c to a ratio.
While this does not exclude the possibility that some
CAC proteins form a part of the PSI-bound antenna in
zone PP4, it strongly suggests that the light harvest-
ing system of R. salina consists of two spectrally dis-
tinct pools of pigment-protein complexes. The relative
depletion of chlorophyll c in the PSI-bound antenna

Fig. 8. Trapping efficiency of
Rhodomonas salina PSI. (A) Rep-
resentative DAS of R. salina PSI
resulting from the global analysis
of the excited-state decay kinet-
ics recorded at room tempera-
ture. (B) Spectral dependence of
the average lifetime, 𝜏av, calcu-
lated as ΣAi𝜏 i/ΣAi, in the isolated
PSI of R. salina (black), where the
two fastest components (approx-
imately 13 and approximately
80 ps) were considered. Higher
plant PSI is also shown for com-
parison (value for plants are from
Belgio et al. 2017). The error bars
were estimated from the propa-
gated confidence levels.
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Table 3. Estimated pigment content per PSI core of the PSI supercomplex and PSI antenna calculated using measured values taken from Table 2
(shaed lines) and assuming 97 Chl a and 21 carotene molecules per PsaA/B dimer (see, e.g. Pi et al. 2018). aFrom red algae (Pi et al. 2018).

Chl a Chl c Alloxanthin Monadoxanthin Crocoxanthin Carotene

CAC proteins 100 107.9 68.3 7.7 8.4 1.5
PSI supercomplex 100 8.6 20.5 3.5 4.8 9.1

Theoreticala PSI core 97 0 0 0 0 21
Per PSI core PSI supercomplex 231 20 47 8 11 21
Per PSI core PSI antenna 134 20 47 8 11 0

pool corresponds to the situation previously observed in
other chlorophyll c-containing organisms of the red lin-
eage (Bína et al. 2016). As for the number of antenna
complexes bound to the PSI in R. salina, present data
allow only for a rough estimate. However, it can be
noted that a number of previous studies on the sys-
tems binding similar amount of pigments, such as largest
red-algal PSI supercomplexes (Thangaraj et al. 2011,
Haniewicz et al. 2018) and related heterokont systems
(Bína et al. 2017) estimated nine LHC proteins. More-
over, the apparent mass of the PSI-LHC supercomplex
of R. salina (approximately 750 kDa) corresponds quite
well to the size of the PSI-Lhca complex, also contain-
ing nine antenna subunits, from the green alga Chlamy-
domonas reinhardti (approximately 770 kDa, Drop et al.
2011).

The emission spectrum of R. salina PSI was very similar
to that of other algae with limited number of red-forms
(see, i.e. Belgio et al. 2017). The overall description of
the decay is similar to that previously obtained for C.
velia and P. tricornutum PSI core-antenna supercom-
plexes. The decay is largely dominated by a lifetime
of approximately 15 ps. A second lifetime of 80 ps,
showing spectral characteristic typical of PSI emission is
also retrived from the analysis, which is faster than the
approximately 180-ps component observed in C. velia
and P. tricornutum and has a larger relative amplitude.
This might relate to different average energy transfer
time for the moderately red-shifted chlorophyll forms in
R. salina with respect to the C. velia and P. tricornutum.
As already discussed in Belgio et al. (2017), the limited
presence of the so-called ‘red’ chlorophyl forms in
R. salina, C. velia and P. tricornutum PSI complexes,
results in a weak dependence of the fluorescence aver-
age lifetime (tau average) upon wavelength across the
whole emission band. On the contrary, PSI trapping is
wavelength-dependent in higher plant and cyanobacte-
rial PSI complexes, both harboring significant amounts
of red-forms (see also Fig. 8B). As a result, in place
of a similar cross section in terms of total chlorophyll
bound to the PSI-antenna supercomplex, the overall
photochemical trapping, calculated from the two fastest
component over the entire emission band, is faster
(approximately 22 ps) in R. salina PSI than that of higher

plants (40–45 ps, see, i.e. Jennings et al. 2013 and
Santabarbara et al. 2017 for more details).

In conclusion, the study here presented shows that
CAC proteins act similar to higher plant antennas during
in vitro quenching, suggesting that, despite the absence
of xanthophylls cycle, a similar quenching model may be
applied. On the other hand, R. salina PSI displays high
trapping efficiency that is more typical of red clade algae
(second endosymbionts). The results altogether point at
the complexity of algae still partially unexplored, like
cryptophytes, which thanks to current method can be
better characterized and understood.
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extracted from Rhodomonas salina PSI supercomplex.

Fig. S3. Structure of pigments typical of Rhodomonas
salina.
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Figure S1: 2D CN/SDS electrophoresis of PP3 fraction isolated by sucrose 
gradient. The obtained fraction (see Fig. 1A) was first separated by a native 4–
12% gradient polyacrylamide gel, which was scanned in true colours by Canon 
CanoScan 8800F scanner (Scan). Gel strip from CN-electrophoresis was further 
separated in a second dimension on a SDS-gel and stained with Coomassie blue. 
CAC[1] indicates monomeric CAC proteins;  CAC[c] – oligomeric CAC protein 
assemblies; PSII – Photosystem II; RC47 – a disassembled PSII lacking the CP43 
subunit. PSI S marks a PSI core complex associated with CAC proteins, which 
total mass is however smaller that the isolated PSI presented in Fig. 2. Individual 
protein spots were assigned according to previous analysis of thylakoid 
membranes complexes of R. salina (Kaňa et al. 2012) and Chromera velia 
(Sobotka et al. 2017).  
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Figure S2: Typical HPLC chromatogram of pigments extracted from R. 
salina PSI supercomplex. Pigments extraction and analysis were performed 
essentially as described in Shukla et al. (2018). Pigments were eluted using a 
linear gradient (60–100% in 25 min) of 20% methanol, 20% acetone in 
acetonitrile followed by 100% of the same solvent at a flow rate of 0.8 mL min− 
1 at 40 °C. Eluted pigments were monitored by their absorption at 440 nm and 
their spectra were determined according to the literature (Jeffrey et al. 1997). 
Retention times were: 7, 13, 14, 25, 29 and 35 minutes for chlorophyll c, 
alloxanthin, monadoxanthin, crocoxanthin, chlorophyll a and β-carotene,  
respectively. Inset: absorption spectra of alloxanthin, crocoxanthin, 
monadoxanthin. Relative pigment structures are presented in Figure S3. 
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Figure S3: Structure of pigments typical of R. salina. Structures of alloxanthin, 
monadoxanthin, crocoxanthin extracted from PSI supercomplex as described in 
Figure S2 and eluted from HPLC at times: 13, 14 and 25 minutes, respectively. 
Absorption spectra are presented in Figure S2. Structures drawn using 
Chemsketch software and reference book (Jeffrey et al. 1997).  
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Abstract
We explored photoprotective strategies in a cryptophyte alga Rhodomonas salina. This cryptophytic alga represents phototrophs
where chlorophyll a/c antennas in thylakoids are combined with additional light-harvesting system formed by phycobiliproteins
in the chloroplast lumen. The fastest response to excessive irradiation is induction of non-photochemical quenching (NPQ). The
maximal NPQ appears already after 20 s of excessive irradiation. This initial phase of NPQ is sensitive to Ca2+ channel inhibitor
(diltiazem) and disappears, also, in the presence of non-actin, an ionophore for monovalent cations. The prolonged exposure to
high light of R. salina cells causes photoinhibition of photosystem II (PSII) that can be further enhanced when Ca2+ fluxes are
inhibited by diltiazem. The light-induced reduction in PSII photochemical activity is smaller when compared with immotile
diatom Phaeodactylum tricornutum. We explain this as a result of their different photoprotective strategies. Besides the protective
role of NPQ, the motile R. salina alsominimizes high light exposure by increased cell velocity by almost 25% percent (25% from
82 to 104 μm/s). We suggest that motility of algal cells might have a photoprotective role at high light because algal cell rotation
around longitudinal axes changes continual irradiation to periodically fluctuating light.

Introduction

Photosynthetic organisms have colonized almost all environ-
ments on earth that are illuminated with visible light. They
occupy all types of waters (fresh waters and marine); land
including extreme conditions like soils, muds, and snow; or
hypersaline environments (see, e.g., Lee 2008). Many of these
environments are exposed to periods of excessive irradiations
that can possibly lead to formation of reactive oxygen inter-
mediates and result in damage to pigments, proteins, and
lipids (Asada 2006; Li et al. 2009). Therefore, photosynthetic

organisms have evolved several mechanisms to cope with
changing light environment and to optimize light photosyn-
thetic reactions based on metabolic demands (see, e.g., Cruz
et al. 2005; Derks et al. 2015; Giovagnetti and Ruban 2018;
Goss and Lepetit 2014; Magdaong and Blankenship 2018).

One of the fastest responses to excessive irradiation is non-
photochemical quenching (NPQ) of fluorescence. It repre-
sents a feedback regulatory mechanism that can dissipate ex-
cessive light (Croce and van Amerongen 2014; Horton and
Ruban 2005; Ruban et al. 2012). The process of NPQ involves
de-excitation of chlorophyll excited states and can be routine-
ly detected by analysis of chlorophyll fluorescence induction
(Muller et al. 2001) rather than by direct detection of NPQ-
induced heating of the samples (Kaňa and Vass 2008). NPQ
proceeds mostly at the level of photosystem II light-harvesting
antennas (see, e.g., Belgio et al. 2012; Kuthanová Trsková
et al. 2018). There is only minor effect of the reaction centrum
quenching (Ivanov et al. 2008; Vass and Cser 2009) especially
in extremophile algae (Krupnik et al. 2013; Ohad et al. 2010).
The non-photochemical quenching at the level of chlorophyll
a/c antennas has been already described also for cryptophytes
(Kaňa et al. 2012), and it has shown its variability based on
species (compare studies withRhodomonas salina (Kaňa et al.
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2012) and Guillardia theta (Funk et al. 2011)). NPQ also
depends on growth phase when other photoprotective mech-
anisms, like state transitions, need to be taken into account
(Cheregi et al. 2015).

In general, currently, there are few main model organisms
to study mechanisms of NPQ: higher plants (Belgio et al.
2015; Horton et al. 2008; Xu et al. 2015), green algae
(Berteotti et al. 2016; Finazzi et al. 2006; Liguori et al.
2013; Peers et al. 2009), and diatoms (see, e.g., Grouneva
et al. 2009; Grouneva et al. 2011; Lavaud and Kroth 2006;
Lavaud and Lepetit 2013). Recently, mechanism of NPQ has
been intensively studied also in some other species including
brown algae (Garcia-Mendoza et al. 2011; Li et al. 2014),
dinoflagellates (Slavov et al. 2016), or the photosynthetic
colpodelid alga Chromera velia (Belgio et al. 2018;
Kotabová et al. 2011; Kuthanová Trsková et al. 2018), which
exhibit simple photosynthetic system with high efficiency
(Quigg et al. 2012). The photoprotective NPQ is also present
in prokaryotic cyanobacteria, where it has, however, different
mechanisms connected with orange carotenoid protein, a light
sensor that is triggered by blue light (see, e.g., Kirilovsky et al.
2014). In contrast to the OCP-dependent quenching in
cyanobacteria, the process of energy dissipation by NPQ in
algae is triggered by thylakoid lumen acidification (Krause
et al. 1983) which affects light-harvesting antennas
(Ballottari et al. 2016; Belgio et al. 2013; Kuthanová
Trsková et al. 2018; Walters et al. 1996). It results in confor-
mational change measurable by single-molecule spectroscopy
(Kruger et al. 2011), and the process ends up in formation of
energy quenchers that dissipate excited states of pigments
(see, e.g., review (Ruban et al. 2012) for details). The molec-
ular mechanism of NPQ is still an open question; several
quenching mechanisms have been already proposed for
light-harvesting antennas: charge-transfer quenching requir-
ing energy transfer from bulk of chlorophylls to chlorophyll-
zeaxanthin heterodimer (Ahn et al. 2008; Holt et al. 2005),
chlorophyll excited state quenching via direct energy transfer
to carotenoids (Ruban et al. 2007; Staleva et al. 2015) or
quenching due to excitonic interaction between chlorophylls
and carotenoid (Bode et al. 2009). The mechanism of reaction
center quenching in photosystem II (PSII) then requires some
process of charge recombination (Vass 2011). The above men-
tioned energy dissipation by NPQ is further modulated by
several allosteric regulators (see the details of the concept in
Ruban et al. 2012) including the PsbS protein (see, e.g.,
Johnson and Ruban 2010; Li et al. 2000) or xanthophylls
(e.g., zeaxanthin, violaxanthin (Kaňa et al. 2016; Niyogi
et al. 1998; Xu et al. 2015)). However, this mechanism is
absent in cryptophytes, as no xanthophyll cycle has been de-
tected in these species (Funk et al. 2011; Kaňa et al. 2012).

NPQ involves processes with different kinetics; apart from
a very fast energetic quenching (qE) that forms and relaxes (in
dark) rapidly in a few minutes in response to lumen

acidification, there is also a slower photoinhibitory quenching
(qI) that represents less flexible reaction to excessive irradia-
tion appearing later on, after prolonged exposure to excessive
light that sometimes kinetically overlapped with the so-called
sustained quenching (Ruban and Horton 1995). The slower
response to excessive irradiation involves also reorganization
at the level of thylakoid membrane, e.g., pigment-protein dis-
sociation (Betterle et al. 2009) or formation of quenching ag-
gregates under severe stress conditions in general (Tang et al.
2007). The slower part of NPQ can also appear together with
photoinhibition that represents complex phenomenon induc-
ing decrease in PSII photosynthetic activity (Kale et al. 2017;
Li et al. 2018; Prášil et al. 1992). It starts with changes on the
acceptor side of photosystem II (Vass 2012) that are followed
by degradation of the D1 protein, a central protein subunit of
PSII. Afterwards, newly synthesized copy of the D1 protein is
incorporated to restore PSII activity (for review, see, e.g., Li
et al. 2018; Yamamoto et al. 2008). In fact, D1 protein sacri-
fices itself in order to avoid complete PSII damage (Mulo et al.
2012) due to amino acid oxidation of PSII subunits by oxygen
radicals (Kale et al. 2017). We have to note that the process of
D1 damage occurs at all light intensities however only at sat-
urating lights; D1 repair mechanisms do not keep the pace
with its degradation and a net decrease of the photosynthetic
rate can be observed (Aro et al. 2005; Kaňa et al. 2002); this
process is then often called photoinhibitory damage of PSII
(Kok 1956). However, the high light-induced decline in PSII
activity (e.g., deduced from fluorescence parameters) can be
easily misinterpreted as photoinhibition in some non-green
algae species and therefore needs to be interpreted carefully
with the help of other proteomics methods (see discussion in
Belgio et al. 2018). The process of photoinhibition (in a mean-
ing of excessive D1 protein degradation) is affected by several
factors including thylakoid membrane organization (Khatoon
et al. 2009), protein mobility (Goral et al. 2010), protein phos-
phorylation (Tikkanen and Aro 2012), and presence of several
auxiliary proteins (Komenda et al. 2006; Krynicka et al.
2015). Some of these factors differ between species (Belgio
et al. 2018; Mulo et al. 2012), and this makes the extent of
PSII photoinactivation species-dependent (see, e.g., Campbell
and Tyystjarvi 2012). Recently, it has been noted that
photoinbition connected with the fast D1 protein turnover is
probably less important in some algae like diatoms
(Havurinne and Tyystjarvi 2017; Ting and Owens 1994) or
chromerids (Belgio et al. 2018). For instance, PSII reaction
centers in diatoms are not particularly well protected against
the primary damage of photoinhibition by fast D1 turnover in
diatoms (Havurinne and Tyystjarvi 2017; Ting and Owens
1994) or the process of photoinhibitory D1 protein turnover
on high light is missing in Chromera velia as some assemble
factors are missing in its genome (Belgio et al. 2018). It point-
ed to so-called excess capacity of PSII in these organisms
(Behrenfeld et al. 1998) that can overcome decrease in the
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active PSII center due to photoinhibitory treatment by the
increased turnover rate of remaining PSII centers (Kaňa
et al. 2002).

Additional strategy against light stress exists that has not
been that well studied, especially nowadays—stress avoid-
ance due to the cell motility. In higher plants, the controlled
chloroplast movement has been already proved (see Suetsugu
and Wada 2007; Suetsugu et al. 2010 or review (Wada 2016))
as chloroplast has the ability to move into shade of other
chloroplast under conditions of excess light when blue-light
photoreceptors activate chloroplast avoidance movements
(Cazzaniga et al. 2013; Dall’Osto et al. 2014; Suetsugu et al.
2010). Similarly, blue and green light photoreceptors cause
motile algae to swim away from intense light. The positive
and negative phototaxis has been already observed at higher
irradiancies in some cryptophytes (see, e.g., Kaneda and
Furuya 1986). In Cryptomonas maculate, both positive pho-
totaxis and negative phototaxis have been found (Häder et al.
1987). The precise mechanism of light sensing in
cryptophytes is still an open question; in some representatives,
an eyespot was found that is nevertheless missing in others
(Erata et al. 1995). The phototactic response depends on light
and also on dark periods between light pulses (Watanabe and
Furuya 1978; Watanabe and Furuya 1982). Interestingly, it
also depends on concentration of calcium ions (Kaneda and
Furuya 1987a). Action spectrum of cryptophyte phototaxis
usually resembles maximum absorption of phycoerythrins in
contrast to other flagellated algae (see, e.g., Häder et al. 1987;
Watanabe and Furuya 1974; Watanabe and Furuya 1982).
However, the direct involvement of phycoerythrin in this pro-
cess was excluded (Erata et al. 1995). Interestingly, a
rhodopsin-mediated photoreception has been described in
cryptophytes (Sineshchekov et al. 2005). One striking exam-
ple of the protein is the rhodopsin from phototactic marine
cryptophyte alga Guillardia theta that has been recently se-
quenced (Curtis et al. 2012). Interestingly, rhodopsins act as
light-gated anion channels when expressed in animal cells and
therefore have been named anion channelrhodopsins - ACRs
(Govorunova et al. 2015). Even though there is probably no
direct connection between photosynthesis and phototaxis
(Watanabe et al. 1976) controlled by rhodopsin, phototaxis
seems to play an indirect role in avoidance from excessive
irradiance in algae as it has been already proven for chloro-
plast (Cazzaniga et al. 2013; Dall’Osto et al. 2014; Suetsugu
et al. 2010).

We surveyed various photoprotective mechanisms in this
cryptophyte alga Rhodomonas salina that contains chloro-
phyll a/c antennas in thylakoid membranes together with ad-
ditional light-harvesting system formed by phycobiliproteins
tightly embedded in a lumen (Kaňa et al. 2009); this antenna
composition (membrane type of antennas together with
phycobilin-type antenna in a lumen) makes cryptophytes a
unique model organism. The previous studies have already

clarified pH dependency of NPQ in cryptophytes (Kaňa
et al. 2012) that is mostly localized in their thylakoid mem-
brane CAC (chlorophyll a/c binding) antennas and not in phy-
coerythrins situated in the lumen (Kaňa 2018; Kaňa et al.
2012). Moreover, redistribution of antennas in state transitions
plays a role in regulation of light harvesting of some
cryptophytes (Cheregi et al. 2015). Here we further show that
R. salina possess an effective and very flexible NPQ. The
fastest part of NPQ is sensitive to Ca2+ fluxes and the gradient
of monovalent ions across thylakoid membranes. We also
found that PSII of flagellated cryptophyte algae is less affected
by prolonged periods of photoinhibitory light in contrast to
immotile diatoms. We suggest that this is due to the combina-
tion of effective NPQ, effective D1 protein turnover, and the
ability of cryptophytes to avoid high light by rapid movement.

Materials and methods

Cell growth and sample treatment

The cryptophyte alga Rhodomonas salina (strain CCAP 978/
27) and Phaeodactylum tricornutum were cultivated in artifi-
cial seawater medium with f/2 nutrient addition in a
temperature-controlled bath (t = 18 °C). The cell suspension
was continually bubbled with air and illuminated by dimma-
ble fluorescence tubes with intensity 35 μmol photons m−2 s−1

(day-night cycle 12/12 h) (Havelková-Doušová et al. 2004).
All experiments were carried out with cells in exponential
growth phase.

Measurements of variable fluorescence

Variable chlorophyll a fluorescence was detected by FL-3000
(Photon System Instrument, Czech Republic) in the spectral
range 690–710 nm. For fluorescence quenching analysis,
samples were dark adapted for 20 min before applying low-
intensity measuring light (2 μmol photons m−2 s−1, 622 nm)
for the detection of intrinsic fluorescence of the dark-adapted
sample—Fo (minimal fluorescence). Maximal fluorescence
for the dark (FM) and light-adapted sample (FM′) has been
measured during 200-ms multiple turnover saturating flashes.
Actinic light during light period was provided by orange light
(700 μmol photons m−2 s−1, 622 nm). Fluorescence parame-
ters were calculated as follows: maximal PSII efficiency as
FV/FM = (FM − Fo) / FM and non-photochemical quenching
based on Stern-Volmer formalism as NPQ = (FM − FM′)/FM.

Photoinhibitory and post-photoinhibitory treatment

The photoinhibition was induced by high light treatment of
cell suspension using white light-emitting diode array that
provided intensity of 1000 μmol photons m−2 s−1 inside the
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culture. Cell suspension was exposed to the high light for
75min and subsequently shifted to the growth light conditions
(35 μmol photons m−2 s−1) to provide recovery from high
light treatment. During treatment, suspension was continuous-
ly stirred to avoid cell settling. The degree of photoinhibition
was assessed by variable fluorescence measurement from
maximal PSII efficiency (FV/FM, see above). Fluorescence
parameters were measured: (i) 20 min in dark before the light
treatment and (ii) after 5 min of dark adaptation during and
after light treatment.

Detection of cell velocity and phototaxis

Cell velocity was measured by epifluorescence microscopy
(Zeiss Imager Z1, Objective Zeiss Apochromat × 20 with
NA 0.75) equipped with digital camera (pixel resolution
512 × 512) that can measure single picture every 100 ms.
Fluorescence was excited by white fluorescence diode and
detected above 680 nm. Before measurements, 15 μL of cell
suspension was placed on the glass plate, covered by the slit
and sealed with enamel. This allowed us to make chamber
suitable for cell movement in 2D space. The velocity of cells
was measured either under low light (~ 30 μmol photons
m−2 s−1) or high light conditions (~ 500 μmol photons
m−2 s−1) for 1 min. Pictures were processed in the open-
source ImageJ software (Abramoff et al. 2003) by means of
its “tracking object” tool.

The same epifluorescence microscopy setup was also used
to characterize negative and positive phototaxis of R. salina
cells within irradiated visual field. The pictures characterizing
the number of cells inside the visual field were taken every
second during period of low white light (~ 30 μmol photons
m−2 s−1, for 20 s) followed by high light (~ 500 μmol photons
m−2 s−1 for 200 s) and again low light (~ 30 μmol photons
m−2 s−1, for 20 s). The obtained pictures were collected, and
the number of cells was counted by ImageJ software automat-
ically (Abramoff et al. 2003).

Results

Non-photochemical quenching—role of ions

Fluorescence quenching analysis of Rhodomonas salina
showed a typical curve (Fig. 1). It confirmed the presence of
NPQ of fluorescence in this alga as its maximal fluorescence
during orange actinic light (FM′) decreased very fast (Fig. 1).
The kinetics of NPQ revealed the presence of two phases
(insert of Fig. 1); fast increase of NPQ with the maximum at
40 s (~ 1.5) was followed by slight decrease that leveled off to
the steady-state value of NPQ around 1.2. In the dark, NPQ
recovered very fast—this is a usual sign of pH-dependent

energetic quenching and is in line with the results described
previously (Kaňa et al. 2012).

We newly focused on a possible role of ions as they have
been proved to be connected with the regulation of light-
harvesting efficiency (see, e.g., review Kaňa and Govindjee
2016). We have tested calcium ions (Ca2+) that are present in
lower concentrations than other divalent ion Mg2+. Even
though it is a well-known signal molecule that regulates pho-
tosynthesis (Hochmal et al. 2015), the role of Ca2+ in NPQ
regulation in cryptophytes has not been explored yet. We have
clearly shown that application of the calcium channel blocker,
diltiazem (non-dihydropyridine), that inhibits non-potential
Ca2+ influx into chloroplast (Roh et al. 1998) diminished the
fast burst of NPQ and reduced the steady-state NPQ value.
Moreover, NPQ recovery in the dark was also significantly
slower in the presence of diltiazem (insert of Fig. 1).
Therefore, blocking of Ca2+ influx/efflux in the chloroplast
slows down the reaction of R. salina to high light. It is in line
with the proposed role of Ca2+ in regulation of the K+/H+ two-
pore potassium channel AtTPK3; the absence of the channel
diminishes building of ΔpH (Carraretto et al. 2013) that is
required for fast qE.

We further explored sensitivity of the fast NPQ phase to
ions by using an ionophore for monovalent cations—non-ac-
tin. This cyclic ionophore reversibly binds to thylakoid

Fig. 1 Role of calcium channel inhibitor on non-photochemical
quenching of fluorescence (NPQ) in R. salina. Curves were obtained after
addition of calcium channel inhibitor, diltiazem (concentration of
20 μmol/L), and compared with control, untreated cells. The extent of
NPQ was calculated as (FM ′ − FM)/FM′ for every saturating flash. The
value of maximal PSII efficiency (FV/FM) was 0.7 for both curves. NPQ
was detected during 5 min of orange actinic light (622 nm, 600 μmol
photons m−2 s−1; white bar) and in dark period afterwards (see black bar).
Cells were dark adapted for 20 min before measurements; data represent
typical curves
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membrane and abolishes gradient of monovalent ions
(Schmid and Junge 1975). Thirty-micromole/liter concentra-
tion of non-actin added before irradiation blocked the fastest
phase of NPQ (Fig. 2) even more than diltiazem (insert of Fig.
1). At the end of light phase, the steady-state value of NPQ
decreased to half of its original value. Non-actin also reduced
maximal efficiency of photosystem II (PSII) photochemistry
FV/FM (see legend of Fig. 2) from 0.75 (for untreated cells) to
0.64. Interestingly, non-actin has a similar effect on NPQ ki-
netics as glycine betaine (Fig. 2) that acts as hyperosmotic
compound draining water out of the cell (Papageorgiou et al.
1998). As glycine betaine affects the fast phase of NPQ, so
water/ion activities are important. If we additionally block
specifically the flux of monovalent cations with non-actin,
the NPQ kinetics are similarly affected, which would suggest
that it is mainly the monovalent cation flux that is important in
the mechanism for this fast NPQ phase. These hyperosmotic
conditions were able to destroy the fastest phase of NPQ with-
out any effect on the steady-state value of NPQ and without
any reduction of FV/FM (see legend of Fig. 2). It means that
water activities around the membrane together with gradients
of monovalent cations across membranes (probably thylakoid
membrane) are both necessary for the fast phase of NPQ in
R. salina.

Photoinhibitory treatment of R. salina cells

We have further explored an effect of extended periods of high
light on PSII photochemistry. It has been shown (Kaňa et al.
2012) that there is no light-induced xanthophyll cycle in

R. salina, in contrast to the presence of diadinoxanthin cycle
in diatoms (Goss et al. 2010). In diatoms, xanthophyll cycles
play a crucial role in light stress (Lavaud et al. 2002a; Lavaud
et al. 2003). Therefore, we have intentionally compared the
cryptophyte alga R. salina without any xanthophyll cycle and
the representative of diatoms, Phaeodactylum tricornutum, to
prolonged period of excessive irradiation that can induce
photoinhibitory damage of PSII (Li et al. 2018; Prášil et al.
1992). In R. salina, the high light treatment caused biphasic
reduction in maximal PSII photochemical efficiency (see FV/
FM in Fig. 3a). The very fast phase of the decrease was visible
already after 2-min exposure to high light and reflects non-
photochemical reduction of PSII photochemistry due to some
irreversible component of NPQ. This effect is also visible in
Fig. 1 in the value of FM″ that is not fully reversible in the

Fig. 2 Effect of hyperosmosis and potassium ion ionophore (non-actin)
on NPQ of R. salina. Hyperosmosis was induced by addition of glycine
betaine (0.5 mol/L); gradient of monovalent potassium channels (K+) was
inhibited by addition of non-actin (30 μmol/L). NPQ was measured dur-
ing orange irradiation (622 nm, 600μmol photons m−2 s−1; white bar) and
during following darkness (see black bar). The calculated values of max-
imal efficiency of PSII photochemistry (FV/FM) were 0.75 for untreated
sample, 0.64 with non-actin, and 0.74 with glycine betaine. Cells were
dark adapted for 20 min before measurements; data represent typical
curves

Fig. 3 Maximal efficiency of photosystem II photochemistry (FV/FM)
during light stress in Rhodomonas salina and in the diatom
Phaeodactylum tricornutum. Samples were dark adapted for 20 min
(black bar) and then exposed to high irradiance 1000 μmol photons
m−2 s−1 for 75 min (see white bar). FV/FM recovery at low irradiance
(30 μmol photons m−2 s−1) was detected for the following 2 h (see gray
bar). a Progress of light stress in cryptophyte algae R. salina and in the
diatom P. tricornutum. b Effect of protein synthesis inhibition
(chloramphenicol—see “CAP”) and calcium channel inhibition
(diltiazem) in R. salina
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dark. Exposure of R. salina to high light for more than 2 min
caused further linear decrease in maximal PSII photochemis-
try (Fig. 3) that is a typical sign of photoinhibition (see, e.g.,
Kosugi et al. 2018; Tyystjarvi and Aro 1996). After 75 min at
high light, FV/FM decreased from 0.78 to 0.56, and this de-
crease was reversible in low light (Fig. 3). This result indicates
the presence of photoinhibition of the PSII reaction centers,
where the D1 protein is the most sensitive target of this revers-
ible damage (Prášil et al. 1992). The relatively small change
in maximal PSII photochemistry (FV/FM) in R. salina indi-
cates the protective role of D1 protein turnover in this alga.
This was confirmed by the addition of chloramphenicol
(CAP), the chloroplast protein synthesis inhibitor that en-
hanced reduction of FV/FM in R. salina several times
(Fig. 4b). Therefore, we assume that, also in cryptophytes,
D1 protein undergoes continual photoinactivation and its fast
repair that is a key factor required for effective protection of
PSII during photoinhibitory conditions in many other
phototrophs (Yamamoto et al. 2008). We do not know if the
reduction in the number of active PSII centers results in de-
crease of whole photosynthesis (e.g., measured by carbon as-
similation) or if there is an excess capacity of PSII that keeps
photosynthetic rate unchanged in some green algae (Kaňa
et al. 2002) or in Chromera velia (Belgio et al. 2018). We
found that the negative effect of high irradiation on FV/FM

was also enhanced by the calcium channel blocker diltiazem
(Fig. 3) that inhibits non-potential Ca2+ influx into chloro-
plasts (Roh et al. 1998). It started the reduction of maximal
PSII photochemistry after 20 min of irradiations that indicates
negative long-term effect after inhibition of Ca2+ fluxes (for
details, see “Discussion”).

This type of photoprotection observed in R. salina was
different in comparison with the diatom, Phaeodactylum

tricornutum, where pronounced decrease in PSII efficiency
is visible already after 20 min of irradiation (Fig. 3a). This is
because of the activity of the xanthophyll cycle in
Phaeodactylum tricornutum (Lavaud et al. 2002b) that
allowed fast quenching of excessive irradiation and resulted
in FV/FM value 0.4 already after 20 min of irradiation. As
there was no further decrease in FV/FM with prolonged irra-
diation (Fig. 3a), we conclude that there is almost no
photoinhibition in Phaeodactylum tricornutum in line with
previous results (Havurinne and Tyystjarvi 2017; Ting and
Owens 1994).

Cell motility of cryptophytes

Photoinhibitory experiments presented in Fig. 3 proved differ-
ent strategies of photoprotection in cryptophytes and in dia-
toms that both belong to chromalveolate algae (Green 2011).
Moreover, in comparison with, e.g., green algae (Kaňa et al.
2002),R. salina could cope relatively well with 75min of high
light. These results have brought a question if there is any
other protective mechanism in cryptophytes except effective
NPQ (Kaňa et al. 2012) and fast D1 protein turnover (Fig. 3).
In contrast to Phaeodactylum tricornutum, R. salina is a mo-
tile alga. Therefore, we checked if motility of R. salina could
play an additional protective role during the light stress (see
Figs. 4 and 5).

Microscopic measurements showed that different types of
trajectory patterns of R. salina cells exist (Fig. 4a). We could
visualize the helical path of R. salina cell (see “trajectory of
Cell no. 1” in Fig. 4a). This type of trajectory is typical for
most of motile algae including green algae, dinoflagellates, or
Euglenophyta (for review, see, e.g., Barsanti and Gualtieri
2006). There were also cells with narrower helical path that

Fig. 4 Irradiance-induced changes in the velocity of Rhodomonas salina.
a Typical trajectory pattern of R. salina movements in solution. Picture
shows movements of two different cells (see arrows) in a visual field of a
fluorescence microscope for 9-s-long integration; 50-μm scale bar is
marked. b Distribution in cell velocities in the dark (“Dark”) and in light

(“Light”) samples measured by particle tracking routine. Mean values
(with standard deviation) of “Dark” and “Light” samples were 82 ±
19 μm/s and 104 ± 22 μm/s, respectively. Values were calculated from
measurements of 60 cells with 1500 tracking events
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resemble rather straight movement (see “trajectory of Cell no.
2” in Fig. 4a). This result showed heterogenic behavior in cell
suspension. Generally, motile algae also rotate few times per
second around a longitudinal axis during swimming (Polin
et al. 2009); however, this movement was not detectable by
epifluorescence microscopy. Therefore, we focused on detec-
tion of cell velocity and its change on light as they are trig-
gered by blue and green light photoreceptors (Allorent and
Petroutsos 2017).

In green motile algae Chlamydomonas reinhardtii, photo-
taxis signaling is mediated by the photoreceptors channel rho-
dopsin (1 and 2), light-gated proton, and calcium channels
(Nagel et al. 2002, 2003) that seem to be dominant receptors
for photophobic responses (Govorunova et al. 2004;
Hegemann 1997). We exposed R. salina to high white light
to see if short periods of irradiation can accelerate motility of
cells. We have confirmed helical pattern of R. salina move-
ment (see Fig. 4a, supplementary movie 1). Cell velocity was
detected by epifluorescence microscopy with continuous de-
tection of the movement of cells in the visual field during
sudden irradiation by high light. The velocity of particular cell
was calculated from known distances and frequency of detec-
tion (for details, see “Materials and Methods”). Indeed, these
measurements showed slight, but significant, light-induced
increase in the distribution of cell velocities (Fig. 4b). The
velocity in the light increased from 82 μm/s in the dark to
104 μm/s (see the legend of Fig. 4b). This swimming speed
is in line with values previously described for cryptophytes
(Barsanti and Gualtieri 2006), and its increase during the high
light strongly suggests a role of negative phototaxis of
cryptophytes in avoidance of excessive irradiation. We also
tested whether the observed acceleration in swimming veloc-
ity is connected with the movement out of the light source. We

focused high light to the visual field of a microscope and
counted the number of cells (Fig. 5). At low light, before high
light treatment, there was a slight increase in the number of
cells in field of view (by 10–20%). On the contrary, high light
caused decrease in the number cells in the irradiated part (see
Fig. 5). The results pointed at the presence of negative photo-
taxis during period of high light in R. salina.

Discussion

It has been already shown that non-photochemical quenching
in cryptophytes proceeds in the chlorophyll a/c binding anten-
nas (CAC) that are associated with photosystem II that resem-
bles efficient energetic quenching of higher plants (Kaňa et al.
2012). This photoprotection of PSII is not connected with any
quenching in phycoerythrobilins (Kaňa 2018) that are firmly
bound to the luminal side of these antennas (Kaňa et al. 2009).
Further, the cryptophytic PSI turned out to be one from the
fastest (i.e., the most efficient) so far measured (Kuthanová
Trsková et al. 2019), and cryptophytes are able to regulate
distribution of light between photosystem PSI and PSII
(protected by NPQ) by state transitions (Cheregi et al. 2015).
All these show that cryptophytes have evolved a unique com-
bination of photoprotective strategies that probably lead to
significant dominants of cryptophyte algae in case of highly
illuminated conditions of some coastal waters (Mendes et al.
2018). Here, we have further explored properties of this
unique NPQ with the main focus on the role of ions (Ca2+

and monovalent ions), protective role of NPQ during longer
period of excessive irradiation in comparison to diatoms and
green algae, and finally also on the possible role of cell motil-
ity in light stress avoidance.

We have found that the fastest burst of NPQ is affected by
inhibition of Ca2+ channels by diltiazem (Fig. 1). This is a
compound that is able to inhibit potential-stimulated Ca2+ in-
flux into chloroplast of higher plants (Roh et al. 1998). The
Ca2+ influx into chloroplast proceeds on light stimulus (for
reviews, see, e.g., Johnson et al. 2006; McAinsh and
Pittman 2009; Verret et al. 2010). However, as there is no
significant increase in free Ca2+ in the chloroplast stroma after
irradiation, it is supposed that Ca2+ coming into chloroplast is
apparently rapidly bound to thylakoid and/or rapidly trans-
ferred into a lumen (Johnson et al. 2006). This is facilitated
by Ca2+/H+ antiporter that has been already identified in thy-
lakoid membrane (Ettinger et al. 1999) and even proven to
have an important effect onto the pH homeostasis and function
of PSII in higher plants (Wang et al. 2016). High concentration
of Ca2+ inside of the thylakoid lumen is crucial for activity of
oxygen-evolving complex (Miqyass et al. 2007). Calcium
ions have also several other functions. Dilley and co-
workers suggested (for review, see, e.g., Dilley 2004) that
Ca2+ can mediate stress response of thylakoids to high light

Fig. 5 Changes in the number of cells (Δn) in a visual field of an
epifluorescence microscope. Cells were counted at low light (see gray
bars) and at high light (see white bar). Total amount of cells in the
visual field was around 50; bar represent standard deviation from 4
repetitions
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by switching between localized and de-localized energy-cou-
pling mode, and thus form ATP either from proton gradient
localized close to thylakoid membrane (“localized mode”), or
from the whole bulk in a lumen (“de-localized mode”) (Ewy
and Dilley 2000). Ca2+ can thus modulate extent of lumen
acidification and therefore stress response (for review, see,
e.g., Dilley 2004). The mechanism of such an action is based
on reversible binding of Ca2+ to 8-kDa protein CFo proton
channel in ATPase (Van Walraven et al. 2002). In de-
localized state, Ca2+ is displaced from the CFo proton channel
of ATPase that allows free access of H+ into a lumen and
triggering of stress response. Such a role of Ca2+ in the fast
stress response has been already shown for violaxanthin de-
epoxidation that is necessary for NPQ in higher plants (Jahns
et al. 2009) that proceeds only in de-localized mode (Pan and
Dilley 2000). However, there is no xanthophyll cycle in
cryptophytes (Kaňa et al. 2012), and in contrast to Pan and
Dilley (2000), inhibition of Ca2+ fluxes into a lumen by dilti-
azem rather inhibits NPQ (Fig. 1) not the opposite. Therefore,
there must be some other mechanism in Ca2+ action in
cryptophytes.

Interestingly, there are some older results showing that
Ca2+ pH-dependent release of Ca2+ from photosystem II plays
a role in reversible energy dissipation (Johnson and Krieger
1994; Krieger et al. 1992; Krieger and Weis 1993). We do not
have experimental data proving that the released Ca2+ could
reversibly bind to light-harvesting antennas of cryptophytes
where presence of NPQ has been proven (Kaňa et al. 2012).
However, it is known that Ca2+ can bind to proteins important
for NPQ in higher plants like CP29 and PsbS (Dominici et al.
2002; Jegerschold et al. 2000). Interestingly, it has been al-
ready confirmed that the chloroplast calcium sensor (CAS) is
required for photoacclimation in Chlamydomonas reinhardtii
(Petroutsos et al. 2011), and photoreceptors are important for
response to high light stress in general (Allorent and
Petroutsos 2017).

To resolve if Ca2+ can bind directly to chlorophyll a/c an-
tennas or there is some indirect effect of Ca2+ on NPQ, more
experiments with isolated antennas complexes are necessary.
Our measurements only indicate a signal role of calcium
fluxes in NPQ (Fig. 1) in line with the proposed signal role
of Ca2+ in chloroplasts (Johnson et al. 2006). Ion fluxes cata-
lyzed by channels/transporters in thylakoids (Höhner et al.
2016) interfere with the proton gradients (a key factor for
NPQ), and the actual concentration of ions (especially Ca2+)
then might contribute to shape proton gradient between local-
ized and de-localized mode (e.g., switching between
localized/de-localized ΔpH by Ca2+ (see Dilley 2004)).
Alternatively, Ca2+ can directly interact with newly described
thylakoid membrane voltage-gated channels and transporters
(Höhner et al. 2016), namely, with (1) H+/K+ KEA antiporters
(Armbruster et al. 2014; Kunz et al. 2014); (2) chloride chan-
nel (Herdean et al. 2016a; Herdean et al. 2016b); and (3) two-

pore potassium channel (TPK, see, e.g. Carraretto et al. 2013).
Indeed, Ca2+ can directly bind TPK potassium channel
(Carraretto et al. 2013). Our data indicates some connection
of NPQ with monovalent ion channels (see Fig. 2) as the fast
burst of NPQ was inhibited when monovalent concentration
of cations (mostly K+) across membranes is equilibrated by
non-actin. However, to prove a direct connection between the
KEA antiporter and/or TPK channel inhibition and Ca2+ con-
centration, more experiments are necessary. In any cases, ex-
periments with the calcium channel blocker, diltiazem (non-
dihydropyridine), clearly showed that the fast burst of NPQ
and the steady-state NPQ value (Fig. 1) are somehow con-
trolled by Ca2+ in cryptophytes.

We have also tested importance of Ca2+ concentrations
(Ca2+ channels were inhibited by diltiazem) for prolonged
periods of high irradiation (Fig. 3b) in line with previous ex-
periments (Fig. 1). In control sample, the prolonged exposi-
tion to high light reduced maximal PSII photochemistry for
about 20% that was fully reversible in the dark (Fig. 3b).
Reduction in maximal PSII photochemistry was mostly due
to photoinhibition of the PSII reaction centers due to revers-
ible damage of the D1 protein since, in case of inhibition in
this D1 protein turnover by CAP, the FV/FM dropped to very
low values (Fig. 3b). Therefore, the fast D1 protein turnover in
cryptophytes keeps maximal PSII activity relatively high in
comparison with diatoms (see Phaeodactylum tricornutum in
Fig. 3b) or green algae (Kaňa et al. 2002) treated at same
conditions. Interestingly, faster D1 protein turnover in higher
plants can be observed in a case of grana de-stacking
(Khatoon et al. 2009) so it is a question if the minimal reduc-
tion in PSII photochemistry, in comparison with diatoms and
green plants, is due to a more fluid membrane organization in
cryptophytes. We also found that inhibition in Ca2+ by diltia-
zem further reduced PSII efficiency (Fig. 3b).We do not know
if the effect of diltiazem reduces FV/FM at high light just due
to its effect on NPQ (Fig. 1) or by some other mechanism of
action. As algal motility is affected by calcium flux (Hill et al.
2000; Smith 2002), we cannot exclude that diltiazem-induced
change in motility response on single cell level results in some
macroscopic changes in fluorescence values in Fig. 3.
However, this is rather improbable, and we tend to suggest a
direct influence of Ca2+ fluxes on photoprotection in R. salina.

The observed effect of prolonged exposure to high light is
different than in diatoms, as only a limited sign of
photoinhibition can be usually detected (see, e.g.,
Phaeodactylum tricornutum in Ting and Owens 1994) prob-
ably due to the operation of very effective xanthophyll cycle
(Lavaud et al. 2002b) and cyclic electron flow around PSII
(Lavaud et al. 2002c). It brings a question of how
cryptophytes protect themselves against longer period of ex-
cessive irradiation. Our data newly show that one possible
strategy could be the avoidance from light stress by active
movement (see Figs. 4 and 5). Cryptophytes are flagellates
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and are able to move very fast (with velocity more than
100 μm/s, Fig. 4), in contrast to immotile diatoms that are
passively moved bywater turbulences. In nature, cryptophytes
are able to adjust their position in the water column during the
diel cycle to optimize acquisition of nutrients and exposure to
irradiance (Arvola et al. 1991). Therefore, we suggest that a
reduction in exposition time to excessive irradiation by active
movement (due to negative phototaxis, see Fig. 5) could play
a protective role in cryptophytes as they do not operate any
xanthophyll cycle (Kaňa et al. 2012) that would further stim-
ulate NPQ for prolonged periods of irradiation as can be seen
in diatoms (Lavaud et al. 2002b). Similar positive and nega-
tive phototaxis has been already proved for Cryptomonas
maculata (Häder et al. 1987). Interestingly, motile algae, apart
from swimming in helical paths, also do rotate few times per
second around a longitudinal axis during swimming (around
2 Hz, see, e.g., Kaneda and Furuya 1987b). Therefore, motile
algae like cryptophytes, in contrast to immotile diatoms, are
exposed rather to fluctuating light conditions which we can
refer to a regime of periodically changing light intensity. We
tend to suggest that this rotation plays an additional protective
role in motile algae; however, its real importance has to be
addressed by future studies.
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