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1 Introduction 

Photosynthetic organisms provide the basis for oxygenic life on earth. During oxygenic 

photosynthesis, plants and other phototrophic organisms absorb and utilize light energy to 

reduce carbon dioxide (CO2) to carbohydrates. As a byproduct, molecular oxygen is released 

through oxidation of the primary electron donor H2O. During this process, light energy is 

converted into chemically available energy in form of ATP and reducing equivalents 

(NADPH) which are then used for the biosynthesis of organic compounds. During their whole 

life cycle, photosynthetic organisms have to cope with a number of environmental stress 

factors, such as drought, temperature and light. Unlike green algae and cyanobacteria, which 

are able to avoid stress via movement, land plants are sessile organisms and therefore 

unable to escape stress conditions. Thus, a complex network of defense mechanisms has 

evolved to protect the plant and to ensure the survival of plants under adverse environmental 

conditions. Most abiotic factors (e.g. temperature and water availability) change on a rather 

long time scale on a daily or seasonal basis, but particularly the light intensity can vary within 

seconds to minutes over orders of magnitudes due to cloud movement or shading in dense 

plant communities. The ability to acclimate to long- and short-term changes in the 

environmental conditions is thus essential for the survivability and fitness of plants. 

1.1 The chloroplast: site of photosynthesis in plants and green algae 

In green algae and plants, photosynthesis takes place in chloroplasts. Chloroplasts are semi-

autonomous organelles which supposedly originate from cyanobacterial ancestors (Cavalier-

Smith, 2000). Nowadays, 95 % of the chloroplast genes are nucleus encoded (Schleiff and 

Becker, 2010), however many chloroplast multi-protein complexes contain both, chloroplast 

and nucleus encoded subunits. Chloroplasts in plants are mainly localized to the mesophyll 

and parenchyma tissue.  

The chloroplast consists of two envelope membranes which are residuals of endosymbiosis 

(Lee et al., 2014). An inner membrane system, the thylakoid membrane, separates the 

stromal space from the thylakoid lumen (Figure 1.1). Light harvesting and CO2 fixation are 

spatially divided within the chloroplast: the light reaction is localized in the thylakoid 

membrane, whereas the carbon assimilation is localized in the chloroplast stroma. Notably, 

the majority of plant membranes are build up by glycolipids, as opposed to animal or yeast 

membranes that are composed of phospholipids. Three species of glycolipids, MGDG, 

DGDG, and SQDG account for more than 80 % of the chloroplasts lipids (Webb and Green, 

1991; Dörmann and Benning, 2002; Kirchhoff et al., 2002; Pribil et al., 2014). The advantage 

of using glycolipids instead of phospholipids is related to the often limiting availability of 
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phosphate (Dörmann and Benning, 2002). Mutant plants affected in MGDG or DGDG 

synthesis, showed severe changes in the chloroplast ultrastructure (Dörmann et al., 1995; 

Jarvis et al., 2000). Mutants lacking DGDG were also shown to be affected in the amount of 

photosynthetic protein complexes (Härtel et al., 1997), the rate of water oxidation (Reifarth et 

al., 1997), and the conversion of the xanthophyll cycle pool (Härtel et al., 1998). 

 
Figure 1.1 Schematic image of a chloroplast. The chloroplast contains three membranes, an outer 
and inner envelope membrane and the thylakoid membrane, which separates the stroma from the 
thylakoid lumen. The thylakoid membrane is organized in stacked (grana) and unstacked (stroma 
lamella) regions (from: Taiz/Zeiger, 2007). 

The thylakoid membrane is structurally and functionally diverted into stacks of thylakoid 

membranes, so called grana, and unstacked areas, so called stroma lamellae. Protein super-

complexes involved in photosynthetic electron transport are embedded in the membrane, 

however photosystem II (PSII) and photosystem I (PSI) are laterally segregated due to the 

differentiation of grana and stroma lamellae (Danielsson et al., 2004). PSII is localized in the 

grana stacks, whereas PSI is excluded from the stacks due to its bulky stromal protrusions. 

Hence, PSI is localized in the margin regions of a granum and in the stroma lamellae, like the 

ATP synthase, which is restricted to grana margins and stroma lamellae as well, due to the 

bulky stroma-attached F1 portion. Only the cytochrome b6f (Cyt b6f) complex is 

homogeneously distributed among grana and stroma lamellae (Avenson et al., 2008). 

The 2D structure of the thylakoid membrane is known since many years and can easily be 

analyzed with transmission electron microscopy. However, the 3D structure of a granum is 

still under debate. Whether a helical structure features the granum (Mustárdy and Garab, 

2003), or whether the granum rather consists of interacting stroma lamellae in a fork-type 

model (Arvidsson and Sundby, 1999; Shimoni et al., 2005) remains to be shown. 
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1.2 The photosynthetic electron and proton transport 

The photosynthetic linear electron transport chain (LET) involves three major protein super-

complexes (PSII, Cyt b6f, and PSI), which are integrated in the thylakoid membrane, as well 

as two mobile electron carriers, Plastoquinone (PQ) and plastocyanin (PC), that connect the 

protein complexes. Light energy, which is captured in the light harvesting complexes (LHC) 

of PSII and PSI, is used to induce charge separation in the reaction centers (RCs) of PSII 

and PSI and thereby facilitating electron transport along a redox gradient. 

In PSII, charge separation induces the oxidation of water at the lumenal side and the 

reduction of the mobile membrane-located electron carrier PQ at the stromal QB site. After 

uptake of two protons from the stroma, PQ is reduced to plastohydroquinone (PQH2) and 

PQH2 delivers the electrons to Cyt b6f, where one electron is passed forward to the lumen 

localized electron carrier PC. The second electron is used for re-reduction of PQ at Cyt b6f in 

the so called Q-cycle. PC transports the electron to the PSI RC P700. In PSI, charge 

separation leads to the transfer of electrons to ferredoxin (Fd) and finally the ferredoxin-

NADP-reductase (FNR) transfers the electrons to NADP+ (Figure 1.2).  

 

Figure 1.2 Photosynthetic electron and proton transport. From PSII, electrons are transferred to 
the mobile carrier PQ, which transports the electrons to the Cyt b6f complex. They are then further 
transferred to PC which transports the electrons to PSI. There, energy is transferred onto the 
electrons, and they are ultimately transferred to NADP

+
. Missing electrons at PSII are refilled by 

electrons originating from water, which was split in oxygen and hydrogen at the oxygen evolving 
complex. Upon linear electron transport the lumen is acidified due to the release of protons at the 
oxygen evolving complex and due to a proton input from the Q-cycle. The proton gradient contributes 
to the pmf and is used for ATP synthesis by the ATPase (from Plant Physiology, 4

th
 Edition).  

During linear electron transport, two reactions lead to an acidification of the lumen: (i) the 

splitting of water into oxygen and protons at the oxygen evolving complex of PSII and (ii) the 

oxidation of PQH2 at Cyt b6f. The accumulation of protons in the thylakoid lumen together 
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with the movement of ions gives rise to an electrochemical gradient across the thylakoid 

membrane, the so-called proton motive force (pmf). The energy stored in this gradient is 

used by the ATP synthase to generate ATP. Both components of the total pmf, the proton 

gradient (ΔpH) and the transmembrane electric field (ΔΨ) represent equivalent driving forces 

for ATP synthesis (Wiedenmann et al., 2008). Upon illumination of dark-adapted 

chloroplasts, the initial pmf is composed of the ΔΨ component only, but within a few minutes 

of illumination the contribution of ΔΨ to the pmf decreases due to the activation of ion 

channels  (Avenson et al., 2005). The total pmf as well as the partitioning of pmf into ΔΨ and 

ΔpH can be estimated under in vivo and in vitro conditions by measurements of the 

electrochromic shift (ECS) (Kramer and Sacksteder, 1998; Kramer et al., 2003; Klughammer 

and Schreiber, 2008) (for methodological details see section 2).  

1.3 Protein complexes involved in photosynthetic electron transport 

1.3.1 PSII and LHCII 

PSII is multi-protein complex embedded in the stacked grana regions of the thylakoid 

membrane. It is organized as a functional dimer, each consisting of the reaction center (RC) 

proteins D1 and D2 and further 27-28 subunits (Dekker and Boekema, 2005). Several lipids 

(Guskov et al., 2009) and pigments, namely chlorophylls and carotenoids, especially β-

carotene (β-Car) (Telfer, 2002) are bound to the PSII RC (Umena et al., 2011). These 

pigments serve light harvesting and photoprotective function, whereas the bound lipids 

mainly serve structural purposes.  

The PSII RC is surrounded by an internal antenna (CP43 and CP47) and external light 

harvesting antenna that consists of light harvesting complex (LHC) monomers that form a 

minor antenna, and LHCs that form functional trimers (major antenna). The primary function 

of the LCHs is to harvest light energy and transfer it to the PSII RC, where physical energy in 

converted into redox energy via charge separation. Charge separation takes place at the 

P680, which is the primary electron donor that transfers its electron to pheophytin and finally 

to QA. Electrons originating from water oxidation at the oxygen evolving complex (OEC) are 

immediately re-reducing the oxidized P680.  

All Lhcb proteins belong to the family of chlorophyll a/b binding proteins (CAB-proteins) 

(Green et al., 1991). They are encoded in the nucleus, thus the apo-protein needs to be 

imported into the chloroplast, where it is inserted in the thylakoid membrane upon assembly. 

Lhcb proteins spontaneously fold upon binding of pigments, however the presence of 

xanthophylls is mandatory for correct folding (Plumley and Schmidt, 1987; Paulsen et al., 

1990). A model for the structure of the Lhcb1 monomer and the localization of the pigments 

is shown in Figure 1.3.  
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The protein backbone of Lhcb proteins consists of three transmembrane α-helices (termed 

A-C, Figure 1.3) and two short α-helices (D and E, Figure 1.3) at the lumen side of the 

membrane (Liu et al., 2004). The lumen exposed helix E is supposed to become protonated 

upon lumen acidification, which might lead to pH-regulated conformational changes in the 

antenna of PSII (Liu et al., 2004). The pigment binding sites are termed V1, L1, L2, and N2, 

as derived from their carotenoid binding specificity. At the V1 site, either violaxanthin (Vx) or 

zeaxanthin (Zx) is bound. L1 and L2 bind two luteins (Lut), which are mandatory for the 

correct folding of the LHC (Jahns et al., 2001).  

 

Figure 1.3 Model of a light harvesting complex of PSII. One LHCII contains five α-helices, three of 
them traverse the thylakoid membrane (A, B, C), whereas helices D and E are short and facing the 
lumen. Besides 8 Chl a and 6 Chl b, LHCII binds 1 molecule Nx at the N1 binding site. Two Lut (at L1 
and L2) are forming the backbone of the LHCII. At the V1 site either Vx (at dark or low light acclimated 
states) or Zx (in a light acclimated state) is bound. 

At the more peripheral N1 site, neoxanthin (Nx) is bound. Additionally, 8 Chl a and 6 Chl b 

are bound to each Lhcb monomer, which further stabilize the protein (Standfuss et al., 2005). 

The Chl molecules are responsible for the absorption of blue and red light, but also Lut 

contributes to light harvesting by transferring absorbed excitation energy to Chl (Siefermann-

Harms, 1985; Peterman et al., 1997; Formaggio et al., 2001; Croce et al., 2001). 

AB

C

D

E
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Figure 1.4 Model of the PSII reaction center with major antenna proteins attached. The reaction 
center dimer (blue) is surrounded by the minor antenna proteins CP24, CP26, and CP29 (light green). 
Attached to the minor antenna are the major light harvesting complex trimers (dark green). These 
trimers can be either strongly bound (S), moderately bound (M), or loosely bound (L). Adapted from 
(Dekker and Boekema, 2005). 

In total, six different Lhcb proteins, termed Lhcb1-6, are found to be associated with PSII. 

Lhcb1, Lhcb2 and Lhcb3 form functional hetero-trimers, which are connected to the PSII RC 

via the minor antenna proteins Lhcb4, Lhcb5 and Lhcb6 (Figure 1.4). These proteins fulfil 

different roles in light harvesting and dissipation of excess energy (Horton et al., 2008). Lhcb 

proteins can generally be modified via protonation or phosphorylation, however to a different 

degree (Bergantino et al., 1998; Allen, 1992). Despite the different functions of single Lhcbs 

in fully functional PSII, the overall high similarity of the Lhcb proteins allows (at least partially) 

for functional complementation when single antenna proteins are missing (Ruban et al., 

2003), .  

1.3.2 Cytochrome b6f complex 

The Cyt b6f complex is the bottleneck of photosynthetic electron transport due to its slow 

turnover rate in PQ reoxidation (Schöttler and Tóth, 2014). In comparison to PSII, Cyt b6f 

occurs in sub-stoichiometric amounts and is the major point of control for photosynthetic 

electron flux (Anderson, 1992; Haehnel, 1984; Hope, 2000). Like PSII, also Cyt b6f is 

organized as a functional dimer. The main components of each monomer are the 34 kDa 

cytochrome f protein to which a c-type cytochrome is bound and the cytochrome b6, which 

has a molecular mass of 25 kDA and binds a high and low potential heme. Furthermore a 

Fe2-S2 cluster is bound to the so-called Rieske protein (Bendall, 1982; Whitmarsh and 

Cramer, 1977; Hauska et al., 1983). Reduced PQH2 interacts with the Cyt b6f complex at the 
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Rieske protein, where it is sequentially oxidized, thereby releasing two protons into the 

thylakoid lumen. Stoichiometrically, one electron per PQH2 is recycled during the Q-cycle, 

whereas the other is transferred to PC. The rate of PQH2 oxidation depends on the lumen pH 

(Finazzi, 2002), and is slowed down at acidic pH thereby limiting linear electron flow from 

PSII to PSI (Jahns et al., 2002). 

1.3.3 Photosystem I and LHCI 

PSI is a large monomeric super-complex (about 600 kDa) composed of 17 subunits binding 

in total about 200 cofactors, including Chl, carotenoids, lipids, and three Fe2S4 cluster 

(Amunts and Nelson, 2008; Qin et al., 2015). Due to its bulky stromal protrusions (Amunts 

and Nelson, 2008; Junge et al., 2009), PSI is sterically hindered to enter grana stacks and is 

therefore exclusively localized in the grana margins and stroma lamellae (Albertsson, 2001). 

Its reaction center contains a special Chl a pair, P700, which functions as the primary 

electron donor. Upon electron transport, P700+ is reduced by accepting an electron from the 

mobile electron carrier PC. However, P700+ is only a weak oxidant, so that oxidized P700 is 

relatively harmless compared to P680+ in PSII. This makes PSI a very efficient and relatively 

harmless quencher for excess excitation energy (Ort, 2001; Schöttler et al., 2011).  

Unlike PSII, PSI and Cyt b6f complexes are not only involved in the linear electron transport, 

but also in the cyclic electron flow between PSI and Cyt b6f. During cyclic electron flow 

around PSI (CEF1) (Kramer et al., 2004a), electrons that were transferred from PSI onto Fd 

are further transferred to PQ and not to the FNR, which is the case in linear electron 

transport. CEF1 occurs during periods of unbalanced ATP consumption, however the exact 

mechanism and the impact of CEF1 is still under debate.  

Like PSII, also PSI consists of a light harvesting antenna, however its size is conserved and 

invariable, as opposed to the light harvesting antenna of PSII. The PSI antenna consists of in 

total four different Lhca proteins that form two heterodimers, i.e. Lhca1 and Lhca4 form one 

dimer, and Lhca2 and Lhca3 the other (Ben-Shem et al., 2003; Amunts et al., 2007; Amunts 

et al., 2010). Each Lhca protein consist of three alpha-helices and one amphipathic fourth 

helix in the lumen (Qin et al., 2015). Unlike Lhcb proteins, mutual complementation of the 

Lhca proteins is not possible (Klimmek et al., 2005; Morosinotto et al., 2005), because of 

their structural differences, i.e. in the length of the alpha helix (Qin et al., 2015).  

1.3.4 ATPase 

The ATPase, also known as ATP synthase or CF0CF1, drives ATP synthesis by using the 

pmf, which is build up during photosynthetic electron transport. The pmf was firstly 

introduced by Peter Mitchell in the 1960s. It consists of the electric field and the proton 

gradient in the following relation: 
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          (       )  

with ΔE being the transmembrane electric potential, pHi – pHo resembling the ΔpH, assuming 

a constant proportionality at 25 °C of 59 mV per pH unit (Mitchell, 1961). 

The ATPase consists of a membrane integrated, hydrophobic part, the CF0 domain, which is 

composed of three subunits: a, b, and c. Polypeptides a and b are located at the periphery of 

a barrel shaped ring that is in plants formed by 14 identical subunits of polypeptide c through 

which protons are transported during ATP synthesis (Seelert et al., 2000; Vollmar et al., 

2009). The CF1 head domain consists of 3 alternating α- and β-subunits and 1 γ, δ, and ε 

subunit respectively. pmf driven proton flux from the lumen to the stroma drives 

conformational changes in the α- and β-subunits resulting in the formation of ATP from ADP 

and Pi in a stoichiometry of 4.67 protons per molecule of ATP. Hence a full turn produces 

three ATP at the cost of 14 protons.  

1.4 Coping with excess light: non-photochemical quenching (NPQ) 

Plants are sessile organisms that have to cope with excess light during major parts of their 

lifetime. Under most natural conditions, the antenna proteins of both photosystems absorb 

more light than can be utilized in photosynthesis (Müller et al., 2001), favoring the formation 

of ROS and thus photo-oxidative damage of cell components. In general, two reactions 

contribute to the light-induced formation for ROS: Firstly, energy transfer of from 3Chl* to O2 

in the antenna of PSII leading to the formation of highly reactive singlet oxygen (1O2*) (Vass 

and Styring, 1993; Hideg et al., 1998). Secondly, electron transfer to O2 leading to the 

formation of superoxide radicals (O2
.-), predominantly at the acceptor side of PSI in the so-

called Mehler reaction (Mehler, 1951). While superoxide radicals can be efficiently detoxified 

through conversion to hydrogen peroxide by the water-water cycle (Asada, 2000), singlet 

oxygen formation represents the major source for photo-oxidative damage in plants 

(Triantaphylidès and Havaux, 2009). However, ROS are not only harmful toxins damaging 

the chloroplast, but also serve as important signaling molecules (Mittler et al., 2004; 

Triantaphylidès and Havaux, 2009) that are involved in the communication between the 

chloroplast and the nucleus (Foyer and Noctor, 2009; Galvez-Valdivieso and Mullineaux, 

2010). Detoxifying high levels of ROS is costly and the risk of damage to proteins and lipids 

in the chloroplast is high. Therefore, effective mechanisms have evolved to minimize the 

amount of light-induced ROS formation. Among those, the dissipation of excess light energy 

as heat, commonly termed non-photochemical quenching (NPQ), is an efficient way to 

reduce the formation of both 1O2* and O2
.-. The overall NPQ processes comprise various 

mechanisms that directly compete with the use of excitation energy in photosynthesis. 

Hence, the onset of NPQ mechanisms needs to be strictly regulated and restricted to periods 
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of excess light conditions. Constitutively active NPQ mechanisms under limiting light 

conditions would drastically decrease the light use efficiency and thus would have a negative 

impact on plant fitness.  

Chl a fluorescence has been shown to provide an excellent measure for estimating 

photochemical and non-photochemical processes in photosynthetic organisms. Pioneering  

work in the 1960s applied Chl a fluorescence analysis to single cell organisms, such as 

cyanobacteria and green algae in order to perform mutant screening (Bennoun and Levine, 

1967, Papageorgiou and Govindjee, 1968a, 1968b), while later research was extended to 

intact leaves and isolated chloroplasts or thylakoids of land plants (Murata and Sugahara, 

1969; Wraight and Crofts, 1970; Krause, 1973; Krause et al., 1982) (Murata, 1969). 

Nowadays, commercially available fluorometers, such as the pulse amplitude modulated 

(PAM) fluorometer (Schreiber et al., 1986), which are easy to operate also by non-

specialists, are frequently used for numerous applications to study photosynthesis in the lab 

and in the field. For the characterization of NPQ processes, usually fluorescence quenching 

analysis by the saturation pulse saturation method are performed (Krause and Jahns, 2003). 

A typical Chl fluorescence quenching analysis measured with intact leaves by using a PAM 

fluorometer is shown in Figure 1.5. Due to the pulsed measuring light (1-100 kHz, 3-5 µmol 

photons m-2 s-1) the detected Chl fluorescence is less prone to scattering, which leads to an 

increased signal to noise ratio. Additionally, the light intensity is sufficiently low to prevent 

linear electron transport. The minimum fluorescence (F0) is observed after turning on the 

measuring light. A short and strong actinic light flash, or saturation pulse (SP, 200 ms, 4000-

6000 µmol photons m-2 s-1) is applied to the leaf. The flash leads to a complete reduction of 

the QA, however neither high rates of electron transport nor non-photochemical quenching 

mechanisms are activated during this short illumination time. At that point PSII RC is in a 

“closed state”, and the maximum fluorescence (Fm) can be obtained. The maximum 

quantum efficiency in a dark acclimated state is calculated by dividing the variable 

fluorescence (Fv = Fm-F0) by Fm. Typically the Fv/Fm value of dark acclimated land plants is 

around 0.83 (Björkman and Demmig, 1987; Johnson et al., 1993). An actinic light source of 

variable intensity is turned on after determination of the maximum quantum yield, which 

induces an initial fluorescence rise. With the full activation of photosynthesis (electron 

transport, Calvin-Benson cycle) and NPQ processes, the fluorescence typically declines 

within 10-15 min to a steady level. 
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Figure 1.5 Typical chlorophyll a fluorescence curve. Important parameters are indicated. After an 
initial saturation pulse in the dark, an actinic light source in turned on (Actinic Light on). Saturation 
Pulses (SPs) are subsequently applied throughout the whole measurement. The recovery of variable 
fluorescence is measured in a dark period following the illumination (Actinic Light off). By turning on 
the measuring light, F0 is obtained. The maximum fluorescence (Fm) is obtained by applying a SP in 
the dark. The fluorescence ranging from F0 to Fm is termed variable fluorescence (Fv). After a first 
reduction of maximum fluorescence in the light, steady state fluorescence is reached (Fm‟). In the 
subsequent dark phase fluorescence rises due to the deactivation of NPQ processes, until a 
temporarily maximum is reached (Fm‟).  

During the whole measurement, SPs are applied typically every 1-2 min to determine the 

maximum fluorescence (Fm‟) during the actinic light phase and the subsequent dark phase . 

The extent of NPQ can be calculated for each SP as (Fm/Fm‟ - 1). On basis of their 

dynamics (induction and relaxation) and the analysis of specific mutants, different NPQ 

mechanisms have been extensively characterized during the past 20 years. 

1.4.1 Energy-dependent quenching (qE) 

The most rapid component of the NPQ is the energy-dependent quenching, or qE. It has 

been shown that the qE induction is strongly dependent on the PsbS subunit of PSII (Li et al., 

2000). qE is strictly regulated by the lumen pH, which is sensed by two glutamate residues of 

the PsbS protein (Li et al., 2004). In the qE-inactive dark state, PsbS exists as a dimer, while  

it monomerizes upon protonation of PsbS and thus leads to the light activation of qE 

(Bergantino et al., 2003). It has been proposed that light-induced activation of PsbS induces 
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conformational changes in the antenna of PSII that lead to the detachment of the trimeric 

LHCII complexes. Upon detachment, the function in the LHCII is switched from a light 

harvesting state into an energy-dissipation state (Horton et al., 2008). The exact quenching 

mechanism in the detached LHCII antenna is still under debate. Disagreement exists 

whether Chl-Chl interactions (Miloslavina et al., 2008; Müller et al., 2010) or Chl-Car 

interactions (Holt et al., 2005; Ruban et al., 2007) lead to the deactivation of the 1Chl*. 

However, it is widely accepted that the quenching in the antenna of PSII is modulated and  

enhanced in the presence of the carotenoid zeaxanthin (Demmig-Adams et al., 1990; 

Johnson et al., 2008a). 

1.4.2 The protective role of zeaxanthin  

The xanthophyll Zx is formed in the xanthophyll cycle upon de-epoxidation of Vx via the 

intermediate antheraxanthin (Ax) (Jahns et al., 2009). Xanthophylls are either bound to LHC 

complexes (see Figure 1.3) or present as free pigments in the thylakoid membrane (Havaux 

and Niyogi, 1999; Aspinall-O‟Dea et al., 2002; Dall'Osto et al., 2005). The xanthophyll cycle 

pigments (VAZ pigments) are interconverted by two enzymes that are regulated in a light-

dependent manner, particularly by the lumen pH. The light-induced acidification of the lumen 

activates the luminal Vx de-epoxidase (VDE) (Hager, 1969), which catalyzes the conversion 

from Vx via the intermediate Ax to Zx in the presence of the cofactor ascorbate (Yamamoto 

et al., 1977). Within 15-30 minutes of illumination, the maximum of convertible xanthophylls 

are converted into Zx (Jahns, 1995; Wehner et al., 2004; Nilkens et al., 2010). Under low 

light (LL) conditions or in darkness, Zx is reconverted to Vx by the stromal enzyme Zx 

epoxidase (ZEP), which requires several cofactors, such as Fd, O2, NADPH and FAD. 

However, the reconversion is about one order of magnitude slower, compared to the de-

epoxiation reaction. Generally, non-protein bound xanthophylls are converted faster 

compared to protein bound xanthophylls, due to the restricted accessibility of the respective 

enzymes to the protein-bound xanthophylls. 

Zx has a dual role in protecting the chloroplast from photo-oxidative damage. As a free 

pigment, Zx detoxifies ROS, thus resembling the function of tocopherol (Havaux et al., 2007). 

However, Zx bound to the antenna proteins of PSII is involved in the deactivation of 1Chl*, 

thereby preventing the formation of 3Chl* and thus the formation of ROS. The deactivation of 

1Chl* takes place in the minor antenna complexes, as well as in the detached LHCII trimers 

(see below, section 1.4.4). The specific contribution of Zx to the overall NPQ induction upon 

binding to LHC complexes is termed qZ (Holzwarth et al., 2009). In addition, the presence of 

Zx in the LHCII complexes leads to an enhanced qE-type quenching, possibly by increasing 

the pK of qE-activation (Johnson et al., 2008b; Johnson and Ruban, 2009; Crouchman et al., 

2006). 
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1.4.3 Time resolved measurements and decay associated spectra 

For a detailed understanding of the mechanisms involved in the NPQ processes under in 

vivo conditions, analysis of energy dissipation by ultra-fast fluoresecence measurements is 

required (Holzwarth and Jahns, 2014). Commercially available photospectrometer are not 

appropriate to obtain information about energy dissipation processes that are faster than 

several µsec. However, a special setup, using a high intensity argon laser, allows for time 

resolved measurements and thus to discriminate between several dissipation processes. The 

pulsed laser beam (1 ps-1) illuminates a special red dye, which emits light at a wavelength 

between 610 and 710 nm. With the help of filters and shutters, the light intensity, as well as 

the exact excitation wavelength (usually 663 nm) can be adjusted, according to the required 

measuring conditions. The measuring beam is focused to a rotating cuvette containing the 

leaf sample. Rotation of the cuvette prevents possible chlorophyll bleaching caused by the 

high intensity of the laser beam and allows for sufficient averaging of repetitive 

measurements. In order to close all RC during a saturation pulse, an additional high intensity 

blue LED is used. After passing the sample, the measuring beam is guided to a computer 

controlled monochromator that splits the emitted light into defined wavelength. The intensity 

of each wavelength is obtained and deconvoluted in an A/D converter and finally analyzed in 

a multichannel analyzer. 

The samples are typically measured at 11 different wavelengths in the range from 678 to 750 

nm in different acclimation states: Firstly, samples are measured in a dark acclimated state. 

The PSII RCs are then closed via DCMU treatment to obtain the maximum fluorescence. 

Finally, the fluorescence is measured after 30 minutes of illumination that allow for a fully 

light-acclimated state under steady state conditions. The decay kinetics obtained at all 

wavelengths are finally fitted in a global analysis (Wagner et al., 1996). This analysis gives 

rise to so-called decay-associated spectra (DAS), which carry both, spectral and kinetic 

information. The kinetics were fitted on basis of established models for the energy transfer 

and the according rate constants in PSII and PSI. These models have been developed from 

studies with isolated components (Miloslavina et al., 2006; Slavov et al., 2008) . This so-

called target analysis was exclusively performed in the workgroup of Prof. Dr. Alfred 

Holzwarth (MPI of chemical energy conversion in Mülheim a.d. Ruhr). 

This analysis was used to develop a model, which allows for the exact discrimination 

between PsbS-dependent qE processes and Zx-dependent qZ processes.   

1.4.4 qE and qZ are integrated in a two sited quenching model 

With the help of time resolved measurements and target analysis a two sited quenching 

model was derived from the comparative analysis of leaves from Arabidopsis wild-type and 

mutant plants (Holzwarth et al., 2009) as shown in Figure 1.6. In a dark acclimated state, the 
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LHCII trimers and monomers are attached to the PSII RC. The green color indicates the 

binding of the xanthophyll Vx. Upon illumination, a biphasic dissipation process takes place. 

In a first step, LHCII trimers detach from the PSII RC, forming aggregates that dissipate 

energy in the quenching center 1 (Q1). This process is strictly dependent on the PsbS 

protein and is assigned to the pH-regulated qE type quenching. A second quenching center 

(Q2) is established in the minor antenna of PSII upon the exchange of Vx to Zx. This process 

is strictly dependent on the presence of Zx, and thus termed qZ (Figure 1.6). The binding of 

Zx to the LHCs of PSII is indicated by a red color in Figure 1.6. Also in detached LCHII 

trimers, Zx is bound, that accelerates the quenching in Q1. 

 
Figure 1.6 Model of two quenching centers that are formed during illumination. In a dark 
acclimated state (left) Vx is bound to the minor and major antenna complexes of PSII, indicated by the 
dark and light green color. Upon illumination, lumen acidification and PsbS induced conformational 
changes lead to a detachment of the major LHCIIs that form a quenching center apart from PSII (Q1). 
The formation of a second quenching center (Q2) in the minor antenna of  PSII RC depends on the 
formation of Zx (indicated by the red color) (Holzwarth et al., 2009). 

1.4.5 Photoinhibition (qI) 

During extended periods of high light (HL) stress the capacity of rapidly reversible quenching 

(qE and qZ) is limited and the over-excitation leads to the formation of ROS. To minimize the 

excitation pressure on PSII and PSI, the D1 protein of PSII is damaged in a process called 

photoinhibition (qI). This directed damage inactivates the PSII RC and thus reduces not only 

the formation of ROS, but also linear electron transport. However, in order to re-establish 

maximum quantum efficiency, the damaged D1 protein needs be replaced. Without an 

efficient repair mechanism the sustained damage of the PSII RC would drop the  

photosynthetic yield constantly below 5 % (Melis, 1999). In case of moderate light stress, 

damaged D1 protein can be quickly repaired and the efficiency of PSII can be quickly 

restored. However, under severe HL stress, or in combination with other stresses, the repair 

machinery required for D1 turnover is slowed down, which leads to a longer deactivation of 

PSII. This stroma localized repair machinery, which involves multiple enzymatic reactions, 

replaces the damaged protein. Because of its size, the machinery is sterically hindered to 

enter the grana stacks, where PSII is localized (Kirchhoff, 2014). Phosphorylation of LHCII 
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and the PSII RC by the STN8 kinase (Bonardi et al., 2005; Vainonen et al., 2005) are crucial 

steps during the repair process. Depending on the extent of HL stress, the repair of PSII RCs 

requires more than 30 minutes (Nilkens et al., 2010) and qI is thus the slowest component of 

NPQ.  

1.4.6 State transition (qT) 

State transition (qT) describes a process that balances the relative excitation of the two 

photosystems by reversible migration of LHCII trimers from PSII to PSI. This migration 

depends on the phosphorylation of the LCHII by the redox regulated serine/threonine kinase 

STN7 (Bellafiore et al., 2005), which is activated when the PQ pool is mainly reduced. In 

state 1 (oxidized PQ pool), LHCII complexes are not phosphorylated and bound to PSII. 

Upon phosphorylation of a fraction of LHCII, the induced negative charge leads to the 

migration of LHCII to the margin regions of the thylakoid membrane towards PSI, where it 

associates to the antenna of PSI, which gives rise to state 2. Thus the transition from state 1 

to state 2 increases the antenna size of PSI and reduces the antenna size of PSII, thereby 

fine-tuning the distribution of excitation energy between the two photosystems. During qT, 

the PSI antenna can be enlarged by up to 25 % (Ruban and Johnson, 2009). 

1.5 Long- and short-term responses of plants to different light conditions 

Plants have the ability to cope with a variety of environmental factors. Depending on the 

length of the stimulus, long- and short-term responses are differentiated. Long-term 

responses are apparent from a broad phenotypic plasticity of a species upon growth under 

different stress conditions. Especially light is a highly variable parameter, showing large 

changes in intensity not only on a diurnal or seasonal basis, but often within a few seconds 

due to sun flecks or clouding (Ganeteg et al., 2004; Hirth et al., 2013). Since excess light is 

the source of photo-oxidative damage, efficient short- and long-term acclimation to varying 

light conditions are essential for plant fitness. 

1.5.1 Long-term responses 

Long-term acclimation responses occur in the time range of days (Beisel et al., 2010) to 

months (Schofield et al., 1998; Rachmilevitch et al., 2008). Typically, such responses are 

directly visible from changes in the plant architecture such as leaf area, leaf thickness, or 

rosette diameter (Ballaré, 1999; Weston et al., 2000).  

Long-term acclimation responses of Arabidopsis thaliana have been largely characterized 

under controlled laboratory conditions only. Leaves from LL grown plants are characterized 

by long petioles that form less compact rosettes than normal light (NL) grown plants (Mishra 
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et al., 2012). LL plants are further characterized by a lower Chl a/b ratio than NL plants, 

mainly due to the increased accumulation of LHCII complexes (Leong and Anderson, 1984; 

Wild et al., 1986), which serve for optimal light use efficiency under limiting light conditions 

(Anderson and Osmond, 1987; Chow et al., 1990). Related to the high LHCII content, the 

thylakoid membrane of the chloroplasts from LL plants mainly forms appressed grana stacks 

(Anderson, 1986). In contrast, the VAZ pool size is reduced in LL plants compared to plants 

grown at higher light intensities (Demmig-Adams and Adams, 1992), in accordance with the 

limited NPQ capacity that is observed in LL plants (e.g. (Mishra et al., 2012).  

HL grown plants, on the other hand, are characterized by more compact rosettes, consisting 

of large leaves with short petioles (Mishra et al., 2012). Especially in combination with 

additional stresses, the color of leaves from HL plants can turn reddish due to the 

accumulation of anthocyanins (Page et al., 2012), which reduce the light absorption by 

chloroplasts. Typically, acclimation to HL leads to decrease of the light harvesting antenna of 

PSII, resulting in an increase of the Chl a/b ratio (Leong and Anderson, 1984; Wild et al., 

1986). On the level of electron transport, particularly the amount of the Cyt b6f complex is 

upregulated in response to HL (reviewed by (Anderson, 1992; Schöttler and Tóth, 2014). 

Accompanied with this increase in RCs, also the amount of RubisCO is increased (Björkman, 

1981; Seemann et al., 1987) which together ensures overall high rates of photosynthesis 

(Walters and Horton, 1994), as evident from an increased rate of LET and CO2 assimilation 

in comparison to NL and LL plants (Leong and Anderson, 1984, de la Torre and Burkey, 

1990a, 1990b). The thylakoid membrane structure of HL plants is dominated by non-

appressed regions of stroma lamellae (Lichtenthaler et al., 1981; Lichtenthaler and Schindler, 

1992). The NPQ capacity is increased in HL plants, which is based on an increased amount 

of PsbS (Ballottari et al., 2007) and the VAZ pool size (Demmig-Adams and Adams, 1992) in 

comparison with NL plants.  

So far, little research has been conducted on plants grown under natural light (NatL) 

conditions in temperate zones. Studies on the acclimation to fluctuating light have been 

investigated mainly on trees and/or subtropical plants growing in the understory of a canopy 

(Ögren and Sundin, 1996). Only a few studies examined the effect of cloud movement 

(Knapp and Smith, 1989) and the effect of moving leaves (Roden and Pearcy, 1993), 

focusing mainly on the importance and responses of plants to sun flecks. In densely covered 

canopies, sun flecks not only provide the majority of available light energy for photosynthetic 

carbon assimilation (Pearcy and Calkin, 1983; Chazdon, 1986), but also give rise to 

absorption of excess excitation energy, which ultimately leads to the formation of harmful 

ROS. The response of plants to sun flecks strongly depends on the duration and intensity of 

the flecks (Chazdon and Pearcy, 1986), which also applies to artificially generated sun flecks 

under controlled lab conditions (Yin and Johnson, 2000). Typically, plants grown under 
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fluctuating light, possess a photosynthetic capacity which exceeds the one observed in 

plants grown under constant light conditions, both under LL and HL conditions (Pollard, 

1970). Additionally, fluctuating light conditions were shown to induce reorganization of 

pigment-protein complexes, resulting in an accelerated NPQ induction (Alter et al., 2012; 

Kono and Terashima, 2014). The size and the de-epoxidation state of the VAZ pool were 

shown to be increased in plants exposed to sun flecks (Alter et al., 2012). Obviously, plants 

exposed to sun flecks or fluctuating light resemble characteristic features of HL grown plants. 

Thus, acclimation of photosynthesis to different light environments comprises changes in the 

chloroplast structure and changes in the stoichiometry of the proteins involved in 

photosynthetic electron transport and carbon assimilation (Walters, 2005). However, 

photosynthetic acclimation is not restricted to long-term responses only, since dynamic 

regulation of de novo synthesis of proteins or directed degradation (Walters and Horton, 

1994; Yang et al., 1998) occurs on a shorter time scale and thus allows for adjustment of the 

photosynthetic machinery in the short-term.  

A significant role in both, grana structure and light harvesting is directly related to the LHCII 

complexes. In particular the antenna size of PSII is highly dynamic and acclimates to the 

according light condition, as shown in Figure 1.7. The minimal unit of PSII is the C2S2 

complex, which can be found in HL plants (Kovacs et al., 2006). This complex only consists 

of the two core units (C2) and two strongly bound LHCII (S-timers, S2) that are unable to 

contribute to qT. In plants acclimated to moderate light intensities (NL), the PSII unit can be 

described as C2S2M2, in this case the PSII recruits two more LHCIIs that are only moderately 

bound (M-trimers, M2) to the RC. These M-trimers are supposed to become phosphorylated 

and detached from PSII upon qT (Dekker and Boekema, 2005; Caffarri et al., 2009). 

Acclimation to LL conditions may further lead to the synthesis of additional LHCII complexes 

that are only loosely bound to the RC (L-trimers) and thus to the formation of C2S2M2L 

complexes. However, the amount of LHCIIs and hence the composition of PSII-LHCII super-

complexes that accumulate upon acclimation differ among plant species (Dekker and 

Boekema, 2005; Yakushevska et al., 2001).  
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Figure 1.7 Model of the PSII reaction center with major antenna proteins attached. The reaction 
center dimer (blue) is surrounded by the minor antenna proteins CP24, CP26, and CP29 (light green). 
Attached to the minor antenna are the major light harvesting complex trimers (dark green). These 
trimers can be either strongly bound (S), moderately bound (M), or loosely bound (L).PSII RC and the 
LHC antenna are shown for HL (A), NL (B) and LL (C) acclimated plants. Adapted from (Dekker and 
Boekema, 2005). 

Depending on the amount of LHCII proteins, the extent of grana stacking may vary 

(Lichtenthaler et al., 1981; Chow et al., 2005). This is mainly due to the accumulation of Van-

der-Waals forces and the attraction of complementary charges that are present between 

LHCs in opposing thylakoid membranes (Chow et al., 2005). Less stacked grana, as found in 

HL acclimated plants, were shown to unstack upon illumination (Herbstova et al., 2012; 

Kirchhoff, 2013), which might be possible due to the overall weaker attraction forces resulting 

from the smaller LHC antenna (Figure 1.7). 

1.5.2 Short-term responses 

Short-term responses typically occur on a time-scale of seconds to minutes (Rachmilevitch et 

al., 2008) or few hours (Schofield et al., 1998). Since restructuring of existing tissues, 

membranes or protein complexes is costly, short-term acclimation is a cost efficient way of 

coping with changing environmental factors. Plants have developed a number of strategies to 

respond to varying light conditions. On the cellular level, chloroplast movement represents an 

efficient way to adjust the overall absorption cross section of chloroplasts (Wada et al., 

2003). The movement of chloroplasts can either be described as accumulation response in 

case of limiting light, or as avoidance response under excess light conditions (Wada et al., 

2003). Within the chloroplast, acclimation of light utilization is typically coupled to the light 

reactions of photosynthesis thereby balancing the production of ATP and NADPH in relation 

to the ATP/NADPH demand. As a consequence, the signaling for short-term acclimation 

processes is influenced by a variety of stresses that directly or indirectly effect the 

photosynthetic efficiency (Anderson et al., 1995). Key signals involved in short-term light 
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acclimation are the pH of the thylakoid lumen (Takizawa et al., 2007) and the redox state of 

the chloroplast (Küchler et al., 2002; Pfannschmidt, 2003; Oelze et al., 2008). The lumen pH 

is a direct measure for the saturation of photosynthetic electron transport which does not only 

reflect generally saturating light conditions but also any limitation of electron transport 

through limited utilization of NADPH and ATP in downstream assimilation processes. A drop 

of the lumen pH below a threshold of about 6.0 rapidly activates the synthesis of Zx (through 

activation of the VDE) and energy dissipation (through activation of PsbS). The redox state of 

the chloroplast is known to regulate kinases, such as STN7 or STN8. STN7 phosphorylates 

LHCII and thus leads to qT, a mechanism for short-term balancing of excitation energy 

between PSII and PSI. STN8 phosphorylates the PSII core and is involved in the repair cycle 

of the D1 protein that is damaged upon qI. Generally, NPQ processes are effective means of 

short-term acclimation towards excess light especially in environments with fluctuating light 

conditions. 

However, acclimation is not only possible on protein level but is also reflected by the 

dynamics of the thylakoid membrane. Upon illumination, the thylakoid lumen was shown to 

swell (Kirchhoff et al., 2011), presumably due to the transport of Cl- ions through voltage 

gated Cl- channels in the thylakoid membrane (Spetea and Schoefs, 2010). Furthermore 

unstacking of the grana was observed, giving rise to more efficient diffusion of proteins and 

protein complexes (Kirchhoff, 2013), which ultimately accelerates electron transport and 

supports NPQ mechanisms such as qE and qT due to the increased diffusion speed of both, 

mobile electron carriers and LHCs. Furthermore, unstacking of the membrane simplifies the 

access of the PSII repair machinery to damaged PSII D1 units, thereby increasing the repair 

efficiency (Kirchhoff, 2014). By enhancing diffusion of molecules such as LHC complexes 

that can undergo qT upon phosphorylation, cyclic electron flow around PSI, which generates 

ATP and by that balances the ATP/NADPH ratio, is enhanced. This gives rise to a faster 

regulation in the short-term in response to changes in the ATP/NADPH demand under 

different light conditions (Kono et al., 2014).  

1.6 Aim of the thesis 

The work of this thesis was part of a collaborative research project initiated together with the 

group of Prof. Dr Alfred Holzwarth at the Max-Planck-Institute for Chemical Energy 

Conversion (Mülheim a.d.Ruhr). Starting point of the work was the identification of two 

different quenching sites (Q1 and Q2, Figure 1.6) that contribute to NPQ under in vivo 

conditions (Holzwarth et al., 2009). The long-term objective of the collaborative work was, to 

determine, whether the two quenching sites (Q1 and Q2) are differentially activated in plants 

with different NPQ capacities, and to understand the underlying physiological acclimation 

strategies. For that, ultrafast fluorescence spectroscopy (carried out at the MPI Mülheim) was 
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combined with the physiological and biochemical characterization of plants acclimated under 

different light environments, which are known to result in decreased or increased NPQ 

capacities in comparison with plants grown under standard (NL) lab conditions. The initial 

approach was the characterization of the NPQ processes in Monstera delicosa plants grown 

either under LL or natural HL conditions. Monstera plants grown under natural HL represent 

a very interesting biological system, since these plants develop a very high NPQ capacity 

under natural HL conditions (Demmig-Adams et al., 2006). For future studies, however, the 

use of Monstera plants is limited by the lack of specific mutant lines. Therefore, the studies 

were further extended to Arabidopsis plants that were grown either under controlled lab 

conditions at three different light intensities (LL: 25, NL: 100, HL: 500 µmol photons m-2 s-1), 

or under natural (fluctuating) light conditions. The acclimation of Arabidopsis to different 

growth conditions was analyzed by characterizing morphological and physiological properties 

in comparison with the NPQ characteristics. 
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2 Materials and Methods 

2.1 Plant growth 

Arabidopsis thaliana (ecotype Colombia-0) wild type and mutant plants were cultivated in 

small growth pots with 5 plants per pot. For all growth conditions seeds were first stratified for 

2 days in 0.1 % agarose and then put on well-watered soil (BP substrate, Klasmann-

Deilmann GmbH, Geerste, Germanay). Low light (25 µmol photons m-2 s-1) and high light 

(500 µmol photons m-2 s-1) plants were transferred into the according light intensities after 

two weeks of growth at NL (100 µmol photons m-2 s-1). Plants were grown under short day 

conditions with 14/10 h day/night cycle. Growth temperature was about 20 °C. All plants were 

fertilized with either Lizetan® granulate (Bayer CropScience, Langenfeld, Germany) or 

Celaflor® granulate (Scotts Celaflor GmbH, Mainz, Germany).  

 
Figure 2.1 Typical cause of light intensities over one month of growing season, measured with 
a light sensor located between the plant pots. Light intensities are shown at 06:00, 09:00, 12:00, 
15:00, and 18:00 o‟clock for each day between the 3

rd
 of June till the 1

st
 of July.  

Furthermore, plants grown under natural, fluctuating light conditions (NatL) were cultivated. 

Exclusively wild type plants were used for this growth method. After two weeks of controlled 

growth conditions at 100 µmol photons m-2 s-1, plants were put on a balcony outside of the 

lab, facing east (Düsseldorf, North-Rhine Westphalia, 51°11'18.5"N 6°48'00.5"E). Plants 

were watered manually, since rainfall onto the plants was prevented by the roof. Note that full 

sunlight exposure was only given before noon due to shading of the plants by surrounding 
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buildings. The median light intensity was at 150 µmol photons m-2 s-1, with a 95 % quantile of 

1230 µmol photons m-2 s-1 at its upper range (see Figure 2.1). 

 

Figure 2.2 Records of temperature and rainfall in the years 2013 and 2014. Data was obtained at 
the weather station at the Heinrich-Heine-University Düsseldorf. 

 

Growth season was from April till October 2013 and 2014 with temperatures between 15 and 

25 °C on average for both growth seasons (see data from the City Environmental Office of 

Düsseldorf Figure 2.2).  

2.2 Pigment analysis 

For pigment quantification, a reversed phase HPLC (High performance liquid 

chromatography) system was used (Gilmore and Yamamoto, 1991; Färber et al., 1997). The 
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reversed phase system consists of a stationary, apolar phase, in this case a silica gel column 

with a pore size of 3-5 µm, and a mobile phase containing liquids with different polarity. In 

order to elute all pigments from the column, a stepwise gradient of two different mobile 

phases was used. Composition and gradient of the mobile phase are shown in table 2.2. 

Once the sample is injected into the flow of the liquid phase, pigments bind to the column 

with different affinities, dependent on their polarity. More polar substances are binding less 

well and are eluted earlier from the column as less polar substances.  

Table 2.1 Components and distributors of the HPLC system. 

HPLC component Distributor 

Solvent degasser Gastorr 104 Schambeck 

Pump L-7100 Hitachi/Schambeck 

Precolumn LiChroCART 4-4 Merck 

Column LiChroCART 250-4 Merck 

Separation material LiChrospher 100 RP-18.5 µm  

UV/VIS-Detector L-7420 Hitachi/Merck 

Autosampler L-7200 Hitachi/Merck 

Injection valve 7125 with 20 µl sample loop Cotati 

 Peltier sample cooler for L-7200 Merck 

 Interface D-7000 Hitachi/Merck 

Table 2.2 Elution program for the separation of pigments. 

Elution program Time (min) 

100 % solvent A 0 - 9 

linear gradient to solvent B 9 - 12.5 

100 % solvent B 12.5 - 18 

linear gradient to solvent A 18 - 19 

100 % solvent A 19 - 23 

 

Solvent A: Acetonitil:Methonol:Tris-buffer in the ratio of 87:10:3 

Solvent B: Methanol:n-Hexan in the ratio of 4:1 

Tris-buffer: 0.1 M Tris/HCl (pH 8.0), filtered (0.2 µm pore size, Schleicher und Schüll). 

The eluted pigments then pass a UV/VIS-detector unit, where they are quantified 

photometrically at 440 nm. The peaks are identified using specific retention times and finally 

quantified by taking specific conversion factors into account, which were formerly determined 
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with the help of calibration curves for each pigment (see table 2.3). For more detailed 

information regarding the HPLC setup see table 2.1.   

Table 2.3 Retention times and specific conversion factors of the eluted pigments. 

Pigment 
Retention time  

(min) 

Conversion factor  

(area mol-1) 

Neoxanthin   3.3 2990 

Violaxanthin   4.2 3375 

Antheraxanthin   6.3 3006 

Lutein   8.5 2877 

Zeaxanthin   9.4 1980 

Chlorophyll b 13.6   842 

Chlorophyll a 14.2 1056 

β-Carotene 16.7 2595 

2.2.1 Pigment content normalized on fresh weight 

The fresh weight was determined on intact leaves or leaf discs, which were immediately 

shock frozen in liquid nitrogen and mortared with a bead-mill system (Retsch®, Haan, 

Germany) for 30 sec at 30 Hz. For pigment extraction, 1 ml of 100 % acetone was added to 

each sample and stored overnight at -20 °C. The next day, the samples were centrifuged and 

filtered through a 0.2 µm membrane filter (GE Healthcare, Buckinghamshire, UK) and stored 

at -20 °C until measurement. 

2.2.2 Conversion of Xanthophylls 

The conversion of the xanthophylls was carried out in leaf discs, using a strong actinic white 

light source. A cooling cuvette and an additional fan were used to reduce heating of leaves. 

Leaf discs were illuminated at 340, 850 or 2000 µmol photons m-2 s-1, respectively. Samples 

were taken before illumination (time point 0), and after 2, 5, 10, 20 and 30 minutes of 

illumination. After 30 minutes the samples were transferred into darkness to monitor the VAZ 

re-conversion in the dark. During a 30 min relaxation phase samples were taken after 2, 5, 

10, 20 and 30 minutes, also. The taken samples were quickly dried and immediately 

transferred into 2 ml reaction tubes, which were immediately shock frozen in liquid nitrogen. 

For further sample preparation see 2.2.1. 
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2.3 Thylakoid isolation from Arabidopsis thaliana leaves 

5-10 grams of leaf material was harvested and washed twice with water and additionally 

once with demineralized water and kept in the fridge for 10-30 minutes. Afterwards leaves 

were shredded using a Waring blender (Waring Comercial, Connecticut, USA) under addition 

of 25 to 50 ml isolation medium (Medium A). The homogenate was filtered through two layers 

of mull and one layer of nylon gaze (20 µm). The filtrate was centrifuged at 1010 x g 

(Universal 32t, Hettich, Germany) for 5 minutes at 4 °C and pellets were resuspended in 

shock medium (Medium B) in order to break the remaining intact chloroplasts open and 

yielding a homogenous thylakoid suspension. After adding the same volume of resuspension 

medium (Medium C) the sample was centrifuged again and finally resuspended in a 1:1 

mixture of media B+C. The thylakoids were kept on ice in the dark until further use. 

Table 2.4 Media composition for thylakoid isolation from Arabidopsis thaliana leaves 

Isolation medium* 

    (Medium A) 

Shock medium 
(Medium B) 

Resuspension medium 

(Medium C) 

330 mM Sorbitol 5 mM MgCl2 660 mM Sorbitol 

44 mM MES (NaOH pH 7.4)  80 mM HEPES (NaOH pH 7.6) 

10 mM NaCl  10 mM NaCl 

1 mM MgCl2   5 mM MgCl2 

1 mM MnCl2   2 mM KH2PO4 

5 mM EDTA   

5 mM EGTA   

* add freshly 0.1 % (w/v) BSA and 330 mg/L Sodium-ascorbate 

Chlorophyll content was determined using a method adapted from (Arnon, 1949), measuring 

the absorption at 645 and 663 nm with a photospectrometer (Ultrospec 100 pro, Amersham 

Biosciences). 5-10 µl of isolated thylakoids were added to 1 ml of 80% Acetone and 

centrifuged at maximum speed for 2 min. According to the following formula the chlorophyll 

content was calculated:  

                    (
  

  
)  (

(                    

    
)  

           

            
  

2.4 Chloroplast isolation from Arabidopsis thaliana leaves 

2-5 grams of plant material were used for the preparation. After carefully washing once with 

distilled water, leaves were kept in the fridge for 2 hours in order to stabilize the membranes. 

Meanwhile 4 falcon tubes were prepared, each containing 5 ml of Percoll and 5 ml of 2x 

Isolation buffer and kept in the fridge for further use. After 2 hours, 25 ml of 1x Isolation 
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buffer (and freshly added 0.1 % (w/v) BSA and 330 mg/L sodium ascorbate) were added to 

the leaves and homogenized for 3 sec with low speed in a well sharpened Waring blender 

(Waring Comercial, Connecticut, USA). The homogenate was then gently filtered through 

one layer 50 µm Petex polyester mesh (Sefar, Thal, Switzerland). The filtrate was carefully 

loaded onto the formerly prepared falcon tubes. Then, samples were centrifuged for 10 

minutes at 4 °C with 2000 x g (Universal 32t, Hettich, Germany). After the centrifugation 

intact chloroplasts were localized at the bottom of the falcon tube, whereas broken 

chloroplasts are found in a smear in the upper part of the Percoll cushion. The supernatant 

was discarded and the broken chloroplasts were removed with a soft tissue. Intact 

chloroplasts were resuspended in 1 ml (+ 15 ml) of 1x Isolation buffer by gently shaking of 

the tubes and pooled afterwards. The chloroplast suspension was centrifuged for 5 min at 

4 °C with 2000 x g. After carefully discarding the supernatant chloroplasts were resuspended 

in a final volume of 100 to 250 µl of 1x Isolation buffer. Chlorophyll content was determined 

as mentioned (see 2.3). 

Isolation Buffer 2x 

600 mM Sorbitol 

  40 mM HEPES (KOH, pH 7.6) 

    2 mM MgCl2 

    2 mM MnCl2 

  10 mM EDTA 

  10 mM EGTA 

  20 mM NaHCO3 

2.5 Determination of Chl content normalized on the amount of 

chloroplasts 

The chlorophyll concentration of isolated chloroplasts (see 2.4) from LL, NL, HL and NatL 

was determined as previously described (see 2.3). Dilutions of 1:10, 1:20, 1:50, and 1:100 of 

the chloroplast suspension were prepared for chloroplast counting. 50 µl of the chloroplast 

solution was transferred onto a Baumannsche counting chamber and the number of 

chloroplasts was quantified via counting 4 out of 16 squares of the counting chamber. Each 

square contained a volume of 0.004 µl, resulting in 0.064 µl for the whole chamber. To 

normalize the data, counts were divided by 0.064 and multiplied by 1000, yielding in the total 

number of chloroplasts per ml. Only chloroplast isolations with high amounts of intact 

chloroplasts were used for the calculation to minimize bias that would result from broken 

chloroplasts. 

The amount of Chl per chloroplast was calculated as follows: 
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 , 

with c = chlorophyll concentration of the chloroplast solution in mg Chl per ml; n = number of 

calculated chloroplasts per ml solution; where 0.9 * 10-6 corresponds to the molecular weight 

of Chl (M = 900 g/mol). 

2.6 Isolation and quantification of total protein extract 

One leaf per plant was harvested and mortared using a motorized pistil (Heidolph RZR 

2051control, Heidolph Instruments GmbH & Co.KG, Schwabach, Germany) while adding 

200-300 µl of protein extraction buffer. Samples were centrifuged for 10 minutes at maximum 

speed and the supernatant was transferred into a new reaction tube. 

Total protein concentration was quantified using the BioRad DC Protein Assay (Biorad, 

Munich, Germany) according to manufacturer‟s guideline. This assay is based on a method 

developed by (Lowry et al., 1951), which uses colorimetric means in order to quantify 

proteins in a solution. During the reaction aromatic residues in the protein, introduced by 

tryptophan and tyrosine, are oxidized by the Folin agent and can be measured at 750 nm. 

After determining the protein concentration, samples were adjusted with protein sample 

buffer to either 1-2 mg/ml total protein. 

Protein extraction buffer Protein sample buffer 

50 mM Tris/HCl (pH 7.6) 50 mM Tris/HCl (pH 7.6) 

1 M Urea 1 M urea 

1.6 % SDS 1.6 % SDS 

 1 % (v/v) β-mercaptoethanol 

 12.5 % (v/v) glycerin 

 0.05 % bromophenol blue 

2.7 SDS-PAGE and Westernblot analysis 

Protein samples were obtained as described previously (see 2.6) and 8-20 µg total protein 

extract were loaded onto the SDS gel (Table 2.5). For separation, a discontinuous gel 

system as described by Leammli was used (Laemmli, 1970). Before loading, the samples 

were preheated for 5 min at 95 °C. Proteins were separated using an initial voltage of 50 V 

for the stacking gel and 120 V for the separation gel. Empty pockets were filled with sample 

buffer in order to keep a homogenous running front during the separation. Band sizes were 

identified using the PageRulerTM (Fisher Thermo Scientific, Waltham, USA) protein ladder. 
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Table 2.5 Stacking and separation gel composition for SDS PAGE. 

Components Stacking gel (5 %) Separation gel (13.5 %) 

Acrylamide (30:1:1)   1.7 ml  13.5 ml 

Tris/HCl pH 8.8     -   6.5 ml 

Tris/HCl pH 6.8   2.5 ml      -  

ddH2O   5.6 ml  12.1 ml 

SDS (10 %)  200 µl 300 µl 

APS (10 %)  100 µl 200 µl 

TEMED     8 µl     10 µl 

Bromphenol blue  10 µl      - 

 

 

Laemmli buffer Sensitive Coomassie  staining solution  

25 mM Tris/HCl (pH 7.5) 25 % (v/v) 2-propanole  

150 mM glycine 10 % (v/v) acetic acid  

0.1 % SDS 0.5 g/L Coomassie brilliant blue G-250  

 

Proper loading of the samples on the gel was checked with a sensitive Coomassie staining. 

After destaining with water, gels were used for Westernblot analysis. The Westernblot was 

performed using a semi-dry blotting chamber (Peqlab Biotechnologie GmbH, Erlangen, 

Germany). A discontinuous blotting system was used for transfer of the proteins onto a 

PVDF membrane (Immun-Blot® PVDF, BIORAD, Hercules, USA). The setup for the transfer 

was as follows (from anode to cathode): Three layers of Whatman paper previously 

incubated in Anode buffer I, followed by three layers of Whatman paper previously incubated 

in Anode buffer II. The PVDF membrane, also incubated in Anode buffer II was put onto the 

six layers of Whatman paper, topped by the SDS gel, incubated in Cathode buffer. Finally the 

stack was finished by topping three layers of Whatman paper, previously incubated in 

Cathode buffer.  

Anode buffer I Anode buffer II Cathode buffer 

25 mM Tris (pH 10.4) 300 mM Tris (pH 10.4) 25 mM Tris (9.4)  

  40 mM 6-amino capronic acid 

Protein transfer was verified by staining of the PVDF membrane with Ponceau staining 

solution. All steps were performed at room temperature. The membranes were then washed 
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2 x with TBS-T buffer each for 10 min. The membrane was blocked by with a 5 % (w/v) milk 

powder solution (solved in TBS-buffer) while shaking for 1 h. After blocking, membranes 

were washed 1 x with TBS-T buffer and further incubated with the primary antibody for 1 h. 

Either anti-D1 antibody (Agrisera, Vännäs, Sweden) in a dilution of 1:4000, or anti-PsbS 

antibody (Pineda Antikörper Service, Berlin, Germany) in a dilution of 1:8000 were used.  

After washing with TBS-T buffer, the membranes were finally incubated with the secondary 

antibody (dilution 1:10000), also for 1 h. After washing 3 x with TBS-T buffer (10 min), 

membranes were incubated with picoLUCENTTM (G Biosciences, St. Louis, USA) agent. 

Fluorescence was detected using the LAS-4000 mini (Fujifilm, Tokyo, Japan). Band intensity 

was quantified using the freeware Image Studio Lite (LI-COR Biosciences, Lincoln, USA).  

TBS buffer: TBS-T buffer: Ponceau staining solution: 

10 mM Tris/HCl (pH 7.5) 1 x TBS buffer 3 % (w/v) 2,4,6-Trichloranisol (TCA) 

150 mM NaCl 0.2 % Triton X-100 0.2 % (w/v) Ponceau S 

 0.05 % Tween-20  

2.8 Spectroscopy 

2.8.1 Fluorescence measurements 

Fluorescence was measured in intact leaves for 30 min at 340, 825, and 1950 µmol photons 

m-2 s-1 actinic light intensity, followed by 30 min of relaxation. The leaves were placed on a 

glass plate and a drop of water was placed on the cut end of the leaf to prevent additional 

effects on the fluorescence by drought stress. Measuring light intensity was 7 µmol photons 

m-2 s-1. Saturation pulses (200 ms, 4000 µmol photons m-2 s-1) were applied as follows:  

Saturation pulses during actinic light phase: 10 x 3‟‟, 10 x 6‟‟, 17 x 30‟‟, 20 x 60‟‟ 

Saturation pulses in the dark period: 10 x 6‟‟, 8 x 30‟‟, 25 x 60‟‟ 

For measuring transient NPQ, 53 µmol photons m-2 s-1 were used for NL, HL, and NatL 

plants. For LL plants 13 µmol photons m-2 s-1 were used. Fluorescence was measured for 10 

minutes with actinic light, followed by 5 min of relaxation in the dark. Saturation pulses were 

applied every 60 sec. NPQ was calculated as (Fm/Fm‟ - 1) (Krause and Jahns, 2004).  

 

qL, as the coefficient of photochemical quenching, provides information about the reduction 

state of PSII. Values range between 0 (PSII closed, oxidized) and 1 (PSII open, reduced). qL 

was calculated as follows: qL = (Fm‟-F)/(Fm‟-F0‟) x F0‟/F 

Additionally, electron transport rates were determined, derived from the effective quantum 

yield of PSII (Y(II)), according to Genty (Genty et al., 1989). 
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Y(II) = (Fm‟-F)/Fm‟, ETR = Y(II) x I x a x f, with I = light intensity (µmol photons m-2 s-1), f = 

fraction of absorbed light by PSII (0.5), and a = fraction of absorbed light by the leaf (0.84). 

2.8.2 PSI oxidation state (P700) 

PSI oxidation state can be monitored by measuring absorption changes at 730 and 870 nm. 

The oxidation state depends on the PSI excitation (oxidation) and reduction by electron 

transfer from PC (reduction).  Oxidized P700 thus resembles congestion in the LET. Light 

curves with the following actinic light intensities were measured: 53, 166, 340, 825, and 1950 

µmol photons m-2 s-1. Two minutes per light step allowed for full acclimation to the according 

light intensities. The oxidation state was measured both, with increasing and decreasing light 

intensities and the data was pooled for analysis.  

2.8.3 Measurement of the proton motive force and the proton conductance 

The proton motive force (pmf) was measured using the DUAL-PAM 100 device, with P515 

emitter and detector units. By analyzing absorption changes between 515 and 525 nm in the 

Dark-Interval-Relaxation-Kinetic (DIRK) (Sacksteder and Kramer, 2000), partitioning of the 

pmf was estimated. A typical DIRK signal of a NL grown plant in the light- (340 µmol photons 

m-2 s-1) dark transition is shown in Figure 2.3. Due to proton efflux through the ATPase in the 

dark-light transition, the ECS signal is characterized by an undershoot compared to the 

steady state dark ECS shortly after illumination (Figure 2.3 A).  

 

Figure 2.3 (A) Typical Dark-interval relaxation kinetic (DIRK), (B) Proton conductance through 
the ATPase. During the light-dark transition, a constant efflux of protons through the ATPase leads to 
a negative overshoot of the ECS signal compared to the steady state ECS in the dark (ECSinv, ΔΨ). 
Due to counter ion movement, the ΔΨ is collapsed, thus reaching steady state (ECSss). The total 
amplitude of the ECS signal accounts for the chloroplastidal pmf in the light-dark transition. (B) Proton 
efflux through the ATPase can be analyzed by single exponential fit, acquiring the lifetime of the ECS 
signal (τECS). The proton conductance (gH

+
) can be derived from the according rate constant.  
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The partition below the steady state (ECSinv) accounts for the ΔpH portion of total pmf. The 

ECS in steady state (ECSss) complements the total pmf, giving the portion of the electric field 

component (ΔΨ). The decay of ECS can be expressed as single exponential, from which the 

lifetime of the ECS (τECS) signal can be extracted. The proton conductance through the 

ATPase (gH
+) is resembled in the according rate constant of τECS. 

The specific ECS unit for each sample was determined by applying a single turnover flash 

previous to each measurement. 10 flashes were averaged and the the ECS unit quantified. 

Initial pmf was determined during dark-light transition before switching on the actinic light 

source at 340, 825, or 1950 µmol photons m-2 s-1 for 30 min. Total pmf in the light was 

determined by analyzing the DIRK signal obtained in the light-dark transition. Arabidopsis 

wild type measurements were performed on individual plants, which one measurement per 

plant.  For Arabidopsis mutants, multiple light-dark and dark-light transitions were measured 

at same sample as follows: (time in minutes; white bars: illumination, black bars: dark-

phase): 

15 0.5 5 0.5 5 0.5 5 0.5 

Partitioning of the pmf into ΔΨ and ΔpH was calculated by measuring the steady state of 

signal recovery after 20-30 sec after the light-dark transition as described in Figure 2.3. 

Proton conductance was calculated from ECS decay (τECS) as described (Figure 2.3). Lumen 

pH was calculated according to (Takizawa et al., 2007). 

2.9 Spectrometric determination of PSII, PSI and Cyt b6f 

Thylakoids from Arabidopsis thaliana wild type plants were isolated as described (section 

2.3). For the determination of the PSI content, thylakoids were diluted in 1.5 ml Measuring 

solution (P) to a concentration equivalent to 50 µmol chlorophyll. Samples were centrifuged 

for 45 sec at maximum speed. For the measurement, 1.2 ml of the supernatant were 

transferred into a disposable polystyrene cuvette (Sarstedt, Nümbrecht, Germany). 10 mM 

sodium ascorbate and 100 mM MV were added to the sample and mixed carefully before 

measurement. PSI was quantified using the P700 emitter/detector unit of a DUAL-PAM 100 

(Walz, Effeltrich, Germany). Only fully dark-adapted samples were measured. Precautions 

were made that no trembling of the cuvette or the cuvette holder disturbed the sensitive 

measurement. After calibrating the P700 signal, a 200 ms saturation pulse was applied to the 

sample and the maximum amplitude of the signal was quantified. The dark baseline 

resembles the PSI in a fully reduced state, whereas at the maximal amplitude, PSI is in a 

completely oxidized state. PSI content was calculated as follows:  

   
  

 

(        )
, 



 Materials and Methods 
 

39 
 

with ε = 2.53 cm² µmol-1, specific for the Dual-PAM system used for the experiments. 

 

PSI measuring solution (P) 

0.2 % (w/v) beta-DM 

 30 mM KCl 

 10 mM MgCl2 

 30 mM HEPES/KOH (pH 7.6) 

The amounts of PSII and cytochrome b6f were calculated from differential spectra measured 

with a photospectrometer in a range of 540-575 nm. In this approach absorption changes of 

cytochrome b6, cyt f, cyt559 and cyt550 were measured at different oxidation states (see 

below). The differential spectra were fitted against reference spectra and the amount of 

cytochrome b6f and PSII (cyt550) was calculated. 

For the measurements, dark adapted thylakoids from Arabidopsis thaliana were isolated as 

previously described (section 2.3). Thylakoids equivalent to 50 µmol of chlorophyll were 

incubated for 10 min in the high salt Measuring solution (Cyt) to ensure compete grana 

unstacking. After blanking, 1 mM potassium ferricyanide was added to the measuring cuvette 

to fully oxidize the cytochromes. After 1 min of incubation the spectra was measured (10 

cycles). Hereafter, 10 mM sodium ascorbate was added to the sample to partially reduce the 

cytochromes. Samples were incubated for 5 min and measured again in a range of 540-575 

nm (10 cycles). Finally, to fully reduce all cytochromes, a spatula tip of dithionite was added 

to the sample. The cuvette was sealed with paraffin oil (150 µl) to prevent reoxidation of the 

cytochromes by aerial oxygen. After 8 min of incubation on ice, the spectra were measured 

(10 cycles). Averages from all cycles of each treatment were used for calculating the amount 

of PSII (cyt550) and Cyt b6f. 

Measuring solution (Cyt) 

0.02 % (w/v) beta-DM 

  30 mM KCl 

 0.1 mM EDTA 

  30 mM HEPES/KOH (pH 7.6) 

2.10 Lipid analysis 

Lipids were extracted from total leaves according to a boiling water protocol, which was 

kindly provided by the workgroup of Prof. Dr. Peter Dörmann. Leaves (approximately 200 mg 

fresh weight) were harvested and immediately transferred into glass vials containing boiling 

water. Leaves were boiled for 20 min to inhibit all lipase activity. After transferring the leaves 



 Materials and Methods 
 

40 
 

into a fresh glass vial, 1 volume of Chloroform:Mehtanol (2:1) was applied and gently mixed. 

The green supernatant was transferred into a fresh glass vial and the leaf material was 

washed in a second step with 1 volume Chloroform:Mehtanol (1:2). The green supernatants 

were pooled and stored in a glass vial with Teflon cap at -20 °C. The leaf material was dried 

overnight in a drying chamber at 70 °C and dry weight was obtained the next day. 

Samples were analyzed at the IMBIO in Bonn via mass spectrometry in the institute of Prof. 

Dr. Peter Dörmann, where further steps of lipid preparation were performed. 

2.11 Microscopy 

All light and electron microscopy studies were carried out by Dr. Michael Melzer in the 

Leibniz-Institute for plant genetics und crop research (IPK) in Gatersleben.  

2.11.1 Light microscopy 

Leaf cross sections were stained for 2 minutes at 60 °C with 1 % (v/v) methylene blue, 1 % 

(v/v) Azur II in a 1 % (v/v) aqueous borax solution. Samples were thereafter washed and 

dried. Cross sections were examined using a Zeiss Axiocam camera which was used in a 

Zeiss Axiovert 135 microscope (Zeiss, Oberkochen, Germany).  

2.11.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy images were obtained with a FEI Tecnai Sphera G2 (FEI, 

Hillsboro, Oregon, USA) microscope, which uses a high voltage electron beam in order to 

create a black white image with high resolution. The high resolution is based on the 

wavelength of electrons, which is 100,000 times smaller compared to the wavelength of light, 

yielding in an increased total resolution compared to light microscopy. The image is created 

based on the number of electrons reaching the detector, which depends on the density of the 

mass of the sample. Areas of higher mass are darker compared to areas of lower mass. 

Leaves from Arabidopsis thaliana plants, grown under different light conditions, were 

measured in a dark acclimated (overnight) and light acclimated (illumination with 

approximately 1000 µmol photons m-2 s-1 for 30 min) states. Additionally, samples were taken 

after 10 minutes of darkness after illumination. At each acclimation state, leaves were 

harvested, chopped, and fixed with Spurr fixation solution in a microwave using 150 W in the 

following sequence: 

2x heating, 1 min 

1x Cacodylate buffer, 45 sec 

2x H2O, 1 min 
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Samples were then stepwise dehydrated (20 min per step at room temperature) with 

increasing ethanol concentration reaching from 20 % to 100 % After dehydration, the 

samples were fixed in HM20 resin, again stepwise from 20 % to 100 % HM20. The samples 

were finally transferred in pre-polymerized galantine capsules and cooled to -35 °C. The 

resin was polymerized during 72 h in UV light at -35 °C. 

Spurr fixation solution 

2.0 % Formaldehyde 

0.5 % Glutaraldehyde 

50 mM Cacodylate buffer (pH  7.2) 

2.11.3 Immunogold labeling 

Immunogold labeling was used for semi-quantitative analysis of PsbS content in leaf tissues 

of plants from different growth conditions. Leaf sections (approx. 70 nm) were washed with 

0.1 % BSA washing solution (150 mM phosphate buffer, pH 5.2, 0.5 % Tween-20, 0.1 % 

polyethylene glycol, 5 mM NH4Cl) to minimize binding of non-specific proteins. The sections 

were incubated in diluted anti-PsbS antibody solution for 45 min and furthermore washed 

with washing solution with reduced BSA concentration (0.1 ng l-1). 10 nm A-gold conjugates 

were added to the cross section and repeatedly washed with washing solution for 30 min. 

Contrasting of the sections was induced by adding LEICA EM STAIN (Leico Microsystems, 

Wetzlar, Germany) with uranyl acetate and lead citrate. Analysis of the samples was 

performed as previously described.  

2.11.4 Confocal microscopy 

Confocal microscopy (LSM 4000, Zeiss, Oberkochen, Germany) was used to detect auto 

fluorescence of chloroplasts in leaves of LL, NL, HL, and NatL grown Arabidopsis thaliana 

plants. Auto fluorescence was induced by using a red laser beam with 440 nm wavelength 

and detected between 680-700 nm. The advantage of confocal microscopy is an increased 

resolution due to subsequent scanning the sample areas, which are merged at the end of the 

scanning. Additionally, the resolution, primary of the z-axis (the depth of the sample), is 

enhanced by a so-called pinhole aperture, which prevents a decrease of resolution by 

reducing the scattering of non-directed light. Besides auto fluorescence, fluorescence 

markers, such as the green-fluorescent protein, can be detected via confocal microscopy 

(Cisek et al., 2009).  
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2.12 Chlorophyll a fluorescence transient (OJIP) 

Chlorophyll a fluorescence transient is based on the so-called Kautsky effect (Kautsky and 

Hirsch, 1931) and can be used as a tool for measuring fluorescence states in PSII in a 

timescale of milliseconds. The nomenclature of this measurement O-J-I-P resembles the 

different fluorescence states, whereas O = origin, ground fluorescence (F0); J and I = 

intermediate states based on the reduction of QA; P = peak, maximum fluorescence (Fm). 

Arabidopsis thaliana leaves were dark acclimated overnight. Measurements were performed 

with a Handy PEA device (Hansatech Instruments, Norfolk, UK). Dark acclimated leaves 

were illuminated for 1 sec with 3500 µmol photons m-2 s-1 with a gain multiplication of 0.5 to 

obtain the chlorophyll a fluorescence transient. Curves were analyzed on a logarithmic times 

scale.  

2.13 Gas exchange measurements 

Maximal CO2 assimilation rate and light compensation points were calculated from light 

response curves of differently acclimated Arabidopsis thaliana plants obtained by gas 

exchange measurements (LI-COR-6400XT (LI-COR, Nebraska, USA)). A measuring 

chamber with an area of 2 cm² was used. Samples were measured under controlled CO2 

conditions: 400 ppm CO2 with a flow of 300 µmol s-1 under 102.4 kPa. Temperature was set 

to constant 20 °C. Before measurement, plants were acclimated light acclimated for 15 min 

at 500 µmol photons m-2 s-1. Light response curves were measured in the following steps 

from the highest to the lowest light intensity: 2000, 1500, 1000, 750, 500, 300, 150, 100, 50, 

25, 25, 0 µmol photons m-2 s-1. Leaves were acclimated for 3 min at each light intensity 

before measurement. The light quality consisted of 90 % red and 10 % blue light. The 

assimilation curves were fitted with Prism®, providing the maximum assimilation rate Pmax and 

the light compensation point (LCP). 
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3 Results 

3.1 Energy dissipation in Monstera deliciosa grown under low and 

natural high light 

The evergreen hemi-epiphytic plant Monstera deliciosa is a climbing plant naturally growing 

under both very low light (LL) conditions (as found at the bottom of dense canopies) and high 

light (HL) conditions (at the top of the canopy). HL acclimated leaves of Monstera develop  a 

drastically increased NPQ capacity compared to LL acclimated plants, which is accompanied 

by the accumulation of increased levels of PsbS and Zx (Demmig-Adams et al., 2006) and 

thus could be related to increased levels of qE and qZ quenching. However, a fraction of the 

increased NPQ capacity was found to be related to ΔpH-independent, sustained quenching 

processes (Demmig-Adams et al., 2006). To determine the molecular mechanisms, which 

contribute to the increased NPQ capacity in HL acclimated Monstera deliciosa plants, a 

combined approach involving ultrafast fluorescence spectroscopy and characterization of 

basic photosynthetic parameters, was chosen.   
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Abstract 

Non-photochemical quenching (NPQ) was studied by time-resolved fluorescence 

spectroscopy in intact leaves of the tropical evergreen Monstera deliciosa grown under either 

high light or low light conditions. Low light grown plants showed a spectrally and kinetically 

homogeneous photosystem II (PSII) pool and evidence for the same NPQ mechanisms and 

similar NPQ capacity as described previously for typical annual mesophytes like e.g. 

Arabidopsis. In contrast, natural high light grown Monstera not only showed evidence for the 

existence of two kinetically distinguishable (heterogeneous) PSII pools, but also exhibited a 

novel NPQ quenching mechanism that we term spillover quenching. This is the most efficient 

NPQ mechanism experimentally observed thus far in plants and contributes a larger fraction 

to the leaf‟s total quenching capacity in plants grown under natural high light than the two 

previously discovered “classical” NPQ mechanisms combined. It allows the plants to reach 

max. NPQ values of ca. 10, while the classical mechanisms only enable NPQ values of up to 

ca. 4. Spillover quenching thus constitutes a new, highly efficient photoprotective mechanism 

for PSII. The observed kinetically heterogeneous PSII pool and spillover quenching indicate a 

major structural reorganization of thylakoids upon high-light-acclimation of Monstera 

deliciosa. This light-induced reorganization abolishes the lateral segregation of PSII and PSI 

in high light grown plants and is particularly pronounced under NPQ conditions. Our data 

thus not only challenge the classical strict lateral segregation model of the photosystems in 

higher plants but also demonstrate that thylakoid structure reorganization is a fast and 

efficient process for both optimal long-term as well as short-term acclimation to variable light 

conditions thus strongly extending the photoprotection capacity well beyond the classical PSII 

intrinsic quenching mechanisms. 
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Introduction  

To optimize photosynthesis while simultaneously preventing photo-oxidative damage, 

chloroplasts must adapt dynamically to rapidly and widely varying natural light levels. This 

involves short-term adjustments like state transitions [1,48] and thermal dissipation of excess 

excitation energy (assessed via non-photochemical quenching, NPQ) [21,38] as well as long-

term acclimation [36,43] known to influence thylakoid structure [3,43]. The present 

understanding of higher plant thylakoid architecture involves two elements: Stacked, highly 

appressed membranes (grana) where photosystem II (PSII) is located, and extended non-

appressed “stroma-lamellae” containing photosystem I (PSI) and the ATP synthase [4,7]. 

Little is known about possible functionally important structural changes in thylakoid 

organization during short-term acclimation such as NPQ activation. The present knowledge 

about thylakoid architecture is based mainly on structural information derived from dark-

adapted plants, often grown under constant low light, rather than from plants grown under 

natural, highly variable light conditions that might induce a substantially different thylakoid 

structure and photoprotection capacity [2,6,16]. Optimal acclimation to widely varying light 

conditions may thus require highly dynamic light-induced thylakoid reorganizations [6]. 

Pronounced membrane stacking, and thus lateral segregation of the two photosystems may, in 

fact, be inconsistent with a highly dynamic membrane architecture required for efficient light 

acclimation [5,31]. Indeed, recent structural studies suggest that thylakoid membrane 

reorganization does occur during both short-term and long-term adjustments to high light 

exposure [12,27,30,31,41,52]. All of these data point to the possibility that plants in their 

photosynthetically active state in the light may have a substantially different thylakoid 

architecture than in their resting state in darkness. 

Fast-growing annual species with high photosynthesis rates typically dissipate about 

half of the light they absorb at midday in sunny habitats to provide effective photoprotection 

against damage of the photosystems by excess light, while slow-growing evergreen species 

often dissipate over 90 % of the absorbed light under the same conditions [10]. Mechanistic 

analyses of photoprotective mechanisms have focused largely on the annual model species 

Arabidopsis thaliana. However, evergreen species exhibit up to three times higher maximal 

NPQ capacities than annual ones [10]. Yet, the underlying structural and/or molecular 

mechanism(s) of such drastically increased NPQ capacities remain unknown. At least two 

NPQ mechanisms are activated in PSII in the short-term, one associated with pH-dependent 

activation of the protein PsbS [37], and another associated with the formation of the 

xanthophyll pigment zeaxanthin [10,13,23,42]. Disagreement exists at present on whether the 



 Results 
 

47 
 

two mechanisms cooperate synergistically in the same PSII antenna complex [22] or act 

independently in different antenna complexes [19,39]. While NPQ processes are generally 

considered to occur in PSII units independent of major reorganization of the thylakoid 

structure, both models propose minor structural changes in the (PSII-containing) grana stacks, 

either by minor reorganization of the peripheral antenna (LHCII) of PSII [26], and/or by 

detachment of a peripheral LHCII antenna from PSII [19]. 

Monstera deliciosa, a climbing (hemi-epiphytic) rainforest vine, is an excellent model 

of plant acclimation to contrasting light environments – as it thrives equally in the extremely 

low light environment on the rainforest floor and in full sunlight on top of the forest canopy 

[11]. Leaves from Monstera plants acclimated to full sunlight generate much higher maximum 

NPQ levels than shade-adapted leaves [11]. This higher NPQ capacity of sunlight-acclimated 

leaves is accompanied by increased levels of the PsbS protein and zeaxanthin [10,11]. To test 

whether the increased NPQ capacity is based on one or both of the known NPQ mechanisms 

(PsbS or zeaxanthin-dependent), or involves a novel additional mechanism, we characterized 

the molecular basis of the high NPQ capacity of M. deliciosa by comparing NPQ 

characteristics of low light grown (LL) plants with those of plants grown under natural, 

fluctuating high light (NatL plants). Using powerful ultrafast fluorescence methods for 

functional characterization we demonstrate a potent novel photoprotection mechanism based 

on major, and rapidly occurring reversible light-controlled thylakoid reorganization.  

Methods  

Plant material and growth conditions 

Monstera deliciosa plants were obtained from a local garden center. Several cuttings were 

taken from one of the plants and were rooted and grown in soil (Floragard, Pflanzenerde) and 

fertilized with a liquid fertilizer optimized for evergreens once per week. Measurements were 

taken on the original plant and plants derived from cuttings. No significant differences beyond 

the variations occurring on different leaves of the same plant were observed in the parameters 

measured in this work.  

The low light grown plants (LL plants) were grown at 40-50 µmol photons m
-2

 s
-1

 

provided by an array of fluorescent tubes (Osram-L 65 W/25, Universal white) under a 12 h 

light/12 h dark cycle. The natural light grown plants (NatL plants) were grown exposed to 

natural sunlight (maximal average PFD = 1200-1400 µmol photons m
-2

 s
-1

) behind a high 

glass window on the southeast side of the laboratory in Mülheim/Ruhr. The temperature in the 

laboratory where the LL plants were grown was kept constant at 20±2 °C. The temperature at 

which the NatL plants were grown varied between 20
o
C at night to a maximum of 24 °C on a 
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sunny day. All plants were long-term adapted for at least 3 months to the above conditions 

before any samples were taken. Fully developed leaves (4-6 weeks growth after onset of leaf 

unfolding) were used for the experiments and were taken only from the top of a shoot fully 

exposed to the above-mentioned light conditions without shading. The leaves were cut at the 

stem in the evening and were kept with the stem in water for dark-adaptation overnight. For a 

set of measurements, leaf sections were cut from the same leaf and treated as required. 

Lifetime measurements and global kinetic compartment analysis were carried out as described 

[19]. 

Pigment analysis 

For pigment extraction, identical NPQ adapted leaf-parts were shock frozen and grinded by a 

beat mill system. The leaves were grinded for 2 x 30 s at 30 Hz. After grinding, 1 ml of 

acetone was added to each sample. Samples were stored over night at -20 °C to ensure full 

pigment extraction. The next day samples were centrifuged for 2 min. The supernatant was 

filtered through a 0.2 µm pore size filter and analyzed in a reversed-phase HPLC column 

system [14].  

P700 oxidation state 

The redox state of P700 was determined using the DUAL-PAM-100 (Walz, Effeltrich, 

Germany) and applying the saturation pulse method [32]. In brief, leaves were illuminated at 

different light intensities in the range from 20 to 1950 µmol photons m
-2

 s
-1

 and P700 

absorbance changes were measured at 830 nm. After 3 min of illumination at each light 

intensity, the P700 oxidation state was derived from the P700 absorbance in presence of 

actinic light in relation to the absorbance of fully reduced and fully oxidized P700.     

Steady state NPQ and relaxation kinetics 

Actinic NPQ light was provided with red (635 nm peak wavelength, FWHM ca. 20 nm) high 

intensity LEDs for all data shown. In preliminary measurement series the maximal actinic 

light intensities yielding maximal saturating NPQ, which was however still fully reversible 

within maximally 2 h, were tested out. These maximal intensities were found to be ca. 300 

µmol photons m-
2
 s

-1
  for LL plants (grown at 40-50 µmol photons m-

2
 s

-1
, i.e. the actinic 

NPQ light intensity was 6-7 times growth intensity) and 2200-2400 µmol photons m
-2

s
-1

 for 

NatL plants (grown at natural variable light conditions, with maximal peak intensity around 

noon of 1200-1400 µmol photons m
-2

s
-1

).  Application of significantly higher actinic light 

intensities did result in incomplete relaxation in particular for the LL grown leaves, reflecting 

photodamage. Since the present work focuses at an analysis of the kinetics at maximal 

reversible NPQ, i.e. plants devoid of photodamage, we did not apply still higher actinic 
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intensities throughout this work. The effects of actinic intensities yielding such photodamage 

will be described in a separate work. 

Ultrafast fluorescence kinetics 

Ultrafast lifetime measurements were carried out as described with the leaf sections 

held in a rotating cuvette, front-face excitation of the upper side of the leaf, using laser pulses 

of 663 nm and a repetition rate of 4 MHz [19,39]. Typically, lifetime measurements were 

started after 30 min of actinic illumination when the quenching had fully stabilized. Each set 

of lifetime measurements consisted of two different types of measurement: A time-resolved 

spectrum of the dark-adapted leaf with PSII reaction centers (RCs) closed by DCMU and very 

weak (≤5 µmol photons m
-2 

s
-1

) background excitation. The DCMU treatment was carried out 

by mild vacuum incubation (3-4 times) in a 300 µM DCMU solution for 1 h. For achieving 

full PSII closure, as tested by fluorescence induction using a Hansatech HandyPea instrument 

and by fluorescence lifetime measurements, the lower epidermis of the leaves was mildly 

rubbed with extra-fine sandpaper (ISO/FEPA Grit designation: P400, average particle 

diameter: 35.0 µm) before DCMU incubation. To quickly close all PSII centers and achieve 

F‟max under (red high intensity LED array) NPQ conditions an additional focused blue (λcenter 

= 460 nm) high intensity LED light was applied. It provided additional high illumination for 

about 300 msec just before the illuminated sample spot entered the measuring beam in the 

rotating cuvette. This illumination was sufficient for closing all PS II RCs. 

Data analysis 

Kinetic data analysis and kinetic compartment modeling were performed as described [17,19]. 

For general explanation of kinetic models used for PSII and PSI and for details of data 

analysis and presentation see the Supporting information of [19]. Details for more complex 

kinetic models that were required for describing the data reported in this paper are discussed 

in the Results and Discussion sections.  

 

Results 

Steady state data 

Fig. 1 shows the Fv/Fm values of dark-adapted LL and NatL grown Monstera leaves, and of 

leaves treated for 40 min. with actinic light to reach their maximal NPQ along with the 

respective relaxation kinetics. LL plants showed consistently higher Fv/Fm values in the dark-

adapted leaf (0.83±0.02) vs. NatL plants which showed dark-adapted Fv/Fm values  of 

0.78±0.02. Upon actinic illumination,  LL leaves showed a much smaller drop of Fv/Fm upon 

NPQ induction, equivalent to a much smaller NPQmax of 3-4 vs NatL leaves (NPQmax up to 
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10) (c.f. Fig. S1, Supplement; the numbers refer to the maximal NPQ values around 685 nm, 

see below). Both types of leaves showed a very rapid NPQ relaxation phase in the dark (time 

constant less than 2 minutes) which was not resolved in our measurements, followed by a 

much slower relaxation phase, which lasted ≤ 2 hours. At that time, the NPQ was fully 

relaxed. 

 
Fig. 1: Fv/Fm value in the dark, after NPQ induction in high light, and upon NPQ relaxation in the dark for LL 

and NatL grown Monstera leaves. 

Fig. S1 (Supplement) shows the spectrally resolved NPQ induction kinetics (for details see 

[34,35]) for the two types of Monstera plants (LL and NatL grown resp.) using the same red 

actinic light intensity as applied for the other studies. The NPQmax value is strongly 

wavelength dependent and differs largely in the two types of plan Fv/Fm values (Note that 

conventional instruments measure the average NPQ only above 720 nm, a range that is highly 

distorted by PSI fluorescence. Our instrument measures the wavelength resolved NPQ values 

across the whole emission range. The best range to characterize NPQ without serious 

distortions is at the maximum of PSII fluorescence, i.e. around 685 nm.) 
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Fig. 2: P700 oxidation state for LL and NatL plants measured at different actinic light intensities.  

 

The P700 oxidation state under light-adapted (NPQ) conditions is very important in the 

context of our photoprotection model in this study. It was determined for both types of plants 

as a function of actinic light intensity (Fig. 2). For LL plants the P700 oxidation states 

saturates at lower light intensities than for NatL plants. At ca. 800 µmol photons m
-2

 s
-1

 the 

oxidation states for both types of plants is saturated.  

Xanthophyll cycle pigments were determined as a function of actinic illumination time. LL 

plants showed a much slower Zx formation and a smaller deepoxidation state (Fig. 3) as 

compared to NatL plants in agreement with earlier studies [11]. 
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Fig. 3: Xanthophyll formation kinetics after switching on actinic NPQ light for Natl (left) and LL grown (right) 

plants.   

 

Ultrafast lifetime measurements 

Fluorescence lifetime measurements were carried out on leaves from LL plants for dark-

adapted (FmaxLL, PSII RCs closed) and quenched conditions under actinic light of 300 

(FnpqLL) µmol photons m
-2

 s
-1

. Natural high light-grown (NatL) plants were measured under 

dark-adapted (FmaxNatL) and quenched conditions under actinic light of 2200 µmol photons 

m
-2

 s
-1 

(FnpqNatL). Fig. 4 shows typical fluorescence decays detected at 683 nm for these 

conditions.  
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Fig. 4: Comparison of fluorescence decays (on a semi-logarithmic scale) of Monstera leaves from LL and NatL 

plants in unquenched (dark-adapted, Fmax) and quenched conditions. λexc = 663 nm, λdet = 683 nm  

 

While the kinetics at Fmax were similar for both types of leaves, albeit not identical, the 

kinetics in the quenched states differed strongly between LL and NatL plants. NatL plants 

were substantially more quenched as evidenced by the much shorter lifetimes, in agreement 

with the lower Fv/Fm values (Fig. 1) and the higher steady state NPQ values (Fig. S1). It is 

important to note that the pronounced differences in quenching between LL and NatL plants 

are not due to the different applied actinic light intensities used for LL versus NatL plants, 

since we had tested by steady state NPQ and Fv/Fm measurements (see above) that each set 

of plants had reached their saturating maximal reversible NPQ capacity at the respective value 

of actinic light employed. Note also that for LL plants the actinic light intensity applied for 

NPQ induction was actually 6-7 times the growth light intensity. 

To gain detailed insight into the kinetics of quenching and to determine quenching locations 

and mechanisms, kinetic compartment analysis of the lifetime data was performed [17,19]. A 

very wide range of different kinetic models were initially tested on the data to determine 

whether they would be able to provide an optimal fit to the kinetics (the most important 

formal kinetic schemes that finally proved suitable for good fits  are summarized in Fig. S2 

and their characteristics are further discussed in the Supplement).  
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Initial analysis tested the same kinetic model successfully. The same kinetic scheme 

employed to describe dark-adapted and quenched kinetics for normal constant light grown 

Arabidopsis wild type and mutants leaves [19,39] was found to work successfully also for 

describing the kinetics of both dark-adapted and quenched LL grown Monstera plants. This 

kinetic scheme (both for quenched and unquenched conditions) for LL leaves involves a 

single homogeneous PSII pool, not involving any energy transfer from PSII to PSI (Fig. S2C). 

This model is thus consistent with a full lateral segregation of the two photosystems. The 

results of the kinetic analyses are shown as decay-associated fluorescence spectra (DAS) in 

Fig. 5.  

 
Fig. 5: Decay-associated spectra resulting from the kinetic compartment analysis of unquenched (A1, A2) and 

quenched (B1, B2) conditions of LL and NatL plants. The components labeled PSII belong to the unconnected 

(non-spillover) PSII, while those labeled PSII-c belong to the connected (spillover) PSII units. PSI components 

are shown dashed and the detached LHCII with a dotted line. For clarity of presentation only the positive 

amplitude parts are shown, which skips part of the PSI components.  

 

These DAS plots also show the assignment of PSII and PSI kinetic components as provided 

by the kinetic compartment analysis. The resulting optimal rate constants for these models are 

given in Table 1. Derived parameters from the kinetic fits are provided in Tables 2 and 3.  
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Table 2: Average lifetime τav [ps] of the fluorescence decays for the Monstera deliciosa leaves grown under 

NatL and LL conditions were calculated from the kinetic data at 683 nm emission wavelength (excitation at 663 

nm). The errors in the average lifetimes are ± 5 %; errors in the other values are ±10 %. NPQ values were 

calculated from the fluorescence decays at 683 nm according to the equation 

    
        

        
    

Also shown are the lifetimes [ps] of the component appearing under NPQ conditions assigned to functionally 

detached and quenched LHCII, along with the percentage of LHCII detachment as measured by the decrease in 

total PS II cross-section in the quenched vs. the unquenched state.  PSII-C denotes the PSII fraction connected 

by spillover to PSI. For further meaning of the parameters refer to [19]. 

 

 
LL NatL 

τav of PS II, ps 

Fnpq 150 85 

Fmax 600 870 

τ of quenched LHC II 
oligomers, ps 

505 294 

NPQ a 3.0 9.2 

 % of detached LHC II b 
30 28 

a)  These numbers for the NPQ values derived from the lifetime measurements can be directly 

compared with those measured by conventional steady state NPQ induction. They fully agree 

within the error limits. 

b)  Measured as percentage of total absorption cross-section (at the excitation wavelength of 

663 nm) of dark-adapted PSII that is detached as quenched LHCII 

 

 

 

 

 

 

 

Table 3: Excitation vectors for the various antenna compartments resulting from kinetic compartment analysis 

for the time-resolved kinetic data of Monstera deliciosa leaves from plants grown under LL and NatL conditions. 

The suffix „C‟ denotes the PS II units connected through energy-spillover with PSI. The errors are in the range of 

±10 %. 

 PSII-Ant/RC-C PSII-Ant/RC PSI-Ant/RC LHCII 

LL Fmax - 0.80 1.0 - 

LL Fnpq300 - 0.65 1.0 0.25 

     

NatL Fmax 0.40 0.60 1.0 - 

NatL Fnpq2200 0.30 - 1.0 0.20 
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For unquenched NatL plants the homogeneous PSII model fitting the kinetics of LL plants 

well was entirely unsuitable to satisfactorily describe the kinetics neither without (model S2 

A) nor with (model S2 B) energy transfer (“spillover”) from PSII to PSI. The unsatisfactory 

character of the homogeneously separated compartment PSII model (Fig. S2 C) for describing 

the kinetics in NatL leaves is demonstrated, for example, by the collection of residual plots of 

the kinetics shown in Fig. S3, which show large systematic deviations between the 

experimental and the model kinetics. We therefore tested the more complex kinetic models 

(Fig. S2 A and B). It turned out, that only a heterogeneous PSII pool model (model S2  A), 

with a fraction of about 60 % of PSII units in a separate (“non-spillover PSII”) arrangement, 

and the remaining PSII fraction (denoted as PSII-C for “connected”)  requiring energy 

transfer (“spillover”) to PSI was necessary for a good fit of the dark-adapted NatL plants. 

However, for fitting FnpqNatL, quenching kinetics of NatL plants, a homogeneous PSII pool, 

but requiring spillover from all PSII units to PSI (model S2 B), was required and sufficient for 

a good fit.  

A common feature of both LL and NatL grown plants is that the quenched states revealed a 

pronounced increase in the rate constant of antenna deactivation kD up to about 1.5 ns
-1

 

(versus 0.3 ns
-1

 in the dark-adapted state, Table 1). This increase reflects the activation of the 

xanthophyll (Zx) dependent quenching [19,39,42]. Furthermore, a kinetic component was 

observed that reflects PsbS-dependent detachment of LHCII from the PSII super-complex 

[19,39] under NPQ conditions (indicated in the DAS plot as “LHCII detached”). The 

percentages of LHCII detachment (relative to total PSII absorption cross-sections) were in the 

range of 30-50 % (Table 1) and thus in line with previously observed detachment percentages 

in Arabidopsis leaves [19].  

Table 2 further provides excitation probabilities (relative absorption cross-sections) of the 

various model compartments resulting from kinetic analysis. They represent a fairly good 

estimate of the (relative) total antenna sizes of PSII and PSI in the thylakoids. The data 

indicate a pronounced increase in the ratio of PSII to PSI absorption cross-sections in NatL 

vs. LL plants from a ratio of 0.75 to about 1.0, respectively. The PSI kinetic components and 

time-resolved spectra under all conditions (Fig. 5) behaved as is typical for higher plants, both 

in terms of kinetics as well as with respect to their spectra, i.e. they appear to be very similar 

to those observed previously in isolated intact PSI complexes [45] and in Arabidopsis leaves 

[19,39]. The PSII emission spectra both in the unquenched and in the quenched cases showed 

a substantially higher ratio of the far-red/red band intensities than the unquenched PSII 
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spectra. This is due to the high optical density of the Monstera leaves, which leads to large 

self-absorption in the wavelength range up to about 690 nm. 

Discussion 

In both, LL and NatL plants, the two previously described quenching mechanisms [19,23,39] 

are found to be operative upon high light adaptation. These two mechanisms are i) PsbS-

dependent detachment of parts of the LHCII antenna of the PSII super-complex (Q1-type or 

qE quenching) and ii) zeaxanthin-associated quenching of the PSII antenna caused by 

increased rate constant of thermal dissipation in the antenna, kD (Q2-type or qZ quenching). 

The fluorescence kinetics and quenching mechanisms of LL plants of Monstera thus were 

essentially the same as reported for wild-type Arabidopsis plants grown in constant light of 

150 µmol photons m
-2 

s
-1 

[19]. Overall these NPQ effect for both LL and NatL plants a fully 

in line with a general NPQ model (4-state-2-site model) resulting from a wide range of NPQ 

studies on Arabidopsis w.t. and mutant plants as reviewed recently [18]. 

A novel NPQ mechanism 

NatL plants exhibited an overall much higher capacity for quenching than LL plants, as 

already indicated by the steady state NPQ data (Figs. 1) and the much shorter fluorescence 

decay in time-resolved experiments (Fig. 4). They are fully consistent with previous studies 

using conventional NPQ measurements [11]. This increased quenching capacity of NatL 

plants is not explained by the above-mentioned two “classical” NPQ mechanisms, which 

show very characteristic features and changes in rate constants and kinetic components in the 

lifetime measurements. Taken as such, these two mechanisms (derived from simulations using 

the rate constants and other parameters given in Tables 1-3) would only be able to explain a 

maximal NPQ in the range of about 3-4 [19]. The drastically higher NPQ capacity observed 

for NatL plants is thus clearly related to the activation of a so far unknown NPQ mechanism, 

which is based on energy-spillover (i.e. energy transfer from PSII to PSI) and we thus propose 

to call this new mechanism “spillover quenching” (qSO). This novel mechanism is the 

dominant quenching mechanism that drastically enhances maximal quenching in NatL plants 

vs. LL plants to a range of NPQmax ca. 10 from NPQmax 3-4, respectively, i.e. an increase by a 

factor of 3 (Note that this reflects a very strong increase in NPQ, since the NPQ scale is not 

linear). For NatL Monstera plants qSO operates in addition and parallel to the previously 

described qE and qZ quenching mechanisms (Fig. 5, Fig. S2 B, and Table 1) while LL plants 

lack qSO quenching (Fig. 5 and Fig. S2 C).  

It is important to note that spillover, in a similar manner as direct antenna quenching by an 

increase in rate kD (qZ quenching) [19], drains away excitation energy from PSII. Using the 
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detailed kinetic data provided in Table 1 it can be calculated that in a situation without 

spillover under NPQ conditions in NatL plants the PSII centers would still convert 19 % of 

the energy absorbed in PSII to radical pairs, which, under these conditions, would be largely 

converted to radical pair triplets and reactive oxygen species  [34]. With the newly discovered 

spillover mechanism this percentage is however reduced to 9 %, i.e. a lowering of damaging 

species production by more than a factor of 2. Like the other two already known “classical” 

quenching mechanisms, qSO is thus also highly effective in protecting PSII from potential 

damage under high light. Thus at 2200 µmol photons m
-2 

s
-1

actinic light, qSO contributes more 

than 50 % to the total quenching, and thus also a similar amount of total photoprotection of 

PSII. In this case, the expected Chl triplet yield in PSII (which is a measure for the damage 

potential under high light) was expected to be reduced to 4 %, from a non-quenched value of 

25 % [34]. This underlines the very high and in fact dominant photoprotective capacity of qSO 

in NatL grown plants. 

The photochemical mechanism of spillover quenching 

How can the underlying photochemistry of spillover quenching be understood? Efficient qSO 

quenching requires a tight coupling of the antenna of PSII and PSI. Such a coupling gives rise 

to fast, preferentially downhill energy transfer from PSII to PSI with a rate kt, that is nearly 

non-reversible due to (i) the low-energy antenna of PSI and (ii) the fast utilization of energy 

in PSI [51]. This drains away energy from PSII and thus acts as a PSII photoprotection 

mechanism (see above). This kind of efficient energy transfer from PSII to PSI is however 

only possible if the two photosystems are located next to each other in the same membrane. 

Spillover in a large percentage of PSII centers (in our case 100 % of the PSII centers are in 

this situation) is thus entirely incompatible with a lateral segregation model of the membrane.  

At low light intensities, P700 is mostly in the reduced state (Fig. 2), and in that case, spillover 

would actually feed energy from PSII to PSI (Fig. S2). Thus, despite providing 

photoprotection to PSII, the energy drained from PSII by the qSO mechanism is not lost as 

heat but could drive PSI. It can thus serve as a regulation mechanism that distributes the 

excitation energy between PSII and PSI as long as P700 is reduced. The small spillover effect 

present already in dark-adapted NatL grown Monstera is actually responsible for the lowered 

Fv/Fm value of NatL plants vs. LL plants (Fig. 1). However, at high actinic light intensities, 

the PSI-RC (reaction center) is mostly in the oxidized form of P700
+
, as is typical for NPQ 

induced by high excess light. This is due to two effects: i) quenched PSII does not feed 

enough reducing equivalents to PSI via the electron transfer chain [33], and ii) the spillover 

further increases excitation pressure on PSI. This is confirmed by our measurements of the 
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P700 oxidation level in the quenched state (Fig. 2) showing a very high P700 oxidation state 

in NatL plants at moderate to high excitation intensities. In the P700
+
 state, the PSI-RC is 

known to be a very efficient quencher, rapidly deactivating excited state energy into heat [50]. 

Thus qSO quenching is, in essence, in most cases indirect non-photochemical quenching of 

PSII via oxidized PSI. qSO quenching operating in NatL-grown plants in fact has a Janus face 

character. In the close interaction, “spillover” arrangement of PSII and PSI units, the 

controlled interplay between spillover and actual quenching in PSI under different light 

conditions thus provides important opportunities for balancing energy between PSII and PSI 

on the one hand (at lower light intensities), and for drastically increasing the efficiency of 

NPQ on the other hand (at high actinic light intensities). 

 

Implications for thylakoid structural reorganization 

The discovery of spillover complexes of PSII in higher plants has far-reaching 

implications with respect to thylakoid organization and high light-induced structural 

reorganizations of the photosynthetic membrane. Spillover-rates from PSII to PSI reach up to 

1.8 ns
-1

 in NatL plants, which is actually very high, since this rate is comparable to the 

effective rate of trapping and charge separation in the PSII-RC (c.f. Table S1) [20,40,46]. 

Such a high-energy spillover rate between the large PSII-associated and PSI-associated 

antenna units is only possible over very short distances of their respective peripheral antenna 

chromophores, which must be in the distance range < 1 nm. Thus, the occurrence of spillover 

actually demands that PSII and PSI antenna units must be in direct contact with each other in 

the thylakoid membrane, a situation inconsistent with the prevailing lateral segregation model 

of the two photosystems [4]. Since NatL plants already show an about 40 % fraction of PSII 

units involved in spillover in the dark-adapted state, our data in fact demand that unquenched 

NatL plants of Monstera have a thylakoid organization where a large fraction (about 40 %) of 

PSII complexes is in direct contact in the same membrane with PSI complexes. This fraction 

of PSII involved in spillover (PSII-C in Fig. S2) increases to 100 % upon high light exposure 

leading to NPQ induction. Our findings thus imply that in NatL plants, a substantial light-

induced reorganization of the thylakoid membrane must occur upon transition from the dark-

adapted unquenched state to the quenched state. The observed fluorescence kinetics in the 

NPQ state of NatL plants can only be explained if all PSII units are in direct close contact 

with a PSI complex in the same membrane under high actinic light. This means that lateral 

segregation of PSII and PSI must be completely abolished under thermal dissipation (NPQ) 

conditions in NatL plants. Lateral segregation into PSII containing grana stacks and PSI 
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containing stroma-exposed unstacked thylakoid regions is brought about by grana membrane 

stacking forces (see below more details). Grana stacking does not allow PSI to move into the 

stacking region and mix with PSII due to its large extra-membraneous protein extrusion part. 

Likewise, mixing of PSII with PSI in the same membrane region can only occur if grana 

stacking is substantially loosened up, i.e. if intermembrane distances in the grana increase 

sufficiently. 

Our findings on the spillover quenching effects in NatL grown plants, and the lack of 

such effects in LL grown plants, are in full agreement with the results of recent thylakoid 

structural analysis by electron microscopy on Monstera plants grown under the same 

conditions [12]. The EM analysis of dark-adapted LL-leaves revealed tall stacks of up to over 

100 firmly appressed thylakoids as previously described for LL-grown evergreens from the 

family (Araceae) [8] to which Monstera belongs, and much less tall stacks (ranging between 

about 20 to 30 discs) for NatL-plants. LL-thylakoids remained largely appressed upon 

exposure to actinic high light. In contrast, high light exposure of NatL leaves induced a 

substantial change in thylakoid organization. The previously tightly appressed thylakoids 

largely widened their intermembrane separation under NPQ irradiation to an extent that PSI 

migration into the previously tight grana stacks appears possible. 

The homogenous PSII pool, not connected to PSI in both dark- and light-acclimated 

states of LL- plants indicated by the fluorescence lifetime analysis, is consistent with the tight 

stacking of the large grana regions (and thus complete lateral segregation of the two 

photosystems) in both states [12]. In NatL-plants which showed much smaller grana stacks, 

however, about 40 % of PSII units were already found involved in spillover even in the dark-

adapted state. This fraction increased to 100 % in the light-acclimated state. This result 

implies that unquenched NatL-leaves of Monstera have a thylakoid organization with a 

substantial fraction of PSII complexes in direct neighborhood to, and in energy-transfer 

contact with, PSI complexes. This finding is consistent with the much less pronounced and 

looser grana stacking in NatL- versus LL-plants, which is further reduced strongly upon short-

term acclimation to high light. Thus, the reduced stacking in light adapted NatL thylakoids 

(Table 3) supports the increase of the fraction of PSII involved in spillover to 100 % upon 

NPQ induction in NatL-plants. While LL and NatL plants already show pronounced 

differences in the thylakoid grana stacking, a rapid light-induced reorganization of the 

thylakoid membrane takes place in NatL-plants upon transition from the dark-adapted, 

unquenched state, to the quenched state. LL grown plants apparently lack the potential for 

such a light-induced grana stacking modification. The reasons for this difference are unclear. 
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Recent data however indicate that grana stacks and the ability for thylakoid reorganization 

may be controlled by such factors as the level of thylakoid protein phosphorylation, and 

possibly the levels of Zx and PsbS in the membrane [4,6,29,30,47,49]. 

The prevailing notion is that lateral segregation of PSII and PSI units into different 

parts of the thylakoid membrane is a direct consequence of membrane stacking in the 

appressed (grana) regions of the thylakoids – caused by complex interactions between surface 

charges of protein complexes such as LHCII [5]. PSI is forced out of the stacked membrane 

regions due to both surface charge interaction and its large extra-membraneous stroma-

exposed parts [7,9]. This implies that membrane appression and lateral segregation of the two 

photosystems reflect in fact just the two opposite sides of the same coin. We are thus led to 

conclude that in the dark adapted state of NatL plants the degree of membrane stacking must 

already be substantially reduced compared to LL plants. This could happen for example by 

partial unfolding of grana margins. The further conclusion from our data under this 

assumption is, that functional membrane stacking, leading to separation of PSII and PSI, is 

essentially abolished in the quenched state of NatL plants. The PSII super-complexes cannot 

be located in grana and at the same time be located directly next to a PSI complex. This 

situation is described by the schemes of thylakoid architecture in different states shown in Fig. 

6. In this context it is of note that Rozak et al. [44] already reported pronounced and rapid 

reversible alterations in thylakoid appression of spinach upon changes in high light intensity 

using electron microscopy, albeit with relatively low resolution, but similar in their effects to 

Monstera leaves under different irradiation conditions [12]. 
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Fig. 6: Cartoons showing thylakoid structural arrangements of LL plants (A, top) and NatL plants (B, bottom) in 

their dark-adapted unquenched (left) and the high-light adapted quenched states (right). In LL plants which have 

a pronounced grana stacking in the dark-adapted state, no grana unstacking occurs in the quenched state and PSII 

and PSI units are strictly separated. NatL plants show smaller grana stacks with partially unstacked thylakoids 

and thus partially mixed PSII and PSI units already in the dark-adapted state. In the quenched state further 

unstacking occurs, leading to a complete mixing of PSII and PSI units in the same membrane region in high 

light. Three of the high efficiency QSO quenching units formed under these conditions in NatL plants are 

highlighted by the blue boxes in B (right). Note that these thylakoid cartoon models are not meant to show exact 

details of the structural (re)arrangement of thylakoid membrane components. They summarize and combine 

however the functional data in this work and the results of a recent electron microscopy study on thylakoid 

structure on Monstera plants grown under the same conditions [12]. The cartoons highlight the striking 

functional changes occurring upon short-term and long-term adaptation to different light conditions which 

drastically influence the functional organization, as evidenced by the kinetic data. The basic thylakoid protein 

distribution shown  (dark-adapted LL plants, A) is based on the PSA organization of dark-adapted LL 

Arabidopsis [9] since our time-resolved data lead to the same conclusions for Arabidopsis [19] and LL grown 

Monstera. The blue-green diamonds in the dark-adapted structures represent the quasi-crystalline arrays of 

LHCII that have been found in the thylakoid structure of Arabidopsis, while the yellow diamonds in the 

quenched structures represent the detached and quenched LHCII complexes [19]. This scheme shows only the 

four extreme situations of the thylakoid architecture suggested by our data. Intermediate architectures will exist 

both for long-term as well as for short-term adaptation. 

 

We should note that time-resolved fluorescence measurements, as the basis of our 

conclusions, are not capable to provide detailed structural information. Rather, they provide – 

in addition to the characterization of the internal processes of energy transfer, charge 

separation, and quenching, important functional information about the relative orientation and 

interaction of the two photosystems. This selective nature of the information provided by this 

method is crucial in the present context. Thus, our data are able to unravel important and 
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highly selective information on the structural organization of the thylakoid membranes in 

which these photosynthetic complexes are imbedded. In addition to its ability to distinguish 

clearly between a spillover situation and other types of quenching, which is not possible with 

any other method to the best of our knowledge, this non-invasive method works equally well 

in the photosynthetically active “energized state” of the membrane as well as in the dark-

adapted state. This method thus gives crucial information about the functional, as well as 

structural, organization of the photosystems in the membrane and of any related changes in 

this organization to external effects like e.g. light stress. 

 

LL-plants lack the ability for structural reorganization 

Our results indicate that LL-leaves of Monstera lack the ability for rapid thylakoid 

reorganization and thus develop no qSO. LL-leaves thus achieve only a maximal NPQ capacity 

of 2.5-3, which is in the range observed for laboratory-grown wild type Arabidopsis and other 

annual higher plants that develop in high light [15,37]. One may thus ask the question what is 

the reason for this lack of thylakoid reorganization of LL plants in contrast to NatL plants. Do 

higher levels of PsbS or zeaxanthin [11] promote thylakoid reorganization in NatL-plants and 

thus enable or enhance the qSO quenching mechanism? The L17 mutant of Arabidopsis is a 

PsbS overexpressor and shows enhanced NPQ (of the qE or Q1-type [19]), with a higher total 

NPQ capacity than wild type [37]. Despite the higher PsbS level and a corresponding higher 

level of LHCII detachment from PSII, this mutant did not exhibit the quenching shown here 

to be associated with rapid thylakoid structural reorganization in NatL-leaves of Monstera 

[19]. PsbS alone is thus unlikely to be the major factor providing thylakoid structural 

plasticity under NatL conditions. Likewise, also analysis of the zeaxanthin enriched 

Arabidopsis npq2 mutant did not reveal any indications for activation of qSO quenching [19]. 

Thus, neither increased PsbS nor zeaxanthin levels alone are able to promote thylakoid 

membrane reorganization required for spillover-based quenching, although it cannot be 

excluded that PsbS and Zx together may support membrane reorganization in NatL-plants 

[12]. However, the more rapid and more efficient conversion of violaxanthin to zeaxanthin in 

NatL leaves (Fig. 3) support the view that a generally altered organization of the thylakoid 

membrane in NatL leaves [28,30,52] facilitates the release and diffusion of violaxanthin in the 

lipid phase of the thylakoid membrane, which are supposed to be the rate-limiting steps in 

zeaxanthin formation [24].  
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Conclusions 

The observation of spillover quenching as a novel and highly efficient photoprotective 

thermal dissipation of excess energy (NPQ) mechanism in higher plants challenges the 

present concepts on both NPQ as well as on functional thylakoid architecture in several ways. 

With respect to NPQ, it suggests that our understanding of NPQ mechanisms and function has 

to be broadened. Our findings imply that thermal dissipation (NPQ) can no longer be 

considered to be merely a local phenomenon centered in the PSII antenna alone. Rather, NPQ 

should be considered as a property determined and affected by overall thylakoid architecture. 

As a thylakoid-wide regulation mechanism, it must synchronize well with other regulatory 

mechanisms both, at the functional and the structural level, to ensure efficient functioning of 

the photosynthetic apparatus and optimal photoprotection. With respect to thylakoid 

architecture, the observation of spillover quenching challenges the concept of lateral 

heterogeneity of the photosystems as a general structural and operational principle. 

Apparently, growth light environments and other factors exist, under which it is advantageous 

for the photosynthetic apparatus to give up lateral segregation of the photosystems and the 

associated division into appressed grana and interconnecting stroma thylakoid and to mix PSII 

and PSI in the same membrane region. It is thus an interesting challenge to understand the 

external influences and internal regulation mechanisms that determine and control the 

thylakoid structures of higher plants to find their balance between the extremes of strict lateral 

segregation of photosystems and their complete mixing in the same membrane region. Recent 

data clearly indicate that low light conditions favor extended grana stacking [25]. Our results 

emphasize the notion of a highly dynamic nature of thylakoid structure (see e.g. [6] for a 

recent discussion), rather than the presently prevailing more static picture of thylakoid 

organization [30,52]. The extreme lateral segregation model might represent an organization 

optimal primarily under light limiting conditions [25]. It is important to note that the presently 

available direct structural information from electron microscopy studies is limited to the non-

energized state of the thylakoids (i.e. the dark-adapted state). Direct structural information on 

thylakoid architecture in the energized state in high light is essentially lacking so far. Non-

invasive indirect methods that are, however, highly sensitive to the functional organization of 

the photosystems, as for example in vivo ultrafast fluorescence spectroscopy as applied here, 

thus provide important insights in the interplay between the functional and the structural 

organization of the photosynthetic apparatus. Our results emphasize the demand for future 

electron microscopy studies of thylakoid architecture in the energized state and in response to 

both long-term and short-term light adaptation processes. 
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Supplementary data 
 

Steady state NPQ analysis was performed using a home-built wavelength resolving 

fluorescence induction spectrometer [2]. Actinic light adaptation for NPQ measurements was 

carried out using an array of red (λcenter = 635 nm) high intensity light-emitting diodes. The 

steady state NPQ results are shown in Fig. S1 providing both the spectrally resolved maximal 

NPQ data as well as the steady state fluorescence spectrum (Fmax emission spectrum, all PSII 

centers closed, normalized) of the dark-adapted unquenched leaves.  
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Fig. S1: Wavelength-resolved maximal NPQ values (full lines) and steady state emission spectra of unquenched 

Monstera leaves at Fmax (all PSII centers closed by light, dashed lines). Note that the NPQ spectrum of the LL 

plant is much broader than for the NatL plant and peaks below 680 nm, whereas the spectrum of the NatL plant 

has its quenching peak at 680 nm. Also the amplitude ratio of the far-red/red band is very different for the two 

plant conditions. 

NPQ is defined as NPQ = (Fmax/F
‟
max)-1 

The wavelength resolved steady state NPQ measurements (for details see [2] indicate 

that the NPQ values are actually pronouncedly wavelength dependent. They show a maximal 

NPQ value of 9.5±1 at the maximum of the PSII emission around 685 nm for NatL plants vs. 

3.5±0.5 for LL plants. Note that conventional instruments employed for NPQ measurements 

(like e.g. the PAM instrument of Walz) measure the average NPQ values at wavelengths 

above 720 nm only. Accordingly, our NPQ values in that range should be compared with 

results measured with conventional instruments. NPQ in that long wavelength range is, 

however, reduced strongly by PSI emission. The most precise NPQ value for PSII is obtained 

at the maximum of PSII emission in the range 680-685 nm where PSI emission is very low.  
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Fig. S2: Alternative kinetic compartment models proving successful for describing the quenching kinetics for the 

various light adaptation conditions. The compartment models for PSI and PSII units follow those that have been 

demonstrated on isolated intact PSI and PSII complexes [4-6] and on Arabidopsis intact leaves [1,3]. The 

compartment labeling is as follows: Ant/RC*: antenna/reaction center excited states of PSII or PSI; RPx: radical 

pairs; LHCII: functionally detached and quenched light-harvesting complex II from PSII.  

 

The model S2 A is a heterogeneous PSII model, with one of the different PSII pools 

involved in spillover. This model requires part of the PSII units to be in direct contact with 

PSI units. The model turned out to be adequate for fitting the kinetics of dark-adapted NatL 

grown leaves. The model S2 B is a homogeneous PSII model with spillover. All the PSII units 

are in direct spillover contact with PSI units. This model proved adequate for fitting the 

kinetis of NatL grown plants in the NPQ condition. Both models S2 A and S2 B are 

inconsistent with a strict lateral segregation of PSII and PSI in different membrane areas, i.e. 

they are incompatible with the conventional granum/stroma-exposed region model for 

thylakoids of higher plants. The model S2 C is the standard separate PSII and PSI units 

model. The two photosystems are not involved in direct energy transfer (spillover) among 

each other. This model is consistent with the strict lateral segregation model of the thylakoid 

membrane. The model is adequate to perfectly describe the kinetics of both dark-adapted as 
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well as NPQ-adapted LL grown Monstera leaves. It had been developed earlier for describing 

the kinetics of normal grown Arabidopsis leaves [1]. 

 

 
Fig. S3: Comparison of residual plots from global compartment analysis of the kinetics of dark-
adapted NatL grown plants.  Fmax kinetics using a homogeneous spillover PSII model (Fig. S2 B) (left, 
global χ

2
 = 3.7) vs. a heterogeneous PSII model (spillover + non-spillover PSII, right, global χ

2
 = 1.08) 

(Fig. S2A). 
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3.2 Energy dissipation in HL acclimated Arabidopsis NPQ mutant plants 

Energy-spillover quenching (qSO) was shown to contribute greatly to the NPQ capacity of 

natural HL grown Monstera deliciosa plants. However, it remained unclear whether qSO acts 

as an autonomously active quenching mechanism independent from qE (PsbS dependent) or 

qZ (Zx dependent). Since this question can be answered satisfactorily only by comparative 

time-resolved fluorescence measurements on PsbS and Zx deficient mutants, the 

characteristics of qSO quenching was investigated in corresponding HL acclimated 

Arabidopsis thaliana mutants. For this purpose, time-resolved measurements were 

conducted using the PsbS deficient mutant npq4, the PsbS over-expressing line L17, and the 

Zx deficient npq1 mutant.  

The time-resolved fluorescence decays in the dark-acclimated Fmax state and in the light-

acclimated FNPQ state are shown in Figure 3.1. No differences were observed in the Fmax 

state when comparing wild type and mutant plants. In the light acclimated FNPQ state, an 

accelerated decay, indicating the activation of quenching processes, was found in all 

genotypes (Figure 3.1 dotted lines). The L17 mutant showed the fastest decay of the 

fluorescence signal (= most efficient energy quenching), followed by the WT and finally by 

the two mutants with reduced NPQ capacity (npq4 and npq1). Both mutations, that effect 

either activation of Q1 (npq4) or Q2 (npq1) exhibited the same effect on overall fluorescence 

decay.  

 
Figure 3.1 Fluorescence decay in Arabidopsis thaliana wild type and mutant plants. Maximum 
fluorescence in unquenched, closed PSII RC upon DCMU treatment in the dark (solid lines), and 
quenched states in light acclimated leaves (dotted lines) are shown. 

Decay associated spectra (DAS) were derived from kinetic compartment analysis of the 

fluorescence decay traces (Figure 3.2). Under Fmax conditions, only in WT, L17 and npq4 

plants (Figure 3.2 A, C, E), but not in npq1 plants (Figure 3.2 G), a heterogeneous PSII pool 
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was required for satisfactory describing the DAS, as indicated by the three components 

labelled as connected PSII (PSII-C) in addition to the typical, unconnected PSII components 

(PSII). Thus, the HL induced formation of a heterogeneous PSII pool, or more precisely the 

presence of a PSII pool connected to PSI, occurs independent of the PsbS protein, but not 

independent of Zx.  

In the light-acclimated FNPQ state, only connected PSII RCs were found in the WT and L17 

mutant (Figure 3.2 B, D), indicating the activation of qSO quenching as in HL acclimated 

Monstera plants (see chapter 3.1). In the npq4 mutant, however, a heterogeneous pool of 

connected and unconnected PSII was maintained in the light-acclimated state (Figure 3.2 F). 

This indicates that PsbS might be required for switching a heterogeneous pool of PSII and 

PSII-C to a homogeneous PSII-C pool, and thus for the activation of qSO. Light-activation of 

the Q1 site (= appearance of the component „LHCII Olig‟), which is related to the detachment 

of LHCII complexes, was only found in WT, L17 and npq1 (Figure 3.2 B, D, F), but not in 

npq4 (Figure 3.2 F), as has been shown earlier for NL grown plants (Holzwarth et al., 2009). 

This demonstrates again the requirement of PsbS protein for the conformational changes 

that lead to the detachment of the LHCII antenna upon illumination and thus the activation of 

Q1.  

Kinetic target analysis was performed to determine the rate constants for the assigned PSII 

kinetic components (Table 3.1). The rate constant kD describes the effective non-radiative 

deactivation rate and thus is a direct measure of NPQ in the PS II-attached antenna related 

to the quenching site Q2 (Holzwarth et al., 2009). In the unquenched Fmax state, kD was 

identical in all genotypes with a value of 0.3 ns-1 in both unconnected PSII (kD_max, PSII) and 

connected PSII (kD_max, PSII-C). In the quenched FNPQ state, kD was strongly increased in WT 

(1.6 ns-1, connected PSII), L17 (1.1 ns-1, connected PSII), and in npq4 (1.5 ns-1, unconnected 

PSII), but not in npq1 (0.4 ns-1, unconnected PSII). The unchanged kD in npq1 plants 

confirms that Q2 cannot be activated in absence of Zx (Holzwarth et al., 2009).  

The total NPQ was similar in the npq4 and npq1 mutant, 1.7 and 1.6, respectively, but 

strongly increased in L17 plants (NPQ = 5.1), in comparison to WT plants with an NPQ of 

3.1. These values were in agreement with the NPQ capacity that was calculated based on 

PAM measurements (data not shown).  
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Figure 3.2 Decay associated spectra for WT, L17, npq4, and npq1 mutants in a FNPQ state (A, C, 
E, G) and in a Fmax state (B, D, F, H) with closed PSII RC upon DCMU treatment in dark 
acclimated leaves. Spectral properties of PSI are shown in dotted lines, PSII related DAS are shown 
in solid lines. Rate constants are indicated in the top left corner of each graph. Red boxes indicate 
quenching with and without Zx. Measurements and analysis was performed by Dr. Suman Paul. 
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Table 3.1 Average lifetimes and rate constants of Fmax and FNPQ components in HL grown 
Arabidopsis thaliana plants. The upper part shows the average lifetime (τav) [ps] of the fluorescence 
decay measurements shown in Figure 3.2. The middle part shows the rate constants kD [ns

-1
] for PSII 

antenna deactivation under Fmax and FNPQ conditions, as well as the average lifetime for the PSII 
kinetic. Two pools of PSII RC exist, unconnected (PSII) and connected (PSII-C) RC, the latter allowing 
for energy-spillover. The lower part shows the lifetime τ [ps] of the detached PSII antenna, the site of 
Q1-type quenching. The respective contribution of the detached antenna (LHCII) and at PSII (NPQPSII) 
to the total NPQ is indicated. Errors in the rate constants were within ± 10 %. 

 
WT L17 npq4 npq1 

τav, ps @ 686 nm (FNPQ) 320 220 510 540 

τav, ps @ 686 nm (Fmax) 1320 1360 1400 1380 

Total NPQ 3.1 5.2 1.7 1.6 

 
    

kD_max, PSII, ns-1 0.3 0.3 0.3 0.3 

kD_NPQ, PSII, ns-1 - - 1.5 0.4 

τav, PSII, ps (Fmax) 1020 1249 977 987 

τav, PSII, ps (FNPQ) - - 497 748 

 
    

kD_max, PSII-C, ns-1 0.3 0.3 0.3 - 

kD_NPQ, PSII-C, ns-1 1.6 1.1 0.5 - 

τav, PSII-C, ps (Fmax) 374 694 535 - 

τav, PSII-C, ps (FNPQ) 338 287 355 - 

 
    

kD_LHCII [ns-1] 2.21 2.11 - 1.6 

Lifetime τ [ps] of detached antenna component 453 475 - 608 

Detached antenna cross-section relative to total                  
PSII antenna (%) 

40 20 - 66 

The detachment of LHCII was more pronounced in npq1 mutants (66 % reduction of the PSII 

antenna cross section) than in the WT (40 % reduction), however it was reduced in L17 

(20 % reduction). Quenching in detached LHCII was more efficient in L17 than in npq1 as 

reflected by the corresponding lifetimes (Table 3.1).   

In conclusion, these time-resolved measurements show that spillover quenching (qSO) can be 

activated in HL grown Arabidopsis plants, as has been shown before for Monstera plants 

grown under natural HL conditions. The activation of qSO is thus not a specific feature of 

evergreen plants or a specific response to natural HL conditions. Moreover, activation of qSO 

can be activated independent of the activation of Q2, but likely not independent of the 

activation of Q1 (and thus of PsbS). Since the activation of qSO is accompanied by structural 

reorganization of the thylakoid membrane (see chapter 3.1), it is tempting to speculate that 

PsbS plays a critical role in the regulation of the membrane organization.  
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3.3. Characterization of Arabidopsis plants to different growth light 

intensities 

To understand the acclimation of the photosynthetic apparatus to high light and particularly 

the processes leading to the acquirement of a high NPQ capacity, the acclimation of 

Arabidopsis thaliana wild-type plants to different light regimes was investigated. The plants 

were thoroughly characterized regarding structural and physiological properties in context 

with photosynthetic light utilization. 

3.3.1 Morphological and structural characterization  

3.3.1.1 Plant growth and leaf characteristics 

Arabidopsis thaliana wild type (WT) plants were grown under different light intensities: Low 

light (LL, 25 µE), normal light (NL, 100 µE), high light (HL, 500 µE) and natural light (NatL, 

10-1200 µE). The phenotype of the plants is shown in Figure 3.3. LL plants showed the 

smallest size in rosette diameter and the leaves were thin and of round shape. In comparison 

to LL plants, the leaves of normal light (NL) grown plants showed an oval shape with 

increased leaf area. However, less leaves were developed in comparison to LL plants of 

similar rosette diameter. With further increasing growth light intensity (HL), the leaf and plant 

size increased.  
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Figure 3.3 Growth phenotypes of Low light (LL), Normal light (NL), High light (HL) and Natural 
light (NatL) grown plants. Representative, six weeks old plants are shown. 

The leaf color of NatL plants was darker than that of LL and NL plants, but lighter in 

comparison to HL plants, indicating intermediate or shared properties of LL and HL growth 

conditions on the level of leaf development. The most striking phenotypical feature of NatL 

plants in comparison to the other growth conditions was the presence of flowers (Figure 3.3 

Natural light). Since all plants had the same age, fluctuating light conditions obviously 

triggered early flowering (Figure 3.3).  

Phenotypical observations revealed an intermediate leaf growth in NatL, which combines 

characteristics of NL and HL plants. For further characterization, leaves were cut from the 

plants and general growth parameters, such as the leaf area, fresh and dry weights were 

determined (Figure 3.4). 
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Figure 3.4 Leaf parameters of LL, NL, HL, and NatL grown plants. (A) fresh weight per leaf area, 
(B) dry weight per fresh weight in percent. Mean and standard error of six independent samples are 
shown. Significant differences are indicated. 

As expected, the lowest fresh weight (10 mg per cm2) was determined for LL plants (Figure 

3.4). With increasing growth light intensity the fresh weight increased to 15 mg per cm2 in NL 

plants and 25 mg per cm2 in HL plants. The highest fresh weight was determined in NatL 

plants, with 30 mg per cm². Very similar differences were observed on DW basis resulting in 

a similar DW content of 7-9 % for all growth conditions (Figure 3.4 B), which indicates a 

similar leaf structure without pronounced differences in cell wall thickness. The accumulation 

of higher mass in NatL plants as compared to HL plants indicates a higher light use efficiency 

in NatL grown plants, since the mean light intensity under NatL conditions (about 150 µmol 

photons m-2 s-1) was much lower than under HL conditions (about 500 µmol photons m-2 s-1). 

Light microscopy images of leaf cross sections were analyzed to evaluate whether the 

differences in the fresh weight could be simply explained with differences in the leaf 

thickness. All light and electron microscopy measurements presented in this work were 

performed by Dr. Michael Melzer at the „Leibniz-Institut für Pflanzengenetik und 

Kulturpflanzenforschung Gatersleben“. 
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Figure 3.5 Light microscopy images of leaf cross sections of LL (A), NL (B), HL (C), and NatL 
(D) plants. Scale bar indicates 50 µm. Small, dark structures in the cells are chloroplasts.  

Different growth light conditions resulted in clear differences in leaf thickness. The thickness 

of leaves from LL and NL grown plants was similar, but significantly reduced by about 50 % 

as compared to leaves from HL and NatL grown plants, which also showed similar leaf 

thickness (Figure 3.5). On average, the leaf thickness of LL and NL plants was 80 µm in 

contrast to HL and NatL plants with 160 µm leaf thickness (Figure 3.6 A). The stepwise, light 

dependent increase in fresh and dry weight with increasing growth light intensity (Figure 3.4) 

can thus not be explained simply by differences in leaf thickness. Increased thickness of the 

leaves was not due to increased number of cells, but rather due to cell elongation, resulting 

in the formation of a more pronounced palisade parenchyma in HL and NatL plants (compare 

Figure 3.5). Thus, when normalized to the area of the leaf cross section, the number of cells 

was reduced by more than 50 % in HL and NatL plants in comparison to LL and NL plants. 

On average 1 x 105 cells per cm² were found in HL and NatL plants, compared to 2.5 x 105 

cells in LL and NL plants (Figure 3.6 B). 

Chloroplasts were visible in all mesophyll cells. However, more chloroplasts were found in 

the adaxial side of the leaf, i.e. the palisade parenchyma, and the number of chloroplasts per 

cell increased with increasing growth light intensity (Figure 3.5).  
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Figure 3.6 Analysis of light microscopy images shown in Figure 3.5. (A) Leaf thickness, (B) the 
number of cells per cm² leaf area, and (C) the number of chloroplasts per cell were quantified. 
Additionally the number of Chl per chloroplast, based on chloroplast isolation experiments, was 
calculated (D). Significant differences are indicated. Mean and standard error of at least six images are 
shown. 

For photosynthetic efficiency, the number of chloroplasts per cell and the amount of Chl per 

chloroplast are important parameters. However, exact quantification of the number of 

chloroplasts was not trivial for two reasons: (i) the leaf cross sections were two-dimensional, 

thus chloroplasts which were not in the cutting level could not be counted, and (ii) no 

chloroplasts were found in the center of cells, indicating that non-membrane attached 

chloroplasts might have been lost during the preparation (Figure 3.5). Under the assumption 

that the loss of chloroplasts was comparable in all samples from all growth conditions, the 

number of chloroplasts was quantified in relation to the number of chloroplasts per cell in NL 

plants, which was arbitrarily set to a value of 1 (Figure 3.6 C). In comparison to NL plants, 

where 6 chloroplasts were found per cell on average, in LL plants only 4 chloroplasts per cell 

were calculated. On the contrary, in HL and NatL plants the number of chloroplasts per cell 

was increased 8. Analysis of isolated chloroplasts from all growth conditions revealed a 

difference in size of the chloroplasts. Since the size could not be quantified satisfactorily, due 

to the three-dimensionality of the chloroplast, rather the amount of Chl per chloroplast was 
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determined. As opposed to the number of chloroplasts per cell, which increased with 

increasing growth light intensity, the amount of Chl per chloroplast decreased (Figure 3.6 D). 

However, significant differences in the amount of Chl per chloroplast were only found 

between NL and NatL grown plants (Figure 3.6 D). The amount of Chl per chloroplast varied 

between 80 (x 106) in NatL plants and 120 (x 106) in NL plants. 

3.3.1.2 Chloroplast quantification via confocal microscopy imaging  

Since the number of chloroplasts could not be quantified satisfactorily in the light microscopy 

images (see also discussion), confocal microscopy was used as alternative method to 

visualize the chloroplasts. The advantage of using confocal microscopy instead of light 

microscopy is the use of intact cells. Due to the autofluorescence of the chloroplasts, no 

pretreatment for visualization is required. Figure 3.7 shows cells of LL, NL, HL, and NatL 

grown plants in the dark and after 30-60 min illumination. In line with the data derived from 

light microscopic images, the number of chloroplasts per cell increased with increasing 

growth light intensity. In LL plants, less chloroplasts were found in the cell, compared to other 

growth conditions. NL and HL plants showed similar amounts of chloroplasts per cell, 

however, the highest number of chloroplasts was found in NatL grown. The latter was in 

clear contrast to the results obtained via light microscopic imaging, where the same amount 

of chloroplasts was determined in HL and NatL plants (Figure 3.6 C).  

 

Figure 3.7 Confocal microscopy images of LL, NL, HL and NatL leaf cells with chloroplasts in 
dark acclimated (A-D) and light acclimated states (E-H). Auto fluorescence, induced via excitation 
at 420 nm and detected at 720 nm, of chloroplasts is shown in false color. Scale bar indicate 20 µm. 

Chloroplasts from LL, NL, and HL plants were rather oval, whereas the shape of dark 

acclimated NatL chloroplasts was round. In the dark acclimated state, chloroplasts were 

randomly distributed across the cell in all plants. In the light acclimated state, chloroplasts 
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were attached to the cell walls averted from the light source. This light induced chloroplast 

movement was observed independently from the growth light condition.  

3.3.1.3 Thylakoid membrane structure and lipid body quantification 

To assess possible differences in thylakoid membrane organization, the chloroplast structure 

was further investigated by transmission electron microscopy. Representative images from 

dark acclimated leaves are shown in Figure 3.8. Chloroplasts from LL plants showed the 

highest density of thylakoid membranes in comparison to those from other growth conditions. 

In general, more and thicker grana stacks were detectable, which were connected by a large 

number of stroma lamellae (Figure 3.8 LL). On average 5-9 membranes were found per 

grana stack (Figure 3.9 B). With increasing growth light intensity, the amount of thylakoid 

membranes as well as the extent of grana stacks decreased. Also in chloroplasts from NL 

plants, various stroma lamellae interconnected the separated grana stacks, which were still 

the dominating structure of the thylakoid membrane. However, the number of membranes 

per grana stack was not significantly reduced in NL grown plants compared to LL grown 

plants (Figure 3.9 B). 

 

Figure 3.8 Typical transmission electron microscopy images. Images show the structure of the 
thylakoid membrane. Round structures are lipid droplets. Bars indicate 200 nm.  
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High light Natural light
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In contrast to LL and NL, the overall amount of thylakoid membranes and the overall degree 

of grana stacking was strongly reduced in HL plants, so that the relative fraction of stroma 

exposed membranes increased. Grana stacks in HL plants consisted typically of only three 

membranes. In NatL plants, the thylakoid membrane system was similar to that in HL plants, 

but the number of membranes per grana stacks was significantly increased by 25 %, 

consisting of four membranes. However, NatL grown plants consists of both, thicker grana 

stacks, as well as thinner grana (compare Figure 3.8), therefore the average number of 

membranes per grana might be slightly misleading. 

 

Figure 3.9 (A) Number of lipid bodies per chloroplast in LL, NL, HL, and NatL plants and (B) 
Absolute number of membranes of the grana stacks. Stacks were also used for quantification 
results shown in Figure 3.11. Significant differences are indicated. 

Another striking difference among the chloroplasts from different growth conditions was 

found with respect to the number of lipid droplets. In chloroplasts, three types of lipid droplets 

exist, differing in their fatty acid composition and the integration and/or interaction with 

proteins: (i) plastoglobuli, (ii) plastoglobuli-like particles, and (iii) lipid-protein-particles (Smith 

et al., 2000). Since the droplets were not isolated and analyzed, the differentiation between 

these possible candidates was not possible, so that they will be referred to as “lipid droplets” 

only. As shown in Figure 3.9 A, the number of lipid droplets was comparable in LL and NL 

plants, where eight lipid droplets were found per chloroplast. The number increased to 10 in 

HL plants and was highest in NatL plants, where 12 droplets were found per chloroplast. 

In summary, the overall membrane organization showed typical differences in LL, NL and HL 

grown plants. NatL plants showed mainly characteristics of HL plants, though grana stacks 

were thicker and more comparable to LL plants with the difference, that the amount of grana 

margins was increased with respect to the total grana width.  
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3.3.1.4 Light induced thylakoid membrane dynamics  

Possible rearrangement of the thylakoid membrane structure upon short-term acclimation to 

high light was again assessed via transmission electron microscopy, since it has been shown 

for Monstera plants that the flexibility of the grana membrane was correlated with the 

appearance of qSO quenching. Chloroplast from dark acclimated leaves (Figure 3.8) were 

compared with those from light acclimated leaves (30 minutes of illumination at 1500 to 2000 

µmol photons m-2 s-1) and subsequently re-darkened (for 10 min) leaves. These experimental 

conditions were chosen to obtain information about possible structural changes in relation to 

the induction and relaxation of NPQ processes.  Representative images of dark acclimated, 

light acclimated and re-darkened thylakoid membrane structures are shown in Figure 3.10. 

Images from dark acclimated chloroplasts were similar to those shown in Figure 3.8. For LL 

and NL plants, the membrane structure in the light acclimated state did not differ from that in 

the dark acclimated state (Figure 3.10 B). The grana stacks remained tightly appressed and 

no changes were visible in the organization of the stroma lamellae. Consequently, also no 

structural changes occurred upon re-darkening of LL and NL plants (Figure 3.10 C and F). 

In contrast to LL and NL plants, HL plants exhibited light dependent structural changes in the 

organization of grana stacks. Here, clear unstacking of grana was observed after 30 minutes 

of illumination. Again, no differences in the stromal thylakoid membrane were observed. The 

unstacking was not reversible in the 10 minutes post illumination (Figure 3.10 I). NatL plants 

also showed a light dependent grana unstacking, however the unstacking was more 

pronounced than in HL plants (Figure 3.10 K). Furthermore, membrane unstacking was 

rapidly reversible, as indicated in the partial restacking observed in the relaxation period 

(Figure 3.10 L). In comparison to other growth light conditions, NatL plants showed a high 

accumulation of starch in the ten minutes of relaxation light treatment (Figure 3.10 L). The 

structural properties of thylakoid membranes in plants from different growth conditions were 

statistically analyzed for significance in the observed changes. 
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Figure 3.10 Transmission electron micrographs of chloroplasts. Images from LL (A-C), NL (D-F), 
HL (G-I), and NatL (J-L) plants in a dark- and light acclimated state, as well as after ten minutes of 
relaxation in the dark. Scale bars indicate 200 nm.  

The average number of grana membranes per µm of height ranged between 40 and 50 

under all growth conditions (Figure 3.11). Upon illumination, LL grown plants showed no 

significant change in grana height (Figure 3.11 A) or grana width (Figure 3.11 B), but rather 

an increased stacking than unstacking became visible upon illumination. In NL plants, a 
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significant unstacking, as indicated by the number of membranes per µm of granum, was 

only observed in the dark recovery phase after illumination, but not in the light-acclimated 

state.  

 

Figure 3.11 Structural changes in the grana of thylakoid membranes upon 30 minutes of HL 
illumination a 10 minutes post-illumination recovery phase in LL, NL, HL, and NatL plants. 
Analysis is based on transient electron images as exemplarily shown in Figure 3.10. (A) Light 
dependent changes in height, as well as the changes in width (B) are shown. Significant differences 
amongst one growth condition are indicated. 

A significant unstacking of the grana stacks upon illumination was observed in HL plants. 

Here, the number of membranes per µm of granum decreased from 50 in the dark to 40 in 

the light, thus the height of the grana was increased by 20 %. Also, NatL plants showed 

unstacking of the grana stacks, however 30 % increase in space per membrane was 

quantified. As opposed to HL plants, partial restacking of grana was observed during the ten 

minutes post-illumination period, thus representing an unique feature of NatL plants. The 

width of grana stacks, however, decreased with increasing growth light intensity, from 500 

nm in LL plants to 400 nm in HL and NatL. Only NatL plants showed a significant broadening 

of the grana stacks of about 35 % parallel to unstacking. Also this broadening was reversible 

in the ten minutes of post-illumination. It should be noted, that the effect of unstacking, 

coupled with a broadening of the grana stack, was found as a trend (though not statistically 

significant) in all growth conditions, except for LL plants, where light-induced grana stacking 

was paralleled by narrowing of the grana width. One could assume that unstacking is 

realized by a simultaneous narrowing of the grana stacks, which was clearly not observed, 

as had been described by (Kirchhoff, 2013).  

Obviously, the tight packing of grana stacks found in LL and NL plants prevents the light 

dependent grana unstacking. Only in HL and NatL grown plants, a structural rearrangement 

of the membrane in response to high light was possible, likely correlated to the reduced 
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degree of grana stacking. However, more pronounced unstacking was observed in NatL 

plants, even though the grana stacks found in NatL plants were thicker compared to those in 

HL plants. Thus growth under fluctuating light conditions leads to an increased flexibility of 

thylakoid membranes.  

3.3.1.5 Lipid composition  

One possibility for altering the membrane flexibility are changes in the lipid composition of 

the thylakoid bilayer. The ratio of saturated to unsaturated fatty acids is a key determinant for 

membrane flexibility. A membrane containing in the majority saturated lipids is rather flexible, 

whereas poly-unsaturated bilayers were shown to be rather rigid (Niemelä et al., 2009).  

In order to test the hypothesis of an altered lipid composition of thylakoid membrane, total 

lipid extracts were isolated from leaves of LL, NL, HL, and NatL plants, and analyzed in 

cooperation with Prof. Dr. Peter Dörmann (IMBIO, University Bonn). 

 
Figure 3.12 Lipid compositions of leaves harvested from LL, NL, HL, and NatL grown 
Arabidopsis thaliana plants. Shown is the relative amount of glycolipids (A) and phospholipids (B) of 
the total amount of lipids isolated. Mean and standard deviation of five independent samples is shown. 
MGDG: Monogalactosyldiacylglycerol; DGDG: Digalactosyldiacylglycerol; SQDG: 
Sulfoquinovosyldiacylglycerols; PA: Phosphatidic acid; PS: Phosphatidylserine; PC: 
Phosphatidylcholine. Measurements and analysis were performed in cooperation with Dr. P. Dörmann 
(IMBIO, Bonn)  

Figure 3.12 shows the relative content of the different glycolipids and phospholipids. The 

proportional contribution of glycolipids to the total amount of lipids was similar among all 

growth conditions (Figure 3.12 A). About 75  % of the lipids in leaves were glycolipids, with 

MGDG (50 %) being the major constituent, followed by DGDG (20 %) and SQDG (5 %), 

which is in line with previous findings (Wang and Benning, 2012). The remaining 25 % of 

total lipids in leaves were assigned to phospholipids, with phosphatidylcholine (PC) being the 

major component (12-16 %). Phosphatidylinositol, phosphatidylglycerine, and 

phosphatidylethanolamine each represented about 4 % of the total amount of lipids 

independent from the growth condition (and therefore not shown in Figure 3.12), while only 

0.1-0.5 % of the total lipids were made up by phosphatidic acid (PA) and phosphatidylserine 
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(PS). The most pronounced differences in response to different growth light conditions at the 

level of membrane lipids was found for phospholipids (Figure 3.12 B). The amount of PC, for 

example, was increased in chloroplasts with increasing growth light intensity, while the PC 

content in NatL grown plants was similar to that of NL grown plants. In contrast to PC, the 

amount of PA was highest in LL and NatL grown plants, while the amount of PS was 

significantly lower only in NL grown plants in comparison with LL and HL grown plants. The 

majority of lipids, i.e. glycolipids, was unaltered among the different growth conditions (Figure 

3.12 A). In conclusion, no clear light-dependent effect on the composition of glyco- and 

phospholipids were found in response to the different growth conditions, Therefore, 

differences in the lipid composition as key player for the observed membrane flexibility was 

rather unlikely.  

3.3.1.6 Quantification of PSII, PSI and Cyt b6f  

The relative amounts of grana and stroma lamellae to the thylakoid membrane were not 

correlated with changes in the lipid composition of the thylakoid membrane. In fact, the 

organization of the membrane as grana or stroma lamellae is more connected to lateral 

segregation of complexes of the photosynthetic electron transport chain. As described in the 

introduction, PSII and its antenna is localized in the grana regions, whereas PSI can only be 

found in the grana margins and the stroma lamellae. The growth phenotype of plants grown 

under different light conditions differed, indicating differences in the composition of the 

components involved in the photosynthetic electron transport. For this reason, PSII, PSI and 

the Cyt b6f complex, were quantified in plants from different growth light conditions on basis 

of their activity in isolated thylakoids, derived from spectrophotometric measurements. For 

methodological details see section 2 “Material and methods”. 
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Figure 3.13 Components of the photosynthetic LET chain; (A) PSI, (B) PSII, and (C) Cyt b6f. 
Amounts are given in mmol protein complex per mol Chl. Significant differences are indicated. (D) 
PSII/PSI ratio.  

No pronounced differences in the PSI and PSII content on Chl basis were determined among 

plants from different growth conditions (Figure 3.13). In general, the amount of PSI (1.7 to 2 

mmol per mol Chl) was slightly lower compared to that of PSII (2.0 to 2.5 mmol per mol Chl) 

giving rise to PSII / PSI ratios between 1.0 and 1.4 (Figure 3.13 D). In NL plants, significantly 

more PSI was found in comparison to other growth light conditions (Figure 3.13 A), whereas 

PSII was most abundant in HL plants (Figure 3.13 B). NatL plants showed PSI amounts 

comparable to LL and HL, but lower amounts of PSII compared to HL. In contrast, the 

amount of Cyt b6f varied strongly (in the range from 0.3 to 0.8 mmol Cyt b6f per mol Chl) and 

showed a positive correlation with increasing growth light intensity. In HL plants, about 2-3 

fold higher levels of Cyt b6f were determined in comparison with plants from all other growth 

conditions (Figure 3.13 C). This particular response of the Cyt b6f content to different growth 

light intensities has been reported before (Leong and Anderson, 1984). The low Cyt b6f 

content determined for NatL plants thus suggests a rather LL acclimated electron transport 

chain at least on basis of the abundance of protein complexes. Fluctuating light conditions 

include HL and LL periods likewise, hence the resulting NL-like stoichiometry of LET protein 

complexes in NatL grown plants resembled an acclimation towards both conditions.  
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3.3.1.7 Pigment composition 

Acclimation to different growth light conditions should further result in different pigment 

composition, mainly related to changes in the PSII antenna size. Therefore, the pigment 

composition of leaves from plants grown under different growth light conditions was analyzed 

via HPLC (Figure 3.14). Changes in the PSII antenna size should be reflected by changes in 

the amount of pigments bond specifically by antenna proteins or RC proteins, though parallel 

changes in the PSII / PSI ratio will superimpose such changes. In particular, the Chl a/b ratio 

is a reliable indicator of the accumulation of antenna proteins, since Chl b is bound by 

antenna proteins only, so that an increase of the Chl a/b ratio can be expected upon 

reduction of the PSII antenna size. In line with this prediction, LL plants showed the lowest 

Chl a/b ratio of 3.5 and the Chl a/b ratio increased with increasing growth light intensities 

(Figure 3.14 E). NL plants showed a slightly higher Chl a/b ratio of about 3.6, whereas a 

more pronounced increase was found for HL plants (Chl a/b ratio of 4.5). In NatL plants, a 

similar Chl a/b ratio as in NL plants was determined, indicating a medium-large antenna size. 

The acclimation to different growth light intensities was also reflected on the level of 

carotenoids. Nx, which is exclusively bound to one specific binding site in LHCII, showed 

highest accumulation in LL grown plants (34 mmol per mol Chl), while 31-32 mmol Nx per 

mol Chl were found for plants from other growth conditions (Figure 3.14 A). This 10 % higher 

Nx level in LL plants again indicates a higher number of LHCII in these plants compared to 

plants from the other growth conditions. The amount of Lut, however, was similar under all 

growth light conditions, and ranged from 90 mmol per mol Chl in NL plants to 94 mmol per 

mol Chl in HL plants (Figure 3.14 B). Lut is bound to all antenna proteins of both 

photosystems, and occupies two binding sites in LHCII and one binding site in LHCI. 

Therefore, the amount of Lut was three times higher than the relative amount of Nx, when 

normalized on a Chl basis (Figure 3.14 B).  
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Figure 3.14 Pigments (mmol pigment per mol Chl). (A) Neo, (B) Lut, (C) β-Car, (D) Xanthophyll 
pigment pool size, Vx + Ax + Zx (E) Chl a/b ratio in LL, NL, HL, and NatL plants. Mean and standard 
deviation of at least 35 samples are shown. Significant differences are indicated.  

β-Car is bound to the RCs of both PSII and PSI, and thus is an indicator of the photosystem 

content. As expected, LL plants showed the lowest β-Car content (55 mmol β-Car per mol 

Chl), while increasing amounts were determined with increasing growth light intensities (NL 

plants: 61 mmol β-Car per mol Ch; HL plants: 63 mmol β-Car per mol Ch). However, the 

highest amount of β-Car was found in NatL plants (65 mmol per mol Chl), which does not 

correspond to the rather low Chl a/b ratio (Figure 3.14 E) and the RC content (Figure 3.13) 

and may thus rather be related to the low PSII / PSI ratio.  

The pool size of the xanthophyll cycle pigments Vx, Ax and Zx (= VAZ-pool) serves as a 

general indicator of light acclimation, since the VAZ pool size is typically positively correlated 
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with high light stress. In agreement with this notion, LL plants showed the lowest VAZ pool 

size of 20 mmol per mol Chl. With increasing growth light intensity, the size of the VAZ pool 

increased to 25 mmol per mol Ch in NL plants, over 33 mmol per mol Ch in HL plants, to 35 

mmol per mol Chl in NatL plants (Figure 3.14 D), and thus showed a similar trend as 

observed for the β-Car content (Figure 3.14 C). 

No pronounced differences in the amount of Nx and Lut were found among plants from 

different growth conditions, however the amount of Nx decreased with increasing growth light 

intensity and was lowest in NatL grown plants. On the contrary, the amount of β-Car and the 

VAZ pool size increased with increasing growth light intensity and were highest in NatL 

grown plants. The chlorophyll a/b ratio indicated similar antenna size of NL and NatL grown 

plants. 

3.3.1.8 Summary of morphological and structural properties 

The following table (Table 3.2) provides an overview over the morphological and structural 

properties of Arabidopsis thaliana wild type plants grown under constant LL, NL, and HL 

plants, and natural fluctuating light grown NatL plants. Within the table, a color code provides 

information about similarities or differences among the different growth conditions. Each 

growth condition has its individual color (LL: yellow, NL: orange, HL: red, NatL: green). 

Similarities among different growth conditions are indicated by the same color. 

The phenotype of Arabidopsis plants altered with different growth light conditions in the leaf 

size and rosette density and diameter (Figure 3.3). NatL plants showed NL-like plant growth. 

However, the leaf thickness was comparable in LL and NL plants, as well as in HL and NatL 

plants, where leaf thickness was increased two-fold (Figure 3.5 and 3.6). With increasing 

growth light intensity, the fresh weight per leaf area increased and was highest in NatL grown 

plants, whereas the dry weight to fresh weight ratio was unaltered among the different growth 

conditions (Figure 3.4). The lipid composition was largely unaltered, and the observed 

differences did not show a specific light dependent pattern (Figure 3.12). 

The thylakoid membrane structure altered depending on the growth conditions, with higher 

degree of grana stacking in low light conditions (Figure 3.9 B). With increasing growth light 

intensity, the number of grana decreased. NatL grown plants showed mostly HL-like 

thylakoid membrane structure (Figure 3.8). Thick grana stacks (LL and NL) were unable to 

undergo structural changes in the short-term upon illumination with high light, whereas HL 

and NatL grown plants showed an unstacking of the grana stacks. NatL plants showed 

additionally partial restacking of the membranes upon 10 minutes of redarkening after 

illumination. The change in the height of grana stacks was accompanied by a change in 

width in NatL plants, however a significant change in the grana width could not be observed 

for the other growth conditions (Figure 3.11). The amount of Chl per chloroplast decreased 
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with increasing growth light conditions and was comparable in LL and NL plants, and in HL 

and NatL grown plants (Figure 3.6 D). 

Table 3.2 Summary of differences and similarities among plants from different growth 
conditions concerning their leaf morphology, chloroplast structure and protein and pigment 
content. Individual colors are provided for each growth condition (LL = yellow, NL = orange, HL = red, 
NatL = green). Similarities between growth conditions are indicated by using the same color. FW: 
fresh weight, DW: dry weight, Neo: Neoxanthin, Lut: Lutein, β-Car: β-carotene, VAZ: xanthophyll cycle 
pool pigments. 

        LL NL HL NatL 

Leaf 

morphology 

Thickness         
FW per cm²         
DW/FW (%)         
No of Chloroplasts         
Lipid composition         

 Chloroplast and 

thylakoid membrane 

Grana structure         
Grana Unstacking         
Grana Restacking         
Change in width         
Chl/Chloroplast         

Protein complexes 
PSII         
PSI         
Cyt b

6
f         

Pigment composition 

(mmol pigment  

per mol Chl) 

Chl a/b         
Neo         
Lut         
β-Car         
VAZ         

 

PSII and PSI amounts were mainly unaltered among the different growth conditions. 

However the amount of cyt b6f was strongly increased in HL plants, compared to the other 

growth conditions (Figure 3.13).  

The pigment composition was diverse and differed dependent on the respective carotenoid. 

No major differences were found in the amount of Nx and Lut among the different plants 

(Figure 3.14 A, B), while the amount of β-Car and VAZ pool pigments increased with 

increasing growth light intensity and were highest in NatL grown plants (Figure 3.14 C, D). 

The Chl a/b ratio increased with increasing growth light intensity in accordance with a 

decrease in the amount of LHCII per PSII RC. NL and NatL grown plants showed similar Chl 

a/b ratios, indicating a comparable antenna size (Figure 3.14 E). 

NatL plants were similar to HL grown plants at the level of leaf morphology and thylakoid 

membrane organization and dynamics. However, the amount of Cyt b6f and the Chl a/b ratio 

indicate NL-like features of electron transport, including LHCII. Simultaneously, the amount 

of protective carotenoids, i.e. β-Car and VAZ pool, were increased in NatL grown plants. 
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3.3.2 CO2 assimilation and photosynthetic electron and proton transport  

The impact of different growth light regimes on photosynthetic performance was investigated 

in intact leaves by applying gas exchange measurements and different spectroscopic 

approaches. 

3.3.2.1 Photosynthetic CO2 assimilation 

Light response curves were measured to characterize the key parameters of photosynthetic 

CO2 assimilation. These measurements could not be conducted for LL plants, because the 

leaves were too small for the leaf clamp, which had to be used for the experiment. 

Mismatching of the reference and sample cuvette was the consequence, making 

measurements impossible.  

 
Figure 3.15 (A) Light response curves of NL, HL, and NatL grown plants, in the range of 0 to 
2000 µmol photons m

-2
 s

-1
 and (B) Light compensation point calculated from fitted assimilation 

curves. Mean and standard errors are shown. Significant differences are indicated. Due to 
experimental restrictions, LL plants could not be measured. 

Therefore, only data for NL, HL and NatL plants were determined. For NL plants, the 

maximum photosynthetic assimilation rate of about 5 µmol CO2 m
-2 s-1 was reached at a light 

intensity of 500 µmol photons m-2 s-1. Above this intensity, only a slight further increase was 

detectable (Figure 3.15). In contrast to that, HL and NatL plants both showed a maximum 

photosynthetic assimilation rate of about 8 µmol CO2 m
-2 s-1, which was reached at about 500 
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µE in HL plants and at 700 µmol photons m-2 s-1 in NatL plants (Figure 3.15). Below 400 µE, 

the assimilation rate in HL plants increased somewhat faster in response to light intensities 

than in NatL plants, though the maximum value was similar in both cases. In relation to the 

growth light intensities (NL: 100 µE; NatL: mean value of 150 µE), the saturation of 

assimilation was reached at higher light intensities in NL (500 µE) and NatL (700 µE) plants. 

In HL plants, however, the maximum assimilation rate was reached at the growth light 

intensity of 500 µmol photons m-2 s-1. This indicates that photosynthesis in HL plants was 

nearly light-saturated during growth, whereas NL and NatL plants did not use the full 

photosynthetic capacity during growth. By fitting the assimilation curves as a single 

exponential increase, the light compensation points for NL, HL, and NatL plants were 

calculated (Figure 3.15 B). In NL plants, the light compensation point was lowest with about 

10 µmol photons m-2 s-1. HL plants, which had to cope with five times higher light intensities 

than NL plants, showed a slightly, but significant higher compensation point of about 13.5 

µmol photons m-2 s-1. NatL plants showed the highest light compensation point of about 15 

µmol photons m-2 s-1, which was, however, statistically not significantly different from that of 

HL plants (Figure 3.15 B). This high light compensation point of NatL plants suggest, that 

rather transient high light intensities up to 1,500 µE (see section 2.1) than the mean growth 

light intensity (150 µmol photons m-2 s-1) determines the light compensation point.  

3.3.2.2 PSII oxidation state  

Apart from the overall CO2 assimilation rate, the redox state of the photosynthetic electron 

transport chain is an important indicator for the acclimation of photosynthesis to different light 

conditions. At the level of PSII, the fraction of so-called open RCs is defined by the 

parameter qL, which can be derived from Chl fluorescence measurements (Kramer et al., 

2004b). qL is proportional to the fraction of oxidized QA and therefore represents the fraction 

of active or “open” PSII RCs and hence indicates the reduction state of the PSII acceptor 

side.    
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Figure 3.16 Amount of open PSII RC (qL) in percent of total amount of PSII RC during 30 
minutes of illumination. LL, NL, HL, and NatL plants were illuminated. Leaves were illuminated 
with (A) 340 µmol photons m

-2
 s

-1
, (B) 825 µmol photons m

-2
 s

-1
, and (C) 1950 µmol photons m

-2
 s

-1 

actinic light intensity. Mean and standard deviation of six independent samples are shown. 

qL was determined at three representative light intensities of 340, 825 and 1950 µE, to obtain 

information about the redox state of the electron transport chain at moderately and highly 

saturating light intensities (Figure 3.16). At 340 µmol photons m-2 s-1, a light intensity just 

below the saturation of CO2 assimilation (Figure 3.15), HL plants showed the largest fraction 

of open PSII RC (30 %) followed by NatL plants with approximately 25 % of open PSII RC, 

while In NL and LL plants, qL was decreased to 10 % and 5 %, respectively (Figure 3.16 A). 

This indicates, that particularly in LL plants the PQ pool (and hence QA) is almost fully 

reduced at 340 µmol photons m-2 s-1. As expected, qL remained at this low level in LL plants 

at 825 µmol photons m-2 s-1, whereas qL was reduced in all other plants (Figure 3.16 B). 

While qL in NL plants dropped to the same low level (5 %) as in LL plants, the fraction of 

open PSII RC was reduced to about 10 % in HL and NatL plants. Obviously, the PQ pool is 

still not fully reduced in HL and NatL plants at this light intensity though CO2 assimilation is 

already saturated. At light intensities that strongly exceed the intensity required for saturation 
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of CO2 assimilation (here: 1950 µmol photons m-2 s-1), qL remained at low levels (< 5 %) in 

plants from all growth light conditions (Figure 3.16 C). Only during the initial 5 minutes of 

illumination, a faster increase in qL was detectable in HL and NatL plants, but similar values 

were reached after about 20 min of illumination in all plants. In contrast to the two other light 

intensities, no clear saturation of qL was visible at longer illumination time, so that qL slowly 

increased to values of about 5 % at the end of the illumination period of 30 min. It should be 

noted, that this slow increase might be an artefact related to the very high light intensity 

rather than representing a real increase of the fraction of open centers, e.g. due to activation 

of photoprotective mechanisms. 

3.3.2.3 Rates of linear electron transport (ETR)  

The determination of the PSII quantum yield (Φ PSII) further allowed an estimation of ETR 

and thus provides information of overall electron transport from PSII to PSI in plants from the 

different growth conditions. ETRs were derived from the same curves as used for qL 

determination (Figure 3.16) and the results are summarized in Figure 3.17.  

In general, the ETR increased with increasing actinic light intensity in plants from all growth 

conditions. The ETR in LL plants increased from 20 (at 345 µE) to 40 µmol electrons m-2 s-1 

(at 825 µE and 1950 µE), while in NL plants ETRs of 40 µmol electrons m-2 s-1 were 

determined at all actinic light intensities. In contrast, the ETR in HL plants increased from 70 

(at 345 µE) to 80 µmol electrons m-2 s-1 (at 825 µE and 1950 µE) and in NatL plants from 60  

(at 340 µE) to 80 µmol electrons m-2 s-1 (at 825 µE). At the highest light intensity (1950 µE) 

the ETR was again reduced to 60 µmol electrons m-2 s-1 in NatL grown plants.  

The generally higher ETR in HL and NatL grown plants in comparison with LL and NL plants 

indicates a higher quantum yield in HL and NatL plants, consistent with the larger fraction of 

open RCs (qL) determined above (Figure 3.16). The increase of the ETR at an actinic light 

intensity of 825 µE implies that the low fraction of open PSII RCs (Figure 3.16) did not limit 

LET, in agreement with the literature (Walters, 2005). No further acceleration in electron 

transport was observed when using 1950 µmol photons m-2 s-1, compared to 825 µmol 

photons m-2 s-1, indicating a saturation of the linear electron transport at 825 µmol photons 

m-2 s-1. 
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Figure 3.17 Electron transport rates (ETRs) of LL, NL, HL, and NatL plants illuminated with 340 
(A), 825 (B), and 1950 (C) µmol photons m

-2
 s

-1
 for 30 minutes. Mean and standard error of at least 

three independent samples are shown. 

3.3.2.4 PSI oxidation state 

The redox state of PSI at a given actinic light intensity reflects the ratio of PSI oxidation (due 

to excitation) and reduction (due to linear electron flow from PSII), so that highly oxidized PSI 

indicates a limitation of PSI re-reduction by electrons provided from linear electron transport 

through Cyt b6f. Therefore, PSI is typically more reduced at low light intensities and more 

oxidized at high light intensities. The light intensity at which the transition to a high oxidation 

state of PSI occurs is thus an indicator for the acclimation of linear electron transport to 

different light intensities.  

At low light intensity (Figure 3.18, 53 µmol photons m-2 s-1), a relatively high oxidation state of 

PSI (about 20 %) was observed in LL and NatL plants, while the PSI pool of NL and HL 

plants was almost completely reduced at this light intensity (Figure 3.18). Generally, with 

increasing light intensity the fraction of oxidized PSI increased in all plants, but clearly 

different light dependencies were found for the different plants. At 166 µmol photons m-2 s-1, 

LL and NL plants showed the highest inactivation of PSI among all plants, with 80 % and 
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60 %, respectively, followed by NatL plants (45 %) and HL plants (20 %). At further 

increasing light intensity, NatL plants showed similar PSI oxidation states as HL plants, and 

LL plants showed similar PSI oxidation states as NL plants. However, at all higher light 

intensities (> 166 photons m-2 s-1), HL/NatL plants showed significantly lower PSI oxidation 

states than LL/NL plants (Figure 3.18). At 340 µmol photons m-2 s-1 the PSI oxidation state in 

HL and NatL was in the range of 60 %, while values of 90 % and 80 % were determined in 

LL and NL plants, respectively. At 825 µmol photons m-2 s-1 the oxidation state of PSI in HL 

and NatL plants increased to 80 %, and to 90-95 % in LL and NL plants. At the highest light 

intensity (1950 µmol photons m-2 s-1) LL and NL plants showed 95 % oxidation of PSI, as 

opposed to HL and NatL, where about 90 % oxidized PSI was found. The similarity of LL and 

NL plants as well as of HL and NatL plants at the three highest light intensities is in line with 

the observations for the PSII oxidation state (Figure 3.16) and the electron transport rates 

(Figure 3.17). It is worth to note, however, that the level of PSI oxidation in NatL plants was 

similar to those of LL plants at low light intensities, but similar to HL plants at higher light 

intensities. This suggests that NatL plants share properties of both LL and HL plants, which 

likely reflects the ability of NatL plants to efficiently cope with a broad variety of light 

intensities. 

 
Figure 3.18 P700 oxidation state in LL, NL, HL, and NatL plants at five different illumination 
intensities. The P700 oxidation state is an indicator for the relative amount of oxidized, closed, and 
therefore inactive PSI RC in relation to the whole PSI RC pool. Mean and standard error of at least five 
independent samples are shown. Significant differences are indicated. 
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3.3.2.5 Chl a fluorescence induction (OJIP transients) 

A general estimation of the characteristics of electron transfer processes and their according 

rates is provided in the so called OJIP measurements (Stirbet and Govindjee, 2011). In this 

method, the dynamics of the Chl a fluorescence increase from F0 to Fm is monitored within 

two seconds of illumination at a time resolution of 10 µs. Different transient phases in the 

overall Chl fluorescence rise can be distinguished, as shown in Figure 3.19. In this 

experiment, only the increase to the P level (= Fm) was measured, while the subsequent 

fluorescence decay phases, termed S, M and T, were not analyzed. In short, the O-J phase 

is termed photochemical phase, since its kinetics is strongly dependent on the intensity of the 

applied light. States J-I-P were shown to be strongly dependent on the temperature, thus 

termed as thermal phase. O-J kinetics contain information about the reduction of QA in PSII. 

The further reduction of the PQ pool can be interpreted in the J-I rise, where at the plateau of 

the I phase, electrons are transferred onto PC. Finally, the transfer to the final acceptor in 

PSI is shown in the I-P phase. In summary, the kinetics of the different transitions reflect the 

reduction of the electron transfer chain at different levels. 

The OJIP transients determined in LL, NL, HL, and NatL plants are summarized in Figure 

3.19 A. The overall reduction was fastest in LL plants. This was true for both, the intra-PSII 

transfer, within PSII (Figure 3.19 B, O-J), and in particular the inter-PSII transfer, from PSII to 

the PQ pool (Figure 3.19 C, J-I). Intermediate kinetics were found for NL plants, while HL and 

NatL plants showed slowest reduction of both QA (O-J) and PC (J-I), although a distinct 

plateau of the I phase was not clearly distinguishable from the J-P transient (Figure 3.19 C).  
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Figure 3.19 (A) Measurements of the Chl a fluorescence transient in LL, NL, HL, and NatL grown 
plants. (B) Normalization of the total amplitude of all growth conditions from O to the J phase. (C) 
Normalization of the total amplitude of all growth conditions from J to P phase. Normalization in (B) 
and (C) allows for direct comparison of the fluorescence kinetics. O, original fluorescence, comparable 
F0; J and I, intermediate states; P, fluorescence peak, comparable to FM. Mean of ten measurements 
is shown, standard deviation was < 0.04. 

The kinetics of QA reduction are known to depend on the antenna size of PSII (Malkin et al., 

1981) with a larger antenna leading to a faster QA reduction. Applied to the acquired data this 

suggests, that LL plants possess the largest functional antenna, followed by NL plants and 

finally HL and NatL plants, which showed very similar O-J kinetics (Figure 3.19 B). However, 

the strict dependence on the antenna size is only given when electron transfer from QA to QB 

is blocked, e.g. upon addition of DCMU. The same order of kinetics was found for the J-I-P 

transient, which is likely determined by the PQ pool size and the amount of Cyt b6f. The 

obtained data thus support the view that HL and NatL plants have the highest electron 

transport capacity from PSII to PSI, and LL plants the lowest, in agreement with the above 

data (Figure 3.17).  
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3.3.2.6 Total proton motive force (pmf) in dark and light acclimated states 

In addition to the electron transport characteristics, key parameters of proton transport were 

analyzed. For that, spectrophotometric measurements of the light-induced electrochromic 

shift (ECS) at 515 nm were performed, from which basic information about the proton motif 

force (pmf), the driving force for ATP synthesis, can be derived (see Methods, section 2.8.3 

for details). Besides the extent of the pmf, the corresponding partitioning in ΔpH and ΔΨ, and 

also the proton conductance gH
+ can be estimated from the P515 measurements (Cruz et al., 

2001; Takizawa et al., 2007). In Figure 3.20 the extent of the total pmf at three different light 

intensities is shown for plants grown under the different light conditions. 

 
Figure 3.20 Total pmf in the light-dark transition, expressed in ECS units. Samples were 

illuminated with the according light intensity for 30 minutes. Mean and standard deviation of at least 

five independent samples are shown. Significant differences are indicated.  

The total pmf in a stable, light acclimated state of photosynthesis was derived from rapid 

absorption changes during the light-dark transition after 30 minutes illumination, and is 

expressed as ECSt normalized on the ECS unit obtained by single turnover flash previous to 

the measurement. In LL plants, a total pmf in the light about 0.8 was found for all actinic light 

intensities, indicating a saturation of the pmf at the lowest intensity used. The same was true 

for the plants from other growth light conditions, where similar pmf was determined for all 

light intensities. Except for the pmf determined in NL plants at 340 µmol photons m-2 s-1, no 

significant differences among the growth conditions were found. It should be noted, however, 

that the differences between plants from different growth conditions do not necessarily reflect 

a proportional difference in the pmf, since the ECS signal is based on absorption changes of 
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carotenoids, so that altered optical properties and differences in the carotenoid content may 

influence the amplitude of the absorption changes.  

More specific information, however, can be derived from further analyses of the ECS signal, 

providing estimates of the pmf partitioning into ΔpH and ΔΨ, the proton conductance of the 

ATP synthase (gH+) and the lumen pH.   

3.3.2.7 Partitioning of the pmf into ΔpH and ΔΨ 

In order to estimate the partitioning of the pmf into ΔpH and ΔΨ, the respective dark-interval 

relaxation kinetics (DIRK) of the ECS signal during the light-dark transition were analyzed,  

 
Figure 3.21 Proton motive force partitioning, indicated as percent of ΔpH on ECSt after 30 
minutes of actinic light illumination with 340, 825, and 1950 µmol photons m

-2
 s

-1
. Partitioning 

was derived from the same curves which were analyzed for total pmf determination (Figure 3.20). 
Mean and standard deviation of at least five independent samples are shown. Significant differences 
are indicated. 

At 340 µmol photons m-2 s-1, the fraction of the total pmf stored as ΔpH ranged between 40 

and 50 % in plants from all growth conditions (Figure 3.21). With increasing actinic light 

intensity, the ΔpH fraction increased, except for HL at 825 µmol photons m-2 s-1, where a 

similar partitioning was found in comparison to the lower light intensity of 340 µmol photons 

m-2 s-1. The highest fraction of ΔpH (90 %) was found in LL and NatL grown plants at an 

intensity of 1950 µmol photons m-2 s-1, while somewhat lower fractions were determined for 

NL (75 %) and HL (70 %) plants (Figure 3.21). Thus, under all light conditions, the pmf 

partitioning in LL and NatL plants was similar and showed the largest fraction of the total pmf 

stored as ΔpH, whereas the lowest contribution of ΔpH relative to the total pmf was found in 

HL plants.  
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3.3.2.8 Proton conductance and lumen pH  

The steady state pmf is characterized by a constant influx and efflux of protons into and out 

of the thylakoid lumen. The influx of protons is dependent on the rate of electron transport, 

while the efflux is mainly controlled by the activity of the ATPase. A simple non-invasive 

approach to determine the rate of proton efflux through the ATPase is the proton 

conductance (gH
+), which can be derived from the kinetics of the decay of the ECS signal 

measured at 515 nm after switching off the actinic light. Fitting of this decay with a mono-

exponential function thus allows determining the rate constant gH
+ for proton flux through the 

ATP synthase.  

 

Figure 3.22 Proton conductance (gH
+
) after 30 minutes of illumination in LL, NL, HL, and NatL 

plants. Same curves analyzed for total pmf were used (Figure 3.20). Significant differences are 
indicated. 

In LL plants, gH
+ was under all actinic light conditions significantly lower than in plants from 

the other growth light conditions, and reached values between 13 and 17 sec-1. NL, HL and 

NatL plants did not show statistically significant differences in gH
+ at either actinic light 

intensity, and gH
+ ranged between 25 and 35 sec-1. Thus, proton conductance was about 

twofold higher in NL, HL and NatL plants as compared to LL plants. This result is in 

accordance with the differences in the total pmf and supports the proportionality of the total 

pmf and gH
+.  

On basis of the total pmf and the fraction of the pmf stored as ΔpH it is further possible to 

estimate the lumen pH, when taking into account further assumptions, such as estimates for 

the pmfd (112 mV) and the stromal pH (7.8) (for details see (Takizawa et al., 2007). 
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Figure 3.23 Lumen pH after 30 minutes of illumination with 340, 825, and 1950 µmol photons m
-2

 
s

-1
 in LL, NL, HL, and NatL plants. Calculations were performed according to (Takizawa et al., 2007). 

Same curves were analyzed as described previously (Figure 3.21, 3.22). Mean and standard error of 
at least five independent samples are shown. Significant differences among growth conditions at one 
light intensity are indicated with letters, significant changes of the growth conditions among different 
light intensities are indicated with asterisks. 

In Figure 3.23, estimates of the steady-state lumen pH at the end of 30 minutes of 

illumination at 340, 825, and 1950 µmol photons m-2 s-1 are shown. As expected, the lumen 

pH decreased with increasing light intensity, though for most conditions no statistically 

significant differences were found among the plants from different growth conditions. At an 

actinic light intensity of 340 µmol photons m-2 s-1, the lumen pH was calculated with about 

6.75 in all plants. At higher light intensities, LL and NatL plants generally showed stronger 

acidification of the lumen than NL and HL plants. At 825 µmol photons m-2 s-1, the lumen pH 

in LL and NatL plants decreased to 6.5 in contrast to NL and HL plants, where lumen 

acidification remained nearly unchanged as compared to the lowest light intensity (Figure 

3.23). A further decrease in lumen pH was determined at 1950 µmol photons m-2 s-1, where 

the values decreased to pH 5.9 in both LL and NL plants, and to pH 6.1 and 6.2 in NL and 

HL plants, respectively.  

3.3.2.9 Summary of photosynthetic capacity, and electron and proton  

According to the observed growth phenotype (see section 3.3), the CO2 assimilation rate in 

plants from different growth conditions altered. Higher maximum assimilation rates (Pmax) 

were found for HL and NatL grown plants as compared to NL grown plants (Figure 3.15 A). 
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The higher Pmax in HL and NatL plants was accompanied by an increased light compensation 

point as compared to NL grown plants (Figure 3.15 B).  

The fraction of open PSII RC (qL) at 340 and 825 µmol photons m-2 s-1 illumination intensity 

was higher in HL and NatL grown plants, compared to LL and NL grown plants, however, qL 

generally decreased with increasing actinic light intensity. At 1950 µmol photons m-2 s-1, no 

differences in the fraction of open PSII RC were found among the different plants (Figure 

3.16). 

Table 3.3 Summary of the CO2 assimilation, photosynthetic efficiency, as well as proton motive 
force.  Individual colors are provided for each growth condition (LL = yellow, NL = orange, HL = red, 
NatL = green). Similarities between growth conditions are indicated by using the same color. Pmax: 
maximum CO2 assimilation rate, LCP: light-compensation point. 

    LL NL HL NatL 

Photosynthetic  
efficiency  

P
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LCP 
 

      
qL         
ETR         
P700         
OJIP         

proton motive 

force 

ECS
t
         

ΔpH portion on pmf         
g

H

+         
Lumen pH         

 

In line with a higher fraction of open PSII RC, the ETR in HL and NatL grown plants was 

increased two-fold at 340 and 825 µmol photons m-2 s-1, compared to LL and NL grown 

plants. Maximum rates of around 90 electrons m-2 s-1 were measured for HL and NatL grown 

plants, whereas LL and NL grown plants reached ETRs of 30-40 at 825 µmol photons m-2 s-1.  

NatL grown plants showed characteristic of both, LL and HL grown plants with regard to PSI 

oxidation at different actinic light intensities. Here, NatL plants showed LL-like, higher PSI 

oxidation state at lower light intensities, however lower, HL-like maximum PSI oxidation state 

at higher light intensities (Figure 3.18).  

The OJIP data showed fastest QA reduction in LL grown plants, and slower QA reduction in 

HL and NatL grown plants. However, the J-I-P transient confirmed the overall higher electron 

transport capacity of HL and NatL grown plants, which was faster in HL and NatL grown 

plants, compared to LL and NL grown plants (Figure 3.19). 

Measurements on the total pmf showed comparable values in NL, HL and NatL grown plants, 

whereas the total pmf in LL plants was decreased by 50 % under all actinic light conditions 

(Figure 3.20). However, the ΔpH portion of the total pmf was higher in LL and NatL grown 

plants, compared to NL and HL plants (Figure 3.21). As shown for the total pmf, the proton 
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conductance (gH
+) was comparable in NL, HL, and NatL grown plants, and decreased in LL 

grown plants (Figure 3.22). 

With increasing growth light intensity, the lumen pH decreased in all plants, except for HL 

grown plants, where no differences in lumen acidification between 340 and 825 µmol 

photons m-2 s-1 were found (Figure 3.23). LL and NatL grown plants showed the lowest 

lumen pH upon illumination, which was in line with the pmf partitioning. 

Overall NatL grown plants were most similar to HL grown plants in most of the analyzed 

aspects, however NatL grown plants also exhibited features from LL grown plants, as shown 

in the P700 oxidation pattern and the pmf partitioning.  

3.3.3 Energy dissipation  

The dissipation of absorbed light energy as heat (= non-photochemical quenching, NPQ) 

comprises different components, which can be activated on different timescale and which 

differ in the underlying mechanism and molecular requirements. Under most natural 

conditions, the energy-dependent qE mechanism and the Zx-dependent qZ mechanism 

represent the dominating NPQ processes that are activated upon short-term acclimation to 

high light. On basis of the time-resolved fluorescence measurements on Monstera plants, an 

additional, spillover-based mechanism (qSO) has been characterized in plants acclimated to 

natural high light conditions. In this chapter, the NPQ properties of Arabidopsis plants grown 

under different light conditions are characterized, including the critical regulatory factors of 

NPQ, PsbS and Zx.  

3.3.3.1 Quantification of PsbS protein  

The PsbS protein is an essential regulator of qE, and the amount of PsbS has been shown to 

be positively correlated with qE (Li et al., 2000). Two approaches were chosen to obtain 

information about the amount of PsbS in plants from different growth light conditions:  

Western Blot analyses of total protein extracts and immunogold labeling of ultrathin leaf 

sections. 
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3.3.3.1.1 Western Blot analysis 

 

Figure 3.24 Quantification of the PsbS protein via Western Blot analysis. For each growth 
condition, three different concentrations of total protein extract were loaded. Band intensity was 
quantified as described in section 2.8 (A) Representative Westernblot used for the quantification (B) 
Box plot analysis of quantified details. The horizontal line indicates the median, the boxes represent 
the distribution of 50 % of the data points. Error bars indicate lower and upper quartiles. Five different 
blots were used for quantification. Significant differences are indicated. 

Figure 3.24 summarizes the results of the Western blot analyses. Total protein extract was 

loaded in three different concentrations (12, 10, and 8 µg) for each growth condition. Only 

blots with linear correlation of the different protein concentration per growth condition were 

used for analysis. The normalized quantification is shown in Figure 3.24 B. In LL plants, the 

amount of PsbS was reduced to 60 % of the levels in NL plants. On the contrary, the PsbS 

amount was increased in HL plants to 125 % of the levels in NL plants. NatL plants showed 

slightly higher PsbS amounts than NL plants, but lower amounts than in HL plants. 

Significant differences were only found for LL and HL plants, but not for NatL plants.  

3.3.3.1.2 Immunogold labeling 

Immunogold labeling provides information about the localization and amount of the protein of 

interest. However, the significance of the data strongly depends on the specificity of the 

antibody and the accessibility of the antibody to the respective epitope. The PsbS specific 

antibody used here did not show any cross-reaction with other proteins upon immunogold 

labelling of chloroplasts from the PsbS deficient npq4 mutant and increased labelling in the 

PsbS over-expressing line L17 (Viviana Correa Galvis, unpublished results).  
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Figure 3.25 Quantification of the PsbS protein via immunogold labeling. (A) Typical transmission 
electron micrograph of a chloroplast from NatL plants. The thylakoid membranes are shown in light 
gray, stromal areas in dark gray. The gold particles are located to the thylakoid membrane system (red 
circles). (B) Box plot showing the amount of gold particles normalized on the area of 1 µm².  

The number of gold particles was quantified in TEM images, exemplarily shown for a leaf 

from NatL grown plants (Figure 3.25 A). In total, 60-80 samples from dark- and light 

acclimated leaves were analyzed. The gold particles were found to be randomly distributed 

within the thylakoid membrane in all types of plants, so that no allocation of gold particles to 

different parts of the membrane, i.e. grana stacks, grana margins or stroma lamellae was 

possible. Since no differences were found between dark- and light-adapted samples, all data 

obtained were pooled. On basis of immunogold labeling, no significant differences in the 

amount of PsbS were found between the different growth conditions (Figure 3.24 B). 

Independent of the growth conditions, mean values between 17 and 22 gold particles per 

µm² were found, with an extremely high variation in the amount of gold particles in NL and 

HL plants (Figure 3.25 B). These results were not in line with the PsbS quantification based 

on Western blot analysis (Figure 3.24), likely due to general limitations of immungold 

labeling. 

3.3.3.2 Steady state NPQ 

As mentioned before, the PsbS protein is required for the activation of the NPQ, more 

precisely for the qE mechanism of NPQ. In Figure 3.26 the NPQ induction during 30 

illumination and NPQ relaxation in a subsequent 30 min dark period is shown for plants 

grown under different light conditions. During 30 minutes of illumination, not only qE is 

activated, but also qZ and qI. It has previously been shown, that qE and qZ act in separated 

quenching centers, termed Q1 and Q2. Q1 has been assigned to quenching in detached 

LHCII, which is only dependent on the action of PsbS and thus reflects qE. On the other 
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hand, Q2 is localized in antenna proteins attached to PSII core, where excess energy is 

quenched in a Zx dependent way, giving rise to qZ (Holzwarth et al., 2009). The 

photoinhibitory quenching qI is generated in parallel with qZ, but is – in contrast to qE which 

relaxes within 2-5 minutes and qZ, which relaxes within 5-30 minutes – characterized by very 

slow relaxation kinetics, and thus irreversible during a 30 min dark relaxation period. For 

quantification of the different NPQ components, the NPQ amplitude which relaxed within 30 

min has been assigned to the sum of qE and qI and the remaining NPQ was assigned to qI. 

The values derived from these analyses are summarized in Table 3.4.  

Figure 3.26 A shows NPQ dynamics of LL, NL, HL, and NatL plants illuminated with 340 

µmol photons m-2 s-1. LL and NL plants showed similar NPQ dynamics during both, light 

induction and dark relaxation with a maximum NPQ of 1.3. However the remaining non-

reversible NPQ (= qI) was slightly higher in LL plants (0.4) in comparison with plants from all 

other growth conditions (about 0.2) (Table 3.4). At 340 µmol photons m-2 s-1, HL and NatL 

plants showed significantly higher NPQ induction than LL and NL plants. While NatL plants 

exhibited a higher maximal NPQ than HL plants (2.4 vs 2.1, respectively), the kinetics of 

NPQ induction were faster in HL plants (Figure 3.26 A). The increased NPQ in NatL plants 

could be assigned to an increased qE capacity in comparison with HL plants (Table 3.4) 

At 825 µmol photons m-2 s-1, a 30-50 % higher maximum NPQ was observed in all plants 

(Figure 3.26 B, Table 3.4). Again, the induction of NPQ in LL and NL plants was similar. The 

somewhat higher maximum NPQ value in LL plants (2.3) as compared to NL plants (1.8) was 

mainly due a linear increase of the NPQ after about 10 min of illumination, which was likely 

related to photoinhibition, as indicated by the much higher amplitude of qI in LL plants (1.06) 

than in NL plants (0.77) (Table 3.4). Also HL and NatL plants revealed similar NPQ dynamics 

at 825 µmol photons m-2 s-1, with slightly higher maximum NPQ in NatL (2.8) than in HL 

plants (2.7) (Figure 3.26 B, Table 3.4). Despite the higher maximum NPQ in HL and NatL 

plants, the contribution of photoinhibition to the overall NPQ was smaller compared to LL and 

NL plants, resulting in a much higher capacity for rapidly reversible (qE + qZ) quenching in 

HL and NatL plants (about 2.2) in comparison with LL and NL plants (about 1.2) (Table 3.4).  
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Figure 3.26 NPQ measurements calculated from Chl fluorescence traces measured by a Dual-
PAM system. LL, NL, HL, and NatL plants were illuminated with three different actinic light intensities: 
(A) 340, (B) 825, and (C) 1950 µmol photons m

-2
 s

-1
. NPQ fluorescence was measured for 30 minutes 

in the light (indicated by white bars) and a following 30 minute dark period (indicated by black bars). 
Mean and standard deviation are shown for six independent samples. 

A further increase of the actinic light intensity to 1950 µmol photons m-2 s-1 lead to a further 

increase in NPQ in plants from all growth conditions. LL plants showed the highest NPQ 

induction with 4.25, however 80 % of the observed quenching was due to irreversible 

photoinhibitory qI quenching (3.26C, Table 3.4). NL plants showed a maximum NPQ of 4.0, 

which was likewise predominantly related to a pronounced increase of the qI component. In 

contrast, HL and NatL plants showed a similar maximum NPQ of 3.3 and 3.6, respectively, 

which was predominantly based on qE-type quenching, as can be derived from the rapid 

dark-relaxation of NPQ. The pronounced increase of rapidly inducible and relaxing 

quenching in HL and NatL plants can thus be predominantly assigned to an increased qE 

capacity (Figure 3.26 C, Table 3.4), in agreement with the increased levels of PsbS 

determined via Western blot analysis (Figure 3.24). The photoprotective effect of a high qE 

capacity is visible from the much lower qI in HL and NatL plants as compared to LL and NL 

plants (Table 3.4). The NPQ analyses thus support the view that acclimation to fluctuating 

light conditions increases the capacity of pH-regulated qE quenching.  
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The capacity for reversible qE + qZ –type quenching in each growth condition mainly 

remained unchanged among different illumination intensities, except for LL plants at 1950 

µmol photons m-2 s-1. Here, the capacity was somewhat reduced, however the used light 

intensity was 80 x higher compared to the growth light intensity. With increasing growth light 

conditions, the capacity increased from an NPQ of about 1.0 in LL over 1.4 in NL to an NPQ 

capacity of 2.6 and 2.8 in HL and NatL plants. Thus, the overall quenching capacity was only 

determined by the growth light condition, but independent from the actinic light intensity. 

However, higher actinic light intensities modified the kinetics NPQ induction (compare Figure 

3.26 A and B HL). Overall, the amplitude of the NPQ, which increased with increasing growth 

light intensity, was in line with the biochemically determined PsbS content (Figure 3.24), as 

also shown in other works (Ballottari et al., 2007).  

Table 3.4 Quantitative analysis of different NPQ components. The parameters were calculated 
from the traces shown in Figure 3.26. qE + qZ represent the reversible components of NPQ in the time 
frame measured, qI is the irreversible part of NPQ. Mean values +/- SE are shown. 

 
340 µmol photons m-2 s-1 825 µmol photons m-2 s-1 1950 µmol photons m-2 s-1 

qE + qZ qI qE + qZ qI qE + qZ qI 

LL 1.03 ± 0.02 0.40 ± 0.01 1.23 ± 0.02 1.06 ± 0.04 0.83 ± 0.11 3.40 ± 0.13 

NL 1.21 ± 0.05 0.23 ± 0.03 1.21 ± 0.06 0.77 ± 0.03 1.71 ± 0.05 2.29 ± 0.16 

HL 1.85 ± 0.12 0.2 ± 0.03 2.09 ± 0.07 0.56 ± 0.04 2.60 ± 0.10 0.61 ± 0.08 

NatL 2.15 ± 0.07 0.22 ± 0.04 2.23 ± 0.15 0.56 ± 0.07 2.85 ± 0.09 0.98 ± 0.20 

The clear discrimination of the qE and qZ components was not possible without detailed 

kinetics analyses, but it is known that the contribution of qZ to the rapidly relaxing NPQ is 

rather low and typically in the range of 0.3-0.5 only (Nilkens et al., 2010). However, possible 

differences in the contribution of Zx to quenching may also be estimated by analyzing the 

extent and kinetics of Zx formation.  

3.3.3.3 Xanthophyll conversion 

The conversion of Vx to Zx under the same experimental conditions as used for the NPQ 

measurements is shown in Figure 3.27. At 340 µmol photons m-2 s-1, LL and NatL plants 

showed similar Vx convertibility (Figure 3.27 A). Within 30 minutes, about 40 % of the VAZ 

pool pigments were converted to Zx. The conversion was relatively slow (half rise time of 

about 10 min) in comparison to NL and HL plants (half rise time of about 5 min). Moreover, 

about 50 % of the VAZ pool was convertible to Zx in NL and HL plants (Figure 3.27 A). The 

same characteristics of Zx formation was also visible upon illumination at 850 µmol photons 

m-2 s-1 (Figure 3.27 B). However, more pronounced differences among plants from different 

growth conditions were detectable at the highest light intensity of 2000 µmol photons m-2 s-1 

(Figure 3.27 C). HL grown plants showed an increased conversion of Vx to Zx (about 60 % of 
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the total VAZ pool) and the formation of Zx was slightly accelerated in LL plants, while the 

conversion of Vx to Zx remained unchanged in NL and NatL plants. The reconversion of Zx 

to Ax and Vx in during the subsequent dark period showed no pronounced differences 

among the different plant types (Figure 3.27). It should be noted, however, that the 

information on the back reaction was limited, since only the Zx content at the end of the dark 

phase has been determined.  

 

Figure 3.27 Convertibility of the VAZ pool indicated as portion of zeaxanthin of the VAZ pool in percent 
during 30 minutes (white bars) of illumination and after 30 minutes of relaxation (black bars). 
Zeaxanthin content is shown for LL, NL, HL, and NatL plants at illumination intensities of (A) 350, (B) 
850, and (C) 2000 µmol photons m

-2
 s

-1
. Mean and standard error of at least three independent 

measurements are shown.  

The overall lower conversion rate in LL and NatL grown plants is in line with the assumption 

of a larger PSII antenna size in these two types of plants (based on Chl a/b ratios, Figure 

3.14 E). Protein bound xanthophylls have been shown to be less convertible in comparison 

to non-protein bound Zx (Jahns, 1995; Jahns et al., 2009). In contrast, the larger VAZ pool 

size (Figure 3.14 D) and the lower LHCII content (Figure 3.14 E) in HL plants suggest that 

the pool of non-protein bound xanthophylls is increased, resulting in more rapid conversion of 

Vx to Zx (Figure 3.27). The slow and incomplete conversion of Vxto Zx in NatL plants in 
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together with the high level of rapidly reversible NPQ (Figure 3.26, Table 3.4) indicates that 

particularly the Zx-independent qE component of NPQ is increased in these plants.  

3.3.3.4 Transient NPQ  

Zx is known to be modulate the maximum qE-capacity and the NPQ kinetics (Ruban and 

Horton, 1999). The faster qE quenching observed at higher actinic light intensities in HL 

plants (Figure 3.26) might be due to a faster conversion of Vx to Zx under the same 

conditions. However, the convertibility of the VAZ pool could not explain the fast qE induction 

in NatL plants, since the conversion of the VAZ pool was rather slow compared to HL plants 

(Figure 3.27). More detailed analysis of qE induction at low actinic light intensities might 

provide more information about the underlying molecular mechanism. When starting from the 

fully dark-adapted state, low light is known to induce a transient NPQ only, which is related to 

the transient buildup of a high ΔpH, due to a delay in light activation of the ATP synthase and 

the enzymes in the Calvin-Benson cycle (Finazzi et al., 2004; Kalituho et al., 2007). After full 

light activation of the ATP synthase (typically after a few minutes of illumination), the proton 

concentration in the lumen decreases rapidly under low light conditions and thus NPQ 

mechanisms are deactivated. The transient NPQ induction in LL, NL, HL and NatL plants is 

shown in Figure 3.28. 

The peak in early transient NPQ induction was reached after 30 to 60 seconds upon 

illumination. The fastest, but weakest response (NPQ = 0.2, Figure 3.28) was found in LL 

plants. It should be noted, however, that the actinic light intensity used for LL plants had to 

be reduced to 13 µmol photons m-2 s-1, since higher light intensities (as the light intensity of to 

53 µmol photons m-2 s-1 used for all other plants) already induced a stable NPQ in these 

plants. This lower light intensity might alter the kinetics of NPQ induction. In all other plants, 

the maximum of the transient NPQ was reached after about 1 min of illumination. NL and HL 

showed similar maximum values of 0.35 and 0.38, respectively, but the relaxation kinetic was 

slightly faster in HL plants (Figure 3.28). In contrast, NatL plants showed a nearly two-fold 

higher amplitude (about 0.68) of the transient NPQ response in comparison to NL and HL 

plants. 

At the end of 10 min illumination, similar steady-state NPQ values were detectable for all 

plants. However, in LL and HL a transient decrease of the NPQ below this steady state value 

was observed in the time range of 2-5 min (Figure 3.28), which might reflect differences in 

the activation of the ATP synthase, resulting in different transient pH values in the thylakoid 

lumen. Upon re-darkening, the most rapid decay of NPQ was found in NatL plants, as 

observed before for the relaxation of the steady-state NPQ (Figure 3.26).  
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Figure 3.28 Transient NPQ induction in LL, NL, HL, and NatL plants during ten minutes of 
illumination (white bar) and five minutes of dark relaxation (black bar). NPQ was induced at 53 
µmol photons m

-2
 s

-1
 in NL, HL, and NatL plants and with 13 µmol photons m

-2
 s

-1
 in LL plants. Mean 

and standard deviation of six independent measurements are shown. 

The differences in the extent of the transient NPQ is obviously not correlated with the kinetics 

of Zx formation. Thus, either differences in the PsbS content (which is highest in HL and 

NatL plants, Figure 3.24) or other properties related to HL acclimation are responsible for the 

increased NPQ capacity in NatL plants. To evaluate possible differences in the activation of 

the two quenching sites Q1 and Q2, or the possible activation of spillover quenching (qSO) 

upon acclimation to NatL conditions, time-resolved fluorescence measurements were 

performed.  

3.3.3.5 Time-resolved fluorescence measurements 

The contribution and characteristics of different NPQ processes (such as qE and qZ) was 

further investigated by time-resolved fluorescence spectroscopy. Applying this approach to 

intact leaves from Arabidopsis WT and mutant plants, two different quenching sites have 

been characterized earlier (Holzwarth et al., 2009). Quenching site Q1 was found to be PsbS 

dependent and to be related to the detachment and aggregation of parts of the LHCII 

antenna, while site Q2 was Zx dependent and related to antenna proteins that remained 

bound to the PSII reaction center (Holzwarth et al., 2009). In addition, this method further 

identified spillover quenching (qSO) as efficient additional energy dissipation mechanism 

active in Monstera plants adapted to natural high light (see 3.1). Applying this method to 

Time [min]

0 2.5 5 7.5 10 12.5 15

N
P

Q

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

NL

LL HL

NatL



 Results 
 

119 
 

Arabidopsis WT plants grown under NL, HL and NatL conditions should provide further 

insights into the quenching mechanisms activated in response to various growth light 

conditions. Unfortunately, it was not possible to perform these measurements with LL plants 

due to the small leaf size of these plants. Typical fluorescence decay kinetics obtained for 

the dark-adapted (Fmax condition) and light-adapted (FNPQ condition) are shown exemplarily 

for the wavelength of 686 nm in Figure 3.29. In the dark adapted state (Fmax), all plants 

showed similar fluorescence decay kinetics (average lifetimes (τav) of about 1.3 ns, Table 

3.5), indicating similar photochemical properties of dark-adapted PSII. An accelerated decay 

was found in the light-adapted state (FNPQ), reflecting the induction of NPQ in all cases. In 

comparison with NL plants (τav = 380 ps), however, a slightly faster decay was found for HL 

plants (τav = 320 ps) and much faster decay for NatL plants (τav = 130 ps). These lifetimes 

corresponded to NPQ values of 2.6 (NL plants), 3.1 (HL plants) and 8.5 (NatL plants). For NL 

and HL plants, the NPQ values were somewhat higher but still similar to those derived from 

steady state fluorescence measurements (Figure 3.26), while the NPQ value was much 

higher for NatL plants. This discrepancy is related to the fact that steady state NPQ values 

are determined from fluorescence emitted at wavelength > 720 nm, while the NPQ values 

obtained from time-resolved measurements were derived from the fluorescence at 686 nm. 

Obviously, the NPQ at this PSII specific wavelength is much higher in the red region as 

compared to the far-red region. 

For more detailed analysis, the decay-associated spectra (DAS), which carry both, spectral 

and kinetic information, were derived from kinetic compartment analysis (see 1.4.3). DAS for 

NL, HL and NatL grown Arabidopsis plants in the Fmax and FNPQ states are shown in Figure 

3.29. The kinetics analysis typically results in the identification of 4 components related to 

PSI (characterized by very short lifetimes in the range from 4-100 ps) and 3 or more 

components related to PSII. Since the NPQ processes occur in PSII and thus affect PSII 

components only, all further discussions and analyses are restricted to PSII related spectra. 

PSII related spectra (Figure 3.29 solid lines) show a characteristic peak maximum at 683 nm 

and a second local maximum in the far-red region (at about 740 nm). As pointed out in 

section 3.1, models including also PSII pools connected to PSI were comparatively tested to 

determine best fits of the data. In NL and NatL plants, a model assuming a homogenous PSII 

pool of unconnected RC was sufficient for fitting the acquired data in both the dark and light 

acclimated state (Figure 3.29 A + B, and E + F). Additionally, a specific LHCII antenna 

component, which is attached to the PSII core, was identified in the dark acclimated state of 

NL and NatL plants (Figure 3.29 A and E; LHCII attached), while a component related to 

detached LHCII was apparent in the light acclimated state in all types of plants. Detachment 

of parts of the LHCII antenna was accompanied by a shortening of the respective lifetimes 

(from 990 to 292 ps in NL plants and from 686 to 233 ps in NatL plants), indicating the light-
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induced quenching in LHCII upon detachment. This detached antenna component was 

formerly identified as the PsbS dependent quenching site Q1 (Holzwarth et al. 2009) which 

has been assigned to the PsbS-dependent qE component of NPQ (Nilkens et al. 2010; 

Jahns and Holzwarth, 2012). Light activation of the Zx dependent quenching site Q2 

(assigned to antenna proteins bound to the PSII RC core) was visible from the shortening of 

the lifetime of the slowest PSII component (about 2-2.4 ns), which represents the dominating 

PSII component in the dark-adapted state of all types of plants. In NL plants, the lifetime was 

reduced from about 2.2 ns under Fmax conditions (Figure 3.29 A) to about 840 ps under FNPQ 

conditions (Figure 3.29 B), in NatL plants from about 2.1 ns (Fmax; Figure 3.29 E) to about 

700 ps (FNPQ; Figure 3.29 F) and in HL plants from about 2.4 ns to about 750. In all cases, 

this strong reduction of the lifetime in the Fmax state indicates the activation of Zx-dependent 

NPQ, most likely identical with the qZ component of NPQ (Nilkens et al. 2010; Jahns and 

Holzwarth, 2012).  

In contrast to NL and NatL plants, it was required to assume a heterogeneous PSII pool to 

obtain satisfying fits of the data measured with HL plants in the dark acclimated state (Figure 

3.29 C; PSII and PSII-C). Furthermore, no additional LHCII component was found in HL 

plants under Fmax conditions (Figure 3.29 C), indicating a smaller PSII antenna size in 

comparison with NL and NatL plants, in agreement with former observations (Figure 3.14 E, 

Table 3.2). In contrast to the typical, unconnected PSII pool (as present in NL and NatL 

plants) which is separated from PSI, the pool of PSII RC connected to PSI (PSII-C) has to be 

located in membrane regions where also PSI is localized, i.e. in the grana margins or in 

stroma lamellae. As already shown for high light grown Monstera plants (section 3.1), 

connected PSII-RC allow for direct energy transfer between PSII and PSI via their connected 

antenna complexes, which explains the pronounced emission of far-red fluorescence at 740 

nm in the respective PSII related spectra (Figure 3.29 D, arrow). 
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Figure 3.29 Decay associated spectra (DAS) of NL, HL, and NatL grown Arabidopsis plants in 
dark acclimated and DCMU treated state with closed PSII RC (Fmax) (A, C, and E). Spectra in a 
quenching active, light acclimated state are shown in B, D, and F (FNPQ). Rates constants for the 
according spectra are shown in the upper left corner of each Figure. PSI components are shown in 
dotted lines, PSII related spectra are show in solid lines. Measurements were performed and analyzed 
by Dr. Suman Paul. 

In the light acclimated state (FNPQ), all PSII RC were connected to PSI (Figure 3.29 D; only 

PSII-C), allowing for effective energy-spillover quenching qSO as in high light grown Monstera 

plants (section 3.1). In addition to qSO, also the activation of the quenching sites Q1 (= 

detachment of LHCII trimers, Figure 3.29 D) and Q2 (as indicated by the absence of the 

long-lived 2 ns component of PSII, Figure 3.29 D) was observed in HL plants. 
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Table 3.5 Average lifetimes and rate constants of Fmax and FNPQ components in NL, HL, and 
NatL grown Arabidopsis thaliana plants. The upper part shows the average lifetime (τav) [ps] of the 
fluorescence decay measurements shown in Figure 3.29. The middle part shows the rate constants kD 
[ns

-1
] for PSII antenna deactivation under Fmax and FNPQ conditions, as well as the average lifetime for 

the PSII kinetic. Two pools of PSII RC exist, unconnected (PSII) and connected (PSII-C) RC, the latter 
allowing for energy-spillover. The lower part shows the lifetime τ [ps] of the detached PSII antenna, the 
site of Q1-type quenching. The respective contribution of the detached antenna (LHCII) and at PSII 
(NPQPSII) to the total NPQ is indicated. Errors in the rate constants were within ± 10 %. 

 
NL HL NatL 

av, ps @ 686 nm (Fmax) 1380 1320 1240 

av, ps @ 686 nm (FNPQ) 380 320 130 

Total NPQ 2.6 3.1 8.5 

    
kD_max, PSII, ns-1 0.3 0.3 0.3 

kD_NPQ, PSII, ns-1 1.8 - 3.2 

av, PSII, ps (Fmax) 943 1020 902 

av, PSII, ps (FNPQ) 460 - 382 

    
kD_max, PSII-C, ns-1 - 0.3 - 

kD_NPQ, PSII-C, ns-1 - 1.6 - 

av, PSII-C, ps (Fmax) - 374 - 

av, PSII-C, ps (FNPQ) - 338 - 

    kD_LHCII, ns-1 3.4 2.21 4.3 

Lifetime τ [ps] of detached antenna component 292 453 233 

Detached antenna cross-section relative to total PSII antenna (%) 30 40 30 

These analyses thus support the conclusion, that spill-over quenching (qSO) is only activated 

in HL plants. The increased NPQ capacity of NatL plants is therefore not due to spillover 

quenching, but rather to a more efficient quenching at Q1 and Q2. The kinetic features of the 

energy dissipation processes on basis of the kinetic target analysis are summarized in Table 

3.5. The rate constant kD represents the effective rate of non-photochemical inactivation of 

PSII and therefore is a direct measure of NPQ in the PS II-attached antenna. The increase of 

kD corresponds to the activation of Q2 (Holzwarth et al., 2009). In NL and NatL plants, kD 

increased by a factor of about 6 and 10, respectively, while a 5-fold increase was found for 

the connected PSII-C in HL plants (Table 3.5). Activation of Q1 led to a 30-40 % decrease of 

the functional PSII cross-section in all plants. However, the quenching in detached LHCII 

complexes was most efficient in NatL plants (kD_LHCII = 4.3) followed by NL plants (kD_LHCII = 

3.4) and HL plants (kD_LHCII = 2.2).    

3.3.3.6 Summary of energy dissipation properties and mechanisms  

The overall NPQ capacity and the underlying mechanisms were characterized. Western Blot 

analysis showed an increase in the amount of PsbS proteins with increasing growth light 
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intensity. NatL grown plants were found to accumulate high levels of PsbS similar to HL 

grown plants (Figure 3.24 B). Specific localization of the PsbS protein in grana or margin 

regions was assessed via immunogold labelling, however, no light dependent differences 

could be derived (Figure 3.25 B).  

Table 3.6 Summary of the quenching abilities of LL, NL, HL, and NatL grown plants. Individual 
colors are provided for each growth condition (LL = yellow, NL = orange, HL = red, NatL = green). 
Similarities between growth conditions are indicated by using the same color. 

    LL NL HL NatL 

Non-photochemical 

quenching (NPQ) 

Westernblot PsbS         

Immunogold PsbS         

NPQ (qE+qZ)         

VAZ convertibility         

Transient NPQ         

Time-resolved 

measurements 

Energy-spillover 
 

      

Additional LHCII 
 

      

Antenna quenching         

Xanthophyll conversion and thus Zx formation in NatL plants was similar to that in LL plants, 

but clearly different from that in NL and HL plants (Figure 3.27). These data support the view, 

that rather the overall antenna size than the VAZ pool size determines Vx convertibility  

NatL plants showed like HL plants a much higher NPQ capacity than LL and NL plants, 

which could be related to rapidly reversible quenching processes. This high NPQ capacity 

led to a much lower degree of photoinhibition upon high light stress in comparison with LL 

and NL plants (Figure 3.26, Table 3.4). NatL plants further showed the highest transient NPQ 

among all types of plants, indicating a very efficient activation of qE-type quenching (Figure 

3.28).  

Time-resolved fluorescence measurements showed that only in HL plants spillover 

quenching (qSO) can be activated (Figure 3.29). The high capacity of rapidly reversible NPQ 

in NatL plants can thus be assigned to a more efficient activation of quenching sites Q1 and 

Q2 (Table 3.5). 
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4 Discussion 

The characterization of acclimation processes of NatL grown plants revealed new insights 

into the regulation of light utilization in the context of light dependent regulation of thylakoid 

membrane dynamics. Morphological and functional similarities of NatL grown plants to both, 

LL and HL plants, provide the basis for the exceptionally high acclimation potential of NatL 

plants to both, low and high light intensities. Among all tested parameters, the very high 

dynamic of the thylakoid membrane organization might represent the key factor for the high 

acclimation capacity observed in NatL grown plants. In this context, particularly the 

architecture of the grana stacks, especially their ratio of core to margin regions, seems to be 

crucial. Even though membrane unstacking has been shown to correlate with a new type of 

non-photochemical quenching (spillover quenching, qSO), which was identified in HL grown A. 

thaliana and M. deliciosa plants, qSO was not active in NatL grown plants. The high NPQ 

capacity in NatL grown plants was thus not based on qSO, like in HL grown plants, but rather 

on a highly effective qE mechanism. 

4.1 Relevance of acclimation studies 

When analyzing the light acclimation of plants one has to discriminate between long- and 

short-term acclimation. Typically, long-term responses are related to the growth phenotype 

and plant morphology (Weston et al., 2000; Murchie, 2004) as well as protein stoichiometries 

(Anderson and Osmond, 1987; Schöttler et al., 2011). Long-term responses are usually 

controlled by hormone signaling (Mateo et al., 2006). Short-term responses, on the other 

hand, are responses towards quickly changing parameters (Walters and Horton, 1994) and 

were shown to be mainly redox regulated (Escoubas et al., 1995; Fey et al., 2005; Queval 

and Foyer, 2012), which has an impact on e.g. protein phosphorylation (Allen, 1992). 

However, the activation of NPQ mechanisms through protonation of antenna proteins 

(including PsbS) is regulated by the ΔpH (Li et al., 2004). 

In this work, the short- and long-term acclimation of plants to different light intensities was 

studied. Plants grown under constant light conditions in a growth chamber were compared to 

plants grown under natural, fluctuating light conditions. The focus of the work was the 

characterization of NPQ properties/mechanisms that are activated in the short-term in 

response to high light.  

The acclimation of plants to constant light conditions and its impact on the photosynthetic 

apparatus are very well characterized (Leong and Anderson, 1984; Bailey et al., 2001; 

Ballottari et al., 2007; Alter et al., 2012). Under field conditions, however, especially light is a 

very variable parameter that includes both, long-term (on a daily or seasonal basis) and 
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short-term (sun flecks due to shading or clouding) variations. Related to this complexity, it is 

still unclear how plants keep track on experienced light levels and how this experience is 

memorized and implemented in the acclimation state (Walters, 2005; Retkute et al., 2015). In 

context with NPQ, the importance of applying natural light conditions to evaluate the impact 

of NPQ on plant fitness has been demonstrated by quantifying the number of produced 

seeds under controlled and field conditions in Arabidopsis WT and NPQ deficient mutant 

plants (Külheim et al., 2002). Under controlled conditions, the number of seeds produced per 

plant was similar in WT and mutant plants, while under field conditions the seed production 

was drastically reduced in the NPQ deficient npq4 and npq1 mutants (Külheim et al., 2002).  

In recent studies, artificial high light fluctuations have been used to simulate naturally 

occurring sun flecks in canopies, in order to study their impact on the photosynthetic electron 

transport chain and CO2 assimilation (Yin and Johnson, 2000; Wagner et al., 2008; Alter et 

al., 2012; Tessmer et al., 2013; Armbruster et al., 2014). However, Yin and Johnson 

demonstrated in their work, that both, intensity and frequency of the applied pulses had an 

marked influence on the acclimation response (Yin and Johnson, 2000), underlining that the 

outcome of such experiments may not be reliable and thus not suitable to describe the 

situation in natural light grown plants. 

In this work, plants grown under natural light conditions outside of the lab have been used to 

establish field conditions. Outdoors, however, the growth conditions of NatL plants differed 

from lab conditions in more aspects than simply the fluctuation of light. To evaluate the 

comparability of the different growth conditions, several factors need to be taken into 

account: 

1) Water availability: To exclude differences in growth caused by water stress, NatL 

plants were grown under a balcony, where plants were watered manually just as 

under lab conditions, to accomplish optimal soil humidity. 

2) Temperature stress: Temperature changes have the most dramatic effect on the lipid 

composition, including the membrane systems of chloroplasts (Szymanski et al., 

2014). Therefore, the lipid composition of NatL and control plants was analyzed to 

examine any temperature related changes. The data showed no difference in the lipid 

composition of plants grown under controlled lab conditions and NatL plants (Figure 

3.12). Besides the lipid data, temperature diagrams, which were based on climate 

measurements from the local weather station, were analyzed. The temperature during 

the growing seasons was between 15 and 25 °C (see Figure 2.2), which was 

comparable to the temperature conditions in the lab (20 °C).  
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Figure 4.1 NPQ measured in NatL grown 
plants in the years 2013 and 2014. 
Comparable NPQ was induced at 30 min 
illumination of 340 and 825 µmol photons m
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3) Light: The light intensity, under which NatL plants were grown, was measured with a 

light sensor (see Figure 2.1). The median of the light intensity was 150 µmol photons 

m-2 s-1, with lower and upper quartiles of 66 and 288 µmol photons m-2 s-1, 

respectively. Highest light intensities were in the range of 1800 µmol photons m-2 s-1, 

but such extreme high light periods were rather rare and of short duration. 

Differences in the light quality would only have an impact on the PSII to PSI ratio, 

rather than other photosynthetic parameters like CO2 assimilation (Chow et al., 1990; 

Horton et al., 1996). However, the spectral properties of the light source used for 

constant light conditions is adapted 

to the natural spectrum of the sun, 

hence no severe impact of the light 

quality was expected. 

4) Reproducibility: Another major 

concern with field measurements is 

the reproducibility of the data. NPQ 

measurements were performed 

during both growing seasons to 

check for comparability. In both 

years the NPQ induction and 

relaxation kinetics were comparable 

(Figure 4.1).  

 

In conclusion, the different growth conditions used in this work provide a reliable basis for 

studying long-term acclimation to different growth light regimes. Apart from characterization 

of basic key parameters, particularly the impact of different long-term acclimation states on 

the capacity of short-term acclimation to high light intensities in terms of NPQ was of interest. 

For that, the response of the different plants to 30 min of illumination at three different light 

intensities (340, 825, and 1950 µmol photons m-2 s-1) were characterized. These intensities 

were chosen to provide light intensities that significantly exceed the growth light intensity. 

4.2 Plant morphology and chloroplast movement 

Long-term acclimation to different growth light intensities is reflected by the growth and 

morphological properties of plants (Weston et al., 2000; Murchie, 2004). Indeed, leaves of HL 

and NatL grown plants were thicker than LL and NL leaves, because of bigger parenchyma 

cells in HL and NatL plants (Figure 3.3). In terms of photoprotection, chloroplast movement is 

very (cost) efficient way to control the amount of absorbed (excess) light (Kasahara et al., 

2002). Chloroplast movement can be used to increase light harvesting under limiting light 
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conditions (accumulation response) and to decrease light absorption under HL stress 

conditions (avoidance response) (Kasahara et al., 2002; Wada et al., 2003). The increased 

cell depth observed in HL and NatL plants, might provide more space for the movement of 

chloroplasts, compared to LL and NL plants, and thus might allow for a stronger avoidance 

response under HL conditions (Figure 3.7). 

Despite chloroplast movement, the photosynthetic machinery is acclimated towards different 

light conditions at different levels. An important difference among the plants on the protein 

level was found for LHCII, which accumulated to higher levels in LL and NatL plants, as 

compared to HL plants (Figure 3.14 E). LHCII complexes are involved in both, light-

harvesting and energy dissipation, and have thus a significant impact on the acclimation 

towards different light conditions. 

However, not only morphological properties, but also especially efficient quenching 

mechanisms are necessary for the survivability of plants under excess light conditions. The 

impact of long-term acclimation to high light on energy dissipation was studied in two plant 

species: M. deliciosa and A. thaliana. For Monstera plants acclimated to natural high light, a 

new quenching mechanism was found, termed energy-spillover (qSO), which drastically 

increased the quenching capacity, compared to LL acclimated Monstera plants. To clarify, 

whether activation of qSO is a specific acclimation response of evergreen species, or plants 

acclimated to either fluctuating or high light, experiments in differentially acclimated 

Arabidopsis plants were conducted. 

4.3 Quenching capacity and mechanisms 

Plants acclimated to different growth light conditions, showed pronounced differences in the 

NPQ capacity. Under constant light conditions, the capacity of rapidly reversible NPQ (qE 

and qZ) increased with increasing growth light intensity (Figure 3.26, Table 3.4). 

Interestingly, NatL grown plants showed the highest NPQ capacity of all plants at all actinic 

light intensities (Figure 3.26), quite similar to HL plants. However, the median light intensity 

of NatL was at 150 µmol photons m-2 s-1 and thus rather in the range of NL than of HL. 

Hence, the quenching capacity of NatL plants was not related to the median growth light 

intensity but to the fluctuation of light. In comparison to HL (500 µmol photons m-2 s-1), the 

highest NatL intensities were in the range of 1500-2000 µmol photons m-2 s-1. The increased 

NPQ capacity in NatL plants is thus triggered by the maximum light intensity, rather than by 

the median growth light intensity. 

The transiently induced NPQ at non-saturating light intensities provides information on the 

induction and reversibility of the initial qE response (Figure 3.28). Compared to other growth 

conditions, the maximum transient NPQ in NatL plants was increased 2-fold, which indicates 

a very rapid and efficient activation of qE in plants subjected to fluctuating light conditions. 
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Time-resolved measurements also identified a very strong quenching in the detached 

antenna of PSII in NatL grown plants, as opposed to NL or HL grown plants (Table 3.5). Both 

results indicate, that the high quenching capacity in HL and NatL grown plants is likely based 

on the different mechanisms. 

The rapidly reversible part of NPQ (qE) mainly depends on three factors: the PsbS protein, 

the lumen pH, and the xanthophyll Zx (Demmig-Adams and Adams 1996; Li et al., 2000; Li et 

al., 2004). These parameters have been analyzed in differentially acclimated plants to further 

understand the quenching mechanisms that might be responsible for the different quenching 

capacities.  

4.3.1 PsbS Protein 

The PsbS protein is essential for the induction of qE (Li et al., 2000) and triggers pH-

regulated conformational changes in the antenna of PSII, which lead to a detachment of 

LHCII from PSII. Quantification of PsbS by means of Western Blot analysis revealed that the 

amount of PsbS protein increased with increasing growth light intensity, which was in line 

with the literature (Demmig-Adams et al., 2006; Ballottari et al., 2007). When normalized to 

total protein, comparable amounts of PsbS protein were found in HL and NatL grown plants 

(Figure 3.24). Normalized to Chl, however, the amount of PsbS per Chl was decreased in 

NatL plants as compared to HL plants (Figures 3.6 D and 3.24). Hence, the high NPQ 

capacity in NatL grown plants cannot be explained simply by the amount of PsbS protein.  

4.3.2 ΔpH  

The protonation of the PsbS protein triggers the conformational changes in the light 

harvesting antenna of PSII (Li et al., 2004). Upon illumination, the thylakoid lumen is 

acidified, which leads to the protonation of PsbS and thus to the activation of NPQ 

processes. The lumen pH depends on the ratio of proton influx (from linear electron 

transport, Figure 3.17) and proton efflux through the ATPase (gH
+, Figure 3.22). Furthermore, 

the partitioning of the proton motive force, the driving force for ATP synthesis (Capaldi and 

Aggeler, 2002), is a key regulator for the lumen acidification. It has been proposed that the 

role of pmf partitioning is the establishment of a lumen pH that is sufficient for ATP synthesis, 

while it is still in range for efficient qE modification (Kramer et al., 1999; Cruz et al., 2001). 

However, since both components of the pmf are equal driving forces for the ATP synthesis 

(Wiedenmann et al., 2008), regulating the extent of qE quenching might be the primary 

function of the pmf partitioning. 

No differences in the total pmf were found among plants from different growth conditions 

after 30 min of illumination at different actinic light intensities (Figure 3.20), but pmf 

partitioning into ΔpH and ΔΨ fraction differed (Figure 3.21). In HL plants, the fraction stored 
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as ΔpH was lower than in LL and NatL grown plants, which both showed a high fraction of 

ΔpH. A high ΔpH fraction of pmf allows for enhanced lumen acidification, which would 

increase the NPQ induction through protonation of PsbS. Indeed, estimation of the luminal 

pH on basis of the ECS data supported a lower lumen pH in LL and NatL plants than in HL 

plants at all actinic light intensities (Figure.3.23). The values of the luminal pH calculated in 

this work were in line with the literature (Kramer et al., 1999). The higher ΔpH fraction of the 

total pmf in NatL plants might thus explain the faster and stronger qE response in 

comparison with HL plants (Figure 3.28). Moreover, the less pronounced lumen acidification 

in HL plants could also explain the reduced quenching efficiency in the detached antenna of 

PSII (kD_LHCII, ns-1, Table 3.5), supporting the view that the detachment of LHCII trimers 

cannot be the main component of NPQ in HL plants.  

4.3.3 Zeaxanthin 

Zx fulfills a dual role in photo-protection: bound to LHCs, Zx deactivates 1Chl* and 

allosterically enhances qE type quenching (Demmig-Adams et al., 1990; Horton et al., 2008; 

Johnson et al., 2008a), and as free pigment it supports the detoxification of ROS as an 

antioxidant (Havaux et al., 2005; Havaux et al., 2007; Johnson et al., 2007). Generally, the 

VAZ pool size was increased in HL and NatL grown plants, compared to LL and NL grown 

plants (Figure 3.14 D). However, the conversion of Vx to Zx was much faster in HL plants, 

compared to NatL plants (Figure 3.27). This might be due to a different distribution of Vx in 

HL and NatL grown plants. It has been shown, that the convertibility of Vx is strongly 

dependent on the ratio of free (fast convertibility) to protein bound (slow convertibility) 

pigments (Jahns et al., 2001; Wehner et al., 2006; Jahns and Holzwarth, 2012). Thus, in 

NatL grown plants, with an increased amount of LHCII complexes (Figure 3.14), most of the 

Vx molecules might be bound to antenna proteins, which would explain the slow conversion 

of Vx to Zx upon illumination. Binding of Zx to LHCII is known to enhance qE quenching 

(Horton et al., 2008). Therefore, increased binding of Zx to LHCII likely contributes to the 

overall strong qE response in NatL plants (Table 3.5, Figure 3.28). By contrast, the fast 

conversion of xanthophylls in HL grown plants indicates that a significant amount of Zx is 

present as free pigment, which is rather involved in ROS scavenging than contributing to qE. 

4.4 The role of energy-spillover 

Energy-spillover qSO explained the increased NPQ capacity in Monstera plants acclimated to 

natural high light (section 3.1). In Arabidopsis, energy-spillover quenching was found in HL 

acclimated plants, but not in NatL grown plants (Figure 3.29, Table 3.5). Hence, qSO is not a 

mechanism that is specific for evergreen plants, but represents an acclimation towards 

constant high light, rather than fluctuating conditions with short HL peaks. qSO in HL 
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acclimated Arabidopsis plants also explains the high quenching capacity (Figure 3.26, Table 

3.4) in comparison to LL and NL plants, since the quenching was not attributed to very 

effective qE quenching (Table 3.5, Figure 3.28). 

The mechanism of qSO was further investigated in HL acclimated Arabidopsis mutants 

deficient in either the qE (npq4 mutant) or the qZ (nqp1 mutant) component of NPQ (Figure 

3.2, Table 3.1). In the PsbS-deficient npq4 mutant, energy-spillover was found, although not 

the entire pool of PSII was connected to PSI in a light acclimated state. This indicates that 

PsbS is not essential for, but PsbS might be involved in regulation of qSO. In contrast, Zx 

deficient npq1 mutants did not show any energy-spillover quenching (Table 3.1), suggesting 

that Zx plays a major role in activation of qSO.  

4.5 The grana structure determines the quenching mechanism 

Even though the 2D structure of grana stacks is known for many years, the exact 3D 

structure is still under debate. Two models have been proposed: the fork-model and the 

helical model (Arvidsson and Sundby, 1999; Mustárdy and Garab, 2003; Shimoni et al., 

2005), however, reliable evidence for one of the models still needs to be provided. In 

addition, the function of grana membranes as pure tool for lateral segregation of PSII and 

PSI has been challenged. Due to the 3D structure that grana provide (Mullineaux, 2005), as 

opposed to a linear 2D membrane system existing in stroma lamellae, the light harvesting 

antenna of PSII can be shared among several PSII RC. The advantage of a shared antenna 

is the distribution of excitation energy, which leads to faster trapping of energy and thereby 

reduces the probability of ROS formation.  

Precondition for energy-spillover quenching is the localization of PSII and PSI in close 

proximity, to allow for direct energy transfer from the antenna of PSII to PSI (see section 3.1). 

However, lateral segregation is realized via grana formation, since PSII and LHCII are found 

in the grana stacks, whereas PSI and LHCI are found in the margins and stroma lamellae. 

Thus only in plants with very small grana stacks energy-spillover should be allowed. 

In this work, the membrane structure in A. thaliana was analyzed by electron microscopy. 

TEM images showed grana dominated thylakoid membrane structure in LL plants, which is in 

line with previous observations (Anderson, 1986). With increasing growth light intensity, the 

number and size of grana decreased (Figure 3.8). HL plants showed only thin and narrow 

grana stacks interconnected with long regions of stoma lamellae, as characterized before 

(Anderson, 1986). Indeed, qSO was only found in HL plants with stroma dominated thylakoid 

membrane structure, but not in NatL grown plants. The grana structure of NatL plants 

showed both, LL and HL features. The overall membrane organization was more similar to 

HL plants, but the grana stacks in NatL plants contained more membrane layers than in HL 
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plants. In comparison to LL plants, however, grana stack in NatL plants were smaller in both 

width and height, resulting in an increased ratio of margins to grana cores.   

4.5.1 The role of the antenna size in grana formation 

It is known that the antenna size of PSII strongly depends on the growth light conditions. 

With increasing growth light intensity the amount of LHCII per PSII decreases (Dekker and 

Boekema, 2005). The Chl a/b ratio is a reasonable estimate for changes in the ratio of  

reaction center to antenna size proteins (Mishra et al., 2012). Since the stoichiometry of PSI 

and LHCI is constant (Ballottari et al., 2007), changes in the Chl a/b ratio reflect 

predominantly changes in the PSII:LHCII ratio, apart from changes in the PSII:PSI ratio. As 

expected, the Chl a/b ratio was found to increase with increasing light intensities (Figure 3.14 

E), which reflects the reduction of the amount of LHCII per PSII RC. Since LHCII is 

predominantly bound in the grana stacks at PSII and supposed to be involved in grana 

formation (Anderson and Andersson, 1988; Melis, 1991), these results also support the 

observed thylakoid membrane structure. Whether the height of grana stacks is determined 

by the amount of LHCII could not be determined in this work, however, the amount of LHCII 

complexes correlates with the thickness of grana stacks (Figures 3.8 and 3.14 E). 

4.5.2 Other factors 

Besides the putative role of LHCII complexes in the formation of grana, at least one other 

protein was found to be involved in the buildup of the grana structure. CURT1, which is 

involved in the formation of grana, was found in the margins of the grana stacks (Armbruster 

et al., 2013; Pribil et al., 2014). The amount of CURT1 proteins regulates the width of the 

grana stacks, hence the expression of CURT1 might determine the overall width of the 

stacks. However, the interplay of the factors, which determine or control the overall grana 

structure, remains to be studied. 

4.6 Thylakoid membrane flexibility allows for rapid short-term 

acclimation towards changing light conditions 

The overall structure of the grana membrane resulting from long-term acclimation likely 

determines whether energy-spillover is possible or not. However, an increase in the fraction 

of connected PSII RC in Arabidopsis and Monstera plants was accompanied by the 

unstacking (short-term response) of grana stacks (Demmig-Adams et al., 2015) (Figure 3.11 

and Table 3.5). Hence, not only the overall structure, but also the flexibility of the membrane 

is directly involved in short-term acclimation to high light. However, grana unstacking did not 

necessary lead to energy-spillover quenching, as demonstrated in NatL grown plants that 
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showed the most significant unstacking, but no energy-spillover. Since the unstacking of the 

membrane in HL plants regulated the extent of qSO quenching, one could assume a similar 

regulatory role of the unstacking in energy dissipation for NatL grown plants. Most likely, the 

unstacking might provide space for LHCII migration, which would allow a very fast fine-tuning 

of light harvesting and energy dissipation (Tikkanen et al., 2012). This assumption is in line 

with a proposed faster qE quenching due to unstacking (Herbstova et al., 2012; Pribil et al., 

2014), as was also found here in the steady state and transient NPQ measurements (Figures 

3.26 and 3.28). 

No grana unstacking was observed in LL and NL grown plants and neither qSO, nor a very 

effective qE mechanism were found in either of them (Figure 3.26 and Table 3.5). The 

reason for this inflexibility might be related to the size of the grana stacks. Generally, the 

formation of grana stacks involves two competing forces (attraction and repulsion) that 

control the degree of stacking and unstacking of the grana (Barber and Chow, 1979). The 

majority of attraction forces in the grana stacks are based on LHCII interactions. Across the 

gap of two adjacent thylakoid membrane layers in a granum, van-der-Waals forces between 

hydrogen bonds of different LHCII lead to stacking. These forces are very weak, however 

with increasing number of LHCII in the grana stack, the sum of interactions create a strong 

attraction force (Chow et al., 1991). Cyt b6f and PSI, on the other hand, have no effect on 

grana formation (Clausen et al., 2014; Manara et al., 2014). In LL plants, additional LHCII- 

trimers were found (indicated by the Chl a/b ratio and the OJIP transient, Figures 3.14 E and 

3.19). The role of these additional (weakly coupled) LHCII trimers is still unclear, however the 

accumulation of PSII and LHCII complexes in LL plants is known to lead to the formation of 

dense protein arrays (so called LHCIIb domains) (Boekema et al., 2000), in which the 

repulsion forces between two adjacent membranes are reduced (Chow et al., 1988). The 

strong attraction forces in the core of grana in LL and NL plants might be responsible for the 

inability to unstack the grana membranes upon illumination, which in turn might reduce the 

photochemical and non-photochemical responses towards higher light intensities.  

However, the light dependent stacking and unstacking of membranes (short-term response) 

might not only determined by the amount of LHCII complexes, but rather based on short-term 

modification of the proteins such as phosphorylation (Kirchhoff, 2013) and protonation 

(Clausen et al., 2014). Unstacking via protonation might be realized not only by direct 

protonation of LHCII, but also indirectly by the PsbS dependent detachment of LHCII, which 

might reduce the attraction forces in the grana stack, and could thus lead to unstacking. 

Protein phosphorylation, on the other hand, might unstack membranes through the negative 

charges that accumulate with the phosphate group along the membranes (Kirchhoff, 2013). 

The impact of protonation upon lumen acidification and phosphorylation on grana unstacking 

was tested in HL acclimated pgr1 (unable to form a stable proton gradient) and stn7 (no 
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phosphorylation of LHCII) mutants. No light-dependent unstacking of grana was detectable in 

the pgr1 or stn7 mutant (data not shown). This observation is in line with previous reports for 

the effect of phosphorylation on grana unstacking (Herbstova et al., 2012; Clausen et al., 

2014) and indicates that both, protonation and phosphorylation are important for the ability to 

unstack. 

In summary, the structure of the thylakoid membrane and the ratio of grana core to margin 

fractions determine the flexibility of the membrane, which is important for the enhancement of 

NPQ. Protonation and phosphorylation are both necessary for grana unstacking and hence 

for the full connection of PSII to PSI upon induction of energy-spillover in HL plants. In NatL 

plants, however, unstacking might accelerate the diffusion of LHCII complexes and by that 

qE quenching.  

4.6.1 Mechanisms of membrane unstacking  

Unstacking of membranes requires a mechanism, which allows for an increase of the amount 

of margin fractions, which is the consequence of grana unstacking. These changes could be 

realized either by a simultaneous narrowing of the grana stack while unstacking, or by the 

rapid incorporation of lipids into the thylakoid membrane. In addition, the lipid composition 

might be critical for grana unstacking. In this work, the lipid content of the chloroplast 

membrane was analyzed from plants of all growth conditions. However, no differences in the 

composition of glycolipids were found among plants of different growth conditions (Figure 

3.12 A). Overall the molar stoichiometry between the glyco- and phospholipids were in line 

with the literature (Webb and Green, 1991; Dörmann and Benning, 2002; Kirchhoff et al., 

2002; Pribil et al., 2014), except for PC which was increased 2-fold compared to an earlier 

study on spinach (Webb and Green, 1991). Since no differences in the lipid composition 

were found between LL/NL and HL/NatL grown plants, the lipid composition can be excluded 

as key parameter, which determines the capability of grana unstacking. 

Upon illumination, changes in both the height and the width of grana stacks were quantified 

(Figure 3.11). Narrowing of grana stacks (indicated by a decrease in width upon illumination) 

was not observed under any growth conditions. On the contrary, further broadening of the 

membrane was determined in NatL plants (Figure 3.11 B). Hence, also simultaneous 

narrowing of the membrane while unstacking can be excluded.  

The third possibility to allow for grana unstacking is the temporal enlargement of the 

membrane by the incorporation of lipids. Newly synthesized lipids as a possible explanation 

seemed unlikely, due to the fast dynamics of membrane unstacking (30 mins). However, a 

possible reservoir for those lipids represent lipid droplets that were found attached to the 

grana stacks (Figure 3.8). Indeed more lipid droplets were found in NatL grown plants, which 

showed the highest membrane flexibility (Figure 3.9 A). The accumulation of lipid droplets in 
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the chloroplast has previously been reported with respect to HL acclimation (Lichtenthaler, 

2007). Different types of lipid droplets exist: (i) plastoglobuli, (ii) plastoglobuli-like particles, 

and (iii) lipid-protein particles (Smith et al., 2000). However, discrimination between these 

lipid droplets was not possible in this work. Plastoglobuli mainly consist of storage lipids such 

as triacylglycerols (Tevini and Steinmüller, 1985) and are therefore not suitable as reservoir 

for interchangeable lipids for the thylakoid membrane. Most likely, lipid-protein particles might 

be involved in thylakoid membrane interactions, since they consist of glycolipids and 

catabolites of photosynthetic proteins (Ghosh et al., 1994; Smith et al., 1997), which 

indicates a direct interaction with the thylakoid membrane system. In this work, the high 

flexibility in NatL grown plants correlated with a significant increase in the chloroplastidal lipid 

bodies. An involvement of lipid bodies in the unstacking of membranes is thus likely and finds 

further support in the literature, where a possible involvement of lipid droplets in membrane 

flexibility is stated (Austin et al., 2006; Haferkamp et al., 2010). 

4.7 Model for light acclimation processes at the membrane level 

Under natural conditions, the ability to acclimate towards changing light determines the 

fitness and survivability of plants. Analysis of the acclimation response of field-grown plants 

is therefore essential for the understanding of the underlying processes. This work showed 

that acclimation to NatL conditions provides a higher flexibility of photochemical and non-

photochemical processes than acclimation to constant light conditions. In particular, the high 

NPQ capacity of NatL plants was found to rely on a different mechanism than in plants grown 

under constant high light. Strikingly, the different specific properties of all plants correlated 

with the underlying grana structure and flexibility. In the following, a summarizing overview of 

long- and short-term acclimation processes in plants from the respective growth conditions 

and their underlying grana structure are depicted in Figure 4.2. 

Starting from a proplastid (center of Figure 4.2), chloroplasts develop differently in 

dependence of the growth light conditions. Three scenarios are highlighted in the model, two 

of them related to artificial, constant growth light intensities typically used in the lab. Here, 

two extreme cases are shown, acclimation to constant HL (A) and LL (B). In contrast to these 

artificial conditions, acclimation of plants to natural, fluctuating light conditions is shown 

(Figure 4.2 C). The architecture of the grana membranes typically reflects long-term 

responses (red arrows) to the growth light condition. The content of the black boxes show 

short term responses in the low light or dark acclimated state (left side of the box) and in the 

HL acclimated state (right side of the box).  
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Figure 4.2 Model for light acclimation processes at the membrane level. (A) LL plants, (B) HL 
plants and (C) NatL plants. Red arrows indicate long-term acclimation processes, black symbols short-
term acclimation processes. In each box, the dark or low light acclimated state is shown on the left 
side, illumination is indicated by the yellow flash. The high light acclimated state is shown on the right 
side of each box. For clarity, LHCI, ATPase and Cyt b6f were excluded from the model. Hatched grey 
areas indicate qE type quenching, hatched blue areas high photochemical activity and yellow stars the 
proposed sites of spillover quenching qSO. 

The thylakoid membrane system in HL plants is dominated by long stroma lamellae, which 

connect thin and short grana stacks, so that the majority of membranes of a granum can be 

classified as “margins” or stroma exposed regions. Grana stacks are not thick enough to 

contain any core regions and thus lateral segregation of PSII and PSI is minimal (Figure 4.2 

A). This leads to partial energy-spillover quenching between adjacent PSII and PSI RC 

(Figure 4.2 A). In HL plants, energy-spillover in connected PSII RC reduces the efficiency of 

photochemistry due to a constitutive quenching of excitation energy in PSI (see section 3.1). 

On the contrary, the thylakoid membrane in LL plants is densely packed with LHCIIs and 

dominated by thick grana stacks, which are connected by only short sections of stroma 

lamellae and expand over long regions in the chloroplast (Figure 4.2 B). Additional LHCIIs 

(Figure 4.2 B, dark green) lead to an enhanced stacking and maximize light harvesting under 

low light conditions. Due to the thickness of the grana stacks the ratio of core:margin 

fractions is high. NatL grown plants showed characteristics of both LL and HL plants, long 

stroma lamellar regions, comparable to HL and thicker grana stacks, comparable to LL. 
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However, the grana stacks were more narrow compared to LL, leading to a decreased 

core:margin ratio. 

In HL plants, the acclimation towards HL intensities leads to an unstacking of the thylakoid 

membrane. The unstacking further leads to the full connection of PSII to PSI, maximizing the 

quenching via energy-spillover. The fraction of pmf stored as ΔpH is low, thereby keeping the 

chloroplast in a “light-harvesting” state. Due to the low lumen acidification, only a weak qE 

response is triggered in HL plants (Figure 4.2 A, grey hatched area). The illumination of LL 

plats with HL intensities does not lead to membrane unstacking, thus the grana remains in a 

core dominated state (Figure 4.2 B). The pmf is dominated by the ΔpH fraction (Figure 3.21), 

which leads to a strong acidification of the thylakoid lumen (Figure 3.22). The low lumen pH 

activates qE, however detachment of LHCII from PSII is limited due to the stacked 

membrane structure, which limits the qE response. Only in the grana margins, where the 

diffusion space for LHCII trimers is increased, detachment of LHCII trimers is possible. 

Because of the packed grana stacks, the chloroplast is forced to stay in a “light-harvesting” 

state, without having the possibility to quench the energy in the core region. The excess of 

excitation energy in the grana core leads to strong photoinhibition upon longer high light 

exposure (Figure 3.26, Table 3.4). In NatL grown plants, membrane unstacking was 

observed upon HL acclimation (Figure 4.2 C). The unstacking increases the margin fraction 

of the granum, thereby switching from a “light-harvesting state” into a “quenching state”. 

Comparable to LL plants, the fraction of pmf stored as ΔpH is high (Figure 3.21), resulting in 

a low lumen pH (Figure 3.23). The strong acidification of the thylakoid lumen leads to a 

strong qE response and fast detachment of LHCIIs from the PSII RC, which are released in 

the extended margin regions (Table 3.5).  

Closing up, in NatL grown plants the very rapid light-dependent switch from core dominated 

(light-harvesting state) to margin dominated (quenching state) grana might allow for the 

acclimation towards quickly changing light intensities. However, the exact regulation and the 

involved signals in membrane unstacking remain to be elucidated.  
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5.1 Summary 

Long- and short-term acclimation to varying environmental conditions is essential for the 

survivability of plants. Sunlight represents not only the ultimate energy source for 

photosynthesis, but also an important and highly dynamic stress factor. Under most natural 

conditions, the amount of absorbed light energy exceeds the capacity that can be utilized in 

photosynthesis, giving rise to the formation of reactive oxygen species and thus photo-

oxidative stress. The dissipation of excess light energy as heat (= non-photochemical 

quenching, NPQ) in the antenna of photosystem II (PSII) is an efficient photoprotective 

mechanisms to minimize photo-oxidative damage. The NPQ capacity of plants varies 

substantially in response to different growth light conditions. In this work, the acclimation of 

plants to different growth light conditions was studied from the morphological to the 

molecular level, aiming at the identification of parameters or mechanisms that determine 

different NPQ capacities. The experimental work was focused on the comparative analysis of 

plants grown either under controlled lab conditions (LL: low light, NL: normal light, and HL: 

high light) or under natural, fluctuating light (NatL). In the evergreen plant Monstera deliciosa, 

which is known to develop an extremely high NPQ capacity under HL, a new and very 

efficient quenching mechanism was identified, which was based on energy transfer from PSII 

to PSI, and thus was termed energy spillover quenching (qSO). Spillover quenching was only 

activated in Monstera plants acclimated to natural HL conditions, but not in LL grown 

Monstera plants. Activation of qSO was accompanied by highly dynamic changes in the 

thylakoid membrane structure, indicating that qSO activation requires light-dependent 

unstacking of grana membranes. Acclimation of Arabidopsis thaliana plants to HL and NatL 

was also accompanied by a strongly increased NPQ capacity in comparison to LL and NL 

grown plants. Interestingly, the increased NPQ capacity was also based on qSO quenching in 

HL plants, but not in NatL grown plants, which showed an increased capacity of pH-regulated 

qE quenching. Detailed characterization of plants from different growth conditions 

corroborated the known morphological, physiological and biochemical properties of LL, NL 

and HL plants. NatL plants, however, were shown to combine properties of both LL and HL 

grown plants, leading to very efficient light utilization. Strikingly, the high qE capacity of NatL 

plants, correlated with increased dynamics of thylakoid membrane reorganization upon short-

term acclimation to excess light. In conclusion, the thylakoid membrane organization and 

particularly the light-dependent and reversible unstacking of grana membranes likely 

represent the key parameters that provide the basis for the high acclimation capacity to 

rapidly changing LL and HL conditions of NatL grown plants in comparison to plants grown 

under constant light conditions.  
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5.2 Zusammenfassung 

Die kurz- und langfristige Anpassung an variable Umweltbedingungen ist essentiell für die 

Überlebensfähigkeit von Pflanzen. Sonnenlicht ist nicht nur die unverzichtbare Energiequelle 

für die Photosynthese, sondern stellt gleichzeitig einen wichtigen und sehr dynamischen 

Stressfaktor dar. Unter den meisten natürlichen Bedingungen übersteigt die Menge an 

absorbierter Lichtenergie die Kapazität der Nutzbarkeit in der Photosysnthese, was zur 

Bildung von reaktiven Sauerstoffspezies und damit zu photo-oxidativem Stress führt. Die 

Abführung der überschüssigen Lichtenergie in Form von Wärme (= nicht-photochemische 

Löschung, NPQ) in den Antennen von Photosystem II (PSII) ist ein effizienter photprotektiver 

Mechanismus, um photo-oxidative Schädigungen zu minimieren. Die NPQ Kapazität von 

Pflanzen variiert   erheblich in Abhängigkeit von der Lichtintensität während des Wachstums. 

In der vorliegenden Arbeit wurde die Anpassung von Pflanzen an verschiedene 

Lichtintensitäten von der morphologischen bis zur molekularen Ebene untersucht, mit dem 

Ziel, diejenigen Parameter bzw. Mechanismen zu identifizieren, welche die unterschiedlichen 

NPQ Kapazitäten bestimmen. Die Untersuchungen zielten auf die vergleichende Analyse 

von Pflanzen, die unter kontrollierten Laborbedingungen (LL: Schwachlicht, NL: Normallicht, 

HL: Starklicht) oder unter natürlichen, fluktuierenden Lichtbedingungen (NatL) gewachsen 

waren. In der immergrünen Pflanze Monstera deliciosa, die dafür bekannt ist unter HL 

Bedingungen eine ausgesprochen hohe NPQ Kapazität auszubilden, wurde ein neuartiger 

und sehr effizienter NPQ-Mechanismus identifiziert, der auf dem Energietransfer von PSII zu 

PSI beruhte und daher als ‚spillover quenching„ (qSO) bezeichnet wurde. Spillover quenching 

wurde nur in Monstera Pflanzen aktiviert, die an natürliche HL Bedingungen angepasst 

waren, nicht jedoch in LL gewachsenen Pflanzen. Die Aktivierung von qSO ging einher mit 

hoch-dynamischen Änderungen in der Struktur der Thylakoidmembranen, was dafür spricht, 

dass die Aktivierung von qSO einer Licht-regulierten Entstapelung der Thylakoidmembran 

bedarf. Auch die Anpassung von Arabidopsis thaliana Pflanzen an HL und NatL ging mit 

einer stark erhöhten NPQ Kapazität gegenüber LL und NL Pflanzen einher. 

Interessanterweise beruhte die erhöhte NPQ Kapazität in HL Pflanzen auch auf dem qSO 

Mechnismus, jedoch war in NatL Pflanzen eine erhöhte Kapazität des pH-regulierten qE 

Mechanismus dafür verantwortlich. Die detaillierte Charakterisierung der Pflanzen, die unter 

unterschiedlichen Lichtbedingungen gewachsen waren, bestätigte die bekannten 

morphologischen, physiologischen und biochemischen Eigenschaften von LL, NL und HL 

Pflanzen. NatL Pflanzen waren dabei durch kombinierte Eigenschaften von LL und HL 

Pflanzen charakterisiert, die eine sehr effiziente Lichtnutzung in NatL Pflanzen ermöglichten. 

Interessanter Weise korrelierte die hohe qE Kapazität von NatL Pflanzen mit einer erhöhten 

Dynamik der Thylakoidmembran in der kurzfristigen Antwort auf überschüssiges 
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Lichtenergie. Zusammengefasst lässt sich sagen, dass die Organisation der 

Thylakoidmembran und insbesondere die lichtregulierte, reversible Entstapelung der 

Granamembranen wahrscheinlich die Schlüsselparameter sind, welche die Grundlage für die 

hohe Kapazität der Anpassung an schnell wechselnde LL und HL Bedingungen von NatL 

Pflanzen im Vergleich mit Pflanzen, die unter Laborbedingungen angezogen wurden, bilden. 
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