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Science is not about building a body of known ‘facts’.

It is a method for asking awkward questions and subjecting

them to a reality-check, thus avoiding the human tendency

to believe whatever makes us feel good.

— Terry Pratchett (Pratchett et al., 1999)

– October 1, 2020



C O N T E N T S

1 introduction 1

1.1 Perspective 1

1.2 Higher plants and interaction with light 3

1.2.1 Optical properties of leaves and cells 3

1.2.2 Chloroplasts 4

1.2.3 Photosynthetic pigments 5

1.2.4 Electronic transitions 5

1.3 Photosynthesis 7

1.3.1 Composition of photosynthetic apparatus 8

1.3.2 Light phase 11

1.3.3 Dark phase 14

1.4 Light acclimation 14

1.4.1 Light intensity dependent acclimation 14

1.5 Probing the photosynthetic apparatus 18

1.5.1 Photochemical quenching 18

1.5.2 Non-Photochemical quenching 19

1.5.3 Energy partitioning 20

1.5.4 Measuring setups 21

1.5.5 Measuring protocols 21

1.6 Scope of this thesis 24

1.7 References 25

2 leaf and plant age - effect on photosynthesis 37

2.1 Introduction 39

2.2 Results 41

2.2.1 Whole-Plant Level Heterogeneity 41

2.2.2 Sub-rosette level 44

2.3 Discussion 53

2.3.1 Plant age effect 53

2.3.2 Leaf age effect on short-term responses 53

2.3.3 Leaf age effect on long-term acclimation 54

2.3.4 Potential applications and future perspectives 54

2.4 Conclusions 55

2.5 Materials and Methods 55

2.5.1 Plant material 55

2.5.2 Fluorescence Measurements 56

2.6 References 59

2.7 Supplemental 64

2.8 Mathematical Appendix 65

2.8.1 Description of data 65

2.8.2 Dirichlet Regression 66

2.8.3 The modelling strategy 67

2.8.4 The models 67

2.8.5 Further inquiry into MODEL 8 70

2.8.6 Calculations 77

3 light acclimation - psii complexes 81

3.1 Introduction 83

v

– October 1, 2020



vi contents

3.2 Materials and Methods 84

3.2.1 Plant material 84

3.2.2 Thylakoid Isolation 84

3.2.3 Pigment Isolation 84

3.2.4 2D-PAGE Analysis 84

3.2.5 Sucrose Gradients 85

3.2.6 Functional Antenna Size of PSII 85

3.3 Results 85

3.3.1 Long-Term Acclimation 85

3.3.2 Short-Term Acclimation 96

3.4 Discussion 98

3.4.1 In Vitro vs. In Folio 98

3.4.2 Acclimation of photosystem II (PSII) (Super)Complexes 99

3.4.3 LHCII Monomers vs. Trimers 99

3.5 Acknowlegments 99

3.6 References 100

4 psii supercomplexes do not disassemble during qe 105

4.1 Introduction 107

4.2 Results and Discussion 107

4.3 Conclusions 112

4.4 Materials and Methods 112

4.4.1 Plant material 112

4.4.2 Thylakoid isolation 113

4.4.3 Fluorescence measurements and thylakoid solubilization 113

4.4.4 Pigment isolation 113

4.4.5 BN-PAGE and 2D-PAGE 113

4.4.6 Sucrose gradients 113

4.5 References 114

4.6 Supplemental 117

5 psii antenna size reduction and light acclimation 119

5.1 Introduction 121

5.2 Materials and Methods 122

5.2.1 Plant material 122

5.2.2 Leaf absorption measurements 123

5.2.3 Thylakoid isolation 123

5.2.4 Pigment isolation 123

5.2.5 2D-PAGE 123

5.2.6 Functional antenna size of PSII and PSI 123

5.2.7 ATP synthase activity 124

5.2.8 Cytochrome b6f resistance measurements 124

5.3 Results 125

5.3.1 WT and dLhcb2 comparison 125

5.3.2 Light acclimation 129

5.4 Discussion 135

5.5 Conclusions 136

5.6 References 138

5.7 Supplemental 144

5.7.1 PSII functionality in the mutant 144

Acronyms and abbreviations 149

– October 1, 2020



contents vii

Summary 151

Publications 153

Acknowledgments 155

– October 1, 2020



– October 1, 2020



1

1
I N T R O D U C T I O N

1.1 perspective

In human history, there have been several periods of technological improvements and in-
creased crop productivity, called agricultural revolutions. The first one took place around
10 000 B.C., when humans shifted from hunting-and-gathering to agriculture. It occurred
simultaneously in at least eight different places around the world, called primary cen-
ters of the origin of domesticated plants (Vavilov, 1926). The second agricultural revolu-
tion took place during the 18th and 19th centuries when modern techniques were im-
plemented, including crop rotation and greater diversity of crops for use as food and
forage (Thompson, 1968). A third revolution, called the Green Revolution occurred be-
tween the 1950s and late 1960s and introduced several new technologies (Hesser, 2006).
These included the creation and adoption of high-yield varieties of cereals, controlled
water-supply, use of chemical fertilizers and pesticides, and mechanized methods of cul-
tivation. The biggest production gains occurred in highly developed countries as the new
technologies were not well suited for low-resource farming systems (Pingali, 2012).

Each agricultural revolution occurred when humanity needed to procure food in a
scarce environment, and at this moment, there are several socioeconomic leads suggesting
that in order to achieve food security we still need to increase food production. In the
most probable demographic scenario, the Earth’s population will increase to ∼9.7 billion
people by 2050 and reach a plateau of around 11 billion by 2100 (United Nations, 2019).
As a consequence, according to UN News Centre (2015), crop production needs to double
by 2030. In addition, crops are not only used as a food source but also as a sustainable
bioenergy source (reviewed in Verma et al., 2012). As the energy demand rises, the need
for high energy crops is increasing as well as biofuels are proposed to be an alternative
solution to fossil fuels. To achieve both food and energy security, several resource manage-
ment strategies need to be implemented (Kline et al., 2017): increased efficiency of biomass
production, reduced greenhouse emission, increased attention to land-use, increased pro-
tection of biodiversity, reduced volatility in market prices, an oversupply cushion, and
a supply of sustainable energy for crop production processing and transportation. Com-
plicating the matter is the fact that, the amount of arable lands which can be used for
future food production is decreasing (Environment European Agency, 2019). This is due
to sealing, erosion, compaction, pollution, salinization and carbon loss of soil which are
direct consequences of human activity (urbanization, infrastructure development, heavy
industry, military, and agricultural intensification) with some natural effects (water ero-
sion, desertification, and effects of acid deposition).

We are approaching the limits of what is possible to attain through advancements
from the Green Revolution (Long et al., 2015). The increased crop production was mostly
achieved by increasing the amount of arable lands, and optimizing the interception light
efficiency from a unit area of land by selecting genotypes which allocated more of their
biomass into harvested products. However, the efficiency of the process responsible for
the intercepted light to biomass conversion - photosynthesis (see Section 1.3) - has not
been directly improved in crops and still falls short of its biological limit, i.e. operating at
roughly one fifth of the theoretical limit for C3 plants (Zhu et al., 2008; Zhu et al., 2010).

1
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In general, improving biomass accumulation by re-engineering photosynthesis is con-
sidered extremely difficult due to several regulation points with complex interactions,
overlaps, and redundancies of pathways (Long et al., 2006). Still, several strategies to in-
crease biomass accumulation have been proposed. One approach is to modify the amount
or the regulation of proteins taking part in light- (reviewed in Zhu et al., 2010) and dark-
phase (reviewed in Parry et al., 2013) of photosynthesis. Modifying other aspects of the
process such as increasing light absorption by pigment manipulation or improving carbon-
dioxide transport have also been suggested (reviewed in Éva et al., 2019). Some of those
approaches have already been validated, and here, a few of them will be described.

1. Increasing the assimilation rate of CO2, was suggested to be a way to easily increase
biomass accumulation. Two major strategies were proposed: re-engineering the ribulose-
1,5-bisphosphate carboxylase oxygenase (Rubisco) - enzyme which is responsible for this
process (see Section 1.3.3), or changing the amount of enzymes taking part in the Calvin-
Benson-Bassham (CBB) cycle (Parry et al., 2013).

Concerning the Rubisco re-engineering, an attempt to increase carboxylation turnover
rates and decrease its oxygenase activity (a competing reaction which keeps the carboxy-
lation rate at a low level) was tested by modification of the Rubisco’s protein sequence (e.g.

Whitney et al., 1999; Whitney et al., 2009; Whitney et al., 2011). The mutational analysis
identified potentially crucial residues which affected both, the photosynthetic and growth
rates of the transformed lines; however, no plants with increased biomass accumulation
were obtained from these experiments.

Another way to increase Rubisco efficiency was also proposed - modification of the Ru-
bisco activase (reviewed in Portis, 2003). This chaperone enzyme is responsible for the
reactivation of Rubisco when it is inhibited by attachment of a sugar phosphate from the
CBB cycle, ribulose-1,5-bisphosphate (RuBP). Both the increase in the amount of the Ru-
bisco activase (Yamori et al., 2012) and its increased thermal stability (Kurek et al., 2007;
Kumar et al., 2009) yielded promising results: photosynthesis and/or biomass accumula-
tion was increased under conditions of moderate heat stress.

The second strategy for increasing the assimilation rate of CO2 by changing the amount
of enzymes taking part in CBB cycle had two main approaches: (i) decrease of the amount
of Rubisco, and (ii) increase of the amount of enzymes regulating the assimilation rate.
(i) Rubisco accounts up to 50% of all leaf proteins (Kung, 1976; Ellis, 1979), and under
limiting light conditions there is an overinvestment of nitrogen in order to synthesize it
(reviewed in Ainsworth and Long, 2005). In theory, decreasing the amount of Rubisco
could lead to better nitrogen utilization while maintaining the same photosynthetic rate,
which would lead to higher biomass accumulation. This approach, however, is not advis-
able under high light (HL) conditions. (ii) Enzymes responsible for regulating the assim-
ilation rate have been analyzed thoroughly, and only few key enzymes besides Rubisco
were identified that can potentially influence carbon fixation: aldolase, transketolase (two
non-regulated enzymes catalyzing the reverse reaction in the dark phase of photosynthe-
sis), and sedoheptulose-bisphosphatase (reviewed in Raines, 2003). By manipulating the
amount of aldolase and transketolase an indirect change in the amount of the main en-
zymes taking part in CBB cycle occurred, and in consequence, the photosynthetic carbon
assimilation increased.

2. An increase in the relaxation rate of photoprotective mechanisms was suggested to
decrease the absorbed energy waste and increase biomass production (Kromdijk et al.,
2016). Under low light conditions, the primary processes of photosynthesis operate close
to maximum efficiency (Björkman and Demmig, 1987; Long et al., 1993). However, under
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saturating light intensity only a fraction of absorbed energy is used for photosynthesis,
due to several photoprotective mechanisms that guard against excess excitation energy
(EEE) (see Section 1.4). An acceleration of the photoprotective mechanisms relaxation was
tested by Kromdijk et al. (2016) and resulted in increased biomass accumulation.

3. Another proposed solution was to decrease absorbed energy waste under saturating
light intensities through a more homogenous light distribution in the canopy (Melis,
2009; Ort et al., 2011; Ort et al., 2015). The idea was to decrease the amount of light
absorbed by the top leaves, as they are usually over-illuminated, and increase the amount
absorbed by the leaves in lower levels which are usually over-shadowed. More homoge-
nous light distribution has been achieved by decreasing the photosystem (PS) antenna size
(see Section 1.3.1) by: inducing mutations in chaperon proteins responsible for the trans-
port and assembly of antenna proteins (e.g. cpSRP43 in Kirst et al., 2018), decreasing the
amount of individual antennae proteins (e.g. Andersson et al., 2003; Bianchi et al., 2011;
Pietrzykowska et al., 2014; Dall’Osto et al., 2017), or interfering with their association with
pigments (e.g. Ghirardi et al., 1986; Hansson et al., 1999). However, all of these approaches
induced several pleiotropic effects, and in consequence, their effect on biomass accumula-
tion was not clear (e.g. Kirst et al., 2017; Slattery et al., 2017; Kirst et al., 2018; Sakowska
et al., 2018).

These examples of attempts to improve biomass production by manipulating photosyn-
thesis demonstrated that minor changes in the photosynthetic apparatus impact growth,
development, and regulatory and acclimatory capacity of the plant. Advancing our knowl-
edge of photosynthesis and its regulation is crucial for our well-being and maybe even
survival. In this thesis, the response of plants to light intensity is investigated, to better
understand how plants - sessile autotrophs survive and thrive in highly variable environ-
mental conditions. The work presented here creates building blocks that will advance our
knowledge of this complex system.

1.2 higher plants and interaction with light

1.2.1 Optical properties of leaves and cells

When light passes through a leaf, it can be absorbed, diffracted, reflected, refracted or
scattered (Gates et al., 1965). This is a result of its interactions with photosynthetic pig-
ments in the chloroplasts; non-photosynthetic pigments in the cytoplasm, vacuoles, and
chromoplasts; cellulose in the cell walls; water containing solutes; and intercellular spaces
filled with moisture saturated air, all of which have different optical properties. (i) Chloro-
plasts (see section 1.2.2) are specialized organelles within the cell that absorb light and use
it for photosynthesis (see section 1.3). (ii) Cell structures, like mitochondria, ribosomes,
nuclei, starch grains, and plastids other than chloroplasts (e.g. amyloplasts, chromoplasts,
and etioplasts) scatter light. (iii) Organelles can be repositioned inside the cells, changing
the amount of light being absorbed or scattered. For example, chloroplasts move to avoid
light excess or to maximize the light absorption under a low light (LL) intensity. (iv) When
light passes through the cell walls to the intercellular spaces, it can be refracted or inter-
nally refracted at each interphase. (v) The leaf is composed of several tissues that have
different sizes, shapes, and volumes of intercellular spaces (Wuyts et al., 2010) leading to
absorption flattening (Bustamante and Maestre, 1988).

The optical properties of the leaves can change during growth, and as a response to sev-
eral environmental stimuli. During maturation of the leaf, due to the increase of the cell
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Figure 1.1: Chloroplast ultrastructure. Inner and outer membrane of the chloroplast’s envelope
was drawn in blue color; the thylakoid membrane with distinct lamellar and grana regions in
green; plastoglobules as black spheres, and starch as large yellow granules.

size and decrease of the intercellular space (Wuyts et al., 2010) the reflectance is reduced
(Gates et al., 1965). As an example of an environmental response, during light intensity ac-
climation, new leaves may change their thickness (mostly as a consequence of an increase
in the mesophyll layer thickness) leading to larger intercellular spaces enabling better gas
exchange (Oguchi et al., 2003).

1.2.2 Chloroplasts

In the plant cell, the chloroplast is the organelle which is designed to capture and store
energy from the sunlight (Figure 1.1). Chloroplasts are lens-shaped structures around 5

µm in diameter and around 2.5 µm thick (reviewed in Staehelin, 2003). Several structural
traits of the chloroplast are similar to photosynthetic cyanobacterium, which suggests
chloroplasts originated from an endosymbiotic event which occurred around 0.6 to 2.1 bil-
lion years ago (McFadden and Dooren, 2004; Sánchez-Baracaldo et al., 2017). The structure
of the chloroplasts is defined by three membranes which create separate aqueous compart-
ments (reviewed in Kirchhoff, 2019). The stroma and internal structures are surrounded by
the chloroplast envelope - a double, inner and outer membrane. Inside the stroma of the
chloroplast, the enzymes responsible for the dark phase of photosynthesis are located (see
section 1.3.3). The photosynthetic apparatus responsible for the light phase of photosyn-
thesis (see section 1.3.2) is imbedded inside the third membrane - the thylakoid membrane
- which extends across much of the organelle. Additionally, this membrane separates the
lumen from the stroma, enabling the regulation of ion concentration, and, in consequence,
the generation of a proton-motive force (pmf) (reviewed in Kramer et al., 2004a). The thy-
lakoid membranes can be stacked into several layers called grana, or unstacked in lamellae
(Mullineaux, 2005). Mature chloroplasts may contain 30 to 60 grana with a diameter range
between 0.3 and 0.6 µm (Staehelin, 2003). Depending on the acclimation state, as a conse-
quence of growth under a specific light spectrum and intensity, the stacks may vary from
a few to over 100 (Goodchild et al., 1972).
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1.2.3 Photosynthetic pigments

In higher plants, there are several molecules specialized in light-absorption - pigments.
Their role is diverse ranging from photosynthesis facilitation and photosynthetic appara-
tus protection, to pollinators attraction and discouraging herbivores. Most of the pigments
are located in the thylakoid membrane inside the chloroplasts and are necessary for pho-
tosynthesis.

The main photosynthetic pigment is chlorophyll (Chl) (Figure 1.2). A tetrapyrrole ring
frames a Mg2+ in the center and forms a coordination compound. The alternation of single
and double bonds between carbons in the ring results in a system with delocalized elec-
trons in p-orbitals. Such structures lead to a smaller HOMO-LUMO gap: a lower energy
difference between the highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO), shifting the absorption spectrum to the visible regions.
Additionally, attached to the C17 in the tetrapyrrole ring is a long carbon-hydrogen phytol
chain that determines the hydrophobic properties of the molecule (Willstätter and Stoll,
1913; A. S. Holt and Jacobs, 1954; Rüdiger et al., 1998). In higher plants, only Chls a and
b are synthesized, while additional Chls (c, d, and f ) are found in algae and cyanobacte-
ria. Chls a and b differ in terms of the functional group attached to the C7: Chl a has a
methyl and Chl b a formyl. This small difference changes the spectral properties of the Chl
molecule, shifting the position of the two main absorption peaks (in blue and red region
of the absorption spectra) closer to each other.

Carotenoids (Car), including carotenes and xanthophylls, are pigments which are very
similar very similar in structure to each other, and in consequence they differ only slightly
in absorption spectra. Carotenes are built solely from hydrocarbons, whereas xanthophylls
contain additional oxygen. Structurally they are synthesized from two retinyl groups and
contain a polyene chain with conjugated double bonds, resulting in absorption mostly
in the blue regions of the spectrum. Lutein (Lut) and zeaxanthin (Zea) are stereoisomers
differing only in the placement of one double bond inside the cyclohexenyl ring. When
compared with the structure of β-carotene (β-Car), both have additional hydroxyl groups
attached to the cyclohexyl rings. Single and double epoxidation of Zea results in the cre-
ation of respectively, antheraxanthin (Ant) and violaxanthin (Vio).

1.2.4 Electronic transitions

Jabłoński diagram illustrates the electronic states of a molecule and possible transitions
(Jabłonski, 1933; Figure 1.3). In ground state, all electrons are in the lowest possible orbitals
and the electronic configuration is described by the lowest possible quantum numbers.
During light absorption, a photon can excite one of the electrons to a higher energy level.
The transition of an electron between levels, for instance from the valence orbital to the
outer shell in an atom, or from HOMO to LUMO in a molecule, is only possible if the
photon has the same energy as the difference between those levels.

From the ground state, the excitation might occur to a singlet or triplet state. Contrary
to the triplet state, all electron spins are paired in the singlet state.

An excited electron can non-radiatively decay to the ground state in several ways. In
the same system, a similar decay - internal conversion (IC) - is possible from a higher
to a lower electronic state. If the electronic structure of the atom/molecule enables it, an
intersystem crossing (ISC) is possible from the singlet to the triplet state or the other way
around. A vibrational relaxation (VR) can occur through IC to the closest electronic state.
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Figure 1.2: Pigments structure and their absorption spectra. (A) Skeletal structural formulas of
Chlorophylls (Chls) a and b, β-Carotene (β-Car), Lutein (Lut), Zeaxanthin (Zea), and Violaxanthin
(Vio). Atoms of carbon, oxygen, nitrogen, and magnesium are marked in black, red, blue, and
green, respectively. Bonds pointing above or below the molecule’s plane near the chiral carbons
are marked as a wedged solid or dashed line, respectively. (B) Absorption of selected Chls, and
xanthophylls (β-Car, Lut, Zea, Vio) are shown on the top and bottom panel as solid line traces in
function of light wavelength (λ).
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Figure 1.3: Jabłoński diagram. The horizontal lines represent the electronic states arranged by en-
ergy. Thick horizontal lines represent the electronic singlet (Sn) and triplet (Tn) states, while the
thin ones represent vibrational states. Up arrows represent excitation by absorption, solid down
arrows excitation decay by fluorescence or phosphorescence, and dotted down arrow the nonra-
diative decays by vibrational relaxation, internal conversion and intersystem crossing.(reviewed in
Miller et al., 2018)

The excited electron can return to the ground state and release excess energy in the form
of light. There are two types of radiative decays depending on which state it decays from.
Fluorescence is the result of singlet decays, and phosphorescence is produced from the
triplet state decay. Often before the radiative decays occurs, several nonradiative decays
have already taken place, leading to the emission of a photon with a higher wavelength
(red shift). The relationship between the wavelength or frequency to the photons energy
is described by the Planck-Einstein relation, as seen in the Equation 1.1.

E = hν =
hc

λ
(1.1)

Where E is the photon’s energy, h is the Planck constant (6.626 10−34 Js), c is the speed of
light in the vacuum (300 km/s), ν is the frequency, and λ is the photons wavelength.

1.3 photosynthesis

Photosynthesis is a process that occurs in plants, algae, and in some bacteria and protist
where the energy from the absorbed light is fixed in the form of chemical energy. In
higher plants, the chemical process is the same in all the species, and involves reducing
CO2 molecules to glucose using water as an electron donor and oxygen as a byproduct
(Equation 1.2).

6 CO2 + 6 H2O hν−−−−−→enzymes C6H12O6 + 6 O2 (1.2)
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Figure 1.4: Thylakoid membrane composition. The lipids bylayers of the thylakoid membrane is
shown as two planes built from galactolipids, which are drawn as small grey spheres. Embedded
inside the membrane are the Photosystem II, Cytochrome b6f, Photosystem I, and ATP synthase,
shown as rendered with Blender© macromolecular structures from Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RCSB PDB), in blue, orange, yellow, and magenta,
respectively. Chlorophylls, and Fe-S clusters are shown in green and red, respectively.

In the first phase, called the light phase of photosynthesis, energy from light is fixed in
the form of chemical bonds in adenosine triphosphate (ATP), and in the form of a redox
potential in reduced nicotinamide adenine dinucleotide phosphate (NADPH). In further
steps, the dark phase of photosynthesis, those substrates are used to fix CO2 in the form
of sugars.

1.3.1 Composition of photosynthetic apparatus

Thylakoid membrane

In plants, the photosynthetic apparatus is embedded in the thylakoid membranes in the
chloroplast (Figure 1.4). The light phase of photosynthesis is performed by four major
trans-membrane protein complexes: PSII, cytochrome b6f, photosystem I (PSI), and ATP
synthase (reviewed in Nelson and Ben-Shem, 2004). These complexes are distributed un-
evenly in the thylakoid membrane (Albertsson, 2001; Dekker and Boekema, 2005). PSII is
located mainly in the grana regions, although some monomeric PSII can be observed in
stroma lamellae as a consequence of the PSII repair cycle. PSI and ATP synthase, due to
their bulky stromal-exposed parts, can only be located in the unstacked membranes and at
the end of the grana stacks. In most models, cytochrome b6f is evenly distributed between
grana stacks and lamellae membranes.

Photosystem II

The current model of plant PSII is based on the structure of a spinach PSII supercom-
plex which was solved at a 3.2 Å resolution with single-particle cryo-electron microscopy
(Wei et al., 2016). A more detailed model solved at a 1.9 Å resolution is available for the
cyanobacterial PSII (Umena et al., 2011). Further studies, using different structural biol-
ogy methods (which employ X-ray radiation or accelerated electrons on single crystals
and multiple microcrystals) have yielded additional information on the position of pro-
teins, pigments, cofactors and the lipid environment of the PSII (reviewed in Gao et al.,
2018).

In plants, 25 proteins have been identified as forming the PSII supercomplex. The local-
ization of several cofactors have been established: 105 Chls, 28 β-Car and xanthophylls,
a pheophytin (Pheo), a Mn4CaO5 cluster, a plastoquinone (PQ), and several lipids (Wei
et al., 2016).
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At the heart of PSII’s reaction center (RC), responsible for the primary charge separation,
is a D1/D2 heterodimer encoded by psbA and psbD, respectively). The RC binds in total
six Chl a (including P680 special pair), two Pheos, and PQ in QA and QB sites. The so-
called core (C) consists of the RC and inner antennae proteins CP43 and CP47 (Figure 1.5),
which are encoded by psbB and psbC, and bind 16 and 13 Chl a, respectively. This pigment
system enables the transfer of absorbed energy to the RC from an expanded its light
intersection area. Additionally, there are 12 low molecular mass proteins wrapped in a
belt-like structure around the core of PSII: PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, and
PsbM; and four extrinsic attached on the lumenal side: PsbTc, PsbW, PsbX and PsbZ. These
small proteins take part in the stabilization of the C (PsbK, PsbJ, PsbE, PsbF and PsbX), the
binding of peripheral antennae (PsbW, PsbZ and PsbH), and the dimerization of D1/D2

(PsbTc, PsbL, and PsbM).
Three of the extrinsic proteins are essential for the oxygen evolving complex (OEC) and

form a triangular structure encircling the C-terminal tail of D1 and the luminal domain
of CP43, the regions responsible for shielding the Mn4CaO5 cluster, the catalytic center of
the OEC.

The minor antennae are located further from the C: CP24, CP26, and CP29 (encoded by
nuclear genes lhcb6, lhcb5, and lhcb4.1-4.3, respectively). CP26 is attached to the inner major
antenna protein CP43, and both CP24 and CP29 are attached to CP47. The minor antennae
contain both Chl a and b, and three different xanthophylls: Lut, neoxanthin (Neo), and
Vio. Similar to the inner antennae, they absorb light and transfer it to the RC. Moreover,
they are docking sites for the optionally attached light-harvesting complex II (LHCII) -
heterotrimers of Lhcb1-3 - which together with the C form the PSII supercomplex (Dekker
and Boekema, 2005). LHCII can be bound with different affinities: strongly (S) through
CP43 and CP26, or with moderate affinity (M) through CP24 and CP29. A variable number
of LHCIIs can be attached to the C forming supercomplexes of various sizes (Caffarri et
al., 2009). Some can be found in monomeric form as a naked C or a C with only one
LHCII strongly attached (CS). However, most form dimers (C2): C2S, C2M, C2S2, C2S2M,
and C2S2M2.

Photosystem I

Similar to PSII, PSI is a large pigment-binding supercomplex. Its structure has been solved
at a 2.8 Å resolution (Mazor et al., 2015). The PSI supercomplex is monomeric, and consists
of several proteins: PsaA-PsaP (the position of PsaO and PsaP is ambiguous), and Lhca1-4.
As in PSII, the core contains a RC with internal antennae proteins (104 Chl a, 15 β-Car),
surrounded by the external antenna system - the light-harvesting complex I (LHCI) (with
52 Chl a and 9 Chl b; Figure 1.6). The core is composed mostly of PsaA and PsaB (and
other small core proteins), coordinates the majority of the Chls (including the RC), and
temporarily creates docking sites for plastocyanin (PC) and ferredoxin (Fd). The PSI su-
percomplex is composed of the core, LHCI, ferredoxin-NADP+ reductase (FNR), and in
some conditions LHCII.

The LHCI is composed of Lhca1, Lhca2, Lhca1 and Lhca4 which form a half-moon-
shaped belt around the core (Boekema et al., 2001; Ben-Shem et al., 2003). Lhcas are orga-
nized as heterodimers: Lhca1/4 and Lhca2/3. Lhca1-4 bind 2, 3, 1, and 2 Chl b, respectively,
and all of them coordinate Cars: β-Car, Vio, and Lut (Wientjes and Croce, 2011).
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Figure 1.5: Structure and chlorophyll content of a PSII supercomplex (A) C2S2M2 PSII super-
complex’s macromolecular structures from Research Collaboratory for Structural Bioinformatics
Protein Data Bank (RCSB PDB) was rendered with Blender©. Its protein structure are shown in
grey colour, Chl a and b, and Pheo: light and dark green, and red, respectively. (B) Disassembled
PSII supercomplex. The C with CP43 and CP47 inner antennae are marked with light blue and peri-
winkle, respectively. Further from the center, minor antennae CP24, CP26 and CP29 are marked
with blue, and the furthest LHCIIs with a dark blue colour.

Figure 1.6: Structure and Chl content of a PSI supercomplex (A) The macromolecular structure of
a PSI-LHCI supercomplex from Research Collaboratory for Structural Bioinformatics Protein Data
Bank (RCSB PDB) was rendered with Blender©. Its protein structure is shown in grey colour, Chl
a and b, and Pheo: dark and light green, and red, respectively. (B) Disassembled PSIsupercomplex,
where the core is marked in yellow. Further on the right, LHCI composed of Lhca1-4 are marked
with a purple colour.
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Cytochrome b6f

Cytochrome b6f mediates the electron transfer between PSII and PSI. It oxidizes plasto-
quinonol (PQH2) to PQ, and through the Q cycle (the sequential oxidation and reduction
of embedded cofactors) it reduces PC the electron carrier for PSI. Additionally, cytochrome
b6f regulates the redox state of PQ and PC, and contributes to the creation of the ∆pH
across the thylakoid membrane (reviewed in Schöttler et al., 2015). Due to lumen pH-
dependent changes in the cytochrome b6f (so called “photosynthetic control”), the electron
flow (EF) through the complex might change substantially (Stiehl and Witt, 1969; Joliot and
G. N. Johnson, 2011).

Cytochrome b6f is the smallest redox active complex taking part in the light phase of
photosynthesis. The crystal structure has been determined for Chlamydomonas reinhardtii

(Stroebel et al., 2003), Mastigocladus laminosus (Kurisu et al., 2003), and Nostoc sp. PCC
7120 (Baniulis et al., 2009). It exists as a dimer with a total molecular weight (MW) of
around 220 kDa. Each of the monomers consists of eight subunits. The four largest sub-
units are cytochrome f (containing c-type cytochrome), cytochrome b6 with two heme
groups (high- and low-potential, called bH and bL, respectively), a Rieske iron-sulfur pro-
tein (ISP) containing the 2Fe-2S cluster (PetC), and subunit IV. The four small subunits are
PetG, PetL, PetM, and PetN. PetM and PetC are nuclear encoded, while the other proteins
are encoded in the chloroplast genome. All the proteins besides PetL are essential for the
assembly, function and stability of the cytochrome b6f.

ATP synthase

The ATP synthase utilizes the pmf to synthesize the ATP. The process is highly regulated
(Kanazawa and Kramer, 2002) and the dissipation rate of the pH gradient can influence
the EF through photosynthetic control.

The ATP synthase located in the thylakoid membrane, like all ATP synthases can be
subdivided into two subcomplexes (reviewed in Schöttler et al., 2015). (i) CF1 is the large
membrane-extrinsic part catalyzing the ATP synthesis. It is composed of five different
subunits: AtpA, AtpB, AtpC, AtpD, and AtpE (α-, β-, γ-, δ-, and ǫ-subunits, respectively).
AtpC, and AtpD are nuclear encoded, the rest is encoded in the chloroplast genome. They
form the subcomplex in α3β3γδǫ stoichiometry. The conformational rotation of the α3β3

hexamer is driven by the central ring-like structure of CF0 which is embedded in the
membrane, and the rotor shaft composed by the ǫ- and γ-subunits. (ii) The membrane-
intrinsic part, called CF0, forms a stator for CF1 and converts the pmf into CF1’s rotation
via a central ring-like structure. The stator is composed of a- (AtpI), b- (AtpF) and b’-
subunits (AtpG), and the ring-like structure consists of 14 c-subunits (AtpH).

1.3.2 Light phase

There are two end results of the light phase of photosynthesis. The first is the creation of a
redox potential across the thylakoid membrane which enables the reduction of NADP+ to
NADPH (Figure 1.7). The second is the generation of a H+ gradient across the thylakoid
membrane through a chain of redox reactions which results in a pmf strong enough to
drive the ATP synthesis.

To achieve the first aim, the energy from light that is absorbed by the pigments in
both complexes, PSII and PSI, needs to be transferred to the special Chls pairs P680 and
P700, respectively. The special pair excitation enables the reduction of a chain of electron
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acceptors. In case of PSII, the first electron acceptor is Pheo, which transfers the electron
to PQ in the QA site, and further to the QB site. The PQ- in QB, after a second reduction
and binding two protons, disassociates from PSII as the reduced electron carrier PQH2. In
case of PSI, first the electron is transferred to another Chl a (A0), then to a phylloquinone
(A1), iron-sulfur centers: FX and FA/FB, which in the end reduce an electron carrier called
Fd. Reduced Fd is used by FNR to reduce NADP+ to NADPH. To fill the newly created
electron gap in PSI (P700+), the reduced PC is used. The PC is reduced by the cytochrome
b6f which oxidizes PQH2 in the Q-cycle. Finally, to fill the electron gap in PSII, an electron
is provided by splitting a water molecule which is catalyzed by the manganese–calcium
cluster attached to the PSII C and shielded by the OEC.

To achieve the second aim, a pH gradient across the thylakoid membrane is generated
in several steps of the light phase by binding protons from the stroma to several molecules
(electron carriers) being in a deprotonated state, and by disassociating them to the lumen
from some other (electron carriers and water), already protonated molecules: (i) During
water splitting, protons are disassociated inside lumen. (ii) In PSII, after double reduction
of the PQ, two protons are bound from the stroma. (iii) During the Q-cycle in cytochrome
b6f, during oxidation of the PQH2 protons are released into the lumen, and during the
reduction of a PQ protons are bound from the stroma.
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Figure 1.7: The electron flow during light phase of photosynthesis. The midpoint potentials of specific half-reactions are represented as solid broad lines and
described above with a text label. For readability, in most cases only the molecule with a zero net charge is shown. The most thermodynamically favorable
electron transfers are presented with a solid arrows. The change of the midpoint potential of P680 and P700 special Chl pairs upon light induced excitation are
depicted with red arrows. Possible pathways of recombination electron transfers from the primary electron acceptors to the oxidized special pair are indicated
by dashed gray arrows. Grey numbers next to the arrows show the approximated time of a specific electron transfer step.
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1.3.3 Dark phase

During the dark phase of photosynthesis, which occurs in the chloroplasts stroma, using
NADPH and the energy from ATP, the CO2 is incorporated in form of an organic inter-
mediary, reduced and stored in form of carbohydrates (Figure 1.8). The reaction can be
roughly summarized by the following reaction:

CO2 + 4 H+ + 4 e−
2NADPH, 3ATP−−−−−−−−−→enzymes (CH2O) + H2O (1.3)

As shown, the CBB cycle can be divided in three phases: carboxylation, reduction and
regeneration.

Carboxylation phase: during this phase the CO2 is incorporated into an organic com-
pound. The enzyme catalyzing the main reaction is called Rubisco. It incorporates 3

molecules of CO2 and 3 molecules of water into 3 molecules of RuBP (5 carbon chain),
and splits carboxylated RuBPs into 6 molecules of 3-phosphate-glycerate (3GP) (3 carbon
chain).

Reduction phase: the main aim of this phase is the reduction of 3GPs. The reducing
force comes from the light phase of photosynthesis in form of NADPH, and ATP is used
as an energy source to drive the reaction. In the first step, the phosphoglycerate kinase
phosphorylates 6 molecules of 3GP using 6 molecules of ATP to form 1,3-bisphosphate-
glycerate (1,3-BPG). Next, the glyceraldehyde-3-phosphate dehydrogenase uses NADPH
to reduce 1,3-BPGs into 6 molecules of glyceraldehyde-3-phosphate (GAP). Only one GAP
per cycle is produced and can be further used for subsequent conversion to hexose.

Regeneration phase: the main aim of this phase is the regeneration of the RuBP from
GAP as the substrate for another round of carboxylation. After a series of reactions cat-
alyzed by fructose bisphosphatase, transketolase, and ribulose 5-phosphate epimerase, 3

molecules of ribulose-5-phosphate (5 carbon chain) are created. There are three intermedi-
ary products: fructose-1,6-bisphosphate, fructose-6-phosphate, and xylulose-5-phosphate.
In an additional step, 3 molecules of ATP and phosphoribulokinase are needed to recreate
RuBP the substrate for the carboxylation phase.

More precisely in terms of substrates and stoichiometry, the dark phase reactions can
be summarized by reaction 1.4.

3 CO2 + 6 NADPH+ 6 H++ 9 ATP −−−−−→enzymes GAP+ 6 NADP++ 9 ADP+ 3 H2O+ 8 Pi (1.4)

1.4 light acclimation

Plants are autotrophic, terrestrial, sessile organisms whose survival depends on their abil-
ity to respond a acclimate to constantly changing environmental conditions. One highly
variable environmental factor is light intensity, which fluctuates daily and seasonally. Ad-
ditional light intensity variation comes from changing cloud patterns, reflections from
other objects, and transient shade from neighboring leaves, and plants.

1.4.1 Light intensity dependent acclimation

The dependence on light as an energy source carries risks: the possibility of under- and
over-exposure. In the first case, energy deficit leads to impeded growth, development, and
- in extreme cases - death of the plant. In the second case, the EEE increases the probability
of reactive oxygen species (ROS) generation, which can damage the DNA, proteins, and
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Figure 1.8: Calvin-Benson-Bassham cycle. In full black circles, the number of carbons in the carbon
chain of the main organic molecule taking part in the specific CBB cycle reaction is shown. Next
to each a skeletal structural formula of the specific molecule is shown. Atoms of carbon, oxygen,
phosphate are marked in black, red, and brown, respectively. With arrow the direction of the
reaction is shown. Additional substrates and products are shown as incoming or outgoing arrows,
respectively. The carboxylation, reduction, and regeneration steps are drawn as slices of the circle.

lipids (Kalbin et al., 2001; Takahashi and Badger, 2011). Unrepaired accumulative damage
can lead to the destruction of the photosynthetic apparatus and plant death (reviewed in
Asada, 2006). Plants have evolved various strategies and control mechanisms to deal with
these light-related risks.

Timescale of the control mechanisms

Most of the photosynthetic control mechanisms range in the scale of seconds to weeks,
and there is an arbitrary distinction between short- (seconds to hours) and the long-term
(days to weeks) control mechanisms (Figure 1.9).

Short-term control

Short-term control (regulatory mechanisms) depends on the rearrangement of the chloro-
plast components without any additional biosynthesis and degradation. Under HL condi-
tions, due to the stimulated EF, protonation and phosphorylation of different chloroplast
components (Allen, 1992; Fristedt and Vener, 2011; Wientjes et al., 2013b; Wientjes et al.,
2013c; Pietrzykowska et al., 2014) trigger non-photochemical quenching (NPQ) (Ruban
et al., 2012). NPQ is a term originating from experimental observations of decreased life-
time and yield of fluorescence under HL conditions. The triggers of NPQ are diverse and
the process involve both short- and long-term control mechanisms. The following com-
ponents can be distinguished: EEE dissipation as heat (qE), LHCII disassociation/associ-
ation from/to PSII/PSI, state transitions (qT; Bellafiore et al., 2005; Pesaresi et al., 2009),
zeaxanthin-dependent quenching (qZ), and photoinhibition (qI; Quick and Stitt, 1989).

During the main NPQ component - qE - low pH in the thylakoid’s lumen activates the
PsbS protein (Li et al., 2000) and the xanthophyll cycle (Demmig-Adams, 1990). The debate
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Figure 1.9: Acclimatory responses to HL stress on the cellular level. (A) Scheme of light-induced
responses in the thylakoid membrane. Lipid membrane is depicted as two horizontal doted lines.
Parts of the main photosynthetic complexes (PSII, cytochrome b6f, PSI and ATP synthase) embed-
ded inside the double lipid bilayer are drawn in between those lines. Electron flow is depicted as
broad black arrow, and the electron mediators PQH2 and PC as grey dots. De-excitation pathways,
fluorescence (F) and qE are shown as arrows originating from PSII. The C and light-harvesting
complex (LHC) parts of PSII and PSI are represented as a grey oval, and lighter partial-moon
shapes around it. (B) Time ranges of regulatory mechanisms (short-term responses) and acclima-
tion occurring in the plant cell.
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about the mechanism and identity of various actors who play a role in qE induction is still
ongoing (reviewed in Ruban, 2016).

As for the quenching sites, most of the PsbS-dependent quenching sites are created in
LHCII (Nicol et al., 2019). Additionally, two of the minor antennae, CP26 and CP29, can
be reversibly protonated, and attain high level of quenching (Ruban et al., 1994), which
suggested that they might contribute to the quenching. However, it was shown that there
is no exchange of Vio to Zea in the minor antenna, even at low pH (Xu et al., 2015).
Additionally, as those two minor antenna link the LHCIIs to the C, their absence results in
changes in the PSII supercomplexes structure (van Oort et al., 2010; Dall’Osto et al., 2014),
and in consequence, it is extremely difficult to assess their individual impact on qE.

Concerning the mechanism of qE, there is data suggesting that the allosteric conforma-
tional changes and the aggregation in the LHCIIs peripheral antenna observed in vitro

(Horton et al., 1991), and in vivo (M. P. Johnson et al., 2011; Ruban et al., 2012; Ware et
al., 2015), can produce a pH- and zeaxanthin-sensitive quenching similar to the one ob-
served during qE. Additionally, biochemical (Betterle et al., 2009), functional (Holzwarth
et al., 2009), and structural data (M. P. Johnson et al., 2011) suggests that changes in the
PSII antenna size occurs in consequence of qE. However, the exact mechanism is not yet
understood.

Another ambiguous topic is the role of PsbS in the qE. Its absence radically decreases
the qE and the protonation-induced conformation changes (Li et al., 2000; Li et al., 2002).
As a member of LHC proteins, in its structure PsbS is similar to Lhcbs (Fan et al., 2015).
It contains protonable residues which enables it to act as a lumenal pH sensor. However,
it was shown that contrary to Lhcbs, it does not bind pigments (Bonente et al., 2008), and
that it can form stable dimers under low pH. It suggests that it is not a direct quencher
and acts only as a trigger enhancing qE.

Regarding the role of the xanthophyll cycle, it was shown that the accumulation of Zea
enhances qE (Demmig-Adams, 1990; reviewed in Jahns and Holzwarth, 2012). Sometimes,
it is distinguished as a separate quenching process from qE and called qZ. In this cycle,
Zea is formed from Vio with Ant as an intermediary product. Violaxanthin de-epoxidase
catalyzes the reaction, and the light is necessary for its activation. It is proposed that
Zea is a direct quencher (N. E. Holt et al., 2005) or plays a role inducing conformational
changes of the PSII antenna (Briantais et al., 1979), however, the mechanism is not yet fully
understood.

The state transition component of NPQ - qT, involves the rebalancing of absorbed light
between PSII and PSI (reviewed in Allen, 2002) as a pool of LHCII can be moved between
the PSs (reviewed in Rochaix et al., 2012). E.g. before its disassociation from the PSII
supercomplexes, LHCII is phosphorylated, then laterally diffuses from appressed to non-
appressed membrane regions, and attaches reversibly to PSI. This serves to increase light
energy absorption in PSI and decrease excitation of PSII.

Long-term control

Long-term control of photosynthetic activity (acclimation), in the chloroplast involves the
selective degradation and synthesis of certain components. Under illumination, even at
LL intensities (Tyystjärvi and Aro, 1996; Anderson et al., 1997), the ROS formation in PSII
is unavoidable which leads to photoinhibition, qI. During qI, the most delicate part of the
photosynthetic apparatus is being damaged - the D1 protein in the PSII’s RC (Hoffman-
Falk et al., 1982; Powles, 1984; Barber, 1995; Murata et al., 2007; Guidi et al., 2019). With
higher light intensities the yield of this process increases.
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In consequence, PSIIs are being constantly repaired in the PSII repair cycle (Aro et al.,
1993; Aro et al., 2005; Nixon et al., 2010; Nath et al., 2013). The replacement of the dam-
aged D1 protein is multiphasic and involves (i) phosphorylation of several subunits, (ii)
monomerization of the PSII and its migration to the stroma lamellae, (iii) partial disassem-
bly of PSII core, (iv) proteolysis of the damaged protein, (v) replacement of the D1 protein,
and (vi) reassembly, dimerization and photoactivation of PSII.

Long-term acclimation results in adjustments to the PSII antenna size (Fristedt and
Vener, 2011), and in consequence changes in the Chl a/b ratio (Park et al., 1997; Ballottari
et al., 2007; Wientjes et al., 2013c). The decrease of the PSII antenna size affects mainly the
extra pool of LHCIIs loosely associated with the PSIIs ("extra" LHCII pool; Wientjes et al.,
2013a) leading to a denser PSII packing (Kouřil et al., 2013).

1.5 probing the photosynthetic apparatus

Already in the 30’s, it was shown that during dark-to-light transitions fluorescence in-
tensity correlates with CO2 assimilation rate (Kautsky and Hirsch, 1931). Duysens and
Sweers (1963) suggested that the fluorescence rise in the Kautsky effect is due to the elec-
tron transfer from the PSIIs RC to QA, and the subsequent fluorescence quenching is due
to QA re-oxidation. Further models, like the bipartite model (Butler and Kitajima, 1975;
Butler, 1978) expended on this idea by introducing the concept that various photochem-
ical processes compete for excitation energy. However, this model made several assump-
tions: (i) constant rates for fluorescence and other de-excitation processes which later were
shown to vary under some conditions (reviewed in Kramer et al., 2004a and Schansker et
al., 2013); (ii) no energy transfer between PSII and PSI (spillover) as a consequence of the
spatial separation between grana and lamellae (reviewed in Anderson, 1981); (iii) energy
transfer between all PSIIs, which neglects the excitation diffusion length (Bennett et al.,
2018); (iv) and a homogenous population of PSII, which is an oversimplification in terms
of its well known and described functional (Melis and Homann, 1975), and later structural
(Anderson and Melis, 1983; Boekema et al., 1999; Aro et al., 2005; Bielczynski et al., 2016)
heterogeneity.

1.5.1 Photochemical quenching

To deconvolve the influence of the photochemical quenching (qQ or later called qP) on the
fluorescence signal, initially 3-(3’,4’-dichlorophenyl)-1,1-dimethylutea (DCMU) was used
(Krause et al., 1982). It is a photosynthetic inhibitor as it binds to the QB site perma-
nently, and by stopping the electron transfer from reduced QA it prevents photochemical
quenching. However, there are some drawbacks: (i) DCMU binds permanently, prevent-
ing any further analysis in vivo, (ii) passive infiltration in the plant tissues is uneven, (iii)
active infiltration leads to the rupture of cells and chloroplasts, and (iv) the solvent filling
the intercellular spaces prevents normal gas exchange. As an alternative, a nondestructive
method called the "light doubling" technique was proposed by Bradbury and Baker (1981).
The idea behind it was that the reduction of QA pool can be achieved by rapidly expos-
ing a dark acclimated leaf to a high intensity pulse of light, termed saturating pulse (SP),
by measuring minimal fluorescence (F0) and maximal fluorescence (FM), the portion of
oxidized QA can be calculated (Equation 1.5).

qP =
FM − F0

F0
=
FV

F0
(1.5)
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At that time, it was a challenge to measure the F0 accurately as the time of the shutter
opening was not short enough. The first successful measurement was performed a few
years later by Quick and Horton (1984), where a corresponding validation with the DCMU-
inhibition method was presented as well. The non-linearity of the qP parameter with
the CO2 assimilation rate led to the formulation of a new estimator of photochemical
quenching based on the same parameters: maximum yield for primary photochemistry of
PSII (Equation 1.6; Genty et al., 1989)

ΦP =
FV

FM
(1.6)

There are several assumptions of which one should be aware: fluorescence originates
only from PSII; no rate constant change occurs between the measurement of F0 and FM;
and the emission of fluorescence comes from a homogenous system where all excited
states of Chls are equivalent (reviewed in Blankenship, 2002). The last assumption is ob-
viously not true; however, due to the simplicity of the measurement and its correlation
with a healthy physiological state of the plant, this parameter is widely used (reviewed in
Baker, 2008)

In Genty et al. (1989), another parameter was introduced to estimate the quantum yield
of PSII during illumination (equation 1.7) which was linearly proportional to the CO2

assimilation rate:

ΦPSII =
F

′

M − Ft

F
′

M

(1.7)

where F
′

M and Ft were the maximal and transient fluorescence during illumination, re-
spectively. This parameter is often used in field experiments, as the sample does not have
to be dark acclimated and only parameters measured under illumination are used for its
calculation.

Knowing ΦPSII it is possible to estimate the electron transport rate of PSII (ETRII; Equa-
tion 1.8).

ETRII = IAleafαΦPSII (1.8)

where I is the incident light intensity, Aleaf is the absorption of the leaf, and α is the frac-
tion of energy absorbed by PSII from all pigment systems in the leaf. ETRII is proportional
to the linear electron flow (LEF) through PSII. However, usually in commercially available
setups several assumptions are made: (i) The average Aleaf is around 0.84 (Björkman and
Demmig, 1987), which might be true for Arabidopsis thaliana grown under standard con-
ditions and in perfect physiological state, but might be completely different in mutants
and samples during stress experiments (Hodáňová, 1985). (ii) α is around 0.5 (Laisk and
Loreto, 1996; Miyake et al., 2004), which is surely different in plants acclimated to HL,
where the PSII has decreased antenna size, and the PSI/PSII ratio is sometimes increased
(Bielczynski et al., 2016; Bielczynski et al., 2020).

1.5.2 Non-Photochemical quenching

The quenching coefficient parameter (qN) was originally proposed to measure the extent
of NPQ (Dietz et al., 1985; Schreiber et al., 1986). In its initial formulation it was assumed
that only the variable fluorescence can be quenched, neglecting the quenching of the min-
imal fluorescence. Therefore, to reflect the real extent of NPQ, Bilger and Schreiber (1986)
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proposed that the variable fluorescence during illumination should be calculated starting
from F

′

0 (Equation 1.9).

qN = 1−
F

′

M − F
′

0

FM − F0
(1.9)

A different way to assess NPQ was proposed later without the need to measure F
′

0 or F0
(Bilger and Björkman, 1990; Equation 1.10). The expression is based on the matrix model
of antenna organization, and can be rearranged to a Stern-Volmer relation.

NPQ =
FM − F

′

M

F
′

M

(1.10)

Both parameters measure the NPQ without differentiating the source of fluorescence
quenching only the contribution of all processes resulting in the decrease of fluorescence
not related to photochemical quenching.

1.5.3 Energy partitioning

As a natural extension of the bipartite model, a model which enables calculation of energy
partitioning of the absorbed energy was created (Genty et al., 1996; Cailly et al., 1996). This
model and its subsequent versions (reviewed in Lazár, 2015) enabled the calculation of the
quantum yield of the energy used for photochemistry (ΦPSII), dissipated in NPQ (ΦNPQ),
radiated as non-regulated heat dissipation, emitted as fluorescence or used for other pro-
cesses (ΦNO). The simplest formulation (Equations 1.11) was presented in Klughammer
and Schreiber (2008).

ΦPSII =
F

′

M − Ft

F
′

M

(1.11a)

ΦNO =
Ft

FM
(1.11b)

ΦNPQ = 1−ΦPSII −ΦNO (1.11c)

This formulation was reworked from Kramer et al. (2004b) and Hendrickson et al. (2004)
and it has several advantages: it maintains high correspondence with other methods, it
needs only four measured parameters (F0, FM, Ft and F ′M), and it does not need the
measurements of the troublesome parameter of minimal fluorescence under illumination
(F ′0). However, while measuring F0 and F ′0 the contribution from PSI to the signal can be
a problem, as the fluorescence from PSII contributing to the signal is at the lowest level. It
was shown that in A.thaliana, PSI can contribute up to 0.24 of the F0 fluorescence which
might lead to some inaccuracies (Pfündel et al., 2013).

A drawback of the method is that in its current state, the interpretation of the ΦNO

parameter is still not clearly defined:

[ΦNO is] the quantum efficiency of non-photochemical quenching of excitation via

primarily constitutive losses (i.e. thermal energy dissipation that occurs even when

potential photochemical yield is maximal, and fluorescence emission).

Genty et al., 1996
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[ΦNO] lumps together other non-light induced processes that contribute to non-radiative

decay including intrinsic (dark or basal) loss, and long-term quenching caused by pho-

toinhibition or other processes including 3Car, 3Chl*, etc.

Kramer et al., 2004b

[ΦNO corresponds] to the sum of the quantum yields of fluorescence and "constitu-

tive thermal dissipation", with the latter being constitutive in the sense that short-term

changes in light intensity do not alter its efficiency.

Hendrickson et al., 2004

Additionally, there are some aspects which make this parameter even more confusing.
(i) ΦNO can display large changes, while the rate constant of fluorescence (kF) and ther-
mal dissipation (kD) are assumed to be constant during illumination. (ii) After inhibition
with DCMU the decrease in ΦPSII is compensated by a corresponding increase in ΦNO,
approaching unity. (iii) If during the time-dependent measurement (dark-to-light transi-
tion), the illumination is photoinhibitory, then increase in kD will be falsely interpreted as
an increase in ΦNPQ not ΦNO.

1.5.4 Measuring setups

There are two major types of setups used for active fluorometry (Figure 1.10). One excites
directly and measures the fluorescence signal by filtering the actinic light (AL) and the
SP with the long-pass filter, and the second using pulse amplitude modulated fluorome-
try (PAM) technique - with a high frequency low light intensity measuring light (ML) on
top of the AL/SP. In the PAM method, the intensity of the excitation source is changed,
and only the fluorescence that varies with the same modulation is detected (Schreiber et
al., 1986). The reason why PAM setups have gained so much attention is they are able to
perform measurements with the ambient light present, which greatly increases the pos-
sibility of fluorescence measurements in the field. However, direct measurements setups
are still often performed, especially for fluorescence induction measurements, where fine
time resolution is crucial.

Depending on the need to use an external light source, active and passive fluorometry
can be distinguished. Active Chl fluorometry requires a controlled light source actively
exciting the sample for subsequent fluorescence detection. For passive fluorometry no ad-
ditional light source is used other than naturally available, e.g. solar-induced fluorescence
(Frankenberg et al., 2014). As the research in this thesis was performed in a laboratory, the
focus will be only on active fluorometry.

Usually during active measurements, the excitation is performed with red and/or blue
light exciting Chls only and/or Chls and Cars, respectively. The excitation energy can
be transferred to the inner antenna, and in consequence, the fluorescence from Chl a is
measured at longer wavelengths.

1.5.5 Measuring protocols

Several protocols were developed to measure the changes in chlorophyll fluorescence in
order to assess the photosynthetic capacity in vivo, acclimatory responses (reviewed in
Govindjee, 1995; Baker, 2008), and physiological stress at an early stage (Lichtenthaler et
al., 1998; Ni et al., 2015). The scale of the measurements varies from the particle, subcellu-
lar, cellular, leaf to canopy levels (reviewed in Baker, 2008). The most common fluorescence
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Figure 1.10: Basic in vivo fluorometric measurements on plants. (A) Respectively, on the left and
right, the experimental setup for direct fluorometry and PAM fluorometry. The power supply, de-
tector, AL/SP and ML sources are shown as grey blocks connected by black lines. The light paths
from the emitters to the detector are shown as directed red and blue paths. The longpass filter is
shown as a rectangle on the path between the sample and the detector. Below the experimental
setups, exemplary sequences of triggers is shown for the SP with and without ML. (B) On the ex-
emplary OJIP measurement the fluorescence rise is shown in function of time, during illumination
with a acSP (full red bar at the bottom indicates light on). The inflection points are marked with
grey lines and O-J-I-P labels. (C) On the exemplary quenching analysis the changes of fluorescence
are shown in function of time, and under a sequence of ML, AL and SP illumination. Blue line at
the bottom indicates the high frequency sequence of ML turning on and off, and red lines at the
bottom indicates the SPs. The pink background indicates the moment in the sequence that the AL
is turned on.

measuring protocols are: (i) fluorescence induction analysis, (ii) quenching analysis, (iii)
irradiance curve analysis, (iv) state transition assessment and (v) antenna size estimation.
In the next sections the first three will be described in detail.

Fluorescence induction measurements

In the fluorescence induction measurement (Figure 1.10B), a SP on a dark acclimated
sample induces fluorescence rise which is measured over time. In theory, the SP should
be of a high enough intensity to close all the RCs, and short enough not to induce NPQ.
In a healthy sample, during a standard, single fluorescence rise, several time-points are
differentiated: (i) the earliest fluorescence intensity (F0 or O) at 10 µs of the 0.5 s long SP,
(ii) the peak time-point (FM or P) at the end, and (iii-iv) two other inflection time-points
at 3 ms and 300 ms (J and I steps, respectively). From those points comes the commonly
used name: OJIP measurement.

A relative estimate of the in folio functional antenna size of PSII is possible with OJIP
measurements (Dinç et al., 2012; Bielczynski et al., 2016). Instead of using a high intensity
SP, the kinetics of the fluorescence rise is measured as a function of the light intensity.
The slope of the normalized fluorescence at 300 µs against the light intensity is propor-
tional to the absorption cross-section of PSII. The heterogeneity of antenna size can play
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a role in the in folio measurement. In plants under illumination, a light gradient is present
throughout the cell layers of the leaf cross-section, as the layers absorb some light and
overshadow each other. In consequence, top layers have PSIIs with smaller antennae than
the bottom ones (Nishio et al., 1993; Vogelmann and Han, 2000; Evans and Vogelmann,
2003). If the leaf is too thick and the light intensity too low, the excitation can be selective
and the fluorescence measured represents only a limited depth of the leaf. This results in
different antenna sizes estimates when the axial and abaxial sides of the leaf are measured
separately.

The OJIP measurement can be used to follow the re-oxidation rates of the electron
transport components (double pulse experiment). For that purpose, two SP are used with
a delay in between. The delay between SP is changed to observe the regeneration kinetics
of the original fluorescence rise. The regeneration kinetics of the O-step follows the QA

-

re-oxidation (Schansker et al., 2005; Schansker et al., 2011). The recovery of the J-step is
limited by the exchange rate of the PQH2 to PQ at the QB-site, and the re-oxidation of the
PQH2-pool by the plastoquinol oxidase (Tóth et al., 2007). The regeneration kinetics of the
I-step reflects the re-oxidation of the FeS clusters in PSI and the Fd-pool (Schansker et al.,
2005).

Quenching analysis

The main aim of the quenching analysis is to monitor the induction and relaxation of NPQ
(short-term responses of around 10 min), at a specific light intensity (AL; Figure 1.10C).

The quenching analysis starts with establishing a baseline state of the sample by per-
forming initial measurements in a dark-adapted state where all the RCs are open (the QA

pool is fully oxidized) and NPQ processes are inactivated. Due to the dark adaptation, the
QA pool may be reduced due to chlororespiration (Feild et al., 1998), so before the mea-
surement of F0 the sample is exposed to a weak far-red (FR) light which excites mostly
PSI, ensuring that the QA pool is oxidized. Next, the sample is illuminated with the ML
to measure F0. Afterwards, a SP probes the extent of variable fluorescence (FV = FM − F0)
by measuring FM. In fact, this part is essentially a fluorescence induction measurement,
however, usually only the minimum and maximum of the variable fluorescence is taken
into consideration to calculate ΦP (Equation 1.6). The measured parameters are used to
further normalize the fluorescence changes during light acclimation.

Next, fluorescence changes are monitored over a dark-to-light transition. The sample is
subjected to subsequent SPs to probe the state during the NPQ induction and relaxation.
During this phase, the induction kinetics of the photochemical and nonphotochemical
processes are measured.

There were several attempts made to distinguish the qE, qT, and qI components of NPQ
(Horton and Hague, 1988; Quick and Stitt, 1989; Walters and Horton, 1991), all of which
where aimed to disentangle the kinetics of NPQ during the light-to-dark transition (relax-
ation phase). In Horton and Hague (1988), DCMU was used to block the photochemical
quenching, NaF to block the phosphorylation during qT, and chloramphenicol to block
the repair cycle of PSII during qI. They reported the relaxation half-times for qE, qT, and
qI to be around 30 s, 8 min, and 30 min, respectively. Quick and Stitt (1989) proposed
the use of repetitive SPs during the relaxation in dark to follow its full kinetics, which
enabled the deconvolution of components with different relaxation rates. However, for a
long time the deconvolution of the NPQ relaxation seemed unreliable for the phase relax-
ing with a half-time of 5-10 min, as the contribution could be attributed to both: qE and
qT components (Walters and Horton, 1991).
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Irradiance curve analysis

The irradiance curve analysis was originally developed to study the response of steady-
state photosynthesis to different ambient light intensities (Smith, 1936). The development
of PAM fluorometry enabled wide spread use of this method which non-destructively
monitors the changes in photosynthetic and photoprotective capacity of a sample under a
range of light intensities. The measurement is performed on a dark acclimated sample. At
the beginning, as in the quenching analysis, F0 and FM is measured. To be sure that the
acceptor side of PSI is activated, a pre-illumination of FR light is used. Fo a period of time
afte that (1-5 min), the sample is illuminated with a specific intensity of AL followed by a
SP to probe the photosynthetic apparatus. This step is repeated for several light intensities
covering a range of LL and HL intensities.

This method is used in phenotyping and field studies to assess the photosynthetic and
photoprotective capacity of the plant to a range of stimuli, e.g. to the growth under differ-
ent light intensities (Rascher et al., 2000; Ye et al., 2013; Rooijen et al., 2015; Kaiser et al.,
2016).

1.6 scope of this thesis

In this thesis, the light acclimation responses in plants were studied using biochemical
and biophysical methods. As the topic had already a long history of research, the aim was
to consolidate existing knowledge, and validate new emerging trends in the field.

In chapter 2, the changes in HL tolerance and photosynthetic activity were studied in
the leaves of Arabidopsis thaliana rosettes throughout the vegetative growth stage. In terms
of short-term responses, the interplay of the age of the plant and of its leaf at different
stages of the photochemical and nonphotochemical quenching kinetics was investigated.
The heterogeneity of the response to HL of different leaves on the rosette was also followed
over long-term acclimation to various light intensities.

In chapter 3, a combination of biochemical and biophysical methods was used to study
in detail the modulation of the functional antenna size of PSII in terms of different
PSII fractions (PSII supercomplexes, LHCII complexes/monomers) during short-term re-
sponses and long-term acclimation to HL.

In chapter 4, the controversial disassembly of PSII- and LHCII-related fractions was
validated during qE. To avoid qE relaxation during the thylakoid isolation procedure,
quenching was induced directly on isolated and functional thylakoids, and the solubiliza-
tion was performed still under light. The quantification of the PSII- and LHCII-related
fractions was performed before, during, and after NPQ.

Chapter 5 present a study of the secondary effects of a decreased antenna size which in-
creases the homogeneity of light distribution in the canopy and the overall photosynthetic
efficiency. Detailed biochemical and biophysical characterization of the photosynthetic ap-
paratus, and acclimation capacity to HL of an antisense dLhcb2 mutant with decreased
antenna size was performed.
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L E A F A N D P L A N T A G E A F F E C T S P H O T O S Y N T H E T I C
P E R F O R M A N C E A N D P H O T O P R O T E C T I V E C A PA C I T Y

In this work, we studied the changes in high-light tolerance and photosynthetic activity in
leaves of the Arabidopsis (Arabidopsis thaliana) rosette throughout the vegetative stage of
growth. We implemented an image-analysis work flow to analyze the capacity of both the
whole plant and individual leaves to cope with excess excitation energy by following the
changes in absorbed light energy partitioning. The data show that leaf and plant age are
both important factors influencing the fate of excitation energy. During the dark-to-light
transition, the age of the plant affects mostly steady-state levels of photochemical and
nonphotochemical quenching, leading to an increased photosynthetic performance of its
leaves. The age of the leaf affects the induction kinetics of nonphotochemical quenching.
These observations were confirmed using model selection procedures. We further inves-
tigated how different leaves on a rosette acclimate to high light and show that younger
leaves are less prone to photoinhibition than older leaves. Our results stress that both
plant and leaf age should be taken into consideration during the quantification of photo-
synthetic and photoprotective traits to produce repeatable and reliable results.

this chapter is based on the following publication :
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2.1 introduction

Heterogeneity in photosynthetic capacity among leaves in an individual plant has been
largely reported in plant species that form part of a canopy. As a consequence of the light
gradient between overlapping leaf layers (Solidago altissima; Hirose and Werger, 1987a;
Hirose and Werger, 1987b) or regardless of canopy (Ipomea tricolor; Hikosaka et al., 1994),
the photosynthetic rates and nitrogen use efficiency decline with leaf age. It was suggested
recently that individual leaves in the rosette of the model plant Arabidopsis (Arabidopsis

thaliana) respond differently to abiotic stresses (Bresson et al., 2015; Flood et al., 2016);
however, the heterogeneity of photosynthesis among leaves of the same plant has been
partially addressed (Wingler et al., 2004) but not fully assessed.

Depending on the age of the plant, the emerging leaves of Arabidopsis differ in shape,
and the cells composing them differ in thickness and size (Kerstetter and Poethig, 1998;
Tsukaya, 2013). Leaf anatomy influences the photosynthetic capacity, such as by changing
the mesophyll thickness and increasing the space forchloroplasts at the cell surface nec-
essary for the gas exchange (Oguchi et al., 2003). Thus, it can be expected that structural
differences in Arabidopsis leaves could be at least partially responsible for heterogeneity
in photosynthesis in the leaves of a rosette.

Additionally, the leaves on an Arabidopsis rosette are always of different age. In several
plant species, such as rice (Oryza sativa; Makino et al., 1983), soybean (Glycine max; Jiang
et al., 1993), and tobacco (Nicotiana tabacum; Jiang and Rodermel, 1995; Miller et al., 1997;
Miller et al., 2000), an initial increase in the photosynthetic rate during leaf expansion is
followed by a decrease upon maturation and a sharp drop during senescence due to major
changes in the photosynthetic apparatus (Ghosh et al., 2001; Wada et al., 2009; Brouwer et
al., 2012; Mohapatra et al., 2013; Mulisch and Krupinska, 2013; Nath et al., 2013). However,
in Arabidopsis, it was shown that, during whole-leaf development, the photosynthetic
rate per fresh weight decreases gradually (Stessman et al., 2002).

Additionally, the photosynthetic activity of Arabidopsis changes during the vegetative
stage, and as the plant gets older, its tolerance to HL increases (Carvalho et al., 2015). Based
on these reports, we hypothesized that photosynthetic heterogeneity should exist among
leaves of a single plant and that both photosynthetic performance and photoprotective
capacity will be influenced by the time of emergence, the age of the leaf, and the age of
the plant itself.

Arabidopsis is a particularly interesting case for several reasons. (1) It is a model plant
popular in studies where accurate phenotyping of photosynthesis-related traits is crucial.
(2) Its leaves are only moderately heterobaric (Cheeseman, 1991; Terashima, 1992), mean-
ing that the histology in a different part of the leaf causing nonuniform gas exchange
will only slightly influence the photosynthetic performance at the level of a single leaf
(Morison and Lawson, 2007). (3) Due to the rosette architecture, for the major part of leaf
development, a light gradient due to shading of the upper leaves is absent.

During the light-dependent phase of photosynthesis, light absorption by PSII and PSI
is used to create reducing power (NADPH) and ATP, which are then used in the Calvin-
Benson-Bassham cycle for CO2 assimilation. Cytochrome b6f acts as an intermediate for
the LEF between PSII and PSI and enhances the proton gradient across the thylakoid
membrane (∆pH). However, as plants grow in variable light conditions, they are often
subjected to suboptimal light conditions. The rate of the LEF can be adjusted accordingly
by the following mechanisms. (1) The aperture of stomata can increase to facilitate gas
exchange and increase the availability of CO2 for assimilation under HL (Mott, 2009).
(2) Regulation of Rubisco activation can tune the rate of carbon fixation to the rate of
LEF (Spreitzer and Salvucci, 2002; Carmo-Silva and Salvucci, 2013). (3) LEF through the
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cytochrome b6f complex can decrease as the lumen becomes more acidic, which signals
over-excitation (Schöttler et al., 2015).

When the photon flux exceeds the photosynthetic capacity, it can damage the photo-
synthetic apparatus. To avoid photodamage, plants have evolved several photoprotective
mechanisms. Those that are activated within seconds/minutes are collectively called NPQ,
as their main role is to quench the excess of excitation energy. There are three major com-
ponents of NPQ however, under HL illumination, only two of them play a role. (1) As
the ∆pH builds up across the thylakoid membrane, it triggers energy dissipation through
heat by the concerted action of the protein PsbS (Li et al., 2000) and the xanthophyll cycle
(Demmig-Adams, 1990) via a process that is not fully understood. (2) Controlled damage
and inactivation of the PSII reaction center, or photoinhibition (Quick and Stitt, 1989), re-
duces the incoming light energy and prevents downstream damage to PSI. Damaged PSII
reaction centers are later replaced in the PSII repair cycle (Aro et al., 2005).

The photosynthetic and photoprotective capacity of photosynthetic organisms often is
studied using PAM fluorometry. In the case of standard fiber-optic PAM fluorometers,
the measurement is usually performed on a selected spot of an individual leaf of a few
different plants, or in the case of imaging setups, by averaging the signal from whole
plants. To study in more detail the spatially resolved photosynthetic and photoprotective
capacity of a plant throughout the vegetative stage, we used an imaging setup to follow
the changes in energy partitioning (i.e. the distribution of the absorbed energy by PSII
between different de-excitation pathways). The idea of energy partitioning is based on
the general concept introduced by by Genty et al. (1996) and described by Cailly et al.
(1996). In short, the absorbed energy can be (1) used for photochemical conversion to
drive photosynthesis; (2) dissipated by regulated thermal energy dissipation (NPQ); (3)
radiated as non-regulated heat dissipation; (4) emitted as fluorescence; or (5) used for
other processes. Several ways to measure and calculate energy partitioning have been
proposed (Lazár, 2015); here, due to its simplified formulation and correspondence with
other methods, we utilize the method of Klughammer and Schreiber (2008).

An arbitrary distinction between short-term responses and long-term acclimation to
HL conditions is often made (Kono and Terashima, 2014). It is assumed that short-term
responses (which include NPQ) occur in a range from seconds to minutes (Tikhonov,
2015) and involve the rearrangement of existingchloroplast components. During long-term
acclimation (from hours to weeks), changes occur in the architecture of the anatomy of
the plant (Sims and Pearcy, 1992), and in the pigment and protein composition of the
photosystems (Ballottari et al., 2007), due to the selective synthesis and degradation of
various components. To cover both scenarios, we tested both the short- and long-term
responses of Arabidopsis leaves at different ages to HL.

The aim of this study was to investigate the changes in energy partitioning during
growth throughout the vegetative stage. We first performed the study on the whole-plant
level for multiple plants to establish the extent of changes due to the phenotypic variation
and the plant’s age. Then, we proceeded with a systematic study of energy partitioning
within the leaves of a rosette. During exploratory data analysis, we formulated the hypoth-
esis that heterogeneity in energy partitioning between the leaves was due to the combined
effect of leaf and plant age. This was then verified using a customized statistical work flow
based on Dirichlet regression. We show that both leaf and plant age are important param-
eters in assessing photosynthetic performance and photoprotective capacity. Furthermore,
we investigated the acclimation capacity of different leaves in the rosette to long HL expo-
sure (8 d long). We finished our investigation by validating the effect of the light intensity
on energy partitioning.
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2.2 results

2.2.1 Whole-Plant Level Heterogeneity

Heterogeneity in Energy Partitioning

In order to investigate if the photosynthetic activity is homogeneous throughout the whole
plant, we imaged the fluorescence of chlorophyll a during quenching analysis (exemplary
raw fluorescence trace in Supplemental Figure 2). We calculated quantum yields of pho-
tochemical conversion (ΦPSII) and regulated thermal energy dissipation (ΦNPQ), and we
summed together fluorescence, non-regulated heat dissipation and other processes (ΦNO).
This method has the advantage that only measurements of transient fluorescence (Ft), max-
imal fluorescence in dark (FM) and light acclimated (F

′

M) states are needed to calculate
the above-mentioned quantum yields. These terms do not depend on measurements of
minimal fluorescence in dark (F0) and light acclimated (F

′

0) states, which are troublesome
and usually inaccurate, especially in imaging setups (lower signal-to-noise ratio than in
traditional setups) due to the contribution from PSI (Pfündel et al., 2013).

The parameters related to the energy partitioning in PSII were followed until they
reached a steady state level (Figure 2.1). Performing a full quenching analysis made it
possible to observe the kinetics of NPQ activation, instead of just the final level at a given
AL intensity. In our experiments, to ensure NPQ activation and to induce as little photo-
damage as possible, we used AL 500 µmol of photons m−2 s−1, which was almost three
times the growth light intensity.

It was suggested that under HL illumination, high values of ΦNPQ indicate increased
photoprotective capacity (Klughammer and Schreiber, 2008). In those conditions, the re-
sponse of the photosynthetic apparatus is aimed for a maximal ΦPSII, a minimal ΦNPQ

and ΦNO, and a maximal ΦNPQ/ΦNO ratio. Low ratio of ΦNPQ/ΦNO leads to photo-
damage. Note that the ΦNPQ and ΦNO parameters can be estimated only when the rate
constants of non-regulated heat dissipation (kD) and fluorescence (kF) remain constant
while measuring Ft and FM. If during the time-dependent measurement (dark-to-light
transition) the illumination is photoinhibitory, then an increase in kD will be erroneously
interpreted as an increase in ΦNPQ. However, during short measurements when AL is
high intensity, non-photoinhibitory red light, ΦNPQ will represent the fraction of energy
quenched in the qE.

The initial assessment was performed by a visual study of the chosen parameters
mapped on the image of a rosette (Figure 2.1). At each saturating pulse during light
acclimation (further on referred to as pulse), the distribution of ΦPSII was relatively ho-
mogeneous (Figure 2.1A). In contrast, leaves on the rosette differed mostly in the levels of
ΦNPQ and ΦNO (Figure 2.1B and C), especially during the initial period of the dark-to-
light transition, i.e. during NPQ activation (for details see Statistical analysis).

To summarize the plant-wise distribution of the three quantum yields ΦPSII, ΦNPQ

and ΦNO, we treated each pixel in Figure 2.1A-C as a point of a triangle where each
point-coordinates sum to one (Figure 2.1D). Previously, the aim of several studies was
to understand the regulation of photosynthesis and photoprotection under various envi-
ronmental conditions (Demmig-Adams et al., 1996; Hendrickson et al., 2004; Kramer et
al., 2004; Klughammer and Schreiber, 2008; Martínez-Peñalver et al., 2012). As a conse-
quence, the major focus was on the central values of energy partitioning and very little
attention was given to the variation and distribution. We introduce a more intuitive way
to describe energy partitioning during well-known phenomena, i.e. photosynthetic activa-
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Figure 2.1: Imaging of the energy distribution on the rosette during a dark-to-light transition.

(A-C) The changes in value and spatial distribution of ΦPSII, ΦNPQ, and ΦNO (panel A, B and C,
respectively) during the first, second, third and seventh pulse (left to right columns, respectively)
on a 3 weeks old plant. The values from 0 to 0.6 are mapped as a color gradient (from dark violet
to light yellow, respectively). Color scale on the right side of panel A. (D) The ternary plots display
the distribution of energy between ΦPSII, ΦNPQ, and ΦNO. The axes correspond to the fraction
of ΦPSII (bottom axis), ΦNPQ (left axis), and ΦNO (right axis). The contours represent estimates
of borders of regions encompassing respectively 99.73, 95.45, 68.75 and 20 percent of sample points.
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tion and NPQ induction, that also broadens our view on the distributions of these values
during the quenching analysis.

Here, we describe only the first, second, third and seventh pulse. These are represen-
tative of the full range of states of the photosynthetic apparatus, as changes in energy
partitioning become less distinct during the convergence to the steady state level.

During the first pulse, when the carbon-cycle enzymes and the ∆pH-dependent NPQ
are not activated, we observed a high ΦNO (around 80%), with ΦNPQ close to zero and
ΦPSII around 20%. The distribution of the three parameters was approximately unimodal
and narrow. In the second pulse, ΦPSII did not change, but the activation of the regulated
NPQ resulted in an increase of ΦNPQ (to around 40%), and a proportional decrease in
levels of ΦNO. A considerable amount of variance was observed in the levels of ΦNPQ

and ΦNO. The results (Figure 2.1B) suggests that leaves located at the center of the rosette
activate NPQ sooner than those at the edge. During the third pulse, the ΦPSII shifted to
slightly higher values (around 30%). The distribution of ΦNPQ and ΦNO became slightly
less dispersed, and while the values of the former remained around 40%, that of the latter
decreased to around 30%. Throughout the remaining series of pulses, we observed an
increase in the amount of energy used for photochemistry and a decrease of both NPQ
parameters. Finally, after the seventh pulse, the system reached 40% ΦPSII, and 30% for
both ΦNPQ and ΦNO, that should well approximate the steady state level. Parameters
followed a unimodal distribution, narrower for ΦPSII and ΦNO than for ΦNPQ.

At the onset of the dark-to-light transition, the distributions in parameters related to
dissipation of the EEE (ΦNPQ and ΦNO) are broader, suggesting spatial heterogeneity of
response.

The leaves on the rosette activated NPQ at different rates. This suggests a range of photo-
protective responses during light intensity fluctuations. As the ΦPSII reaches steady state,
it is proportional to the assimilation rate (Genty et al., 1989). At that time, the narrowed
distribution of ΦNO values compared to that of ΦPSII can be interpreted as performance
tuning rather than an enhanced photoprotection of the photosynthetic apparatus.

Phenotypic variation

Since only homozygous wild type (WT) lines were studied, the phenotypic variation was
expected to be minimal and due to small fluctuations in the plant’s growth conditions
(Figure 2.2). To investigate the variation in energy partitioning among the WT plants, we
analyzed twenty different plants at a specific time-point (23rd day of growth; Figure 2.2A).
Ternary plots (Figure 2.2B) suggest very small variations in the values and dispersion of
the energy partitioning between different plants. During the second pulse of the quench-
ing analysis, the highest variance between the replicates was observed in ΦNO and ΦNPQ

(Figure 2.2B). As the chlorophyll fluorescence reached steady state, the situation was re-
versed and the largest variance was observed in ΦNPQ and ΦPSII, while the distribution
of ΦNO was narrow. The differences between plants were relatively small and they all
followed the patterns of the plant described above.

Changes during growth

To observe the full extent of changes in energy partitioning during growth, we performed
quenching analysis every other day during 32 days of growth (Figure 2.3). During a stan-
dard quenching analysis, measurements are performed on selected leaves of similar age or
over the whole exposed area of a plant by averaging collected information. To investigate
general trends we followed the latter approach, averaging out information over the whole
exposed area of three different plants (Figure 2.3A).
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Figure 2.2: Phenotypic variation during A. thaliana growth. (A) Twenty plants from the same
hydroponic set-up, measured on the same day. (B) Ternary plots of the same plants (color coded
density contours) during pulse 1, 2, 3 and 7 of the quenching analysis. Colored regions contain
99.73% of observations gathered on one plant.

Close to the Pulse 7, we observed an increase in the values of ΦPSII (approximately,
from 22% to 41%) and a decrease in the values of ΦNPQ (approximately, from 55% to
30%) when the plants get older. During the whole vegetative growth, differences in en-
ergy partitioning between the leaves of the same plant (Figure 2.3B) followed patterns
observed during the one time-point analysis (Figure 2.1). Large variance and a broadened
distribution in the ΦNO and ΦNPQ during the 2nd pulse were conserved over time (Fig-
ure 2.3C), while the spread of ΦPSII and ΦNPQ became smaller while reaching steady
state.

The changes in the distributions might be related to the contribution from leaves of
different ages. When the plants are young, the signal originates only from young leaves.
At later time-points, the growth of leaves complicates the overall picture, as each new
leaf grows a limited amount of time and subsequent leaves usually grow larger than the
previous ones. As a consequence, older rosettes are composed of leaves of different ages
and variable size. The largest light interception area is spanned by middle-aged, fully
expanded leaves that tend to cover older ones. Analyzing the averaged signal restricts the
analysis to this dominant group of leaves. To get a better understanding of the diversity of
the signal source, we investigated in more details the energy partitioning at a sub-rosette
level.

2.2.2 Sub-rosette level

Energy partitioning and the leaf number

It was observed that leaves differ in their response to the dark-to-light transition. To study
this in detail, we performed a semi-automated disassembly of the fluorescence images
of the rosettes. The same leaves were traced on different images and ordered based on
their emergence time (Supplemental Figure 3). Energy partitions heavily depend upon
this ordering (Figure 2.4A), but not on spatial positioning due to complicated leaf growth
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Figure 2.3: Changes in the energy distribution in the photosynthetic apparatus during 32 days

of growth. (A) Changes in ΦPSII, ΦNPQ, and ΦNO during plants growth (red, blue and green
color of traces and shadows, respectively). Only a selection of SPs (Pulses 1, 2, 3 and 7) of the
quenching analysis is shown. Measurements were performed on 3 different plants. (B) Imaging
of the second and seventh pulse of the quenching analysis (left and right panel, respectively),
on an exemplary plant during the 0th , 16th and 32nd measuring day (top, middle and bottom,
respectively). The values of ΦNO from 0 to 0.6 are mapped as a color gradient (from dark violet
to light yellow, respectively). Color scale on the right. (C) Ternary plots of energy distribution
in plants measured on the 0th and 32nd day (red and blue colors, respectively). The axes (sides
of an equilateral triangle) represent ΦPSII, ΦNPQ, and ΦNO parameters. The contours represent
estimates of borders of regions encompassing respectively 99.73, 95.45, and 68.75 percent of sample
points.
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Figure 2.4: Changes in energy partitioning for different leaves, in order of appearance. (A) Imag-
ing of ΦPSII, ΦNPQ, and ΦNO (top, middle, and bottom row, respectively) on the rosette and on
separate leaves (left and right, respectively). The values of ΦNO from 0 to 0.6 are mapped as a
color gradient (from dark violet to light yellow, respectively). (B) Changes in ΦPSII, ΦNPQ, and
ΦNO (red, blue and green color, respectively) plotted against the order of appearance of leaves.
For readability, only pulses 1, 2, 3 and 7 are shown. For each measured leaf, the values of for each
quantum yield were averaged on the whole leaf area. Each separate estimate, during 32 days of
growth is shown as a point with a radius scaled by the size of the leaf. The solid line and its
shadow, respectively, corresponds to the averaged quantum yields for leaves of a specific order of
appearance and the standard deviation.

dynamics, as mentioned before. To investigate this point, we studied the relationship of
energy partitioning with the leaf number (Figure 2.4B).

Two distinct behaviors are discernible. At the second pulse, younger leaves (higher leaf
number) show higher values of ΦNPQ and lower ΦNO, while ΦPSII remained similar
for different leaves. The largest NPQ-related differences between leaves were always ob-
served during the second pulse of the quenching analysis, indicating larger variation in
the activation time of the quenching processes. However, upon reaching the steady state,
the differences between older and younger leaves became less pronounced and the trend
changed: younger leaves had reduced levels of ΦNPQ and increased levels of ΦPSII. The
ΦNO slightly decreased with the leaf number.

Changes due to leaf age

We hypothesized that the differences in energy partitioning observed between the leaves of
a rosette was mostly due to the different ages of the leaves. Thus, we investigated how the
photosynthetic activity changes during the growth of a leaf (Figure 2.5A). We recorded the
moment of appearance of each leaf and calculated its age in days. As observed previously
for the leaf number, the changes were the largest at the beginning of the quenching anal-
ysis (second pulse). When the leaves were maturing, the level of ΦNPQ dropped and that
of ΦNO increased (Figure 2.5). Both parameters changed in a slightly sigmoidal manner.
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Figure 2.5: Changes in energy partitioning depending on the leaf age. (A) Imaging of ΦPSII,
ΦNPQ, and ΦNO (top, left and bottom row, respectively) of the same, eighth leaf during its 32-day
growth. Values are mapped to colors as seen on the scale on the right. (B) Changes in the ΦPSII,
ΦNPQ, andΦNO (red, blue and green color, respectively) during quenching analysis are shown, as
a function of the leaf’s age. For readability, only pulses 1, 2, 3 and 7 are plotted. For each measured
leaf, the values of for each quantum yield were averaged on the whole leaf area. Each separate
estimate, during 32 days of growth is shown as a point with a radius scaled by the size of the leaf.
The solid line and its shadow, respectively, corresponds to the averaged quantum yields for leaves
at a specific age and the standard deviation.

The ΦPSII rose gradually with the age of the leaves. In steady state time-point, changes
were similar but less pronounced.

Combined response of the age of the plant and its leaves on the energy partitions

To study the combined effect of the age of the plant and its leaves on energy partitioning,
we prepared a plot that maps each observed pair (plant age, leaf age) to a color encoding
the fraction of energy corresponding to a given quantum yield (Figure 2.6). Two different
responses were observed: (i) during the second pulse, the values change mostly with leaf
age, i.e. along the y-axis, whereas (ii) in the seventh pulse, changes depend mostly on
plant age, showing variation along the x-axis. For (i), the largest changes were observed
in ΦNPQ, which decreased with the age of the leaf. An inverse relationship was observed
with the other two parameters (to a smaller extent for ΦPSII), as their values increased
with the age of the leaf . In a case of (ii), ΦPSII increased with plant age, ΦNPQ decreased,
and ΦNO remained stable.

In summary, the results indicate that both the age of the leaf and the age of the plant
influence the photosynthetic performances at different photosynthetic induction stages.
The extent of short-term light responses is different in old and young leaves, and the
plant’s overall photosynthetic capacity of its leaves changes with its age.

Statistical analysis

The aim of this statistical analysis was to test the influence of the leaf age and plant age on
energy partitioning both separately and their interaction together (for details see Mathe-
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Figure 2.6: Combined effect of the aging of plant and its leaves on energy partitioning. Changes
in ΦPSII ΦNPQ, and ΦNO (top to bottom rows, respectively) during quenching analysis as a
function of the plants’ and leafs’ age. The average values spanned between 20 to 50% of the total
energy are depicted as colors for (blue-white-yellow-red color, respectively) in each pulse and
quantum yield. In the corner of each panel, the arrow representing the change due to the age of
the plant and of the leaf (x- and y-axis). The arrow is a resultant of combined effects of the full
extent of the value change due to each variable (see Results section for details).

matical Appendix). In our approach, we constructed a series of models. Each model links
the expected energy partitioning to the values of the measured control variables, such as
the pulse number u, the plant number p, the age of the rosette tR, and the age of the leaf tL.
The models are schematically represented in Figure 2.7. There are three expected quantum
yields µPSII, µNPQ, µNO which we estimate based on the observed triplets of quantum
yields Φi

PSII, Φi
NPQ, Φi

NO. If a simple linear regression was used to model each quantum
yield separately, it could result in physically uninterpretable negative predictions. Also, in
that case, the predictions would most probably not sum to one.

The Dirichlet regression offers a well-studied approach to analyze such data (see Math-
ematical Appendix for a self-contained introduction). In general, this approach postulates
a linear relationship between the logarithms of the ratios µNPQ/µNO, µPSII/µNO and the
control variables xi, given by

log
µNPQ

µNO
= βNPQ

a +
∑

i

xiA
NPQ
b,i (2.1)

log
µPSII

µNO
= βPSII

a +
∑

i

xiA
PSII
b,i (2.2)

Above, ANPQ
b,i and APSII

b,i denote the parameters measuring the strength of impact of
a particular control, variable xi. Figure 2.7 presents all considered forms of the above
relationship. All models contain a constant term, denoted by appropriately superscripted
β. The parameters can be interpreted as changes in the considered log-ratios inflicted by
a unit change in a particular control variable. The constant factors represent the values of
the logarithms of the ratios µNPQ

µNO
and µPSII

µNO
at the beginning of the measurements, when

both the age of rosette and the age of leaf equal zero.
Models in Figure 2.7 are related to each other and designed to gradually deepen the

form of dependence between the expected quantum yields and other data. To validate
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Figure 2.7: Comparison of nested models. Models are represented as a chain of rectangular gray
areas on the left. Each model consists of a set of exactly three equations relating expected energy
fractions (µPSII, µNPQ, and µNO) and the precision parameter to the control variables (details in
the Mathematical Appendix). Presented models are partially ordered by their complexity, from the
most simple one (top-left corner) to the most complicated one (bottom-left corner). The coefficients
of the age of the rosette tR parameters are denoted by η, the coefficients of its square t2R is denoted
by ξ, the coefficients of the age of leaf tL by ζ and to its square by δ. Finally, the coefficient of
the mixed effect parameter tLtR is denoted by θ. We denote different constants by additional
subscripts. Some models assume that different constants can be fitted for different pulse numbers
u. Additionally, if the constants depend on the plant number, p, we denote the full dependence
by βpu . Gray arrows indicate the direction of the growing complexity. Included parameters are
described in the Result section. Next to arrows we plot the computed values of the log-ratio test
statistic χ2computed (bold, red number). The p-value is shown below. The bar chart on the right
presents the cross-validation results. The bars are related to models as indicated by their blue tags
in the bottom of each bar. Bar heights correspond to different models predicative capabilities: these
can be expressed in absolute terms, as a percent of the maximal achievable error (number in black
above each bar), or in relative terms, as a percent of the error of the first model (number in light
orange below the upper edge of each bar).
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how complicated a model should get to best reflect reality, we performed a model selec-
tion procedure. Models were compared with two different quality metrics: the asymptotic
likelihood ratio test and the average error on the validation sets in a k-fold cross-validation
(Hastie et al., 2009; Wasserman, 2010).

The likelihood ratio test is a statistical method used to compare nested models. A sim-
pler model is nested in a complex model if the simple can be obtained from the latter
by imposing constraints on its parameters. For instance, Model 1 is nested in Model 2,
because if we assume that all pulse-dependent average effects are the same, i.e. βu1

=

βu2
= ... = βu7

= β, then both models are algebraically equivalent. Note that Model 1

is also nested in all the other models, and that Model 4 is not nested in Model 5, nor is
the opposite true. As shown, the calculated p-values are always below 2.2×10-16, which
is a powerful indication that more complex models fit the data better. In particular, the
tests reject the null hypothesis at a significance level equal to one per mille. However, it is
widely known that such results might be deceptive. Indeed, models with more covariates
usually fit the data better, which does not mean that they can predict correct outcomes
better than simpler models on some other data sets. In other words, over-fitted models
generalize poorly. To minimize this risk, we tested all models in a k-fold cross-validation
scheme. By the nature of cross-validation, the above quantities are random, because of the
random division of the original data-set into k-parts. Even so, the standard deviations of
these errors are orders of magnitude smaller than their average values, and so we do not
report them.

Finding influential parameters

The simplest considered model, Model 1, treats energy partition as constant and indepen-
dent of any considered control variables. Model 2 includes the effect of the pulse number
on the response variables, leading to a significant improvement in both considered quality
metrics. We observed a large drop in the average cross-validation error rate from 13.9% to
4.9% (Figure 2.7). This means that Model 2 predicts the data on average 2.8 times better
than its predecessor. Also, the observed differences in log-likelihoods (DLL) in this model
were huge (29 083) compared to all other DLL values (all others smaller than 4 000). This
large difference is intuitive, as the average energy partitions differ from one pulse to an-
other (Figure 2.1). Model 1 simply does not have enough degrees of freedom to capture
that trend.

To validate the impact of the phenotypic variation, we included the dependence of the
average response on the plant number in Model 3. This model only slightly improved on
its predecessor in terms of accuracy (DLL = 464), reducing the difference between average
errors by one tenth of a percent the point of the maximal error.

Carvalho et al. (2015) showed that plant age highly influences the photoprotective ca-
pacity of plants, so we included the effect of the plant’s age in Model 4. We assumed the
simplest linear form of dependence with plant age. Comparing Model 4 with Model 3, we
conclude that plant age has a significant influence on the partition of energy, as DLL =
2885 and the average error drops by more than 4 percentage points.

To validate if the leaf age effect could replace the plant age in explaining the above
differences, we constructed Model 5. This model also extends Model 3. Both models were
nested in a larger Model 6, that incorporated both effects simultaneously. The comparison
of the last four models leads to conclusion that both time parameters must considered
jointly while studying their effect on the energy partitioning: DLL = 3396 between Model
6 and Model 4, and DLL = 2711 between Model 6 and Model 5, while the error drops in
both cases by approximately half a percentage point of the maximal error.
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Exploratory analysis underlined the importance of pulse number on the quantum yields
(Figure 2.1 and Figure 2.6). This motivated the construction of Model 7, which adds pulse
specific effects on the leaf and plant age parameters. The increase in accuracy is small in
absolute numbers; it makes on average 3 per mille less error compared to Model 7, with
the DLL = 2308.

Finally, we built Model 8 to study the nonlinearity in the time dependencies. The model
adds quadratic terms for the plant’s and leaf’s age and an interaction term. It is a second-
order Taylor expansion of the true regression function. The inclusion of the quadratic
terms leads to further minor improvements, as DLL = 1427 and the Average Error drops
by roughly one fifth of a percent of the maximal error.

We report the precise estimates of all the parameters of the final Model 8 in the Mathe-
matical Appendix (Supplemental Table 1, Supplemental Table 2 and Supplemental Table
3). With pulse number, the estimated parameters converge towards the steady state values
(Supplemental Figure 4).

The distribution of errors of Model 8 is elliptical (Supplemental Figure 5 and Supple-
mental Figure 6), which is what one should expect from maximum likelihood estimators
(Wasserman, 2010). The concentration of errors indicates that the chosen set of control
variables explains well the studied phenomenon. Moreover, Model 8 effectively removes
the noise from the data (Supplemental Figure 7).

To conclude, the above framework confirmed that the leaf and the plant age are im-
portant factors that both influence the energy partitioning. The effects of these factors are
different in the initial measurements and the steady state values of the quenching analysis.

Long-term high light acclimation

As shown before in our exploratory and statistical analysis, energy partitioning between
leaves differed mostly in NPQ related parameters, which is relevant for their photoprotec-
tion. To check this, we subjected 5 week old plants of A. thaliana grown previously under
standard conditions (8h per day of 200 µmol of photons m−2 s−1) to HL (1800 µmol of
photons m−2 s−1). As a measure of photoinhibition, we calculated the maximum quan-
tum yield of PSII (FV/FM) before and after long-term HL treatment (2 days long). FV/FM
describes the state ofΦPSII when the plant is dark-adapted and NPQ is inactivated (Butler
and Kitajima, 1975; Kitajima and Butler, 1975). It shows the maximum fraction of absorbed
energy that can be directed for photochemistry. FV/FM was measured every other day for
a total of 8 days.

During long-term HL acclimation, most plants experienced an initial decrease in FV/FM
followed by a return to the range of values observed at the onset (Figure 2.8, Top panel).
A FV/FM decrease suggests more photodamage to PSII. To investigate the relationship be-
tween FV/FM and the leaf number, we performed the rosette decomposition as described
earlier (Figure 2.8, Bottom panel). Older leaves were more prone to photodamage than the
younger ones, and the youngest leaves did not show any sign of photoinhibition.

Effect of the light intensity

The leaf distance from the light source could influence the measured energy partitioning
as this effect is equivalent to exposure to a different light intensity. To check this, we per-
formed a quenching analysis on selected leaves from WT plants under three AL intensities
(200, 600 and 1000 µmol of photons m−2 s−1; Figure 2.9).

As expected, under HL a smaller fraction of the absorbed energy was directed into
photochemistry, while most of the energy was quenched through regulated NPQ. At the
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Figure 2.8: Changes in FV/FM during long-term HL acclimation. (Top panel) Exemplary his-
togram of the FV/FM values during 8 consecutive days of the HL acclimation (red, blue, green,
purple and orange, respectively), resulting from fluorescence imaging of a selected plant. (Bottom
panel) Shows values of FV/FM as a function of leaf number before (Control) and after 2 days of
HL illumination (red and blue color, respectively). Points represent averaged values from each leaf
from 10 different plants. Average and standard deviation from all plants, for a selected leaf number,
was drawn as a line and a shadow, respectively.

Figure 2.9: Energy partitioning under different AL. Energy distribution in PSII, ΦPSII, ΦNPQ,
and ΦNO (top, middle, and bottom panels, respectively) for WT plants illuminated for 8 min with
200, 600 and 1000 µmol of photons m−2 s−1 (yellow, orange and brown trace, respectively) (n = 3).
Periods of illumination and darkness are indicated, respectively, as white and black bars under the
panels.
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steady state time-point, this resulted in lower values of ΦPSII and a higher ΦNPQ. The
steady state value of ΦPSII was reached at the same time, independently of the light
intensity. The initial ΦNPQ rise was the same in all cases, but then, depending on the
light intensity, it stabilized at the steady state values or declined. This effect is due to the
interplay between the build-up of the pH potential across the thylakoid membrane, and
the dissipation of it by the ATP synthase (see Schöttler et al., 2015). The ΦNO kinetics and
levels were not affected by the light intensity.

We could conclude that in our previous experiments, differences in ΦNPQ and ΦNO

observed especially at the early stage of dark-to-light transition could not be attributed to
the distance of the leaf from the light source. Changes observed in the steady state levels,
i.e. higher ΦPSII and lower ΦNPQ in older plants, might suggest that older plants are
more efficient in using the intercepted light. When the plants get older, the rosette becomes
slightly convexed, and the plants could experience a slightly higher light intensity in the
center. However, this would lead to a decreased ΦPSII and an increased ΦNPQ, instead,
the opposite effect is observed.

2.3 discussion

In this work, we investigated the effect of the plant’s and leaf’s age on the full kinet-
ics of energy partitioning during the dark-to-light transition. We observed heterogeneity
between the leaves of the rosette in terms of both photosynthetic and photoprotective ca-
pacity. The effects of the age of plant and its leaves intertwine and must be considered
jointly in order to properly address their precise influence on energy partitioning.

2.3.1 Plant age effect

The effect of plant’s age was mostly observed at steady state values and corresponds to
an increased level of ΦPSII and decreased ΦNPQ in older plants (Figure 2.6). We suggest
that the observed increase of PSII efficiency in older plants in non-stress conditions might
come from the reduced limitation on the LEF due to an increased accumulation of Ru-
bisco (Johansson et al., 2004). The decrease in NPQ would then be a secondary effect of
the increase of CO2 assimilation capacity. These suggestions can be supported by the op-
posite trend (decreased ΦPSII and increased ΦNPQ) observed on plants subjected to HL
(Figure 2.9), low temperature (10◦C; Hendrickson et al., 2004) and CO2 limitation (Kramer
et al., 2004). In all three cases, the changes in energy partitioning can be attributed to a lim-
itation of the LEF. When light is absorbed in excess, i.e. under HL and CO2 limitation, the
photosynthetic performance is limited by the electron transfer and the CO2 assimilation
capacity (Genty et al., 1989). Under low temperature, the origin of the phenomenon is due
to the thermal slowdown of the diffusion of the electron carriers and enzymes responsible
for CO2 assimilation.

We suggest that the observed increase of PSII efficiency in older plants in non-stress
conditions might come from the reduced limitation on the LEF due to an increased ac-
cumulation of Rubisco (Johansson et al., 2004). The decrease in NPQ would then be a
secondary effect of the increase of CO2 assimilation capacity.

2.3.2 Leaf age effect on short-term responses

We observed changes in energy partitioning related to leaf age mostly in the early stages
of the dark-to-light transition (Figure 2.5 and Figure 2.6). While the leaf aged, the energy
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previously allocated to ΦNPQ was gradually redirected to ΦNO. This could be a character-
istics of younger leaves decreasing photoinhibition during changes in light intensities (Li
et al., 2002), as they respond more dynamically, i.e. by triggering NPQ faster, than older
leaves.

The effect of leaf age became insignificant while reaching steady state levels. This is
not unexpected, as during leaf growth the photosynthetic apparatus, after being properly
assembled, does not change much (Nath et al., 2013). According to our findings, theΦPSII

did not change, and the decrease in assimilation rate with the age of the leaf observed in
Stessman et al. (2002) should be explained by other factors than the alteration of LEF
capacity.

2.3.3 Leaf age effect on long-term acclimation

Under long-term (hours to days) HL, the leaf can acclimate through molecular (Ander-
son et al., 1995; Ballottari et al., 2007; Kouřil et al., 2013), anatomical and physiological
changes (Oguchi et al., 2003). To increase photosynthetic capacity, the thickening of the
mesophyll layer to increase the gas exchange area and the increase in Rubisco activity are
indispensable. However, those changes happen only when the leaf is young enough (Sims
and Pearcy, 1992). As there was little and indirect information about the photoprotective
capacity as a function of the leaf age in A. thaliana, we have tested the capacity of all visible
leaves on a rosette for long long-term HL acclimation (Figure 2.8). The results indicated
that younger leaves were better photoprotected under continuous excessive light intensity
than the older ones (they exhibited a smaller drop in FV/FM).

Additionally, there may be other photoprotective pathways which are not detectable
with PAM fluorescence measurements that can increase the photoprotective capacity of
younger leaves. For example, it was shown that younger leaves have a higher capacity to
accumulate ascorbate peroxidase and superoxide dismutase (Sperdouli and Moustakas,
2012; Moustaka et al., 2015). Both enzymes are part of ROS scavenging system, a separate
photoprotective mechanism not related to NPQ. This scavenging system may be responsi-
ble for an increased plasticity of young leaves during a broad range of stress responses. A
higher anabolic activity in young, still expanding leaves (see van Oort et al., 2010) could
lead to the modification of the leaf anatomy, and a faster synthesis and degradation of
cellular components (redesign of the photosynthetic apparatus) needed for effective accli-
mation (Anderson et al., 1995; Ballottari et al., 2007; Kouřil et al., 2013). Enhanced repair
cycle of PSII in younger leaves could cause a similar effect (Aro et al., 2005). Its activity
changes during HL acclimation, however, it is not known if it differs between leaves of
different ages. That any of these mechanisms are responsible for the increased photopro-
tection is still not clear, and further investigation is needed.

In conclusion, we suggest that the changes we observed in energy partitioning due
to leaf age are rather an adaptation to dynamic changes in light conditions. Better accli-
mation of younger leaves to high continuous light is probably not due to NPQ-related
mechanisms, but to a higher plasticity of the young leaves that can quickly redesign their
leaf anatomy and photosynthetic apparatus, optimizing it to the new light conditions.

2.3.4 Potential applications and future perspectives

Leaf and plant age are important parameters to be taken into consideration, especially in
photosynthetic phenotyping during genetic and stress-related studies. Both may highly
influence the assessment of photosynthetic and/or photoprotective capacity. Taking leaf
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and plant age into account will lead to a more accurate and representative characterization
of plants.

Firstly, our study underlines the importance of leaf age in any studies of NPQ induction
in folio. A simple choice of a leaf on a rosette can lead to a range of different rates of NPQ
induction. An arbitrary choice of a leaf may not reflect the whole range of responses that
one can observe on the plant.

Secondly, steady state PAM fluorometry is commonly used to assess the photosynthetic
and photoprotective capacity of the plant. As the plant’s age can influence both, it must
become a crucial parameter to be considered. However, there are situations in which even
considering plant age might not be enough. In some cases, the growth and development of
the plant might be delayed, due to the genetic or environmental factors (Nord and Lynch,
2008). Then, the choice of a representative time point is not possible and the only solution
is to characterize the plant throughout the whole growth period.

Finally, our modeling approach significantly simplifies the description of the experi-
ments by massively reducing the dimensionality of the data: 115 estimated parameters
in the last Model 8 instead of around 12 000 real numbers. Different data-sets can be
compared using the estimated coefficients.

2.4 conclusions

In this study, we show that the age of the leaf and of the plant have a combined effect on
the photosynthetic parameters at various stages of the chlorophyll fluorescence quenching
analysis. An increase in the photosynthetic performance at steady state levels is observed
when the plant gets older. In terms of short-term responses, the age of the leaf most sig-
nificantly affects the early kinetics of the dark-to-light transition, i.e. the fast response to
changes in light conditions. Younger leaves trigger NPQ faster. In terms of HL acclimation,
we show that old leaves acclimate less well than young leaves to continuous light stress.
Our results indicate that the age of the plant and of its leaves become important parame-
ters that should be taken into account when choosing both the time of measurements and
the selection of leaves, particularly when comparing the photosynthetic performances of
WT and mutants in genetic and stress-related studies.

2.5 materials and methods

2.5.1 Plant material

Developmental Experiment

The seeds of Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 were germinated in
a nursery built as described by Noren et al. (2004) (Supplemental Fig. S1), with some
modifications. The seeds were first sterilized (5 min in a 70% ethanol solution followed
by 2 min in a 0.5% SDS solution). Then, they were planted on top of 100 µL pipette tips,
with melted ends, and filled with a Murashige and Skoog agar solution (Supplemental
Fig. S1A). The seeds were then vernalized (darkness and 4◦C for 3 d). From the cold room,
for the next 2 weeks, the Arabidopsis nursery was transferred to the growth chamber (AR-
36L; Plant Climatics Percival) with controlled humidity (75%), photoperiod (8-h day/16-h
night), temperature (21°C), and light intensity (100 µmol of photons m−2 s−1). Then, they
were transferred to the hydroponic setup and grown there for 6 weeks (Supplemental Fig.
S1B). The hydroponic setup consisted of non- transparent plastic containers filled with a
nutrient solution of pH 5.8 to 6 that was constantly aerated with an external air pump.
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Plants in pipette tips were inserted in 8×8 cm coated black, polystyrene plates that floated
on top of the liquid medium.

Long-term HL Acclimation

For the experiment testing long-term HL acclimatory capacity, Arabidopsis (ecotype
Columbia-0) wild-type seeds were sown on Murashige and Skoog medium agar plates.
The seeds were vernalized (darkness and 4◦C for 3 d) and transferred to the growth cham-
ber (AR-36L; Plant Climatics Percival) and kept under standard conditions (70% relative
humidity, 21◦C, photoperiod of 8/16 h, and 200 µmol of photons m−2 s−1). After 5 to
7 d, the seedlings were transplanted to final pots. As a control, plants were grown for 6

weeks under standard conditions. For the HL treatment, the plants were grown initially
together with the control. After 5 weeks, a batch of plants was transferred and grown
for an additional 8 d under 1 800 µmol of photons m−2 s−1 (FytoScope FS 3400; Photon
Systems Instruments).

Semiautomatic Rosette Image Disassembly

For image analysis, we adapted the plant and leaf segmentation introduced by Scharr et
al. (2016). During quenching analysis, the signal-to-noise ratio was lowest in FM images
(Supplemental Fig. S3A). We then used FM images to set the threshold for the background
exclusion and create foreground, binarized masks. Afterward, we created Euclidean dis-
tance maps with leaf centers as local peaks. The leaf centers also were used as watershed
seeds (Belaid and Mourou, 2009). As the plants got older, we faced an increasing number
of problems related to misidentification of the leaf centers. The leaves, imaged from above,
unavoidably started to overlap during some phase of their growth, and clusters of leaves
could be erroneously mistaken for one leaf. Thus, we included a manual correction step
to properly identify leaves and their order of emergence.

2.5.2 Fluorescence Measurements

Whole-Plant Imaging

The imaging during active fluorescence measurements was performed using an Open
FluorCAM FC 800-O/1010 (Photon-System Instruments). Measurements were performed
each second day after the start of the experiment at room temperature and in ambient
atmosphere. Spatial resolution was established prior to each measurement. On the image,
each pixel corresponded to an area between 0.02 and 0.05 mm−2. As AL and during SPs,
two white LED panels were used, and as ML, two red (630 nm) LED panels were used.
During each SP, we collected 10 frames, which afterward were averaged. The quenching
analysis protocol created by the protocol wizard (FluorCAM 7 software) was modified to
achieve lower noise throughout the measurement. After a night of dark adaptation, F0
was measured, followed by SP (1 s of 3 000 µmol of photons m−2 s−1) to measure FM.
During the dark-to-light transition (5 min of 1,000 µmol of photons m−2 s−1 AL), an SP of
1 s was given to determine F

′

M, every 41 s over seven repetitions. Prior to each SP, Ft was
measured using only ML on top of AL. After the light was switched off, in the relaxation
phase (light-to-dark transition), we measured FM and Ft values three times during the
following 3 min. By using the measured parameters, FV/FM, ΦPSII, ΦNPQ,and ΦNO
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were calculated based on Butler and Kitajima (1975), Genty et al. (1989), and Klughammer
and Schreiber (2008) as follows:

FV/FM =
FM − F0

FM
(2.3)

ΦPSII =
F

′

M − Ft

F
′

M

(2.4)

ΦNPQ =
Ft

F
′

M

−
Ft

FM
(2.5)

ΦNO =
Ft

FM
(2.6)

Single Leaf Measurements

To perform a standard quenching analysis, a DualPAM-100 fluorometer (Walz) was used.
The measurements were performed on fully extended 8 to 10 d old leaves from 4 week old
plants grownunder standard conditions. Intact leaves were measured at room temperature
and in ambient atmosphere. SP was a red light pulse (630 nm), 500 ms long, of 5,000 µmol
of photons m−2 s−1. ML intensity was 3 µmol of photons m−2 s−1. To follow the dark-to-
light transition, plants were illuminated for 8 min with a selected AL intensity (200, 600,
or 1,000 µmol of photons m−2 s−1). Every 20 s, the measured leaf was subjected to a 5

s far-red preillumination and an SP to measure FM. A light-to-dark transition was then
registered after switching off the AL, where an SP was applied every 50 s for the next 10

min to measure Ft and F
′

M. The parameters were calculated as described above.

Statistical Analysis

Data exploration and statistical analysis were performed using Python and R. The plots
were created using the ggplot2 (Wickham, 2009) and ggtern (Hamilton, 2016) R project
packages, ImageJ 2.0 (Schindelin et al., 2012), and GIMP. Data were prepared using the
packages plyr (Wickham, 2011), dplyr (Wickham and Francois, 2016), and tidyr (Wickham,
2016).

The statistical analysis involved the fitting of several nested Dirichlet regression models
(Aitchison, 1986). Nested Dirichlet regression models provide a theoretical framework for
the study of the dependence between observed percentage changes in energy partitioning
and the levels of other variables describing the system.

Models were compared with two different quality metrics: the asymptotic likelihood
ratio test and the average error on the validation sets in a k-fold cross-validation (Hastie
et al., 2009; Wasserman, 2010). The null hypothesis in the likelihood ratio test assumes no
significant differences between the simple and the unconstrained model. We report the
DLL as dimensionless numbers. Bigger values indicate that the complex model explains
the observed data better than the simpler one.

The null hypothesis is rejected if the probability of the critical set of these statistics is
below a given significance level α.

To minimize the risk of overfitting, we tested all models in a k-fold cross-validation
scheme. The data set was first divided at random into k approximately equal subsets.
Then, all subsets but one were merged, and the model was estimated on the resulting
bigger set and then tested on the left-out validation set. We fitted the models iteratively
k-times and tested them on the validation sets. After each fit, we compared the models’
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predictions with true values using the Euclidean distance. The obtained errors are positive
and limited from above by

√
2 – the maximal distance between the real partition and its

prediction. The errors were averaged over all results in a given validation set and over all
validations sets and then normalized to the maximum obtainable error:

Avg error =
1

k
√
2

k
∑

j=1

1

nj

nj
∑

i=1

√

(Φi
PSII − Φ̂

i
PSII)

2 + (Φi
NPQ − Φ̂i

NPQ)2 + (Φi
NO − Φ̂i

NO)2

(2.7)
Above, nj is the number of elements in the j-th validation set, (Φi

PSII,Φi
NPQ,Φi

NO)

are the observed quantum yields, and (Φ̂i
PSII, Φ̂i

NPQ, Φ̂i
NO) obtained by the model under

consideration. The resulting average error was used as a quality metric of a particular
model in the model selection procedure.

A detailed description of the statistical work flow is presented in Supplemental Math-
ematical Appendix S1. All models were fitted using the R package DirichletReg (Maier,
2014; Maier, 2015).
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2.7 supplemental

Supplemental Figure 2.1: Plants’ nursery and hydroponic setup. (A) The A. thaliana nursery,
displaying the agar-filled pipette tips that each hold one seed. (B-C) Tips containing plants were
transferred to the hydroponic setup. (D) Only few plants per container were left for a full growth.

Supplemental Figure 2.2: Exemplary fluorescence trace. Fluorescence trace from an A. thaliana
plant measured in FluorCAM. With the white and grey background shown periods of AL illumi-
nation and darkness, respectively. The measurements of F0, FM, Ft, and F′M were marked with the
green, purple, blue and red color, respectively. For plot readability, Pulse 3 was shown enlarged on
the subplot.
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Supplemental Figure 2.3: Image analysis pipeline for rosette disassembly. Semi-automated work-
flow for the leaf segmentation and rosette disassembly. Some of the steps are depicted in the black
lower panel. The manual step for of the watershed correction is marked with an orange rectangle.

2.8 mathematical appendix

2.8.1 Description of data

As said before, the absorbed energy by the PSII can be used into three different pathways
(PSII, NPQ and NO). The energy partitioning can be described by the quantum yields
of those processes: these are nonnegative and sum to one, φNPQ + φNO + φPSII = 1 =

100%. The triplet φ = (φNPQ,φNO,φPSII) thus lies on a simplex and, as such, requires
the application of specific statistical techniques, beyond standard multivariate regression,
to describe its dependence on other available information (Aitchison, 1982; Maier, 2015;
Maier, 2014).

We refer to φ as the response, as is customary in the field of statistics (Hastie et al., 2009).
Multiple responses have been observed in the experiment. Each can be parametrized by
three groups of descriptors, broadly characterized as spatial, temporal, or other. Spatial
descriptors include the plant number p, leaf number l, and pixel position π. Temporal
descriptors include the day of the measurement tM, and the age of a particular leaf tL,
also measured in days. Other descriptors include the number of a pulse in the fluorescence
measurement. We can thus parametrize a particular response as φplπtM tL u, where p is
the plant number, l is the leaf number (for a given plant), π stands for pixel, and u for pulse
number. In order to simplify the response data, we decided to average out the obtained
composition over all possible compositions obtained on a given leaf, φ = φpltM tL u =
∑

πφplπtM tLu/k, where k is the number of pixels for a given leaf in a given moment.
The leaf-averaged response will be still referred to as a response. This way we neglect
entirely the variation of compositions within a particular leaf. This is a simplification
that makes the procedures we use work faster. Also, due to the spatial resolution of the
camera, the differences of compositions between nearby pixels within leaves tend to be
small and their distribution is well approximated by the considered means. In general,
the underlying statistical technique does not require this aggregation step and could be
applied in presence of pixel-wise descriptors.

We assume that each observed value of the response φpltM tL u depends on the inter-
play of the measured descriptors, a vector of values denoted by xpltM tL u. Typically, this
part of data is called the control (Hastie et al., 2009). In the case of our experiment, the con-
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trol can contain information on the plant and leaf age or some functions thereof: their spe-
cific form will be described later on. To ease the notation, denote the tuple (p, l, tM, tL,u)
by i. This way, instead φpltM tL u we write φi and instead of xpltMtLu, simply xi. More-
over, in the next section, we will skip indexing i at all, as it is not crucial for the exposition
of the methods, and we will only return to it when needed. So, we will write φ for φi and
x for xi.

2.8.2 Dirichlet Regression

We assume φ to be randomly drawn from the Dirichlet distribution. It is one of the sim-
plest distributions defined over a simplex (Aitchison, 1982). A vector φ following the
Dirichlet distribution with expected value µ = [µNPQ,µNO,µPSII] and precision ν has a
probability density function given by

d(φ|µ,ν) =
φ
µNPQν

NPQ φ
µNOν
NO φ

µPSTν
PSII

B(µ,ν)
, (2.8)

where B(µ,ν) is the normalizing factor. All parameters are non-negative. Additionally,
µNPQ + µNO + µPSII = 1, so that vector µ is itself a composition: the expected composition
of the entire distribution. Hence, the distribution of φ is centered at µ. The higher values
of ν are, the more the distribution is localized around µ.

To model the impact of the control variables on the response we assume that during an
experiment only the most probable values of compositions are observed. This assumption
is called the maximum likelihood principle (Wasserman, 2010). Moreover, x is assumed to
impact (µ,ν) in a specific way:

µNO =
1

1+ ex
′ANPQ + ex

′APSII
(2.9a)

µNPQ =
ex

′ANPQ

1+ ex
′ANPQ + ex

′APSII
(2.9b)

µPSII =
ex

′APSII

1+ ex
′ANPQ + ex

′APSII
. (2.9c)

Above, x ′A =
∑K

k=1 xkAk is the scalar product of covariates x and a vector of parameters
A. K is the total number of used covariates. The above parametrisation uses the multinomial

logit link function (Winkelmann and Boes, 2006). Observe that the above equations sum to
one. One can rearrange these into two independent equations that directly model the
impact of x on the logarithms of the relative changes in the average levels of specific
quantum yields,

log
µNPQ

µNO
= x ′ANPQ (2.10a)

log
µPSII

µNO
= x ′APSII. (2.10b)

Therefore, the right hand side of the equations describe the relative levels of quantum
yields of PSII and regualted NPQ in terms of the quantum yield of non-regulated NPQ.
In particular, the more both x ′ANPQ and x ′APSII are below zero, the more energy will end
up on the ΦNO channel.

Finally, we model the logarithm of the precision parameter as

logν = Gtx. (2.11)
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Thus, the larger the values of Gtx, the more compositions should be close to the mean.
Having described the dependence between a particular response φ and control xwe will

now describe how to link the information on the parameters from different measurements:
we reintroduce the indices of the data points in the statistical sample. We assume that the
errors in quantum yields measurements φi were independent given some underlying
common set of parameters parameters Θ = (ANPQ,APSII,G) and their respective values of
controls xi. The choice of one common Θ for all sample points i reflects our belief that a
single data generation process is capable of describing the studied phenomenon of energy
partitioning. The probability of the observed measurements can therefore be represented
as

L =
∏

i

φ
µNPQ(xi|Θ)ν(xi|Θ)

i,NPQ φ
µNO(xi|Θ)ν(xi|Θ)

i,NO φ
µPST(xi|Θ)ν(xi|Θ)

i,PSII

B
(

µ(xi|Θ),ν(xi|Θ)
) . (2.12)

Following the maximum likelihood principle, the above expression is maximised with respect
to parameters Θ. The outcome of such procedure, denoted Θ∗, describes the model that
best fits the data, given the choice of descriptors xi.

As we shall see in the next section, there are many valid ways of representing the
information gathered on the age of plant and the age of a leaf. For each such way, the
above procedure will render a different set of optimal parameters Θ∗. These might even
vary in dimension. Among these models, we will choose the best one using a different
criterion. The above procedure is technically referred to as model selection, see (Hastie et al.,
2009). In the next section, we will precise how to link the control to the response variables
so that the whole procedure could be applied to unveil biologically relevant information.

2.8.3 The modelling strategy

Here we precise the form of the linear models x ′ANPQ, x ′APSII, x ′G. The available control
variables are the age of the plant tR, the age of leaf tL, and both the pulse and the plant
numbers. Different ways of encoding this information lead to different models. We will
introduce the models from the least complex one, following Figure 2.7 in the main text.

To compare the models we use two widely accepted methods: the asymptotic likeli-
hood ratio test (Wasserman, 2010) and the k-fold cross-validation, as described in the
manuscript.

2.8.4 The models

In this paper we make a simplified assumption that both expressions log µNPQ
µNO

and log µPSII
µNO

have the same algebraic form.
The simplest model neglects all the information gathered in the control variables. It can

be represented as:

MODEL 1:
{

log µNPQ
µNO

= βNPQ, log µPSII
µNO

= βPSII, logν = γ.

The sampled energy compositions tend to localize in a narrow region: otherwise, the
resulting cross-validation error would not attain the relatively small value of 13.9% of the
maximal error, see Figure 2.7 in the main text. Not surprisingly, this model has the highest
error rate among the models we consider. We thus treat the error-rate of 13.9% should be
treated as the reference. Adding extra terms to the model enhances its capability to fit the
data.
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MODEL 1: can be improved by introducing the effect of pulse on the average relative
levels of energy partitioning,

MODEL 2:
{

log µNPQ
µNO

= βNPQ
u , log µPSII

µNO
= βPSII

u , logν = γ.

The big difference in log-likelihoods of the above models provides evidence against the
null hypothesisH0.H0 states that there is no difference between the more advanced model
and the one constrained by equation βu = β. Also, Figure 2.7 presents a noticeable drop
in the average cross-validation error rate from 13.9% to 4.9% – more than 2.8 fold. MODEL
2 thus makes on average 2.8 fewer errors than its predecessor.

Even in homozygous WT material, plants differ slightly during the growth. To catter for
this phenotypic variation, we constructed a model whose parameters are plant-specific,

MODEL 3:
{

log µNPQ
µNO

= βNPQ
pu , log µPSII

µNO
= βPSII

pu , logν = γp.

The difference between this model and its predecessor is much less pronounced in abso-
lute terms both in terms of the cross-validation error (equal roughly to one permille) and
the value of the difference of likelihoods. Both models also differ by less than one percent
of the error rate of the trivial reference model.

The models we are now to describe are examining the impact of other control variables
on energy partitioning. In view of Carvalho et al. (2015), first, we assessed the individual
effect of the age of the plant. For that purpose we have built the fourth model,

MODEL 4:



















log(µNPQ/µNO) = βNPQ
pu + ηNPQtR

log(µPSII/µNO) = βPSII
pu + ηPSIItR

logν = γp.

The alternative would be to include the age of leaves alone, which constitutes the fifth
model,

MODEL 5:



















log µNPQ
µNO

= βNPQ
pu + ζNPQtL,

log µPSII
µNO

= βPSII
pu + ζPSIItL,

logν = γp.

The two models are not directly comparable using the log-likelihood test (at least in the
test’s simplest form). However, both models are more complex than model three. Also,
both models are nested in the more complex model number six,

MODEL 6:



















log µNPQ
µNO

= βNPQ
pu + ηNPQtR + ζNPQtL,

log µPSII
µNO

= βPSII
pu + ηPSIItR + ζPSIItL,

logν = γp.

This model has the quality of considering both time components together: if we assume
either that ζ = 0 or η = 0 we retrieve respectively models four and five. There are several
reasons why one should not include these contraints:

1. The cross-validation error drops when both temporal control variables are included
in the model, as seen in Figure 2.7 in the main manuscript: the difference between
model six and three roughly equals 1.2%.
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2. The likelihood ratio test results are highly significant: all p-values are below 2.2×
10−16.

3. The marginal p-values of the estimates of ζ and η in model six are all below 2×
10−16, suggesting they both have an impact on explaining the response variables.

Therefore, we deem the sixth model superior to the previously described ones.
The answer to the posed question on the impact of both temporal controls is thus not

simple. It is interesting to note that both quality metrics seem to indicate that considering
the leaf age offers a slight advantage over the plant age. However, MODEL 4 and MODEL
5 are both inferior to MODEL 6. This indicates that both temporal covariates should be
considered together. As seen Figure 2.8 in the main manuscript, MODEL 4 and MODEL
5 attain around 30% of the error-rate of the first model, while for model MODEL 6 this is
only 25%.

Exploratory analysis underlined the importance of pulse number on the quantum yields
(Figure 2.1, 2.3-2.5). This led us to consider the seventh model, where the parameters next
to the temporal variables can explicitly depend upon the pulse number,

MODEL 7:



















log µNPQ
µNO

= βNPQ
pu + ηNPQ

u tR + ζNPQ
u tL,

log µPSII
µNO

= βPSII
pu + ηPSII

u tR + ζPSII
u tL,

logν = γp.

The cross-validation error dropped to the level of 23.74% of the error rate of MODEL 1.
Another highly significant difference in log-likelihoods was observed between this model
and its predecessor.

Finally, we extend the model beyond linearity in the final, eighth model,

MODEL 8:



















log µNPQ
µNO

= βNPQ
pu + ηNPQ

u tR + ζNPQ
u tL + ξNPQ

u t2R + δNPQ
u t2L + θNPQ

u tRtL

log µPSII
µNO

= βPSII
pu + ηPSII

uR tR + ζPSII
u tL + ξPSII

u t2R + δPSII
u t2L + θPSII

u tRtL

logν = γp.

There is again a small, significant difference between MODEL 8 and the nested MODEL
7.

The estimated coefficients of the model are all gathered in Supplemental Tables 2.1-
2.3. Additionally, we visualise the estimated coefficients from Supplemental Table 2.1 and
Supplemental Table 2.2 in Supplemental Figure 2.7.

The biggest role in explaining the phenomenon can be attributed to the terms not related
to the temporal variables, i.e. η, ζ, ξ, δ, θ (Supplemental Figure 2.7A).

With consecutive pulses values of most of the coefficients seem to converge to limiting
values. This reflects the tendency of the plant to stabilize its response to sudden light
exposure. Observe that after Pulse 2 several parameters change signs, underlining the
abrupt change between Pulse 1 and Pulse 2 mentioned in the main manuscript. Also,
the quadratic and mixed terms of the model (ξ, δ, θ) are orders of magnitude smaller
than linear terms (ζ,η); see Supplemental Figure 2.4B. This means that only for older
leaves and for an older plant (η, ζ > 0), will there be any significant difference between
MODEL 7 and MODEL 8. In absolute terms the values of coefficients attributed to leaf
age are always bigger than those of plant age when modelling log µNPQ

µNO
and smaller when

modelling log µPSII
µNO

for Pulses 2 to 7. In Pulse 1 the leaf age effect is always bigger in
absolute terms. Also, the effects are usually adverse, the leaf age tending to decrease both
modelled quantities, with the exception of Pulse 6 and 7 while modelling log µNPQ

µNO
.
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Supplemental Figure 2.4: Estimated coefficients of the MODEL 8. The upper row plots (A) repre-
sents all estimated coefficients for the two equations of interest. The lower row plots (B) zoom into
the yellowish strip region of the plot (A), filtering out coefficients not related to temporal control
variables, i.e. of the form βpu. One can note the tendency of the estimates to stabilize with pulse
numbers, which shows that the leaves attend the equilibrium point after several rounds of expo-
sure to light pulses: this is especially the case of the coefficients βpu that are chiefly responsible
for the positioning of the compositions on the simplex. Plot (B) shows that the leaf age and plant
age have typically adverse effects on the relative ratios of the quantum yields: in general, the leaf
age tends to favor other processes (µNO) over the regulated thermal energy dissipation (µNPQ) and
over the photochemical conversion (µPSII).

2.8.5 Further inquiry into MODEL 8

Cross-validation indicated that MODEL 8 is the best one to describe the phenomenon,
with an average error rate equal to 3.1% of the maximal attainable error. In Supplemen-
tal Figure 2.5 we plot in form of a vector field the differences between the predictions
of the MODEL 8 and the actual values of the energy partitioning. Vectors originate at
the predicted values and their heads point towards the experimentally observed values.
The longer the vector is, the bigger the error gets. This is additionally encoded in color
intensity, where red values show bigger errors. The figure indicates that in general, the
predicted values follow well the true values (as the blue color dominates). We can also
notice different plants seem to follow similar patterns of changes during different pulses.
To simplify the analysis of errors show in Supplemental Figure 2.5, we have decided to
reposition the vectors and attach their origins to one point in the middle of each ternary
plot, see Supplemental Figure 2.6.
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To summarize the distribution of the heads, contour plots are plotted in Supplemen-
tal Figure 2.6. These depict borders of regions that contain respectively 80, 60, 40 and
20% of all arrow heads (plotted in violet, cyan, green, and red). They represent both the
direction and the extent of the error MODEL 8 makes. Note that the estimates are mostly
unbiased, with a limited variance. Also, the distribution localizes in elliptically shaped
regions. This result can be traced to asymptotic distribution of the maximum likelihood
estimates: it the limit it should be normal, centered at true values of the investigated
parameters, and with a covariance matrix equal to the inverse of the Fisher information
matrix, see Wasserman (2010).

To clarify the role of the model and its filtering capacities, we compared the real data
with the model predictions for different ages of the plant and leaf (Supplemental Fig-
ure 2.7). The model poorly handles top right edges of the triangles. At the end of the
experiment, there are altogether not too many leaves from the beginning that survive or
are not covered by other leaves.
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Supplemental Figure 2.5: MODEL 8 predictions versus the actual measurements for different combination of pulse numbers and plants. A given pair
(prediction,observation) is depicted as a vector attached to the value predicted by the model and with head ending at the corresponding observation. The
longer the vector, the bigger the error. Additionally, error is also mapped to color intensity, according to the legend on the right that reports the error in percentage
points.
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74 leaf and plant age - effect on photosynthesis

Supplemental Figure 2.7: Levels of energy partitions as a function of plant and leaf age. Energy
levels are mapped to color intensity according to legends to the right. Top panel present values
directly retrieved from the data. The bottom panel shows prediction of MODEL 8.
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Estimate St.Err. p-value Estimate St.Err. p-value Estimate St.Err. p-value

β
NPQ
u1 p1

-1.72164 70.3‰ < 0.5‰ ∗ ∗ ∗ β
NPQ
u6 p5

0.72963 42.1‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u4

-0.03561 3.6‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u2 p1

0.24481 37.4‰ < 0.5‰ ∗ ∗ ∗ β
NPQ
u7 p5

0.75953 42.3‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u5

-0.03321 3.6‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u3 p1

0.53226 39.8‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u1 R -0.06928 6.3‰ < 0.5‰ ∗ ∗ ∗ ζ

NPQ
u6

-0.03818 3.6‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u4 p1

0.61426 41‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u2

0.03723 3.3‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u7

-0.04275 3.6‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u5 p1

0.68850 41.7‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u3

0.02444 3.5‰ < 0.5‰ ∗ ∗ ∗ δ
NPQ
u1

-0.00284 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u6 p1

0.75426 41.9‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u4

0.01370 3.6‰ < 0.5‰ ∗ ∗ ∗ δ
NPQ
u2

-0.00084 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u7 p1

0.79163 42.1‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u5

0.00142 3.6‰ 696.8‰ δ
NPQ
u3

-0.00066 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u1 p3

-1.82698 70‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u6

-0.00848 3.7‰ 20.9‰ ∗ δ
NPQ
u4

-0.00048 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u2 p3

0.25678 37.4‰ < 0.5‰ ∗ ∗ ∗ η
NPQ
u7

-0.01566 3.7‰ < 0.5‰ ∗ ∗ ∗ δ
NPQ
u5

-0.00035 < 0.5‰ 1.8‰ ∗∗

β
NPQ
u3 p3

0.60083 39.7‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u1

0.00076 < 0.5‰ < 0.5‰ ∗ ∗ ∗ δ
NPQ
u6

-0.00006 < 0.5‰ 619.5‰

β
NPQ
u4 p3

0.70463 41‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u2

-0.00093 < 0.5‰ < 0.5‰ ∗ ∗ ∗ δ
NPQ
u7

0.00020 < 0.5‰ 71.9‰ .

β
NPQ
u5 p3

0.80243 41.7‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u3

-0.00066 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θ
NPQ
u1

0.00126 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u6 p3

0.87495 41.9‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u4

-0.00047 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θ
NPQ
u2

0.00184 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u7 p3

0.90785 42.1‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u5

-0.00027 < 0.5‰ 0.7‰ ∗ ∗ ∗ θ
NPQ
u3

0.00121 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u1 p5

-1.78330 69.6‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u6

-0.00010 < 0.5‰ 194.5‰ θ
NPQ
u4

0.00074 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u2 p5

0.19882 37.6‰ < 0.5‰ ∗ ∗ ∗ ξ
NPQ
u7

0.00002 < 0.5‰ 778.8‰ θ
NPQ
u5

0.00071 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u3 p5

0.48652 40‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u1

0.04036 6‰ < 0.5‰ ∗ ∗ ∗ θ
NPQ
u6

0.00069 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u4 p5

0.57890 41.2‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u2

-0.07441 3.3‰ < 0.5‰ ∗ ∗ ∗ θ
NPQ
u7

0.00066 < 0.5‰ < 0.5‰ ∗ ∗ ∗

β
NPQ
u5 p5

0.66365 41.9‰ < 0.5‰ ∗ ∗ ∗ ζ
NPQ
u3

-0.05214 3.5‰ < 0.5‰ ∗ ∗ ∗

Supplemental Table 2.1: Results of estimating the parameters of MODEL 8. In consecutive columns we find (repeatedly): name of the coefficient, its estimated
value, the standard deviation of the estimate, the p-value of the null hypothesis that assumes that a given parameter has no impact on the response variable
(precised in the superscript).
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Estimate St.Err. p-value Estimate St.Err. p-value Estimate St.Err. p-value

βPSII
u1 p1

-1.61099 45.3‰ < 0.5‰ ∗ ∗ ∗ βPSII
u6 p5

-0.18294 44‰ < 0.5‰ ∗ ∗ ∗ ζPSII
u4

-0.02557 3.7‰ < 0.5‰ ∗ ∗ ∗

βPSII
u2 p1

-0.82332 47.1‰ < 0.5‰ ∗ ∗ ∗ βPSII
u7 p5

-0.13394 43.5‰ 2.1‰ ∗∗ ζPSII
u5

-0.02174 3.7‰ < 0.5‰ ∗ ∗ ∗

βPSII
u3 p1

-0.44494 45.2‰ < 0.5‰ ∗ ∗ ∗ ηPSII
u1

-0.00603 3.9‰ 120.9‰ ζPSII
u6

-0.01746 3.6‰ < 0.5‰ ∗ ∗ ∗

βPSII
u4 p1

-0.27184 44.5‰ < 0.5‰ ∗ ∗ ∗ ηPSII
u2

0.03041 4‰ < 0.5‰ ∗ ∗ ∗ ζPSII
u7

-0.01438 3.6‰ < 0.5‰ ∗ ∗ ∗

βPSII
u5 p1

-0.17931 44.1‰ < 0.5‰ ∗ ∗ ∗ ηPSII
u3

0.04595 3.9‰ < 0.5‰ ∗ ∗ ∗ δPSII
u1

-0.00032 < 0.5‰ 5.6‰ ∗∗

βPSII
u6 p1

-0.13365 43.7‰ 2.2‰ ∗∗ ηPSII
u4

0.05053 3.8‰ < 0.5‰ ∗ ∗ ∗ δPSII
u2

-0.00054 < 0.5‰ < 0.5‰ ∗ ∗ ∗

βPSII
u7 p1

-0.08322 43.2‰ 54.1‰ . ηPSII
u5

0.04948 3.8‰ < 0.5‰ ∗ ∗ ∗ δPSII
u3

-0.00056 < 0.5‰ < 0.5‰ ∗ ∗ ∗

βPSII
u1 p3

-1.63933 45.3‰ < 0.5‰ ∗ ∗ ∗ ηPSII
u6

0.04663 3.7‰ < 0.5‰ ∗ ∗ ∗ δPSII
u4

-0.00032 < 0.5‰ 3.7‰ ∗∗

βPSII
u2 p3

-0.84804 47.2‰ < 0.5‰ ∗ ∗ ∗ ηPSII
u7

0.04234 3.7‰ < 0.5‰ ∗ ∗ ∗ δPSII
u5

-0.00021 < 0.5‰ 53‰ .

βPSII
u3 p3

-0.44664 45.3‰ < 0.5‰ ∗ ∗ ∗ ξPSII
u1

0.00018 < 0.5‰ 28.3‰ ∗ δPSII
u6

-0.00016 < 0.5‰ 143.2‰

βPSII
u4 p3

-0.27243 44.7‰ < 0.5‰ ∗ ∗ ∗ ξPSII
u2

-0.00051 < 0.5‰ < 0.5‰ ∗ ∗ ∗ δPSII
u7

-0.00011 < 0.5‰ 289.8‰

βPSII
u5 p3

-0.18370 44.3‰ < 0.5‰ ∗ ∗ ∗ ξPSII
u3

-0.00079 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θPSII
u1

-0.00024 < 0.5‰ 69.6‰ .

βPSII
u6 p3

-0.13633 43.8‰ 1.9‰ ∗∗ ξPSII
u4

-0.00085 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θPSII
u2

0.00083 < 0.5‰ < 0.5‰ ∗ ∗ ∗

βPSII
u7 p3

-0.08614 43.4‰ 47‰ ∗ ξPSII
u5

-0.00082 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θPSII
u3

0.00076 < 0.5‰ < 0.5‰ ∗ ∗ ∗

βPSII
u1 p5

-1.63166 45.5‰ < 0.5‰ ∗ ∗ ∗ ξPSII
u6

-0.00076 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θPSII
u4

0.00057 < 0.5‰ < 0.5‰ ∗ ∗ ∗

βPSII
u2 p5

-0.85456 47.4‰ < 0.5‰ ∗ ∗ ∗ ξPSII
u7

-0.00067 < 0.5‰ < 0.5‰ ∗ ∗ ∗ θPSII
u5

0.00035 < 0.5‰ 6.2‰ ∗∗

βPSII
u3 p5

-0.47570 45.5‰ < 0.5‰ ∗ ∗ ∗ ζPSII
u1

0.02973 3.7‰ < 0.5‰ ∗ ∗ ∗ θPSII
u6

0.00021 < 0.5‰ 98.6‰ .

βPSII
u4 p5

-0.31349 44.9‰ < 0.5‰ ∗ ∗ ∗ ζPSII
u2

-0.02344 3.9‰ < 0.5‰ ∗ ∗ ∗ θPSII
u7

0.00011 < 0.5‰ 380.1‰

βPSII
u5 p5

-0.22837 44.4‰ < 0.5‰ ∗ ∗ ∗ ζPSII
u3

-0.02335 3.8‰ < 0.5‰ ∗ ∗ ∗

Supplemental Table 2.2: Results of estimating the parameters of MODEL 8. Continuation from previous page.

–
O

ctober
1,

2
0

2
0



2

2.8 mathematical appendix 77

Estimate St.Err. p-valueue

γp1
5.289 21.6‰ < 0.5‰ ∗ ∗ ∗

γp3
5.622 22.3‰ < 0.5‰ ∗ ∗ ∗

γp5
5.344 22.6‰ < 0.5‰ ∗ ∗ ∗

Supplemental Table 2.3: Results of estimating the parameters of MODEL 8. Continuation from
previous page.

2.8.6 Calculations

All calculations have been performed with freely available R package DirichletReg (Maier,
2014; Maier, 2015). Compared to another package, dirmult (Tvedebrink, 2010), this pack-
age enables the estimation using two different parametrizations of the Dirichlet distribu-
tion. This comes at the cost of a lack of support for additional penalties on the estimated
parameters’ value.

There exists a more commonly used parametrisation of the Dirichlet distribution than
the one we use. It models directly the so called pseudocounts α equal to νµ, so that
α = [αNPQ,αNO,αPSII] and αNPQ = φµNPQ,αNO = φµNO, and αPSII = φµPSII. The only
restriction on α is that its entries be non-negative. The commonly used link function be-
tween αs and the linear model of covariates x ′β is the logarithm (compare with modelling
the precision parameter ν), so that logαm = x ′βm, where m is one of the de-excitation
pathway tags. The above parametrisation does significantly change the maximization prob-
lem: in particular, it results in a different matrix of second derivatives of the logarithm of
the likelihood described in Eq. 2.12.

While considering both temporal controls in the sixth model it seems natural to ask if
there is no significant correlation between the two variables that could lead to numerical
instability of the presented models. The question is the more pendant considering the
natural relationship between both variables, namely

Age of Leaf = Age of Rosette − Time of Appearance of a Leaf.

Usually, collinearity might significantly distort the quality of the model, due to strictly
technical reasons. The process of computation of standard deviations needed to establish
the values of the z-statistics simply requires matrix inversion (by means of solving systems
of multiple equations). Large errors might be inflicted upon this procedure due to the
sensibility of the considered systems of equations to changes in their parameters. One way
of obtaining upper bounds of this error is by means of the condition number. A condition
number assigns to a matrix A a scalar value that measures how sensible is the solution of
a system of equation Ax = b to small differences in b (Kincaid and Cheney, 1991). Since
the values of the z-statistics are used in testing the irrelevance of particular covariates on
the system, the numerical errors can severely compromise the statistical inference on the
impact of parameters (βNPQ,βPSII,γ) on the response.

We have observed empirically, that the use of the pseudocounts parametrisation leads
to values of κ orders of magnitude higher than while using the direct parametrization in
terms of µ and ν. Our choice of parameters is also directly interpretable in terms of µ and
ν as mentioned. Supplemental Table 2.4 summarizes the condition numbers of different
models.

One can notice that the eight model has a relatively high condition number. However, it
is still stable in the cross-validation tests, leading to consistently small errors. This lets us
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

3.53 4.81 5.55 108.66 108.29 155.32 27.53 375.93

Supplemental Table 2.4: The conditional numbers of estimated hessians of all considered mod-

els. Higher values indicate potentially higher volatility of the estimates. The consistent results
of the errors in the estimations obtained in the k-fold cross validation indicate that these higher
bounds on the size of error are never achieved in practice on the considered data sets.

presume that the worst-case error in standard deviations retrieval that could occur due to
higher conditional number is never achieved.
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E F F E C T O F L I G H T A C C L I M AT I O N O N T H E O R G A N I Z AT I O N O F
P H O T O S Y S T E M I I S U P E R - A N D S U B - C O M P L E X E S I N A R A B I D O P S I S

T H A L I A N A

To survive under highly variable environmental conditions, higher plants have acquired a
large variety of acclimation responses. Different strategies are used to cope with changes
in light intensity with the common goal of modulating the functional antenna size of
PSII. Here we use a combination of biochemical and biophysical methods to study these
changes in response to acclimation to HL. After 2 h of exposure, a decrease in the amount
of the large PSII supercomplexes is observed indicating that plants are already acclimating
to HL at this stage. It is also shown that in HL the relative amount of antenna proteins
decreases but this decrease is far less than the observed decrease of the functional an-
tenna size, suggesting that part of the antenna present in the membranes in HL does not
transfer energy efficiently to the reaction center. Finally, we observed LHCII monomers
in all conditions. As the solubilization conditions used do not lead to monomerization of
purified LHCII trimers, we should conclude that a population of LHCII monomers exists
in the membrane. The relative amount of LHCII monomers strongly increases in plants
acclimated to HL, while no changes in the trimer to monomer ratio are observed upon
short exposure to stress.

this chapter is based on the following publication :

Bielczynski, L. W., G. Schansker, and R. Croce (2016). In: Frontiers in Plant Science 7.105,
pp. 1–12. doi: 10.3389/fpls.2016.00105.
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3.1 introduction

Land plants appeared on Earth around 568–815 million years ago (Clarke et al., 2011). On
an evolutionary time scale, this is enough time to evolve highly sophisticated acclimation
responses to allow survival as a sessile organism under variable environmental conditions.
As photoautotrophs, the acclimation responses to different light conditions are essential
adaptations. They provide balance between the harvesting of enough energy for metabolic
and anabolic processes and the protection against EEE. EEE represents a risk associated
with the light- harvesting systems as it increases the probability of ROS generation, which
can be highly destructive for the photosynthetic apparatus and the cell (reviewed in Asada,
2006).

As light interception occurs in the chloroplast, it is there that the first steps and coor-
dination of the light intensity acclimation take place. From all the complexes involved in
the light phase of photosynthesis, PSII is the major target of acclimation. Its composition,
functionality and amount are dynamically adjusted in response to changes in light con-
ditions (Ballottari et al., 2007; Betterle et al., 2009; Johnson et al., 2011; Belgio et al., 2014;
Kono and Terashima, 2014; Dietz, 2015; Suorsa et al., 2015).

Upon exposure to HL, short term responses are activated in a range from seconds to
minutes. This time is only sufficient for rearrangement of the chloroplast components,
without an influence of biosynthesis or degradation. Protonation and phosphorylation of
different components (Allen, 1992; Fristedt and Vener, 2011; Wientjes et al., 2013b; Wientjes
et al., 2013c; Pietrzykowska et al., 2014) trigger the processes known as NPQ (Ruban et al.,
2012) and state transitions (Tikkanen and Aro, 2012).

Long-term acclimation occurs in a range from hours to weeks and involves selective
synthesis and degradation of chloroplast components. It also involves phosphorylation of
some of the components (Fristedt and Vener, 2011). As a consequence of PSII antenna size
adjustments, the Chl a/b ratio decreases in increasing light intensities (Park et al., 1997;
Ballottari et al., 2007; Wientjes et al., 2013a) and the density of PSII supercomplexes in the
thylakoid membrane is modified (Kouřil et al., 2013). The current model of PSII comes
from the crystal structure of PSII from the cyanobacterium Thermosynechococcus vulcanus

(Umena et al., 2011). In combination with other methods, up to 40 protein subunits that
compose PSII were identified (reviewed Shi et al., 2012). More than half have a molecular
mass below 15 kDa and are expressed under specific environmental conditions (Plöscher
et al., 2009). The RC complex is a heterodimer composed of the products of the genes
PsbA (D1) and PsbD (D2), binding in total six Chl a and two Pheo (Umena et al., 2011).
Associated to the RC are the internal antennae CP47 (PsbB) and CP43 (PsbC) binding 16

and 13 Chl a, respectively, and a number of small subunits (Shi et al., 2012). In higher
plants this complex is called the PSII C.

In plants, the C is supplemented with an outer antenna system, composed of Chl a/b

binding proteins known as LHC, forming supercomplexes (Dekker and Boekema, 2005).
PSII supercomplexes exist in different configurations, containing a variable number of
LHCIIs (heterotrimers of Lhcb1-3) and minor antennae (Caffarri et al., 2009). LHCII has
two possible docking sites on the C, where it can bind with different affinities: strongly (S)
through CP43 and CP26 (Lhcb5), and with moderate affinity (M) on the CP47 side through
CP24 (Lhcb6) and CP29 (Lhcb4). Most of the PSII complexes are in dimeric form (C2) and
can bind several LHCIIs, forming C2S, C2SM, C2S2 , C2SM, C2S2M, and C2S2M2 supercom-
plexes. In addition two complexes containing monomeric C were observed: the naked C
and the core with a strongly bound LHCII (CS). PSII heterogeneity is partially a result of
the repair cycle of the D1 protein (Aro et al., 2005). Photodamage of PSII due to radicals
and oxygen species formation is an intrinsic property of PSII. As a consequence, plants
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constantly replace PSII in the light. The process is multiphasic involving (i) phosphoryla-
tion of different subunits, (ii) monomerization and migration to the stroma lamellae, (iii)
partial disassembly of PSII C, (iv) proteolysis of damaged proteins, (v) replacement of the
damaged D1 protein, and (vi) reassembly, dimerization and photoactivation of PSII.

3.2 materials and methods

3.2.1 Plant material

Arabidopsis thaliana (ecotype Col-0) WT seeds were sown on Murashige and Skoog (MS)
medium agar plates. After 5–7 days the seedlings were transplanted to final pots. Plants
were grown for 7 weeks in growth chambers (AR-36L, Plant Climatics Percival) at 70%
relative humidity (RH), 21◦C, a photoperiod of 8/16 h (day/night) and under 200 or 600

µmol of photons m−2 s−1 . After 3 weeks, a batch of plants grown under 200 µmol of
photons m−2 s−1 was transferred and grown for an additional 3 weeks at 1800 µmol
of photons m−2 s−1 (FytoScope FS 3400, Photon Systems Instruments). For the short
HL stress experiment the plants were grown as previously described under 200 µmol of
photons m−2 s−1 and then after 6 weeks of growth, transferred for 0.5, 2 and 6 h to 1800

µmol of photons m−2 s−1. Plants illuminated with growth light (200 µmol of photons
m−2 s−1) for 6 h were used as a control.

3.2.2 Thylakoid Isolation

If not stated otherwise the plants were harvested after a night in darkness. The plants from
short-term HL stress were harvested and immediately transferred to an ice bath, where
they stayed until thylakoid isolation. The isolation procedure was described in Robinson et
al. (1980), and modified according to Caffarri et al. (2009). Isolated thylakoid membranes
were resuspended in the storage buffer (20 mM HEPES, pH 7.5, 0.4 M sorbitol, 15 mM
NaCl and 5 mM MgCl 2). The samples were rapidly frozen in liquid nitrogen and stored
at -80◦C.

3.2.3 Pigment Isolation

The amount of Chls on a leaf fresh weight basis, Chl a/b ratio and Chl/Car ratio were
determined from absorption spectra of 80% acetone extracts measured with a Carry 4000

spectrophotometer (Varian). The absorption spectra were fitted with the spectra of individ-
ual pigments in the same solvent, as described in Croce et al. (2002). The quantification of
different carotenoids was performed by high-performance liquid chromatography (HPLC)
using a System Gold 126 Solvent module and 168 Detector (Beckman Coulter) as described
by Gilmore and Yamamoto (1991) with the modification reported in Xu et al. (2015).

3.2.4 2D-PAGE Analysis

For thylakoid membrane complex quantification a blue-native-polyacrylamide gel elec-
trophoresis (BN-PAGE) was performed in a gel (4% stacking and 4–12.5% resolving gel)
polymerized from a bisacrylamide/acrylamide mixture with a ratio of 32:1 (Järvi et al.,
2011). The gels were cast from the bottom, in batch to decrease the mixing of the top layer
using a Mini-PROTEAN 3 Multi-Casting Chamber (Bio-Rad). To prevent the mixing of
butanol (used to get a straight gel top) with the top layers of the resolving gel the glyc-
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erol gradient in the gel was modified from 0–20% to 5–20% and a cushion of water was
put on the top before casting. The gels were left overnight at room temperature (RT) to
assure good polymerization of the low-acrylamide concentration layers. Before loading,
an aliquot corresponding to 8 µg of Chl was taken from each sample, resuspended in
25BTH20G buffer [25 mM BisTris/HCl (pH 7.0), 20% (w/v) glycerol] to a final Chl concen-
tration of 0.5 mg/ml and to a selected final n-dodecyl-α-D-maltoside (α-DDM) concentra-
tion. Second dimensions were performed in a Tricine-SDS PAGE system (Schägger, 2006).
Gels after 2D were stained with the Serva Blue G Coomassie stain (SERVA Electrophore-
sis), subsequently, the gels were digitized with ImageQuant LAS4000 (GE, Healthcare).
The data were preprocessed in ImageJ and analyzed with an R-project homemade script
based on the workflow from Natale et al. (2011) with the modifications described in the
section Results. The statistical analysis was performed using R-project and all the graphs
were plotted using the ggplot2 package. After Coomassie staining the gels showed a fluc-
tuating background drift, which necessitated a broad region of interest (ROI) selection and
a constant background exclusion based on a threshold from local minima (see Figure 2.2C).
To adjust for the variation in the staining/destaining and digitization steps during the gel
processing (if not mentioned otherwise), a second normalization to total protein content
(sum of the Integrated Optical Densities (IOD) of all measured ROIs in a gel) was applied.

3.2.5 Sucrose Gradients

Sucrose gradients were prepared according to Caffarri et al. (2009). Before loading on the
sucrose gradient, thylakoid samples corresponding to 500 µg of Chl were solubilized in a
final concentration of 0.6% α-DDM.

3.2.6 Functional Antenna Size of PSII

To estimate the functional antenna size the measuring protocol was adapted from Dinç
et al. (2012). The fluorescence induction curves (OJIPs) were measured with HandyPea
(Hansatech) on dark acclimated (>1 h) intact leaves. A 1 s pulse of red light (650 nm)
was given in the intensity range of 200–3500 µmol of photons m−2 s−1 (200, 300, 450,
600, 750, 900, 1200, 1500, 2000, 2500, 3000, and 3500 µmol of photons m−2 s−1). The leaf
clips assured that the measurements for each light intensity were on the same spot of the
first fully developed leaf, from 10 different plants. The dark acclimation periods between
measurements of different light intensities were at least 10 min long. The fluorescence
intensity is a function of the light intensity and to correct for this, measured fluorescence
was normalized to the photosynthetic photon flux density (PPFD). Linear regression was
performed to get the slope and the slope error of the in growth of the fluorescence intensity
as a function of the light intensity at 300 µs.

3.3 results

3.3.1 Long-Term Acclimation

General Plant Characterization

To investigate the long-term light acclimation of A. thaliana, plants were grown under three
different light intensities: 200 (GL200), 600 (GL600), and 1800 µmol of photons m−2 s−1

(GL1800). As shown in Figure 3.1A, rosette and leaf morphology differed. Under GL200,
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Figure 3.1: General characterization of plants long-term acclimated to different light intensities.

(A) Visual appearance of the Arabidopsis thaliana plants grown under 200 (GL200), 600 (GL600),
and 1800 µmol of photons m−2 s−1 (GL1800). (B) Parameters from the quenching analysis related
with the energy distribution in PSII, ΦPSII (Left panel) and ΦNPQ (Right panel) during an 8 min
illumination with 1000 µmol of photons m−2 s−1 and 10 min of darkness for plants grown under
200, 600, and 1800 µmol of photons m−2 s−1, respectively, as a yellow, orange and brown trace,
(n = 4). The illumination and dark periods are marked, respectively, as gray and white background.
(C) Dark fluorescence parameter FV/FM of plants grown at all three light intensities (n = 4).

plants had elongated petioles, the leaves were thin and had small oval leaf blades (Keller
et al., 2011; Hersch et al., 2014). Under GL600, they grew faster, developed thicker leaves
(Weston et al., 2000) with longer and broader leaf blades, and almost no petioles. Under
GL1800, the rosettes were smaller, the older leaves brownish (Page et al., 2012), leathery
thick, and the younger smaller, in larger number and concentrated around the central
meristem.

The quenching analysis gives the possibility to observe time- related changes of energy
partitioning between different pathways in PSII during light and dark acclimation (see
Figure 3.1B). The parameter related with LEF, ΦPSII, was higher when the plants were
grown under higher light intensities (see Figure 3.1B, Left panel). As for the NPQ (see
Figure 3.1B, Right panel), in steady state, ΦNPQ was lower in plants grown in higher light
intensities, but during the fast NPQ induction phase the HL grown plants were reaching
the maximum faster than the other plants. The maximum efficiency of PSII (FV/FM) was
also dependent on the light conditions and especially in HL, showed a lower value (see
Figure 3.1C).

All these data show that our plants have the characteristics of plants acclimated to
different light intensities covering a large range of light acclimation responses between
shade-avoidance (GL200) and high-light acclimation responses (GL1800), with an interme-
diate light intensity (GL600).

Pigment analysis

To characterize the range of changes in pigment composition, pigment analysis was per-
formed after a night of darkness (see Table 3.1). In plants grown under GL1800 the Chl
content on a fresh leaf weight basis was almost half that under GL200. The Chl a/b ratio
increased under higher light intensities, in agreement with a reduction of the antenna size
(Andersson, 1996; Ballottari et al., 2007; Kouřil et al., 2013). The Chl/Car ratio decreased
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GL200 GL600 GL1800

Chls/fresh weight [mg/g] 0.862±0.116 0.782±0.035 0.389±0.099

Chl a/b ratio 3.235±0.022 3.249±0.006 3.562±0.047

Chl/Car ratio 3.905±0.024 3.698±0.015 3.228±0.054

Neo 3.424±0.048 3.743±0.031 4.004±0.178

Lut 12.36±0.012 12.90±0.04 13.98±0.28

β-Car 6.677±0.017 6.688±0.069 7.592±0.176

Vio 2.753±0.033 3.035±0.005 4.106±0.183

Ant 0.196±0.023 0.381±0.010 0.621±0.030

Zea 0.195±0.003 0.296±0.027 0.678±0.018

(Z + 0.5 x A)/(Z + A + V) 0.093±0.002 0.131±0.007 0.183±0.003

Cars/100 Chl 25.61±0.16 27.04±0.11 30.98±0.51

Table 3.1: Pigment analysis of plants grown under different light conditions. Total Chls were
quantified by fitting the 80% acetone extracts from a leaf from five different plants (n = 5) grown
under GL200, 600, and 1800 and normalized to the fresh weight. The chlorophyll a/b (Chl a/b) ratio
and chlorophyll/carotenoid (Chl/Car) ratio was determined in the same way from isolated thy-
lakoid membranes in three repetitions (n = 3). The same extracts were used for the quantification
by HPLC of the carotenoids: neoxanthin (Neo), violaxanthin (Vio), anteraxanthin (Ant), zeaxanthin
(Zea), lutein (Lut) and β-carotene (β-car). All carotenoids were calculated per 100 Chls.

in plants grown at higher light intensities. As for the carotenoid composition, increased
levels were observed for all of them under HL. In the thylakoids, Zea was observed in very
small amounts in plants grown under GL200 and increased in plants grown at higher light
intensities, indicating that Zea is not completely re-converted to Vio in darkness.

Structural Antenna Size

To determine the composition of the thylakoid membranes, two-dimensional-PAGE
(2D-PAGE) was performed. The isolated thylakoid membranes were solubilized with
α-DDM (1% final concentration), a mild detergent that preserves the PSII supercomplexes
(see Figure 3.2A). In the second dimension, the proteins of which these complexes are com-
posed, were separated in a denaturing gel (Tricine-SDS PAGE; see Figure 3.2B) allowing
a relative quantification of the proteins in each complex. To test and ensure the repro-
ducibility of the results, three repetitions per condition were performed. A workflow from
Natale et al. (2011) was adapted to perform a half-automated, qualitative and quantitative
analysis of the most abundant thylakoid membrane proteins.

After the warping step, the alignment of the gels was accurate enough for a qualitative
analysis (see Figure 3.2D). The dot patterns on the 2D-gel were the same for plants grown
under all light conditions, which suggests that there are no qualitative differences in the
protein composition of the most abundant thylakoid proteins. The identification of specific
proteins on 2D-gels was performed based on previous work (Aro et al., 2005; Andaluz et
al., 2006; Caffarri et al., 2009; Takabayashi et al., 2013).

To automate the quantification of proteins from the 2D-PAGE gels a ROI map (see
Figure 3.2B) was created based on an averaged image of nine, warped 2D gels. For the
quantification of the (super)complexes, multiple proteins representative of each complex
were selected.

To determine if changes in the PSII antenna size occur, antenna proteins have to be quan-
tified relative to a PSII core protein that is present in each PSII complex. Candidates were:
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Figure 3.2: 2D-PAGE of thylakoids isolated from plants grown under different light intensities.

(A) The BN-PAGE of thylakoids isolated from plants grown under GL200, 600, and 1800, solubi-
lized with 1% α-DDM. (B) Sum of nine 2D-PAGE gels of isolated thylakoids from plants grown
under all light conditions. The red contours represent ROIs of selected proteins in specific com-
plexes. The blue contours represent the integrated areas for quantification of a selected protein
independent of the complex. On the top, a lane from the BN-PAGE is shown. (C) Overlap of the
gels of thylakoids from plants grown under GL200, 600, and 1800, that are shown in the red, green,
and blue channels, respectively. (D) 3D surface plots of CP43 + 47 and D1 megacomplex ROIs,
respectively.

D1, D2, CP43, and CP47. The dots on the gel of CP43 and CP47 were more pronounced
than the dots of D1 and D2 (see Figure 3.2C). Since the small MW-difference of CP43 and
CP47 led to an incomplete separation, the averaged integrated optical density (IOD) of the
CP43 and CP47 dots was chosen (besides the C-CP43 fraction where only CP47 is present).
This reference was shown to follow changes in D1 and D2 closely, under all light condi-
tions (see Figure ??A), confirming that it accurately reflected the amount of PSII core. The
small differences in stoichiometry between conditions and the quite pronounced standard
deviation in Figure 3.3 were due to the low signal from D1 and D2. Looking at the other
components of the PSII core, we observed, for plants grown under higher light intensities,
a decrease in the amount of PsbO per core, which could be due to the dissociation of PsbO
during photoinactivation of PSII complexes (Hundal et al., 1990).

Antennae of PSII

The minor antennae CP24, CP26, and CP29 and Lhcb1,2 (major components of LHCII
trimers) were quantified from the sum of the corresponding dots from all PSII complexes
and normalized to the amount of the PSII core (see Figure 3.3B). Because of the sequence
specific affinity of Coomassie for the proteins, a second normalization was performed
using as reference the plants grown under GL200. When the plants grew under higher
light intensities, the amount of CP24 decreased, whereas the amounts of CP26 and CP29

were maintained at a similar level, in agreement with previous results (Ballottari et al.,
2007; Kouřil et al., 2013). Under GL1800, the amount of LHCII per PSII decreased to ∼80%
of the value observed under GL200. Note that at GL200 the antenna size of A. thaliana is
already reduced compared to the values observed when lower light intensities were used:
100 µmol of photons m−2 s−1 in Ballottari et al. (2007) and Kouřil et al. (2013).
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Figure 3.3: Changes in the PSII composition during long-term acclimation to different light

intensities. (A) The amount of PSII core proteins: D1, D2, and PsbO per CP43, 47 was quantified
in isolated thylakoids from plants grown under GL200, 600, and 1800 (respectively, yellow, orange,
and brown fill) separated during 2D-PAGE in three different repetitions (n = 3). (B) The amount
of minor PSII antennae: CP24, CP26, CP29, and Lhcb1,2 per PSII core was quantified in isolated
thylakoids from the same samples. Numbers below the bars are the p-values of ANOVA’s F-test on
a specific group. Red color signifies rejection of the null hypothesis that the response to all growth
lights is the same (α < 0.05), black its acceptance.

PSII Antenna Size Heterogeneity

Previous work has indicated that the differences in antenna size, observed upon light ac-
climation, lead to changes not only in the amount of “extra” LHCII but also in the relative
amount of the PSII (super)complexes (Wientjes et al., 2013b). To quantify these changes we
estimated the core protein distribution of PSII in PSII supercomplexes (megacomplexes,
C2S2M2, C2S2M, C2S2, C2S, CS) and core complexes (core dimers, C2; core monomers
C; core monomers without CP43, C-CP43). The amount of CP43 and CP47 was normal-
ized to the total amount of these proteins for each condition (see Figure 3.4C). When
the plants were grown under GL200, PSII was observed mostly in the form of megacom-
plexes, C2S2M, C2S2 and core monomers. At higher light intensities, the fraction of large
supercomplexes decreased (from megacomplexes to C2S2M), while the amount of smaller
complexes increased (C2S, C, C-CP43).

A similar trend was observable when looking at Lhcb1,2 distributed between the dif-
ferent fractions (see Figure 3.4A). Under all conditions the trimeric fraction was the most
abundant containing 35–45% of the LHCII pool. The monomeric fraction was, however,
also large, representing approximately 20% of the LHCII population in GL200 and in-
creasing to 35% in HL. The rest of LHCII was associated with the supercomplexes. Dur-
ing acclimation to higher light intensities, there was a relative decrease in the amount of
Lhcb1,2 associated with the large PSII supercomplexes (C2S2M2, C2S2M). Accumulation
of core proteins did not correlate with the accumulation of LHCII trimers, but with the
increase of Lhcb1,2 monomers.

To rule out the possibility of solubilization artifacts, the results were validated by per-
forming the same 2D-PAGE analysis on thylakoids from the plants grown under GL200,
solubilized with 0.6 and 1.5% of α-DDM (see Figures 3.4B,D). The results show that an
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almost threefold increase in detergent to protein ratio did not influence the core distri-
bution of PSII (see Figure 3.4D). Similarly, in the case of the antenna, only the amount
of LHCII-CP24-CP29 (B4) slightly decreased when using a high detergent concentration,
while no changes were observed for the other complexes (see Figure 3.4B).

To further verify if the presence of LHCII monomers could be the result of solubilization
(see Figure 3.4E), purified LHCII trimers were directly solubilized with different detergent
concentrations and loaded on a BN-PAGE. No monomerization was observed under any
of the solubilization conditions, confirming the high stability of the trimers to detergent
treatment. It is interesting to observe that LHCII trimers loaded on the BN gel without the
addition of detergent (Figure 3.4E, most right lane) form dimers, trimers, tetramers, and
higher assemblies, indicating that complexes can aggregate in the gel, contrary to what
was previously assumed (Ilioaia et al., 2008).
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Figure 3.4: Growth light (GL) and detergent influence on PSII complexes and Lhcb1, 2 distribution. The distribution of PSII between different PSIIcomplexes
according to the Lhcb1,2 (A,B): supercomplexes (megacomplexes, C2S2M2, C2S2M, C2S2, C2S), different complexes (CP29 + LHCII + CP24 complex, B4; Light
Harvesting complex of PSII, LHCII) and monomers or CP43 and CP47 (C,D): supercomplexes (megacomplexes, C2S2M2, C2S2M, C2S2, C2S, CS) or different core
complexes (core dimers, C2S2; core monomers, C; core monomers without CP43, C-CP43) in isolated thylakoids separated during 2D-PAGE and quantified from
three different gels (n = 3). Thylakoids were taken from plants grown under GL200, 600, and 1800 (respectively, yellow, orange, and brown fill; A,C panels)
or only GL200, but were solubilized in 0.6 and 1.5% α-DDM (respectively, green and blue cyan fill; B,D panels). Numbers above the bars are the p-values of
ANOVA’s F-test on a specific group. Red color signifies rejection of the null hypothesis that the response to all GLs is the same (α < 0.05), black its acceptance.
(E) BN-PAGE of thylakoids solubilized in 0.6% α-DDM and LHCII trimers (3 µg of Chl ) solubilized in 0, 0.3, 0.6, and 1% of α-DDM.
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Functional Antenna Size of PSII

In the next step, we determined the changes in the functional antenna size (the antenna
that is able to transfer the absorbed energy to the PSII Reaction Center, RC), by measuring
the fluorescence rise, at different light intensities, on leaves (see Figure 3.5A). The slope
of the normalized fluorescence at 300 µs vs. the light intensity (see Figure 3.5B) is propor-
tional to the absorption cross-section of PSII and is then used to determine the functional
antenna size of PSII (Dinç et al., 2012). The data show that in plants grown under GL600

and GL1800, the functional antenna size dropped to 73 and 59%, respectively, of the value
of plants grown under GL200 (see Figure 3.5C).
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Figure 3.5: Functional antenna size of PSII. (A) Direct measurements of chlorophyll a fluorescence in folio during a 1 s pulse of 300, 450, 600, 750, 900, 1200,
1500, 2000, 2500, 3000, and 3500 µmol of photons m−2 s−1 were normalized to the photosynthetic photon flux density (PPFD). The dotted, vertical line shows the
300 µs time point. Shown traces for 10 different plants (Rep1-10, respectively, represented by different line types) grown under GL200, 600, and 1800 (respectively,
Top, Central, and Bottom Left panels). (B) Relationship between normalized fluorescence at 300 µs and PPFD fitted with a linear regression. The fitted lines with
their standard error are shown as lines with shadows. Individual data points are from the plants grown under GL200, 600, and 1800, yellow, orange, and brown
color, respectively. (C) The slope and standard error of a fit of the normalized fluorescence at 300 µs against PPFD relationship corresponding to the functional
antenna size of PSII on 10 different plants (n = 10) grown under GL200, 600, and 1800.
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The discrepancy between the functional and structural antenna size measurements may
be caused by several factors. The protein quantification was performed on thylakoid mem-
branes isolated from the whole leaf and represents thus an averaged population. This can
be important because during growth a light gradient within a leaf, with cell layers deeper
in the leaf being exposed to lower light intensities, leads to a range of differently accli-
mated chloroplasts. In the top layers PSII can have smaller antennae than in the bottom
layer (Nishio et al., 1993; Vogelmann and Han, 2000; Evans and Vogelmann, 2003). For the
functional measurements, fluorescence is emitted in response to excitation with red light,
which is absorbed strongly by the top cell layers causing a strong light gradient inside the
leaf and the measured fluorescence emission is derived mainly from chloroplasts in the
top cell layers (Terashima et al., 2009). To check if this is the case here as well, we measured
the PSII functional antenna size from the axial and abaxial sides of the leaves of plants
grown under GL1800 (see Figure 3.6), where the leaves are thickest and the anticipated
effect should be most pronounced. We did not observe any significant differences in the
antenna sizes measurements between the axial and abaxial side. The smaller antenna size
observed in this experiment, when compared to the previous batch (see Figures 3.5 and
3.6) should be ascribed to the biological variation between the rounds of growth, as the
standard errors within each set were small. This leads to the conclusion that the differ-
ence between functional and structural measurements did not originate from the shallow
probing during fluorescence measurements. A series of other effects can influence the
measurements of the functional antenna size, including changes in the leaf structure, as
well as chloroplast and membrane organization. However, the large difference between
the protein content and the functional measurements suggests also that in HL, part of the
antenna does not transfer the absorbed light efficiently to the RC.

– October 1, 2020



3

3.3
r

e
s

u
l

t
s

9
5

Figure 3.6: Functional antenna size of PSII. (A) Direct measurements of chlorophyll a fluorescence in folio during a 1 s pulse in the range of 200–3500 µmol of
photons m−2 s−1 were normalized to the PPFD. The dotted, vertical line shows the 300 µs time point. Shown traces for six different plants (Rep1-6, respectively,
represented by different line types) grown under GL1800 and measured on the axial or abaxial side of the leaf (respectively, Left and Right panel). (B) Normalized
fluorescence at 300 µs as a function of PPFD on plants from GL1800 measured on axial and abaxial side of the leaf (cyan and orange points, respectively). The
linear regression fit and its error are shown as a line with a shadow. (C) The relative slope and standard error of a fit of the normalized fluorescence at 300 µs
against PPFD relationship corresponding to the functional antenna size of PSII on six different plants (n = 6) grown under GL1800. Data normalized to GL200

measurements performed on adaxial side of the leaves.
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0 h 0.5 h 2 h 6 h

Chl a/b ratio 3.210±0.014 3.231±0.005 3.240±0.020 3.241±0.006

Chl/Car ratio 4.193±0.007 4.036±0.019 3.981±0.017 3.740±0.013

Neo 3.269±0.139 3.440±0.095 3.416±0.080 3.613±0.193

Lut 14.99±0.65 15.92±0.26 15.77±0.34 16.22±0.64

β-Car 1.739±0.939 1.720±0.372 1.797±0.619 1.781±1.125

Vio 3.157±0.181 1.930±0.067 1.804±0.081 1.822±0.101

Ant 0.416±0.015 0.634±0.021 0.725±0.017 1.001±0.042

Zea 0.274±0.015 1.129±0.053 1.599±0.154 2.296±0.129

(Z + 0.5 x A)/(Z + A + V) 0.125±0.003 0.391±0.004 0.474±0.010 0.546±0.002

Cars/100 Chl 23.85±0.04 24.78±0.12 25.12±0.11 26.73±0.10

Table 3.2: Pigment analysis during the first 6 h of HL. Pigments were extracted from thylakoids
from plants grown under GL200 and transferred for 0.5, 2 and 6 h. The chlorophyll a/b (Chl a/b)
ratio and chlorophyll/carotenoid (Chl/Car) ratio was determined in the same way from isolated
thylakoid membranes in three repetitions (n = 3). The same extracts were used for the quan-
tification by HPLC of the carotenoids: neoxanthin (Neo), violaxanthin (Vio), anteraxanthin (Ant),
zeaxanthin (Zea), lutein (Lut) and β-carotene (β-car). All carotenoids were calculated per 100 Chls.

3.3.2 Short-Term Acclimation

Next, we studied the effect of short light stress on the PSII super- and sub-complexes
and the possible transition between short- and long-term strategies by following the first
6 h of HL treatment. The thylakoid membranes were isolated from plants grown under
GL200 and transferred for 0.5, 2 and 6 h to GL1800. All plants analyzed in this experiment
were light adapted and following the treatment the leaves were immediately cooled in an
ice/water mixture. To validate if the short-term response was induced properly, pigment
analysis was performed (see Table 3.2). The deepoxidation level of xanthophylls increased
sharply to around 40% during the first 30 min, and as plants were kept longer under
GL1800 the level reached 55% after 6 h.

2D-PAGE analysis was used to determine possible changes in the PSII organization and
composition (see Figure 3.7). No changes in the distribution of complexes and supercom-
plexes were observed upon 30 min of HL. A decrease in the mega and supercomplexes
containing trimer M was observed after 2 h of treatment, accompanied by a small rela-
tive increase of LHCII- CP24-CP29 and LHCII trimers. The amount of LHCII monomers
increased only slightly during the treatment.
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Figure 3.7: Changes in the distribution of PSII complexes during the first 6 h of HL. (A) BN-PAGE of thylakoids from plants grown under GL200 and
transferred for 0.5, 2 and 6 h. (B) The distribution of PSII between different PSII complexes according to Lhcb1,2: supercomplexes (megacomplexes, C2S2M2,
C2S2M, C2S2, C2S), different complexes (CP29 + LHCII + CP24 complex, B4; Light Harvesting complex of PSII, LHCII) and monomers; or CP43 + 47 (C): core
dimers, C2; core monomers, C; core monomers without CP43, C-CP43 in isolated thylakoids separated during 2D-PAGE and quantified from three different
gels (n = 3). Thylakoids were obtained from plants grown under GL200 and transferred for 0.5, 2 and 6 h to GL1800. Red color signifies rejection of the null
hypothesis that the response to all growth light is the same (α < 0.05), black its acceptance.
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3.4 discussion

Differences in the growth light intensity have been shown to lead to changes in the protein
composition and in the organization of the thylakoid membrane of plants. Long-term
acclimation is known to reduce the number of LHCII (and CP24) subunits present in
the membrane (Ballottari et al., 2007; Kouřil et al., 2013), while short-term response is
suggested to consist of a reorganization of the membrane with the disconnection of part
of the antenna from PSII (Betterle et al., 2009; Holzwarth et al., 2009; Johnson et al., 2011).
Both these strategies should then result in a change in the antenna size of PSII. In this
work, we have investigated this aspect systematically by studying how short-term light
responses and long-term acclimation affect the quaternary structure of PSII super- and
sub-complexes.

3.4.1 In Vitro vs. In Folio

Native gels are a powerful tool to study the presence and the different aggregation states
of photosynthetic complexes and supercomplexes (Aro et al., 2005; Andaluz et al., 2006;
Danielsson et al., 2006; Järvi et al., 2011). However, there are several issues that may com-
plicate the extrapolation of the biochemical data to in folio systems and we had started
our investigation by checking the validity of the analysis and answering several questions.
Do the differences observed upon solubilization of the membranes reflect the situation in
folio? Are the results biased by the solubilization steps? To minimize the solubilization
artifacts we used low concentrations of a mild detergent (but strong enough to solubilize
both grana and lamellae). We also used different amounts of detergent in a range that
covers the possible differences in protein/lipids/detergent ratios in the various samples.
The results show no influence of the detergent concentration on the PSII supercomplex
distribution. Despite the fact that these results indicate that the observed differences are
not due to the solubilization, we should keep in mind that the purification procedure has
likely an effect on very labile complexes and our analysis gives the lowest threshold for
the largest fractions of PSII supercomplexes.

The other essential question is how to analyze the gel and check the reproducibility
of the results. To achieve this goal we adapted for our purposes the workflow from Na-
tale et al. (2011). We used only open source or homemade programs based on ImageJ or
R. To correct for differences in acrylamide polymerization and electrophoresis we had to
warp the gels in ImageJ (UnwarpJ package). To correct for the differences in Coomassie
staining between gels (fluctuating background drift) we performed a local normalization
to the minimum of a broad ROI. The selectivity of the background exclusion was tested
on empty parts of the gel (data not shown) giving satisfactory results. The sample load-
ing (protein content) on a BN-PAGE is often slightly different, especially, if working with
plants grown under non-standard conditions, as some pellet is present after solubilization.
In this respect it is important to mention that the pellet of samples from plants grown un-
der different conditions has a composition similar to that of the solubilized fraction (data
not shown) excluding the possibility that there was selective solubilization. Additionally,
when needed, we performed a normalization to total protein content (we had around 97

recognized protein dots) or to a reference protein. It is crucial to remember that the ab-
solute values are difficult to obtain as the binding mechanism of Coomassie is complex
(Georgiou et al., 2008). Additionally, we observed an influence of freezing and thawing
on the quality of the samples, so each sample was run fresh after isolation or after only
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one freeze-thaw cycle. It should be kept in mind that all data obtained upon freezing and
thawing the membranes multiple times are unreliable.

3.4.2 Acclimation of PSII (Super)Complexes

Upon HL acclimation a reduction in the relative amount of PSII mega and supercomplexes
containing trimer M at increasing light intensities was observed. This was expected on the
basis of the reduction of CP24 and Lhcb3 (Ballottari et al., 2007; Kouřil et al., 2013), which
are essential for the stabilization of trimer M (Kovács et al., 2006; Caffarri et al., 2009).
Under the same conditions, the relative amount of core monomers significantly increased.
This is in agreement with the idea that the source of the PSII core monomers is the constant
activity of the repair cycle, which is higher in HL (Aro et al., 2005).

No significant changes in any of the PSII supercomplexes could be observed during
the first 30 min, when the amount of Zea is already high, while a relative decrease in
the supercomplexes containing trimer M started to be observed only after 2 h of HL
exposure. Although we cannot exclude that during the fast phase of NPQ the antenna is
disconnected and then it reconnects again during the preparation, we can conclude that
the presence of Zea does not have an effect on the organization of the supercomplexes and
that the long term acclimation is already active after 2 h of HL.

3.4.3 LHCII Monomers vs. Trimers

It is interesting to see that no changes are observed in the ratio between LHCII trimers and
monomers in the first hours of HL, while an increase in LHCII monomers is visible upon
long- term acclimation to HL. The data suggest that a population of LHCII monomers ex-
ists in the membrane as the high stability of LHCII trimers to detergent treatment seems
to exclude that their presence is an artifact of the purification. It has been proposed that
the LHCII monomer can be partially responsible for the irreversible part of the quench-
ing (Garab et al., 2002). More recently it was shown that LHCII in the membrane of the
green alga Chlamydomonas reinhardtii exists in different quenching states and that the ratio
between these states depends on the growth light conditions (Tian et al., 2015). Here, we
observed that the PSII maximum efficiency is lower in HL than in LL indicating that a
larger part of the absorbed energy is not used for photochemistry. Moreover, a large dif-
ference between the antenna size at the protein and at the functional level is observed in
HL. It is thus tempting to speculate that LHCII monomers observed in high amount in
HL are less efficient in transferring energy to the RC and act as a reservoir of LHCII.
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P S I I S U P E R C O M P L E X E S D O N O T D I S A S S E M B L E D U R I N G Q E

Photoprotection by NPQ is essential for optimal growth and development, especially dur-
ing dynamic changes of the light intensity. The main component responsible for energy
dissipation is called qE. Despite a number of studies, there are still contradictory results
concerning the structural changes in PSII during qE induction. In chapter 3 we have shown,
that the disassembly of the largest PSII supercomplexes occurs in a timerange between 0.5
and 2 h upon HL exposure. However, the illumination was performed in folio and the
preparation of the thylakoids required a dark period. To avoid qE relaxation during thy-
lakoid isolation, quenching was induced directly on isolated and functional thylakoids.
The analysis of the quenched thylakoids in native gel showed only a small decrease in the
large PSII supercomplexes (C2S2M2/C2S2M) which is most likely due to photoinhibition
- since it does not recover in the dark. This result indicates that qE rise is not accompa-
nied by a structural disassembly of the PSII supercomplexes. Interestingly, the analysis of
the membrane reveals the presence of dimers of LHCII trimers, which are present in all
conditions, but enriched in high light treated samples, suggesting the presence of LHCII
clusters in the membranes.

This chapter is based on the unpublished research performed together with Pengqi Xu
and Roberta Croce.
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4.1 introduction

Light is essential for photosynthesis, but when absorbed in excess, it can damage the
photosynthetic apparatus (Foyer and Harbinson, 1994; Asada, 2000). To avoid this, photo-
synthetic organisms have evolved several photoprotective mechanisms that permit them
to respond to changes in light conditions (reviewed in Ruban, 2016).

Photoprotection by NPQ is essential for growth and development, especially during
dynamic changes of light intensity (Frenkel et al., 2009). In general, NPQ is a very broad
term, which includes state transitions (qT; Bellafiore et al., 2005; Pesaresi et al., 2009) and
photoinhibition (qI; Quick and Stitt, 1989). However, in most physiological conditions, the
main NPQ component is qE, a process in which EEE is dissipated as heat. The process
is triggered by the low luminal pH that activates the PsbS protein (Li et al., 2000) and
the xanthophyll cycle (Demmig-Adams, 1990; Ruban and Horton, 1999; Ruban et al., 2001;
Kalituho et al., 2007).

Under high light, the xantophyll Vio is transformed to Zea via Ant by the enzyme vio-
laxanthin de-epoxidase (Demmig-Adams, 1990; reviewed in Jahns and Holzwarth, 2012).
The reverse reaction is catalyzed by the zeaxanthin epoxidase. Although the exact role of
Zea in qE is not yet fully understood (Johnson et al., 2009; Xu et al., 2015), it is clear that
this xantophyll is essential to reach the maximum level of qE.

During qE, excitation energy quenching occurs in PSII. PSII is a water-plastoquinone
oxido-reductase composed of many pigment-binding proteins (Wei et al., 2016) and which
can be functionally divided in two moieties: the core, which contains the RC, where charge
separation occurs, and several units of LHCs, which enhance the capacity of the core to
harvest light. In vascular plants, the core is mostly found in dimeric form (C2), in which
each monomer binds several LHCII trimers (LHCII-S, -M or -L bound with strong and
moderate affinity, or loosely, respectively) and one each of the minor antennae CP24, CP26,
and CP29 (Caffarri et al., 2009).

Due to the complicated nature of the qE, it is not yet clear if this process involves
any structural changes in the PSII. Some piece of evidence suggests that qE involves the
association and disassociation of antennae from the core (Holzwarth et al., 2009; Betterle
et al., 2009; Johnson et al., 2011). In our previous work (Bielczynski et al., 2016, Chapter
3), we observed that during short HL illumination (0.5-6 h) the changes in the distribution
of PSII supercomplexes were small and occurred mostly in the large PSII supercomplexes
(C2S2M2 and C2S2M). However, the illumination was performed in folio and the fast qE
component was very likely already relaxing during thylakoid isolation. That way we could
not monitor the changes due to the fast qE component (PsbS-dependent), but only those
related to the presence of Zea, which survives the biochemical preparation.

In this work, to avoid qE relaxation, we have induced quenching directly on isolated
and functional thylakoids, and solubilized them in the light. The results indicate that PSII
disassembly is not essential for qE.

4.2 results and discussion

As our goal was to determine the changes in the organization of PSII induced by qE, which
relaxes very fast in the dark, we induced qE directly on isolated, functional thylakoids,
and we solubilized the thylakoid membranes under AL. The solubilized material was
then analyzed by BN-PAGE.

First, we ensured that the isolated thylakoids were functional. After the isolation step,
we performed a standard quenching analysis on the thylakoids using an exogenous elec-
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Figure 4.1: NPQ induction on functional thylakoids and analysis of the photosynthetic com-

plexes. (A) Chlorophyll a fluorescence and NPQ traces (solid and dashed lines, respectively) of
isolated and functioning thylakoids of A. thaliana. The arrows indicate the time-points at which
the thylakoids were solubilized: dark, NPQ, and recovery. (B) BN-PAGE of the samples solubilized
at the time-points shown in panel A. (C) Analysis of the BN-PAGE. Top panel: Chlorophyll con-
taining bands (blue channel of an RGB picture of a BN-PAGE) of the thylakoid membranes and
solubilized at the time-points shown in panel A. Bottom panel: Integrated Optical Density (IOD)
profiles of the BN-PAGE lanes shown in panel A: dark, light and recovery (red, violet and green
trace, respectively). The shadows are the standard deviation from two biological replicas, each
with 2-3 independent repetitions (n = 5).
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A.thaliana

dark NPQ recovery

Chl a/b ratio 3.23±0.05 3.21±0.05 3.22±0.05

Chl/Car ratio 3.57±0.01 3.55±0.03 3.54±0.07

Lut 13.05±0.09 13.15±0.13 13.22±0.09

β-Car 7.92±0.07 7.67±0.13 7.77±0.09

Neo 3.87±0.02 3.78±0.06 3.78±0.07

Vio 3.21±0.03 1.95±0.01 1.98±0.02

Ant N.D. 0.20±0.00 0.20±0.00

Zea N.D. 1.37±0.10 1.33±0.00

(0.5*Ant+Zea)/(Vio+Ant+Zea) N.D. 0.42±0.02 0.41±0.00

Table 4.1: Pigment analysis of functional, thylakoids solubilized in dark, NPQ, and recovery

state. The chlorophyll a/b (Chl a/b) ratio and chlorophyll/carotenoid (Chl/Car) ratio were de-
termined by fitting the absorption spectra of the 80% acetone extracts from isolated thylakoid
membranes. The same extracts were used for the carotenoids’ quantification by HPLC: neoxanthin
(Neo), violaxanthin (Vio), lutein (Lut) and β-carotene (β-car). All carotenoids were calculated per
100 Chls.

tron acceptor, methyl viologen (MV). As shown in Figure 4.1A, at the end of 10 min AL
illumination we reached an NPQ value of around 1 (light samples). The kinetics of the
NPQ induction was slightly slower when compared to the analogous measurements per-
formed in folio, on plants grown under the same conditions (Bielczynski et al., 2016). How-
ever, qE was still the major component of NPQ, as after switching off AL, NPQ dropped
fast (within two minutes) by more than 80%. To determine the organization of the PSII
complexes at time zero, in the absence of NPQ, an aliquot of isolated thylakoid mem-
branes was not subjected to AL and was solubilized in total darkness (dark/unquenched
sample). To exclude contributions from other NPQ components, we also analyzed the
membranes after recovery: an aliquot of thylakoids was solubilized after illumination and
an additional 20 min of darkness, a condition in which qE is relaxed and the remaining
quenching is qI/qT (recovery sample).

As qE also depends on the xanthophyll cycle, we performed a pigment analysis to
monitor the epoxidation state of the xanthophylls (Table 4.1). Similarly to what reported
before (Xu et al., 2015), during the 10 min of illumination, around 40% of the Vio pool
was de-epoxidized to Ant and subsequently to Zea. During the recovery phase the de-
epoxidation level did not revert to the initial, dark level in part probably because the
enzyme needed for the re-epoxidation of Ant and Zea was lost during isolation, as it
is located in the chloroplast stroma (Siefermann and Yamamoto, 1975). As expected no
differences in the Chl content were observed between the three samples.

We then proceeded to investigate the organization of PSII supercomplexes by BN-PAGE
in the three samples: dark, NPQ and recovery (Figure 4.1). For the initial quantification of
the PSII supercomplexes, we looked at the IOD profiles from the BN-PAGE (Figure 4.1C).
We used only the blue channel of the RGB picture. Since the Coomassie stain does not
absorb in this spectral region, this enables us to get a clean signal coming from the Soret
band of the Chls (Supplemental Figure 4.1). However, as in this region carotenoids absorb
as well, we might get some error due to the different pigment composition of the com-
plexes. To check if this is indeed the case, we compared the results obtained with this
method with those obtained from the precise quantification of the proteins based on the
estimate of the Lhcb1, 2 protein band resolved using 2D-PAGE (Bielczynski et al., 2016).
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This lead to similar results (Supplemental Figure 4.2), indicating that the analysis of the
blue channel represents a suitable method to quantify photosynthetic complexes directly
from a BN-PAGE.

Besides the previously described chlorophyll-binding fractions, containing the super
and subcomplexes of PSI and PSII (Järvi et al., 2011; Bielczynski et al., 2016), we ob-
served an additional green band with a MW slightly higher than that of the LHCII-CP24-
CP29 complex (Figure 4.1). To determine the protein content of this band, we have run a
2D-PAGE (Figure 4.2A). As this band migrated very close to the LHCI-CP24-CP29 band
(Figure 4.2B), we performed a 2D Gaussian fit of the region of interest. The additional
band was composed only of Lhcb1, Lhcb2 and Lhcb3 (Figure 4.2C), and showed a lower
relative amount of Lhcb3 when compared to the LHCII-CP24-CP29 complex. We can con-
clude that according to its MW and composition, this band contains a dimer of LHCII
trimers.

It is well known that in the thylakoid membrane there are considerably more LHCII
trimers than in the purified PSII supercomplexes (Wientjes et al., 2013b). These LHCII are
part of a pool that can act as an antenna of both PSII and PSI (Wientjes et al., 2013a). It
is also possible that some of them are present as aggregated, especially upon NPQ as
it was suggested before (Ruban, 2018). Aggregation was suggested to induce/facilitate
quenching by changing the interactions between pigments (Ruban et al., 1992; Lambrev
et al., 2007; Oort et al., 2007).

When separating the complexes from the thylakoid membranes on the BN-PAGE, in a
MW range above 1400kDa, we observed a few bands with higher MW than PSII super-
complexes, described previously as PSII megacomplexes (Järvi et al., 2011). Their amount
was decreased in both the NPQ and recovery samples as compared to the dark sample
probably due to their low stability after solubilization of the membrane.

Next, we quantified all the other, identified PSII and LHCII containing fractions (Ta-
ble 4.2), by integrating the IOD for each of the fractions. As the C2S2M2 and C2S2M, and
C2S2 and C2S PSII fractions often overlapped, we integrated them together and in the
following we call these two fractions "large" and "small" PSIIs. To correct for the differ-
ences in loading and solubilization of the samples, we normalized each fraction to the
total amount of PSII and LHCII in the gel for each condition. One of the disadvantages
of the quantification straight from the BN-PAGE is that we cannot follow the changes in
the amount of the dimeric core since its MW is similar to that of the highly abundant
PSI-LHCI supercomplex and in consequence, their contributions cannot be disentangled
(Figure 4.2). However, in our sample, the amount of monomeric core is below the detec-
tion limit, and in the thylakoid membrane, the amount of dimeric core is normally very
low since most of the PSII is present in the form of supercomplexes. We thus assume that
the amount of PSII core is negligible.

Compared to the dark sample, after illumination, we observed only a small decrease in
the large PSIIs (around 6%). We also observe a small increase (insignificant statistically) in
the amount of all the other fractions (besides LHCII monomers), which taken altogether
become statistically significant. We can conclude, that the components of the large PSIIs
when disassembled are distributed between the other PSII and LHCII fractions.

Surprisingly, the amount of LHCII-CP24-CP29 complex did not change upon light treat-
ment. This is at variance with previous results (Betterle et al., 2009), which showed that
the LHCII-CP24-CP29 complex disassembled completely during HL illumination. This
disassembly was shown to be PsbS-dependent and thus suggested to be related to qE. A
possible explanation for the difference between our and Betterle et al. (2009) results is the
length of the HL treatment: 30 min on intact plants in Betterle et al. (2009) and 10 min on
functional thylakoids in our case. It is thus possible that the effect observed by Betterle and
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Figure 4.2: Dimers of LHCII trimers in BN-PAGE. (A) At the top, an example of BN-PAGE strip
is shown. The proteins composing the photosynthetic complexes were separated on the 2D-PAGE
and stained with Coomassie blue. The rectangular orange selection represents the region where
dimers of LHCIIs and LHCII-CP24-CP29 are closely migrating. (B) The close up of the region of
interest with the location of the fitted 2D Gaussians is shown in the orange frame. The IOD profile
where complexes are overlapping (purple arrow), and the composition of the dimers of LHCIIs
and LHCII-CP24-CP29 (green and red arrow, respectively) is shown. The original and fitted trace
are plotted (black and red color, respectively). Gaussians composing the fitted trace are numbered
and plotted as green traces. (C) In the table, the amount of CP29, Lhcb3 and CP24 in dimers LHCIIs
and LHCII-CP24-CP29 normalized to Lhcb1, 2 are presented, from six different repetitions (n = 6).
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A.thaliana

dark NPQ recovery

C2S2M2/C2S2M 35.9±3.7a 30.0±3.8b 30.6±3.0b

C2S2/C2S 10.7±1.4 12.3±2.1 12.7±1.6

Dimers of LHCIIs 11.3±2.1 12.8±0.8 12.9±1.6

LHCII-CP24-CP29 9.7±0.9 10.3±0.7 9.2±0.8

LHCII trimers 24.9±3.7 27.1±3.0 22.7±3.6

LHCII monomers 7.4±1.5 7.4±2.3 7.4±2.0

Table 4.2: Quantification of PSII- and LHCII-related fractions in dark, NPQ, and recovery state

Specific PSII complexes from the IOD profiles of the BN-PAGE shown in Figure 1A are presented:
Large supercomplexes (C2S2M2/(C2S2M), Small PSII supercomplexes (C2S2 / (C2S), dimers of
LHCII trimers, LHCII-CP24-CP29, LHCII trimers and LHCII monomers. They were quantified in
the thylakoids solubilized in dark, NPQ and recovery state. The values are presented as percentage
of the total amount of all fractions. Two groups of means from a pairwise Tukey HSD test are
labeled with indexes with letters (p-value < 0.1). The statistics were calculated from two biological
replicas, each consisting of 2-3 independent repetitions (n = 5).

coworkers is part of a long-term acclimation strategy which apparently also involves PsbS.
This seems to be supported by the fact that their HL treatment on the intact plant was
followed by the purification of thylakoids and by their solublilization. Those procedures
include long dark periods, during which the fast-reversing qE relaxes.

Finally, it is important to note that the amount of the large PSIIs did not increase in the
recovery sample. This suggests that the small changes that we observed between dark and
NPQ conditions (i,e disassociation of PSII supercomplexes, increase in the dimers of LHCII,
LHCII-CP24-CP29 and LHCII trimers) could not be attributed to the reorganization of the
membrane during qE. We conclude that it is probably the result of photoinhibition/pho-
todamage or the beginning of the long-term acclimation.

4.3 conclusions

In this work, we present a new method to quantify the PSII and LHCII fractions directly
from the BN-PAGE. Using this method and performing the experiments on isolated thy-
lakoids kept under illumination, we could show that the rearrangement of the PSII su-
percomplexes is not necessary for qE. Finally, for the first time, we identify and describe
dimers of LHCII trimers isolated from the thylakoid membrane. We observe that an in-
crease in the LHCII trimers, dimer of LHCII trimers and LHCII-CP24-CP29 complex (all
LHCII-related fractions besides LHCII monomers) occurs at the beginning of the HL ex-
posure and can be due to photoinhibitory disassembly of the large PSII supercomplexes.

4.4 materials and methods

4.4.1 Plant material

Arabidopsis thaliana (ecotype Col-0) WT seeds were sown on Murashige-Skoog medium
(MS) agar plates. After 5-7 days the seedlings were transplanted to final pots. Plants were
grown for seven weeks in growing chambers (AR-36L, Plant Climatics Percival) at 70%
RH, 21◦C, in a photoperiod of 8/16 h (day/night) and under 200 µmol of photons m−2

s−1.
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4.4.2 Thylakoid isolation

The thylakoid isolation was performed as previously described (Gilmore et al., 1998) with
modifications Xu et al. (2015)

4.4.3 Fluorescence measurements and thylakoid solubilization

The fluorescence measurements were performed using DualPAM-100 (Walz). The ML, AL
and SP were of intensities around 5, 500 and 2000 µmol of photons m−2 s−1, respectively.
The SP was 500 ms long. A fixed amount of isolated thylakoid membranes, corresponding
to 500 µg of Chls, in 0.5 ml volume, were supplemented with MV and sodium ascor-
bate (NaAsc), to a final concentration of 50 µM MV and 30 mM NaAsc. The sample
during the measurements were stirred and subjected to a SP to estimate FM, after prior
an F0 measurement. Later, AL was switched on, and over 8 min of illumination SPs were
necessary to measure Ft. Afterwards, the light was switched off and SPs were triggered in
increasing time intervals over 20 min, to probe the recovery phase. The samples were sol-
ubilized, with 0.6% α-DDM, in three different states: (i) dark, after the thylakoid isolation
in total darkness, (ii) light, after the 10 min illumination, still under AL with stirring, and
(iii) recovery, after 10 min illumination and 20 min in RT.

4.4.4 Pigment isolation

The Chl a/b ratio and Chl/Car ratio were determined from absorption spectra of 80%
acetone extracts measured with a Carry 4000 spectrophotometer (Varian). The absorp-
tion spectra were fitted with the spectra of individual pigments in the same solvent, as
previously described Croce et al. (2002). The quantification of different carotenoids was
performed by HPLC using a System Gold 126 Solvent module and 168 Detector (Beckman
Coulter) as previously described in Gilmore and Yamamoto (1991) with modifications Xu
et al. (2015).

4.4.5 BN-PAGE and 2D-PAGE

BN-PAGE and 2D-PAGE were performed as previously described in Järvi et al. (2011) with
modifications from Bielczynski et al. (2016). For BN-PAGE we used resolving gels with an
4-12.5% acrylamide gradient.

4.4.6 Sucrose gradients

Sucrose gradients were prepared as previously described Caffarri et al. (2009). Before
loading on the sucrose gradient, 500 µg of Chls of thylakoids were solubilized in a final
concentration of 0.6% α-DDM.
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4.6 supplemental

Supplemental Figure 4.1: Absorption spectra profiles. Comparison of the absorption profiles of
Coomassie and C2S2M2 PSII supercomplexes in buffer, and Chl a and b, β-Car and Lut in 80% of
acetone was shown.

Supplemental Figure 4.2: Comparison of BN-PAGE and 2D-PAGE based quantification of Lhcb1

and 2 proteins. Large and small PSIIs, LHCII-CP24-CP29, LHCII trimers and monomers (red, blue,
green, violet and orange, respective) from plants grown under 200, 600 and 1800 µmol of photons
m−2 s−1 (GL200, 600 and 1800; circles, triangles and rectangles, respectively) were quantified with
two methods: IOD profile of the BN-PAGE (the blue channel), and IOD profile of the Lhcb1 and
Lhcb2 proteins in the 2D-PAGE (from Bielczynski et al., 2016).
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C O N S E Q U E N C E S O F T H E R E D U C T I O N O F T H E P S I I A N T E N N A
S I Z E O N T H E L I G H T A C C L I M AT I O N C A PA C I T Y O F A R A B I D O P S I S

T H A L I A N A

In several systems, from plant’s canopy to algal bioreactors, the decrease of the antenna
size has been proposed as a strategy to increase the photosynthetic efficiency. However,
still little is known about possible secondary effects of such modifications. This is par-
ticularly relevant since the modulation of the antenna size is one of the most important
light acclimation responses in photosynthetic organisms. In our study, we used an Ara-

bidopsis thaliana mutant (dLhcb2) which has a 60% decrease of Lhcb1 and Lhcb2, the two
main components of the major PSII antenna complex. We show that the mutant maintains
the photosynthetic and photoprotective capacity of the WT and adapts to different light
conditions by remodeling its photosynthetic apparatus, but the regulatory mechanism
differs from that of the WT. Surprisingly, it does not compensate for the decreased light-
harvesting capacity by increasing other pigment-protein complexes. Instead, it lowers the
ratio of the cytochrome b6f and ATP synthase to the photosystems, regulating linear elec-
tron flow and maintaining the photosynthetic control at the level of these complexes as in
the WT. We show that targeting the reduction of two specific antenna proteins, Lhcb1 and
Lhcb2, represents a viable solution to obtain plants with a truncated antenna size, which
still maintain the capacity to acclimate to different light conditions.

this chapter is based on the following publication :

Bielczynski, L. W., G. Schansker, and R. Croce (2020). In: Plant, Cell & Environment 43.4,
pp. 866–879. doi: 10.1111/pce.13701.
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5.1 introduction

To meet the demand of the growing world population the food production needs to be
doubled till the end of this century, knowing that there are scarce prospects for the expan-
sion of the cultivatable areal (UN News Centre, 2015; Kline et al., 2017). To reach this goal,
an increase in photosynthetic capacity of crops is needed (reviewed in Long et al., 2015).

A theoretical upper limit for the operational efficiency of plant photosynthesis from
light capture to carbohydrate synthesis has been calculated to be about 4.6% for C3 plants
(Zhu et al., 2008; Zhu et al., 2010). A decrease of the light-harvesting capacity of the plants
has been proposed as one of the possible strategies to maximize photosynthetic efficiency.
It enables a more even distribution of light within the canopy, decreasing energy dissipa-
tion from the over-illuminated top leaf layers, and increasing the fraction of light energy
reaching the under-illuminated leaf layers deeper in the canopy (Melis, 2009; Ort et al.,
2011; Ort et al., 2015; Song et al., 2017). The same principle can be applied to bioreactors,
where a smaller antenna size of the photosystems decreases the over-absorption of light
by the cells closest to the light source, enabling deeper sunlight-penetration into the cul-
ture. An increase of biomass production in mutants with truncated antenna size has been
already validated for cyanobacteria (Nakajima and Ueda, 1997; Nakajima and Ueda, 1999;
Kirst et al., 2014), Chlamydomonas reinhardtii (Polle et al., 2003; Mussgnug et al., 2007; Kirst
et al., 2012b; Kirst et al., 2012a), species of the genus Botryococcus (reviewed in Melis, 2012)
and tobacco plants (Kirst et al., 2017; Kirst et al., 2018).

In plants, the transformation of light energy into chemical energy is performed by four
major trans-membrane protein complexes embedded in the thylakoid membrane: PSII, cy-
tochrome b6f, PSI, and ATP synthase. PSII and PSI are multiprotein complexes composed
of pigment-binding proteins involved in light harvesting (antennae) and charge separation
(RC).

The PSII RC complex is a heterodimer of the D1 and D2 proteins, binding six molecules
of Chl a and two Pheos (Umena et al., 2011; Wei et al., 2016). In the C, the RC is surrounded
by two inner antennae (CP43 and CP47), binding 16 and 13 Chls a, respectively (Umena et
al., 2011). These pigments transfer the absorbed energy to the RC expanding its absorption
cross section. Further from the C, are located the minor antennae (CP24, CP26 and CP29,
with 14 Chls a+b each), which, similarly to the inner antennae, absorb light and transfer
it to the RC. In addition, they are the docking sites for the LHCII trimers, which are
composed of the Lhcb1-3 proteins and bind, 42 Chls a+b (Ballottari et al., 2012). All these
complexes together form the PSII supercomplex (Dekker and Boekema, 2005; Caffarri et
al., 2009; Su et al., 2017). The number of LHCIIs bound per supercomplex depends on the
growth light conditions (I. Andersson, 1996; Ballottari et al., 2007; Wientjes et al., 2013b;
Bielczynski et al., 2016) permitting the adaptation of the absorption cross-section of the
photosystems to the availability of light.

Similarly to PSII, PSI is a large pigment-binding supercomplex composed of a core
containing the RC and around 100 Chls a, and a LHCI system composed of four Lhca
proteins (Lhca1-4) binding in total another 56 Chls (Qin et al., 2015). In the light, a pool of
LHCII is also associated with PSI (Wientjes et al., 2013a; Wientjes et al., 2013c).

Cytochrome b6f mediates and regulates the electron transfer between PSII and PSI. It
oxidizes PQH2 to PQ releasing the protons in the lumen and reduces the electron carrier
that links cytochrome b6f with PSI: PC. It regulates the redox state of PQ and PC, and con-
tributes to the creation of the ∆pH across the thylakoid membrane (reviewed in Schöttler
et al., 2015). Due to the lumen-pH-dependent rate of re-oxidation of PQH2 (the so-called
“photosynthetic control”), the EF through the complex changes substantially under differ-
ent conditions (Stiehl and Witt, 1969; Joliot and Johnson, 2011).
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Finally, the fourth complex, the ATP synthase, utilizes the pmf to synthesize ATP. The
process is highly regulated (Kanazawa and Kramer, 2002) and the dissipation rate of the
pH gradient can influence the EF through photosynthetic control.

Truncated antenna mutants are available since a long time in several species (see Melis,
1991). The reduction of the antenna size can be obtained in several ways: (i) by targeting
proteins involved in the import in the chloroplast (e.g. Kirst et al., 2018) or (ii) in the
assembly of the antennae proteins with pigments (e.g. Ghirardi et al., 1986; Hansson et al.,
1999; Sakowska et al., 2018) or (iii) by targeting individual light-harvesting complexes (e.g.

J. Andersson et al., 2003; Bianchi et al., 2008; Bianchi et al., 2011; Pietrzykowska et al., 2014;
Dall’Osto et al., 2014; Dall’Osto et al., 2017). Although all those methods produced plants
with a truncated antenna, the effect on the biomass production varied (e.g. Kirst et al., 2018;
Sakowska et al., 2018). A possible reason for these apparently contradictory results is that
those mutations induce pleiotropic effects hindering the capacity of the plants to perform
and/or regulate photosynthesis. For example, mutants lacking the antennae completely
were shown to become damaged in high light (Ramel et al., 2013). While mutants lacking
the minor antennae have a bad connection between PSII and the core, which decreases the
PSII trapping efficiency (van Oort et al., 2010; Dall’Osto et al., 2014) lacking the antennae
completely were also shown not to be suitable since they become damaged in high light
(Ramel et al., 2013). The partial reduction of the antenna achieved in an untargeted way
also produced contrasting results (Kirst et al., 2017; Slattery et al., 2017), suggesting that
the difference can be due to secondary effects induced by the mutation.

A way to get around these issues is to specifically target a protein directly composing
the LHCII, which are located at the periphery of the supercomplex and the absence of
which should thus not influence the efficiency of energy delivery to the RC. However,
since LHCII modulation is a major acclimation strategy of plants (Anderson et al., 1995;
Ballottari et al., 2007; Wientjes et al., 2013b; Bielczynski et al., 2016), it was unclear if the
absence of part of the LHCIIs would influence the acclimation capacity of the plant. To
answer this question, we challenged a mutant having a smaller pool of LHCII (J. Ander-
sson et al., 2003) to grow under different light conditions. Combining biochemical and
functional measurements, we show that a targeted reduction of the LHCII pool is a viable
strategy to decrease the antenna size without introducing secondary effects that negatively
impact its performance.

5.2 materials and methods

5.2.1 Plant material

A. thaliana (ecotype Col-0) WT and dLhcb2 seeds (transgenic line Lhcb2-12 from Ara-
bidopsis Biological Resource Center described in J. Andersson et al., 2003) were sown
on Murashige and Skoog (MS) medium agar plates. After 5-7 days the seedlings were
transplanted to final pots. Plants were grown for 6-7 weeks in growth chambers (AR-36L,
Plant Climatics Percival) at 70% RH, 21◦C, with a photoperiod of 8/16 h (day/night) and
under 200 and 600 µmol of photons m−2 s−1 (GL200 and GL600, respectively). After four
weeks, a set of plants from GL200 was transferred to 1800 µmol of photons m−2 s−1

(FytoScope FS 3400, Photon Systems Instruments) for another 2 weeks (GL1800).
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5.2.2 Leaf absorption measurements

Leaf absorption was measured using a Cary 4000 UV-Vis spectrophotometer (Agilent)
with a mounted integrating sphere. Each leaf was carefully placed to ensure the same
light cross-section was obtained and that the whole measuring beam was passing through
the leaf.

5.2.3 Thylakoid isolation

The isolation procedure was described in Robinson et al. (1980) with modifications from
Caffarri et al. (2009). The isolation was performed on over-night dark-adapted plants. Iso-
lated thylakoid membranes were resuspended in 20 mM HEPES, pH 7.5, 0.4 M sorbitol 15

mM NaCl, 5 mM MgCl2 and 10 mM NaF, and stored for further use in -80◦C, after rapid
freezing in liquid nitrogen.

5.2.4 Pigment isolation

The Chl a/b ratio and Chl/Car ratio were determined from absorption spectra of 80% ace-
tone extracts. The absorption spectra were fitted with the spectra of individual pigments
in the same solvent, as described in Croce et al. (2002). The quantification of different
carotenoids was performed by HPLC using a System Gold 126 Solvent module and 168

Detector (Beckman Coulter) as described by Gilmore and Yamamoto (1991) with the mod-
ification reported in Xu et al. (2015).

5.2.5 2D-PAGE

BN-PAGE was performed as described in Järvi et al. (2011) with modifications described
in Bielczynski et al. (2016). Two types of resolving gels were used depending on the scope
of analysis, 4-12.5% or 5-12.5%. For the 2D-PAGE we used the Tris-Tricine-SDS PAGE
system (Schägger, 2006). We have estimated the amount photosynthetic complexes by
summing corresponding IODs of reference proteins: PSII: CP43 and CP47; PSI: PsaA and
B; cytochrome b6f: PetB, C and D; ATP synthase: AtpA and B.

5.2.6 Functional antenna size of PSII and PSI

PSII functional antenna size measurements were performed as in Dinç et al. (2012) with
the modifications described in Bielczynski et al. (2016). PSI functional antenna size was
measured as described by Takahashi et al. (2013) with some modifications. After infil-
trating the leaves with 200 µM DCMU and 1 mM HA and effectively inhibiting the
PSII (FV/FM < 0.1), the changes in the absorption at 520-546 nm, from electrochromic
shift (ECS) generated by only PSI reaction centers were measured in continuous red light
(emission peak at 630 nm) of 300 µmol of photons m−2 s−1 with a JTS-10 (BioLogic). The
slope of the first 10 ms of illumination was used to estimate the functional antenna size of
PSI.
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5.2.7 ATP synthase activity

The ATP synthase activity was monitored by measuring the proton conductivity as in
Cruz et al. (2001). We used a JTS-10 (BioLogic) and measured the ECS signal decay (520-
546 nm) following a 50 s red light (630 nm) illumination (300 µmol of photons m−2 s−1).
Subsequently, the signal was double normalized. The quasi-steady-state level at the end
of the illumination period was defined as zero and the signal level 400 ms after the light-
to-dark transition was defined as one.

5.2.8 Cytochrome b6f resistance measurements

Cytochrome b6f resistance (Harbinson and Hedley, 1989; Harbinson and Hedley, 1993; Ott
et al., 1999) was measured with a Dual-PAM-100 fluorometer (Walz). The redox changes of
P700 were followed by recording the difference between the absorption changes at 830 and
875 nm. At the beginning of the measurement, ∆Amax was measured from the absorp-
tion changes before and during the SP according to Klughammer and Schreiber (1994).
After 8 min illumination with red light (630 nm) of 1000 µmol of photons m−2 s−1 the
PQ pool was mostly reduced and the PSI RCs were mostly oxidized. After switching off
the light the electrons were transferred from the PQ pool via cytochrome b6f to oxidized
PC and P700, the reaction center of PSI. Because re-oxidation of PQH2 by cytochrome b6f
is the rate-limiting step, the rate of re-reduction of P700 becomes an estimate of the cy-
tochrome b6f resistance. Subsequently, a double normalization was performed. The P700+

re-reduction kinetics was normalized to the absorption minimum at 50 ms after the AL
was switched off, and rescaled to ∆Amax, to allow a comparison of the kinetics of the
different measurements.

Quenching analysis

Chlorophyll fluorescence and P700 absorption (830-875 nm) changes were measured si-
multaneously on intact leaves, at RT, with a DUAL-PAM-100 fluorometer (Walz). The SP
intensity was 5000 µmol of photonsm−2 s−1 and the ML intensity 3 µmol of photonsm−2

s−1. The F0 was assessed with a weak ML after dark acclimation and FM as the peak-value
during a 500 ms long SP. After a subsequent 15 s FR illumination (89 µmol of photons
m−2 s−1) the ∆Amax was measured from the absorption changes before and during the
SP according to Klughammer and Schreiber (1994). To characterize the dark-to-light tran-
sition the plants were light acclimated for 8 min with a selected AL intensity (200, 600 or
1000 µmol of photons m−2 s−1), where every 20 s an SP with a 5 s FR pre-illumination
was applied to the sample to determine F ′M, and a 2 s period of darkness to measure and
calculate ∆Asat. Before each SP, Ft was measured (ML + AL). After switching off AL, the
light-to-dark transition was recorded. During the recovery period, every 50 s an SP was
applied to the sample and the same parameters were determined. From the fluorescence
measurements FV/FM, NPQ, ΦPSII, ΦNPQ, and ΦNO were calculated based on Butler
and Kitajima (1975), Genty et al. (1989), and Klughammer and Schreiber (2008), as follows

FV/FM =
FM − F0

FM
(5.1)

NPQ =
FM − F ′M
F ′M

(5.2)
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ΦPSII =
F ′M − Ft

F ′M
(5.3)

ΦNPQ =
Ft

F ′M
−
Ft

FM
(5.4)

ΦNO =
Ft

FM
(5.5)

Irradiance Curve

During Irradiance Curve measurements, as well as during Quenching Analysis measure-
ments, we used two channel mode and the settings for ML and SP were kept the same.
However, dark acclimated plants were first pre-illuminated for 10 min with 53 µmol of
photons m−2 s−1 AL to activate FNR. After each acclimation period an SP was applied
to the samples, and the same parameters as during the Quenching analysis were deter-
mined. Additionally, ETRII, qP, and P700red were calculated. The qP parameter (Genty
et al., 1989) is based on the qQ parameter from Schreiber et al. (1986).

qP =
F ′M − Ft

F ′M − F ′0
(5.6)

Where F ′0 is calculated according to the Oxborough and Baker (1997) approximation.

F ′0 =
F0

FV/FM − F0/F
′

M

(5.7)

As for ETRII, we calculated it according to Genty et al. (1989) with some modifications:

ETRII = IδαΦPSII (5.8)

Where I is the incident light intencity, δ is the correction factor for the fraction of light
that did not reach PSII as it got absorbed by PSI, and α is the correction for the antenna
size of PSII.

The P700red is calculated in the following manner:

P700red = ΦPSI +ΦNA (5.9)

Where ΦPSI, and ΦNA, are the quantum yields of PSI and acceptor side limitation of
PSI, respectively.

5.3 results

5.3.1 WT and dLhcb2 comparison

When grown under standard conditions (GL200), the dLhcb2 plants showed a higher Chl
a/b and a lower Chl/Car ratio than the WT plants (Table 5.1). The mutant also contained
around 20% less Chls per fresh weight than the WT, it had a slightly lower FV/FM value
and a lower NPQ level. These data are similar to those observed before for the same
mutant (J. Andersson et al., 2003).
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WT dLhcb2

Chl a/b ratio 3.23±0.02* 4.00±0.07

Chl/Car ratio 3.90±0.02* 3.75±0.04

Vio 2.75±0.03* 3.02±0.02

Chls/fresh weight [mg/g] 0.86±0.12* 0.67±0.05

FV/FM 0.81±0.01 0.79±0.02

NPQ 2.09±0.19 1.51±0.10

Table 5.1: General characterization. Basic fluorescence parameters were measured on the same
plants. The NPQ value was measured after 8 min illumination with 1000 µmol of photons m−2

s−1. The quantification was performed based on 3 to 5 replicas. Marked with an asterisk, the WT
data taken from Bielczynski et al. (2016).

Thylakoid membrane composition

In the mutant, the silencing of Lhcb2 should result in a decrease in the absorption cross-
section of PSII. However, it was shown by J. Andersson et al. (2003) that the CO2 assim-
ilation rate is maintained at a similar level as in the WT. Such a result suggests that the
changes in the composition and/or performance of the complexes involved in photosyn-
thesis compensate for the change in PSII antenna size. To validate this hypothesis, we
quantified the major photosynthetic complexes responsible for the light phase of photo-
synthesis by performing a 2D-PAGE analysis (Figure 5.1).

To keep the PSII supercomplexes intact we solubilized the thylakoid membranes with
a mild detergent (1% α-DDM). The solubilized complexes were separated in their native
state on a BN-PAGE. An SDS-PAGE in the second dimension was used to separate the
proteins of each complex (Figure 5.1A). The proteins were identified based on previous
work (Aro et al., 2005; Andaluz et al., 2006; Caffarri et al., 2009; Takabayashi et al., 2013;
Bielczynski et al., 2016). To quantify PSII, we used the sum of the dots corresponding to
CP43 and CP47. As a reference for PSI we used PsaA and PsaB, for cytochrome b6f PetB
and D, and for the ATP synthase AtpA and AtpB. To get a general estimate of the antenna
size of PSII we used the sum of the Lhcb1 and Lhcb2 dots. Due to a similar MW of both
proteins, they overlap in the gel, and as a consequence we cannot discriminate between
them.

The PSI/PSII (core) ratio was the same in the WT and in the mutant (p = 0.6). Sur-
prisingly, the amount of these two proteins in the mutant was far higher than reported
previously by J. Andersson et al. (2003) and Ruban et al. (2003), probably due to the insta-
bility of the RNA silencing. Interestingly, we also observed a decrease of cytochrome b6f
and ATP synthase as compared to the WT (to 60% and 80%, respectively, with p < 0.05;
Figure 5.1B).

In agreement with the decrease in the content of Lhcb1 and Lhcb2, the native gel showed
that the amount of PSII supercomplexes was lower in the mutant. Indeed, while in the WT
most of the PSII was organized in supercomplexes ( 70%) and the rest in the form of core
monomers and dimers (Figure 5.1C), in dLhcb2 those proportions were inverted: <40% of
PSII was in the form of supercomplexes, >40% in the form of core monomers and around
20% in the form of core dimers. However, the protein composition of the supercomplexes
was the same in WT and mutant and contained the antennae CP24, CP26, CP29, Lhcb3

and Lhcb1/Lhcb2.
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Figure 5.1: 2D-PAGE analysis of dLhcb2 and WT plants. (A) 2D-PAGE on thylakoid membranes
from dLhcb2 and WT (Right and Left panel, respectively) grown under GL200. On top of each
SDS-PAGE, the strip excised from a BN-PAGE is shown. On the side, the labels corresponding
to specific groups of protein dots are indicated. (B) Relative quantification of the photosynthetic
complexes and the antenna size of PSII from a 2D-PAGE based on three independent repetitions
(n = 3) on WT and dLhcb2 (red and blue fill, respectively) grown under GL200. The data were
normalized to PSII or PSI and to WT. Numbers above the bars are the p-values of ANOVA’s F-test
on a specific group. Red color signifies the rejection of the null hypothesis that the response to all
growth light intensities is the same (α < 0.05), black its acceptance.
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Figure 5.2: Thylakoid membrane proteins from WT and dLhcb2 separated using TT-SDS-PAGE.

Top, TT-SDS-PAGE lane fragments of WT and dLhcb2 (panel A and B, respectively) containing PSII
antenna proteins. Bottom, IOD profiles of the lane fragment (solid red trace), with a fitted Gaussian
sum (dash-dotted blue trace). Specific Gaussians corresponding to the PsbO, CP24, CP26, CP29,
Lhcb1+2, Lhcb3 and other proteins are shown (green, pink, yellow, orange, purple, cyan and gray
color, respectively).

WT dLhcb2

CP24 1.19±0.21 1.35±0.34

CP26 1.15±0.14 1.25±0.22

Lhcb1+2 5.47±0.46 3.22±0.31***

Lhcb3 1.83±0.27 1.27±0.31***

Table 5.2: Quantification of PSII antenna proteins. Based on the Gaussian fit performed on TT-
SDS-PAGE IOD profiles of isolated thylakoids from WT and dLhcb2 (as shown in Figure 5.1), we
estimated the amount of CP24, CP26, Lhcb1+2 and Lhcb3. The amount of antennae was normalized
to the amount of CP29. The quantification was performed based on 3 or 5 rounds of PAGE (for
dLhcb2 and WT, respectively) with 4 technical replicates each. With triple asterisks are shown
statistically significant (p < 0.001) groups which means are different from the WT, based on the
post-hoc Tukey HSD test.

PSII antenna composition

It was previously shown that the absence of Lhcb1 and Lhcb2 was partially compensated
by an increase of CP26 (Ruban et al., 2003). To determine the PSII antenna composition we
separated the thylakoid membrane proteins in 1D-PAGE (TT-SDS PAGE; Figure 5.2). As
some of the protein bands were slightly overlapping in the gel we used non-linear least
squares to fit the integrated optical density of the lanes with a sum of Gaussians.

This analysis confirms the decrease of Lhcb1 and Lhcb2 in dLhcb2 as compared to the
WT (Table 5.2). We verified it while normalizing the number of antenna proteins to CP29:
Lhcb3 also decreased, but all three major components of LHCII were still present in the
plants. The decrease in Lhcb1 and Lhcb2 was not compensated by an increase of CP26

since this protein did not differ significantly in the WT and in the dLhcb2 mutant.

Energy partitioning in PSII

To observe how the changes in the protein composition influenced the photosynthetic and
the photoprotective capacity of the mutant we performed a quenching analysis (Figure 5.3).
The effective quantum yield of PSII (ΦPSII) was hardly affected in the mutant. The fast
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Figure 5.3: Energy partitioning during quenching analysis. During NPQ induction fluorescence
parameters were measured on intact leaves of WT and dLhcb2 (red and blue traces, respectively),
grown under GL200, and ΦPSII, ΦNPQ, and ΦNO were estimated (left, middle and right panel,
respectively). The average of the measurements performed on 5 different plants (n = 5) is repre-
sented as a solid line and the shadow is the standard deviation. With the gray and white back-
ground, respectively the periods of darkness and illumination with AL of 1000 µmol of photons
m−2 s−1 are shown.

induction phase of NPQ was identical to that of the WT while the second phase was
slightly slower in the mutant (Figure 5.3A). A small increase in the amount of energy
directed to ΦNO in comparison to the WT was also observed, suggesting that the mutant
can be slightly less photoprotected.

5.3.2 Light acclimation

General comparison

The data above suggest that the reduction of Lhcb1 and Lhcb2 may negatively influence
the photoprotective capacity of the plant. However, a reduction of the antenna size, and
especially a decrease of Lhcb1 and Lhcb2 as it is the case in this mutant, is a natural
strategy used by plants for acclimation to high light (Ballottari et al., 2007; Kouřil et al.,
2013; Wientjes et al., 2013b). We then tested the performances of the mutants in higher
light conditions, comparing plants grown under 200, 600 and 1800 µmol of photons m−2

s−1. The mutant was slightly paler compared to the WT, in agreement with a decreased
Chl content (Figure 5.4 and Table 5.3).

Pigment composition

In the WT the exposure to higher light intensities led to a decrease in Chl content. In
dLhcb2 the concentration of Chls still decreased with increasing growth light intensity
(Table 5.3), although less than in the WT.

The Chl a/b ratio increased in the WT at higher light intensities as observed before
(Wientjes et al., 2013b; Bielczynski et al., 2016), but did not change in the mutant. This re-
sult suggests that the mutant cannot regulate the antenna size, but only the concentration
of Chls. At GL1800 the Chls/fresh weight was the same in WT and mutant, but the Chl
a/b ratio differed suggesting a different composition of the membranes.

The Chl/Car ratio decreased with increasing growth light (GL) in both mutant and WT,
mainly due to a decrease in the Chl content. The changes for most of the carotenoids were
similar in WT and mutant, except for Lut, which increased substantially in the mutant
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Figure 5.4: Leaf absorption of WT and dLhcb2 plants long-term acclimated to different light

intensities. Leaf absorption spectra in the visible range (350-750 nm) of WT and dLhcb2 (red and
blue traces, respectively) grown under GL200, 600 and 1800 (Top, Middle and Bottom panel, re-
spectively), measured on different leaves coming from 5 different plants (n = 5) grown under
previously mentioned conditions. The standard deviation is shown as shadows around the traces.

WT* dLhcb2

GL200 GL600 GL1800 GL200 GL600 GL1800

Chls/fresh weight [mg/g] 0.86±0.12 0.78±0.03 0.38±0.10 0.67±0.05 0.56±0.06 0.39±0.08

Chl a/b ratio 3.23±0.02 3.25±0.01 3.56±0.05 4.00±0.07 3.99±0.03 4.06±0.07

Chl/Car ratio 3.90±0.02 3.70±0.01 3.23±0.05 3.75±0.04 3.75±0.01 2.90±0.02

Neo 3.42±0.05 3.74±0.03 4.00±0.18 2.79±0.01 2.88±0.02 3.98±0.15

Vio 2.75±0.03 3.03±0.00 4.11±0.18 3.02±0.02 3.39±0.04 5.62±0.13

Lut 12.36±0.01 12.90±0.04 13.98±0.28 5.62±0.07 11.96±0.10 15.86±0.39

Table 5.3: Pigment analysis of dLhcb2 grown under different light conditions. Total Chls were
quantified by fitting the absorption spectra of individual pigments to the spectrum of the 80%
acetone extracts from a leaf from five different plants (n = 5) grown under GL200, 600 and 1800,
and normalized to the fresh weight. The Chl a/b ratio and Chl/Car ratio were determined in the
same way from isolated thylakoid membranes in three repetitions (n = 3). The same extracts were
used for the quantification by HPLC of the carotenoids: Neo, Vio, Lut and β-Car. All carotenoids
were calculated per 100 Chls. Marked with the asterisk, the WT data taken from Bielczynski et al.
(2016)
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Figure 5.5: Quantification of thylakoid complexes of dLhcb2 and WT plants long-term accli-

mated to different light intensities. (A) The BN-PAGE of thylakoid membranes isolated from
dLhcb2 plants grown under GL200, 600 and 1800, solubilized with 1% α-DDM. WT grown under
GL200 was used as a control. (B) Relative quantification of the light phase photosynthetic com-
plexes from a 2D-PAGE based on three independent repetitions (n = 3) on WT and dLhcb2 (Top
and Bottom panel, respectively) grown under GL200, 600 and 1800 (yellow, orange and brown fill,
respectively). The data were normalized to PSII and to WT GL200. Numbers above the bars are the
p-values of ANOVA’s F-test on a specific group. Red color signifies rejection of the null hypothesis
that the response to all growth lights is the same (α < 0.05), black its acceptance.

under HL. This is surprising because lutein in plants is associated with the antennae and
LHCII in particular (Ballottari et al., 2012; Wei et al., 2016) and thus its content in the
mutant is expected to be reduced. It is therefore likely that part of the Lut in the mutant
is free in the membrane.

Thylakoid membrane composition

To check for changes in the composition of the thylakoid membrane of the mutant upon
acclimation to a different light intensity, we performed BN-PAGE (Figure 5.5A) followed
by a 2D-PAGE analysis (Supplemental Figure 5.1) as described above.

For the WT it was shown before (Bielczynski et al., 2016) that the amount of Lhcb1 and
Lhcb2 per PSII core decreased when the plants were grown under increasing light inten-
sities (p < 0.05). At variance with this, in dLhcb2 under all light intensities, the amount
of Lhcb1 and Lhcb2 per PSII core remained the same (p = 0.97), and it was always lower
than in the WT, even at very high light intensities.

In the WT, the PSI/PSII ratio and the amount of ATP synthase and cytochrome b6f
relative to PSI did not differ in plants grown under different light intensities. In the mutant
instead, a decrease in the PSI/PSII ratio, and a large increase in the ATP synthase and
cytochrome b6f per PSI were visible in high light (GL1800). The differences observed for
the ATP synthase and cytochrome b6f are significant, even when the relative amounts are
re-normalized to PSII.
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Figure 5.6: Functional antenna size of PSII and PSI (A) Relationship between fluorescence inten-
sity at 300 µs normalized to PPFD, and PPFD fitted with linear regression. The fitted lines with
their standard error are shown as lines with shadows. Individual data points are from the WT
(data from Bielczynski et al., 2016) and dLhcb2 (Top and Bottom panels respectively) plants grown
under GL200, 600, and 1800 (yellow, orange, and brown color, respectively). The functional antenna
size of PSII was measured on 10 different leaves (n = 10). The asterisk indicates data from an ex-
periment carried out in parallel on WT described in Bielczynski et al. (2016) (B) ECS rise during
the illumination coming from PSI, after normalization to the amount of PSI. The functional an-
tenna size of PSI was measured on 5 different leaves (n = 5) from WT and dLhcb2 plants (Top and
Bottom panel, respectively) grown under GL200, 600 and 1800 (yellow, orange, and brown color,
respectively). (C) The functional antenna size of PSI corresponds to the slope and standard error
of a fit of the ECS rise during the illumination period, due to charge separations in PSI. The func-
tional antenna size of PSII corresponds to the slope and standard error of a fit of the normalized
fluorescence intensity at 300 µs against PPFD relationship.

Functional antenna size of the Photosystems

Since no changes in the LHCII/PSII ratio at the protein level in the mutant grown in differ-
ent light intensities, were observed, we then looked for possible changes in the functional
antenna size (Figure 5.6B). The PSII functional antenna size of the mutant was around
40-50% smaller than that of the WT at GL200 (Figure 5.6C). Moreover, while in the WT the
functional antenna size decreased with light intensity, in the mutant the differences were
small ( 10%), in line with the protein composition.

We also tested the PSI functional antenna size in WT and mutant after acclimation to
the three different light intensities (Figure 5.6A). The measurements were performed on
dark-acclimated samples when the plants were in state I (Tikkanen et al., 2008; Pesaresi
et al., 2009; Wientjes et al., 2013a; Wientjes et al., 2013c). In the WT the functional antenna
size of PSI remained very similar, changing only by about 7% (decreasing slightly, when
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Figure 5.7: Resistance of cytochrome b6f and ATP synthase conductivity. (A) The resistance of
the cytochrome b6f was measured by the P700+ re-reduction (absorption at 830-875 nm), during
the light-to-dark transition. Absorption changes were measured on intact leaves, coming from 5

different plants (n = 5) of WT and dLhcb2 (red and blue color of traces, respectively), grown under
GL200, 600 and 1800 (respectively the top, middle and bottom panels). Traces were normalized to
the minimum at 50 ms of decay and rescaled to the maximum absorption change measured at the
beginning of the measurement (details in the Materials and Methods section). Shadows show the
standard deviation of the measurements. (B) ATP synthase activity was followed by measuring the
ECS decay kinetics (at 520 nm and 546 nm) after a 50 s red light illumination on leaves coming
from 5 different plants (n = 5) of WT and dLhcb2 (red and blue color of traces, respectively) grown
under GL200, 600 and 1800 (respectively the top, middle and bottom panels). Traces were double
normalized (details in the Materials and Methods section). Shadows show the standard deviation
of measurements.

grown under increasing light intensities; Figure 5.6C). In the mutant no changes were
detected.

Cytochrome b6f resistance

To determine if the large changes in the relative ratio of cytochrome b6f and PSI observed
during acclimation in the dLhcb2 mutant had functional consequences for the EF, we mea-
sured the cytochrome b6f resistance. This was done by following P700+ re-reduction dur-
ing a light-to-dark transition (Figure 5.7A).

However, the kinetics of WT and dLhcb2 plants was the same for all growth conditions.
We verified this hypothesis by fitting the traces with mono-exponential decay function
(Supplemental Figure 5.2A), and comparing the values of the decay parameter (Supple-
mental Figure 5.2B). Additionally, we have checked the P700red after illumination under
different AL intensities (Supplemental Figure 5.3). We can conclude that differences in the
amount of cytochrome b6f between WT and mutant did not influence the EF.

ATP synthase activity

To assess the effect of the changes in the amount of ATP synthase relative to PSI in the
dLhcb2 plants, we measured the ATP synthase conductivity, by monitoring the dissipation
of the pmf by following the disappearance of the ECS signal during a light-to-dark transi-
tion (Figure 5.7B). During illumination, the proton and ion gradients across the thylakoid
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Figure 5.8: Short-term responses. (A) Changes in ΦNPQ as a function of ETRII for WT and dLhcb2
plants (red and blue colored lines and dots) grown under GL200, 600 and 1800 (Top, Middle and
Bottom panel, respectively). All measured points are shown as clouds of small dots. Averaged
points for each specific AL (n = 3) shown as larger dots. (B) Changes of P700red as a function of
qP. Other details as in the previous panel. The dotted line shows the linear relationship between
qP and P700red.

membrane create a pmf that is released through the ATP synthase (Witt, 1979; Cruz et al.,
2001). The ECS decays did not differ between the WT and dLhcb2, and between different
growth light intensities.

Short-term responses (irradiance curve)

Next, we investigated the photosynthetic and photoprotective capacities of plants fully
acclimated to specific GL intensities, challenging them to reach their performance limits
by subjecting them for a short time to a range of different light intensities (10 steps in
LL-HL range).

First, to compare the EF threshold needed for NPQ activation, we followed changes of
NPQ as a function of EF through PSII (Figure 5.8A). For NPQ and EF we monitoredΦNPQ

and ETRII, respectively. To get slightly closer to the reality, instead of using the simplified
equation for ETRII (e.g. White and Critchley, 1999), we performed two additional correc-
tions: (i) for the light interception by PSI and PSII we used the relative values of PSI/PSII
RC ratio from the biochemical data. Based on Hogewoning et al. (2012) we assumed 0.73

as the absolute ratio for WT GL200; (ii) We used the relative interception area of PSII (from
the functional antenna size normalized to WT GL200) as a multiplicative scaling factor.

The kinetics were always sigmoidal as there is an EF threshold level at which ∆pH is
large enough or the pH in the lumen is low enough to trigger NPQ. The ETRII value
necessary to trigger NPQ increased for plants grown at higher light intensities.
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When dLhcb2 was grown under 200 or 600 µmol of photons m−2 s−1 the EF threshold
of NPQ was similar to that of the WT. Only for HL-grown plants the threshold of the
mutant was shifted towards higher ETRII compared to the WT.

We also investigated the changes in the redox state of both photosystems (qP and
P700red) as a function of light intensity (Figure 5.8B). This relationship is affected by
the light interception area of both PSs, the electron flow through cytochrome b6f, and the
rate of the PSI acceptor side re-reduction. Both qP and P700red decreased as a function
of AL. As expected, we observed a close to linear relationship between qP and P700red,
with the higher values of both parameters for plants grown under higher light. Addition-
ally, especially in WT grown under lower light, a deviation from linearity was observed
in favor of larger P700red values at very low AL intensities: qP already decreased, while
P700red remained high, this was not the case in the mutant. In general, in dLhcb2 the linear
relationship was maintained, suggesting a comparable EF through both PSs.

5.4 discussion

Antenna truncation has been proposed as a strategy to increase crop productivity since
it would allow a better light distribution in the canopy (Melis, 2009; Ort et al., 2011; Ort
et al., 2015). Although this is a promising strategy, it remained to be seen if the reduction
of the antenna had negative effects on the functionality and acclimation capacity of the
photosynthetic apparatus. Indeed, most of the truncated antenna mutants analyzed so far
show secondary effects due to a lack of connectivity between the remaining antennae and
the core or reduced photoprotection, which counterbalanced the positive effects (Miloslav-
ina et al., 2008; van Oort et al., 2010; Ramel et al., 2013; Dall’Osto et al., 2014). These data
clearly show that the absence of some of the minor antenna complexes or of the complete
peripheral antenna pool do not represent viable solutions.

Mutants showing a partial reduction of the antenna were also analyzed (Kirst et al.,
2017; Slattery et al., 2017; Kirst et al., 2018). Some of those (Kirst et al., 2017; Kirst et al.,
2018) showed an increase in biomass production, while others did not (Slattery et al., 2017).
These mutants were generated with an untargeted approach (Kirst et al., 2017; Slattery et
al., 2017) or targeting a protein that affect chloroplast import (Kirst et al., 2018) which
results in the downregulation of several chloroplast components (e.g. Kawata and Cheung,
1990). These results suggest that a more targeted approach which permits a better control
of the changes in chloroplast proteins can be advantageous. For example, the selective
reduction of the peripheral antenna complexes (LHCII), the absence of which should not
influence excitation energy transfer efficiency to the core, seems to be a promising target.
To validate this hypothesis, in this work, we have focused on a mutant in which the
Lhcb1 and Lhcb2 pool is only decreased. These proteins are the main components of
the LHCIIs, the peripheral antennae of PSII and their amount is modulated when plants
are acclimated to high light (Park et al., 1997; Wientjes et al., 2013a; Kouřil et al., 2013;
Bielczynski et al., 2016). The negative effects mentioned above should thus be limited
in this mutant. However, to understand how the photosynthetic apparatus responds to
the antenna truncation and especially how the mutant plants acclimate to different light
conditions is crucial to evaluate the viability of this strategy. For example, it was shown
previously that a reduction in Lhcb1 and Lhcb2 was counterbalanced by an increase of
the minor antenna CP26 (Ruban et al., 2003), thus limiting the effectiveness of the antenna
truncation.

The data show that Lhcb1 and Lhcb2 in the mutant are reduced by 60% respectively to
the WT. At variance with previous results (Ruban et al., 2003), we did not observe any in-
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crease in the level of other antenna complexes (CP26 and Lhcb3) that could compensate for
the lack of these two proteins. Surprisingly, under standard conditions the plants did not
respond to the decrease in the absorption cross-section of the photosystems by increasing
the Chl concentration, which instead remained lower than in the WT. The light-harvesting
capacity of the mutants is thus smaller than that of the WT.

The data also show that the photochemical balance between PSI and PSII was main-
tained (Table 5.1; Supplemental Figure 5.4) although the PSI/PSII ratio did not change
compared to the WT under standard conditions. This suggests that the reduction of Lhcb1

and Lhcb2 in the mutant mainly affected the “extra” LHCII pool which acts as an antenna
of both PSI and PSII (Wientjes et al., 2013a; Wientjes et al., 2013c). A reduction of this pool
leads to a simultaneous reduction of the absorption cross section of both PSs.

Interestingly, whereas in the mutant the PSI/PSII ratio was the same as in the WT, the
amounts of both, cytochrome b6f and ATP synthases were reduced. These complexes are
crucial for maintaining LEF, and for the photoprotective regulation of the photosynthetic
apparatus (reviewed in Colombo et al., 2016). The reduction of both complexes in the
mutant seems thus to be a strategy to maintain the photosynthetic control at the level of
the cytochrome b6f in the presence of a smaller absorption cross-section of the PSs. The
lower amount of ATP synthase permits a slower dissipation of ∆H+ across the membrane
(reviewed in Schöttler et al., 2015), and as a consequence enables the chloroplasts to keep
high levels of NPQ.

Since the reduction of Lhcb1 and Lhcb2 is used by plants to respond to increasing light
conditions, it was expected that the composition of the photosynthetic membrane of the
WT under HL became similar to that of the mutant. The data show that indeed the Chl
concentration in HL is the same in WT and mutant. However, although the functional
antenna size of PSII is reduced in the WT in HL compared to LL, it is still larger than that
of the mutant. This result suggests the existence of a minimum PSII antenna size and that
the antenna size of the mutant is just above this level. However, this does not seem to have
major consequences under most light conditions and it is only when plants are grown in
very HL (GL1800) that a decrease in PSI and an increase in Lut are observed. These effects
are probably compensating for a higher light sensitivity of PSII.

5.5 conclusions

In conclusion, our results show that the photosynthetic light phase is a robust system
easily optimized to reach homeostasis under different light conditions thanks to the struc-
tural and the functional flexibility of the photosynthetic apparatus. The overlap of several
acclimation responses to the light is an important evolutionary adaptation, as the lack of
one (e.g. reduction of the antenna size) can be easily compensated by other (modulation
of the stoichiometry of the photosynthetic complexes in the thylakoid membrane).

Our analysis shows that the reduction of Lhcb1 and Lhcb2 has no negative effects on the
function of the photosynthetic apparatus, thanks to a change in the level of the other com-
ponents of it (Figure 5.9) and equally important, it does not induce compensatory effects
by increasing the expression of other pigment-proteins complexes. The partial reduction of
Lhcb1 and Lhcb2 is thus a viable strategy to produce robust plants with reduced antenna
size.
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Figure 5.9: Summary of thylakoid membrane remodeling. (A) Differences in the number of light
phase complexes between dLhcb2 and WT (PSII, PSI, cytochrome b6f and ATP synthase, respec-
tively) grown under GL200. The relative increase/decrease of the amount of a specific complex
(or part of the complex) was marked by a green or red contour line, respectively. No change was
marked as a black contour line. (B) Changes occurring in the thylakoid membrane during HL
acclimation (GL1800) in dLhcb2 and WT (Top and Bottom, respectively).
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5.7 supplemental

Supplemental Figure 5.1: 2D-PAGE analysis of WT and dLhcb2 grown under different light

intensities. 2D-PAGE was performed on thylakoid membranes from the WT and dLhcb2 (A and
B panels, respectively) grown under GL200, 600 and 1800 (from left to right, respectively). On the
top of each denaturating gel, the strip excised from a BN-PAGE is shown. On the side, the labels
corresponding to specific groups of protein dots are indicated.

5.7.1 PSII functionality in the mutant

A double pulse experiment was performed to check if the reduction of the PSII antenna
size influences the LEF, by comparing the reduction and oxidation kinetics of the electron
transfer chain components in the mutant and the WT (Supplemental Figure 5.4).

During a standard fluorescence rise, we differentiate between the earliest fluorescence
intensity (F0 or O) at 10 µs of the 0.5 s long SP, the peak time-point (FM or P) at the end,
and two other inflection time-points at 3 ms and 300 ms (J and I steps, respectively).

In a double pulse experiment, we modulate the time between two consecutive pulses to
observe the regeneration kinetics of the original rise kinetics. Increasing the time interval
between the pulses, allows us to monitor the re-oxidation of the electron transport com-
ponents as a function of the dark interval’s time. The dark-kinetics of O follow the QA

-

re-oxidation (Schansker et al., 2005; Schansker et al., 2011). The kinetics consist of a fast
drop (halftime of below a second) followed by two slower phases. The recombination can
occur through two different pathways (reviewed in Petrouleas and Crofts, 2005). The first
phase is mostly caused by the recombination via the donor side of PSII. However, as this
type of recombination can occur only when the oxygen-evolving complex of the PSII is in
S2 or S3 state, the re-oxidation of the rest of QA

- depends on a partial re-oxidation of the
PQ-pool.

The JI phase reflects the reduction of the PQ-pool (Schansker et al., 2005; Schansker
et al., 2011). The regeneration of the J step depends on the re-oxidation of the PQ-pool
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Supplemental Figure 5.2: Exponential fit of the cytochrome b6f resistance measurement. (A)
Exemplary trace of a fitted absorption measurements with a mono-exponential decay is shown.
The original and fitted traces are shown as solid-black and dotted-red lines, respectively. (B) The
amplitude and decay parameters (left and right column, respectively) from the fitting procedure
were analysed for the WT and dLhcb2 (red and blue bars, respectively) grown under GL200, 600

and 1800 (from top to bottom pannels, respectively). A mean and the standard deviation from
measurements performed on 5 different plants are shown as a bars with vertical, solid black lines,
respectively.

through the plastoquinol oxidase activity of the plant, and the exchange in the QB-site of
a reduced PQ for an oxidized one (Tóth et al., 2007). The recovery of the I-step reflects the
re-oxidation of the Fd and FeS clusters in the acceptor side of PSI (Schansker et al., 2005).

Compared to the WT, the mutant’s fluorescence was slightly decreased (Supplemental
Figure 5.4A). However, the decrease might come from the lower pigment content of the
mutant (Chls/fresh weight in Table 5.1). As for the re-oxidation kinetics (Supplemental
Figure 5.4B), the mutant did not differ in any respect from the WT.
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Supplemental Figure 5.3: P700red light curve analysis of WT and dLhcb2 grown under different

light intensities. P700red light curve analysis was performed on WT and dLhcb2 (red and blue
trace, respectively) grown under GL200, 600 and 1800 (from top to bottom pannels, respectively).
A mean and the standard deviation from measurements performed on 3-5 different plants are
shown as a solid trace and its shadow, respectively.
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Supplemental Figure 5.4: PSII reoxidation rate. (A) Fluorescence induction kinetics after two
consecutive 1 s long SPs (first pulse solid line and second pulse dashed) were measured on in-
tact leaves, coming from 10 different plants (n = 10) of WT and dLhcb2 (red and blue traces,
respectively), grown under GL200. The time between pulses ranges between 0.1 ms and 50 ms
(respectively from the top to bottom panels). The gray dashed lines indicate the O, J, I and P steps
(from left to right). (B) The relationship between variable fluorescence between two consecutive
SPs at a specific phase of fluorescence induction V0, VJ and VI (marked respectively with three
first gray dashed lines in panel A), and the time between the pulses (δt; from top to bottom panel,
respectively). Variable fluorescence was normalized to the extent of fluorescence in darkness (FdV ).
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general

AL actinic light
C core
CBB Calvin-Benson-Bassham
ECS electrochromic shift
EEE excess excitation energy
EF electron flow
FR far-red
GL growth light
HL high light
HOMO highest occupied molecular orbital
IC internal conversion
IOD integrated optical density
ISC intersystem crossing
LEF linear electron flow
LL low light
LUMO lowest unoccupied molecular orbital
ML measuring light
MS Murashige-Skoog medium
MW molecular weight
NPQ non-photochemical quenching
pmf proton-motive force
PPFD photosynthetic photon flux density
RC reaction center
RH relative humidity
ROI region of interest
ROS reactive oxygen species
RT room temperature
SP saturating pulse
VR vibrational relaxation
WT wild type

methods

2D-PAGE two-dimensional-PAGE
BN-PAGE blue-native-polyacrylamide gel electrophoresis
HPLC high-performance liquid chromatography
PAM pulse amplitude modulated fluorometry

proteins and protein complexes

ISP iron-sulfur protein
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FNR ferredoxin-NADP+ reductase
LHC light-harvesting complex
LHCII light-harvesting complex II
LHCI light-harvesting complex I
OEC oxygen evolving complex
PS photosystem
PSII photosystem II
PSI photosystem I
PC plastocyanin

chemicals

1,3-BPG 1,3-bisphosphate-glycerate
3GP 3-phosphate-glycerate
α-DDM n-dodecyl-α-D-maltoside
Ant antheraxanthin
ATP adenosine triphosphate
β-Car β-carotene
Car carotenoid
Chl chlorophyll
DCMU 3-(3’,4’-dichlorophenyl)-1,1-dimethylutea
Fd ferredoxin
GAP glyceraldehyde-3-phosphate
Lut lutein
MV methyl viologen
NADPH nicotinamide adenine dinucleotide phosphate
NaAsc sodium ascorbate
Neo neoxanthin
Pheo pheophytin
PQ plastoquinone
PQH2 plastoquinonol
Rubisco ribulose-1,5-bisphosphate carboxylase oxygenase
RuBP ribulose-1,5-bisphosphate
Vio violaxanthin
Zea zeaxanthin

parameters

DLL differences in log-likelihoods
F0 minimal fluorescence
F ′0 minimal fluorescence under illumination
FM maximal fluorescence
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S U M M A RY

We are approaching the limits of what is possible to attain through advancements from the
Green Revolution. Till now, food security was achieved mostly through increased arable
lands area, controlled water-supply, use of chemical fertilizers and pesticides, mechanized
methods of cultivation, and optimization of the light interception for unit area of land
by selecting genotypes that allocate more of their biomass into harvested products. The
efficiency of photosynthesis, a process in which light is converted to biomass, still falls
short of its biological limit and could be improved. Several strategies have been already
investigated, however, there is still a shortage of knowledge on how the photosynthetic
efficiency is regulated, and how it is interlaced with the acclimation responses. Answers
to those questions are especially convoluted, as the study of photosynthesis is stretched
between several fields, several factors affect the system from the macro- to the micro-scale
(from the plant to the molecular level), and the photosynthetic apparatus dynamically
changes under different conditions - stimuli and stresses.

As for the outline of this thesis, the light acclimation responses in plants were stud-
ied, with the main focus on the photosynthetic apparatus tunning under different light
conditions. To address the problem of a multi-scale system, our investigation began on
the macro level. The influence of the leaf and plant age on the photosynthetic efficiency
and photoprotective capacity was studied systematically on the WT of Arabidopsis thaliana.
Next, we directed our investigation to the molecular level. One general study was con-
ducted, where the changes in PSII have been investigated during long- and short-term
exposure to HL (from days to 0.5 h), and another one, where only the PSII disassembly
during and after a short-term HL stress (on the scale of minutes) was reviewed. At the
end, a deep analysis of the photosynthetic apparatus of a decreased antenna size mutant
was conducted. The concept of a reduced antenna size of the photosynthetic apparatus as
a mean to increase canopy productivity was investigated. The focus was on the secondary
effects of a biased acclimatory pathway (antenna size regulation). Is the photosynthetic ef-
ficiency or acclimation capacity of the mutant affected? How does the mutant react to HL,
where usually antenna size decrease was observed? How does the mutant grow under LL
where a larger antenna would be beneficial?

In more detail, on the macro level, the changes in HL tolerance, and photosynthetic
activity were studied in Arabidopsis thaliana throughout the vegetative stage of growth
(chapter 2). A model selection procedure was created to understand the interplay of the
age of the plant and of its leaves on the different stages of the photochemical and non-
photochemical quenching kinetics. Our results showed that plants while aging, under
non-stressed conditions, increase their photosynthetic capacity. As for the age of the leaf,
it has an impact on the photoprotective capacity: younger leaves react faster to short-term
HL illumination. Our results stress that, both plant and leaf age should be considered
during the quantification of the photosynthetic and photoprotective traits to produce re-
producible and reliable results. Additionally, the long-term HL acclimation of individual
leaves on the rosette was investigated. The younger leaves sustained less damage, and
were able to tune their photosynthetic apparatus to new light conditions.

As a next step, we looked at the effect of HL-induced short-term responses and long-
term acclimation on the composition and functional organization of the photosynthetic
apparatus (chapter 3). Using a combination of biochemical and biophysical methods we
showed that a part of the antenna present in the membranes under HL did not transfer
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energy efficiently to the reaction centers. Moreover, we observed that some of the LHCII
are present in the thylakoid membrane in form of monomers. Finally, the relative amount
of LHCII monomers strongly increased in plants acclimated to HL, while no changes in
the trimer to monomer ratio were observed upon short exposure to light stress.

We also observed that the PSII disassembly of the largest PSII supercomplexes occurred
only during long HL exposures (exceeding 2 h of illumination). No significant structural
rearrangements were observed for shorter time ranges. However, we could not exclude
that they occurred on a shorter time scale and/or that a reassociation of the complexes
occurred during the dark period between in folio illumination and thylakoid isolation
(even if the procedure was performed according to common procedures).

This led us to the next chapter. In chapter 4, the controversial disassembly of PSII and
LHCII complexes was assessed during qE. To avoid qE relaxation during thylakoid isola-
tion, quenching was induced directly on isolated thylakoids, and the solubilization was
performed still under light. For the first time, a new oligomeric state of LHCII was iden-
tified: dimers of trimers. As for the hypothesis from our previous chapter, we observed a
small decrease in the large PSII supercomplexes due to photoinhibition, and we showed
that qE rise is not accompanied by a structural disassembly of the PSII supercomplex.

Finally, we looked at the acclimation capacity of a mutant (dLhcb2) lacking most of the
PSII antenna (chapter 5). In this mutant, silencing of Lhcb2 genes, resulted in a 60% de-
crease of both Lhcb1 and Lhcb2. This mutant was selected because the well-defined effect
on the antenna was expected to limited possible side effect that were instead present in
several Truncated Light Antenna mutants described in the literature. In this chapter, the dL-

hcb2 mutant maintained the photosynthetic and photoprotective capacity of the WT plant,
and was still able to adapt to different light conditions by remodeling its photosynthetic
apparatus, although using different strategies than the WT and even more interestingly, it
did not compensate for the decreased light-harvesting capacity by increasing the amount
of the other pigment-protein complex. Instead, it regulated the linear electron flow by
lowering the ratio of cytochrome b6f and ATP synthase with respect to the photosystems
to maintain photosynthetic control as in the WT.

In summary, in this thesis, we have investigated how the changes in the photosynthetic
apparatus are tuned during and after HL exposure. We learned more about how plants re-
spond and acclimate to changes in light conditions advancing our understanding on how
these sessile organisms are able to survive and thrive in a highly variable environment. We
are a few steps closer to the ultimate goal of increasing photosynthetic efficiency without
hindering its adaptability, and high acclimation capacity.
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