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INTRODUCTION 
 

Light 
 
The main source for light on earth is the sun. Light is electromagnetic radiation that is 
characterized by its intensity and wavelength or frequency. Only a fraction of the total 
wavelength spectrum is visible to the human eye (400-700 nm) and is thus called visible 
light. In the early 20th century, physicists found that light has properties of both waves 
and particles. Quantum mechanics describe radiant energy as being a stream of energy-
carrying particles called quanta (singular: quantum). One particle (one quantum of light) 
was also denoted a photon. Each photon has an energy which is proportional to its 
frequency. Thus every color of light (wavelength) has their specific energy.  
 
Despite the very constant solar radiation outside the atmosphere, light irradiance and 
spectral composition on earth vary, depending on the latitude and hence the rotation 
angle. In additional, the spectral composition can be altered by particles in the 
atmosphere, such as water vapor, aerosols, trace gases and clouds (Rascher and Nedbal 
2006). 
 

Photosynthesis of higher plants 
 
Photosynthesis is the most important process for nearly all life on earth. Photosynthetic 
organisms capture and transfer light energy from the sun into chemical energy which in 
turn provides a resource base for heterotrophic organisms. The photosynthetic reaction 
consists of two basic processes: (a) the capture of light and conversion of light energy 
into chemical energy in the light reaction, and (b) the fixation of carbon dioxide and 
assimilation of carbohydrates in the Calvin-Benson Cycle, formerly known as the dark 
reaction. The products of photosynthesis are carbohydrates, which are then used as an 
energy source for the synthesis of metabolic compounds and building blocks for plant 
growth, which in turn is used as food by heterotrophic organisms. 
 
Before light energy can be used, it needs to be absorbed by a group of light absorbing 
molecules called pigments. In brief, the absorption of a photon by a pigment molecule 
causes its conversion from the ground state (lowest energy) to an excited state. If a 
pigment molecule gets excited, that means that one of its electrons is shifted from a low-
energy orbital to a higher-energy orbital. Due to the laws of quantum mechanics this can 
only happen when the absorbed energy fits the energy gap between these two orbitals. 
Plants possess pigments of several classes, but only chlorophyll a, chlorophyll b and 
carotenoids are involved, together with proteins, in the light harvesting complexes 
(LHC). The LHCs absorb and transfer excitation energy to the reaction centers of the 
photosystems (Niyogi et al. 1997).  
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Chlorophyll absorbs in the red and blue spectra of light, whereas carotenoids absorb only 
in the blue spectra. Chlorophyll has two excited states: an energetically lower one (first 
singlet; S1) and a higher one (second singlet; S2). Red light has less energy than blue light 
and so red light excites chlorophyll to the first excited singlet state whereas blue light 
reaches the second excited singlet state. Beside the short-lived singlet state, a more long-
lived triplet state can also occur in chlorophyll molecules. An excited molecule has 
several ways to return to the ground state. The excitation energy can be released as heat, 
fluorescence or transferred to another molecule in close proximity, which will then 
become excited. The excited molecule can also transfer an electron, through charge 
separation, to an electron-acceptor molecule. Transferring an electron, from an excited 
chlorophyll molecule, which is then used for the synthesis of a chemical compound, is 
called photochemistry and is the central process of photosynthesis. Processes where the 
excitation energy is used for the synthesis of carbohydrates can be called photochemical 
quenching and are important for understanding the term non-photochemical quenching, 
which will be described later. 
 
In higher plants, the photosynthetic reaction takes place in cell organelles, called 
chloroplasts. The chloroplast provides a number of reaction compartments that are 
separated by membranes. Within the chloroplast is the stroma, where the Calvin-Benson 
cycle is located. The stroma is also the matrix for the thylakoid membrane, a highly 
complex membrane system, which contains the proteins and pigments of the two 
photosystems (PS; PSI and PSII) of the light reaction and the antennae. The thylakoid 
membrane separates an additional compartment, the lumen, from the stroma.  
 
The main protein of the Calvin-Benson cycle is RuBisCO (Ribulose-1,5-bisphosphat-
Carboxylase-Oxygenase) that catalyzes the first major step of carbon fixation. RuBisCO 
is the most abundant protein in leaves and may be the most abundant protein on earth. 
RuBisCO can catalyze two reactions, either with molecular oxygen (Oxygenase) or with 
carbon dioxide (Carboxylase). Which reaction that will be catalyzed depends on the 
partial pressure of carbon dioxide (CO2) and molecular oxygen (O2). Oxygenation of 
RuBisCO produces CO2 and uses O2 and is thus called photorespiration. Photorespiration 
is often seen as a relict of former times when much lower amounts of molecular oxygen 
was in the atmosphere, but it also functions as photoprotection because it keeps the 
photosynthetic electron chain running in situations when no carbon dioxide or ATP are 
present. Beside the synthesis of carbohydrates, many other compounds, such as amino 
acids and (precursors of) phytohormones are synthesized in the chloroplast and are 
closely connected to photosynthesis. 
 

Noncyclic and cyclic electron transport  
 
The absorbed excitation energy of the LHC must be stored in chemical energy. This is 
done by an electron transfer from water to NADP+, a reducing agent. The electron 
transfer is carried out by the photosynthetic electron chain, where the two photosystems 
(PS) PSI and PSII work together. The noncyclic electron transport links the oxidation of 
water (O2 evolution) to the reduction of NADP+ and the production of ATP, an energy 
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equivalent. The photosynthetic electron chain gets its electrons from the water splitting 
complex at PSII. Two water (H2O) molecules are split into four protons (H+), molecular 
oxygen (O2) and four electrons. The 4 electrons of the two water molecules are used in 
the photosynthetic electron chain to produce NADPH+H+. The protons which are in the 
lumen of the thylakoid membrane create a proton motive force (pH-gradient) over the 
thylakoid membrane. This proton motive force is used by the ATPase to synthesize ATP 
of ADP and Pi. ATPase activity relaxes the proton motive force because the protons 
leave the lumen to the stroma. Protons in the stroma are bound with the electrons of the 
electron chain on NADP+ to form NADPH+H+ at PSI. 
 
During the cyclic electron transport, electrons at PSI are transferred back to an electron 
carrier in the photosynthetic electron chain instead of to NADP+. This mechanism 
produces ATP and can be increased in situations when more ATP is needed or when no 
NADP+ is available as electron acceptor. Without an electron acceptor (NADP+) at PSI, 
the electrons can instead be transferred to oxygen and produce oxygen radicals. 
 
When the metabolic processes cannot keep up with the electron flow produced by the 
primary photoreactions, reactive oxygen species are produced. This happens under high 
light conditions, at warm temperatures when the stomata are closed to avoid water loss, 
or in cold temperatures when enzyme activity is slowed down. Excited chlorophyll 
pigments cannot be photochemically quenched and thus transfer their excitation energy to 
oxygen molecules.  
 

Reactive oxygen species 
 
Reactive oxygen species (ROS) are an unavoidable byproduct of oxygen metabolism and 
are formed mainly in the chloroplast or mitochondria. Under stressful conditions, ROS 
can be accumulated and induce oxidative stress. ROS, such as singlet oxygen (1O2), 
superoxide anion (O2¯•), hydrogen peroxide (H2O2) and hydroxyl radicals (•OH), are 
highly reactive molecules that can cause irreversible damage to the cell. They may 
especially damage DNA and oxidize fatty acids in lipids, amino acids of proteins and co-
factors of enzymes, leading to their inactivation. In the LHC, excited chlorophyll 
molecules can transfer their excitation energy to oxygen that will then turn into singlet 
oxygen. Superoxide anion is produced through an electron transfer to oxygen by PSI or 
by the mitochondrial electron chain. Hydrogen peroxide evolves in photorespiration and 
decomposition of superoxide anion. 
 
Plants eliminate ROS by using antioxidant defense systems that are present in most 
cellular compartments. Antioxidants are molecules that are able to prevent the oxidation 
of other molecules, such as Carotenoids. These molecules, especially from the 
xanthophyll cycle, such as zeaxanthin, violaxanthin and antheraxanthin, can quench 
either triplet chlorophyll, to prevent the formation of singlet oxygen, or singlet oxygen 
(Havaux and Niyogi 1999). Even singlet chlorophyll can be quenched by zeaxanthin 
(Demming-Adams and Adams 1996). Additionally, Vitamin E (α-tocopherol) and 
anthocyanins can act as singlet oxygen quenchers (Havaux and Kloppstech 2001). 
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Superoxide anions are dismutated to hydrogen peroxide and molecular oxygen by an 
enzyme called Superoxide Dismutase. The reduction of hydrogen peroxide to water is 
catalyzed by Ascorbate Peroxidase in the presence of ascorbate as an electron donor 
(Asada 1999). 
 

Photoprotection 
 
Plants need to protect their photosystem against excessive excitation energy. Because of 
their sedentary nature they cannot escape hazardous situations. Plants can control the 
exposure to light by the movement of leaves and chloroplasts (Horton et al. 1996). At low 
light, the chloroplast are moved in such a way that they get as much light as possible and 
in high light they are moved so that some chloroplasts are in the shade of others. It is 
thought that chloroplast movement plays an important role in maximizing photosynthetic 
activity and minimizing photo-damage under fluctuating light (Takagi 2002). A reduction 
of light absorbing pigments under constant high light conditions is also common and can 
be seen in sun and shade plants. Furthermore, anthocyanins which are located in cells in 
the epidermal layer can decrease light intensity to the chloroplasts. Anthocyanins, water-
soluble flavonoid pigments, absorb in the blue-green spectra and provide protection 
against UV radiation and probably PSII inhibition. Anthocyanin accumulation turns the 
leaves purple and becomes visible 4-5 days after exposure to stressful conditions (Havaux 
and Kloppstech 2001). 
 
Carotenoids, including xanthophylls, have essential roles in the quenching of triplet 
chlorophyll and singlet oxygen and as inhibitors of lipid peroxidation (Niyogi et al. 
1998). Carotenoids have the capacity to bring both excited chlorophylls (triplet state) and 
excited oxygen (singlet state) molecules back to the ground state. By the quenching of 
excited chlorophyll or oxygen, excited triplet carotenoid evolves, which can go back to 
the ground state by releasing the excitation energy as heat. Carotenoids of the 
xanthophyll cycle are important in the functioning of more complex and effective 
mechanisms, such as nonphotochemical quenching.  
 
Nonphotochemical quenching (NPQ) includes three components: feedback de-excitation, 
state-transition, and photoinhibition (formerly known as qE-, qT- and qI-type), which 
work on different time scales (Müller et al. 2001). Feedback de-excitation (FDE), also 
called qE- or energy-dependent-NPQ, is the fastest photoprotective process, and is of 
crucial importance for plants. It goes into operation within seconds and switches the 
light-harvesting systems of PSII into a state in which harmful excitation energy is 
dissipated as heat. The process is initiated by a low pH in the lumen and the creation of 
energy quenchers, controlled by the xanthophyll cycle, and causes a conformational 
change in the light harvesting complexes (Horton et al. 2008). The protein PsbS, a 22-
kDa subunit of the PSII light harvesting complex protein superfamily (Li et al. 2000), is 
essential for FDE. The exact role and location of PsbS in the kinetics of FDE are still 
unknown and discussed (see Niyogi et al. 2005 and Horton et al. 2008 for a review).  
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State transition, also called the qT-type of NPQ, works on a slightly longer time-scale (15 
minutes) and permits plants to adjust to changing light conditions by balancing light 
absorbing capacity between the two photosystems. The mechanism of state-transition is 
the reversible displacement of the major antenna complex (LHCII) between PSII and PSI. 
Phosphorylation of LHCII leads to the displacement of LHCII from PSII to PSI (state 2), 
and an oxidation reverses this process (state 1) (Bellafiore et al. 2005). 
 
Photoinhibition, the qI-type of NPQ, is a more prolonged and slowly reversible 
component of NPQ. Photoinhibition might be a mix of photoprotection and photodamage 
(Müller et al. 2001). The exact mechanism is not known but it is suggested that 
photoinhibiton depends on the presence of zeaxanthin (Horton et al. 2008). 
 
All these different components results in a high flexible system that is adapted to enable 
light-harvesting function and stability under an extremely wide range of environmental 
and developmental conditions (Horton et al. 2008). 
 

Stress 
 
Plants are sedentary organisms and hence are constantly exposed to changes in 
environmental conditions. Situations with suboptimal or damaging conditions that 
adversely affect growth, development or productivity, are called stress. Stress situations 
can arise rapidly and differ in severity and duration. Exogenous stress can be caused by 
biotic or abiotic stress factors. Biotic stresses are imposed by other organisms, such as 
infection, herbivory, and competition. Abiotic stresses arise from an excess or deficit in 
the physical or chemical environment. Some examples of abiotic stresses are: temperature 
(heat, cold), water (drought, flooding), radiation (light, UV), chemical stress (mineral 
salts, pollutants), and mechanical stress (wind, soil movement). 
 
Plants live in a stressful environment and thus they evolve effective mechanism to avoid, 
tolerate, or reduce possible damage caused by stress. The response of plants to stresses 
can be rapid and depend on the type of stress, the species, the genotype and the 
developmental age of the plant. Stresses activate a wide range of plant responses, from 
altered gene expression and cellular metabolism to changes in growth rate.  
 
Commonly, plants experience several stresses (multiple stress) at the same time (van 
Dam and Baldwin 2001). For example, when the stomata are closed due to water stress 
and illumination continues, the plant may reach a CO2 deficiency which can lead to 
oxidative stress. 
 

Stress responses, and stress signal pathways 
 
The first step in switching on stress responses is to sense the stress and to forward 
information about it through a signal pathway. Several stresses can induce changes in the 
metabolism and gene expression patterns in cells. A plant can respond to a stress either 

  
 

5



locally, i.e. only the affected part will be protected, or through a systemic (whole plant) 
response, where even unaffected plant parts get an induction against possible stress. 
Complex signaling pathways are involved in alterations of plant gene expression in 
response to stress.  
 
Plants produce a variety of secondary metabolites, which are used for the interaction of 
plants with their environment. Parts of stress signal pathways are secondary messengers, 
such as hydrogen peroxide (H2O2) and Calcium (Ca2+), and hormones, especially 
salicylic acid (SA), jasmonic acid (JA) and ethylene. Salicylic acid is considered to be 
one of the key signals involved in the activation of many plant defense responses and an 
essential component in the induction of systemic acquired resistance (SAR) (Sudha and 
Ravishankar 2002). Slesak et al. (2007) see H2O2 as a kind of “master hormone”, because 
it is plays a central role in response to biotic and abiotic stresses in plants. After induction 
of wounding, H2O2 accumulation can be observed both locally and systemically in leaves 
of several plant species (Orozco-Cárdenas et al. 2001). Further, H2O2 is known to directly 
regulate the expression of numerous genes, some of which are involved in plant defense 
(Desikan et al. 2000). Jasmonic acid (JA) is an omnipresent occurring lipid-derived 
compound, from chloroplast membranes, with signal functions in plant responses to 
abiotic and biotic stress as well in plant growth and development (Wasternack 2007). JA 
is know to modulate the response to diverse developmental and stress responses, 
including mechanical wounding, wounding by herbivores, pathogen attacks and abiotic 
stresses such as dessication and salt stress (Wasternack et al. 1998, Mewis et al. 2006, 
Jung et al. 2007). In many plant families, such as Solanaceae (Baldwin 1998), Asteraceae 
(van Kleunen et al. 2003), and Brassicaceae (Lu et al. 2004), JA is involved in the 
induction of plant responses to herbivores. The effects of induced responses vary with JA 
concentration (Baldwin 1996). 
 
Plant hormones do not regulate stress responses via linear pathways, but through a 
complex of interconnections between different pathways; a network. The stress responses 
depend on the environmental and developmental stimuli (Balbi and Devoto 2007). JA 
and SA can interact both antagonistically and synergistically, suggesting that positive and 
negative interaction might play a part in the specificity of the final defense response 
(Balbi and Devoto 2007). Cipollini et al. (2004), for example, could show that SA 
inhibits JA induced resistance in Arabidopsis thaliana to Spodoptera exigua.  
 
Signal pathways can either be specific, that means that a distinct stimulus leads to a 
particular end response, or cross-talk, that means that any instance of two signaling 
pathways from different stressors converge (Knight and Knight 2001). An example of 
cross-talk may be the stress response to wounding and herbivory, mediated by jasmonic 
acid (León et al. 2001). This could as well be shown for the level of the defense 
compounds, mediated by JA, by increasing glucosinolate concentration through 
wounding and herbivory in rapeseed (Koritsas et al. 1991). 
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Herbivory  
 
Herbivory means the consumption of autotrophic organisms, such as plants, algae and 
photosynthetic bacteria, by animals. Other organisms, such as fungi, bacteria and protists, 
that feed on living plants are called plant pathogens. Herbivores can be specialized to 
consume particular plant parts and can be classified as, e.g., frugivores (fruits), folivores 
(leaves), nectarivores (nectar) and many more. The level of specialization can be even 
more fine-tuned. Consumption of plant tissue by herbivores affects plants, causing altered 
shoot growth, root growth, flowering, seed production and plant chemistry. Herbivory 
can even be encouraged by plants to assist in reproduction. A typical example is the 
production of nectar to attract pollinating insects.  
 
Insect herbivores are small in size and often have a lifelong association with their host 
plant. Compared to mammalian herbivores, insect herbivores are often much more 
specialized. Insect herbivores can feed either externally (leaf-, bud- or flower feeders) or 
internally within plants (miners, stem-borers, and gall-makers). Normally, plants are not 
killed by insect herbivores, with the exception of seed and seedling herbivory. Insects 
require much the same nutrients as other animals, and among the complex nutrients that 
insects cannot synthesize, are the essential amino acids, sterols, linolenic acid and 
vitamins. Many insect herbivores affect plant reproduction. Seed predators or flower-
feeding insects have a strong direct effect, but leaf-, root-, and stem-feeding insects can 
also reduce seed production. Generally, the most pronounced effects are caused by 
phloem- or xylem-sucking insects. Seed production can either be affected by reducing the 
available resources for flower and seed production, or by affecting floral and vegetative 
plant characters. 
 

Plant defense 
 
Plants have evolved defenses against herbivores to improve their survival and 
reproduction by reducing the impact of herbivory. Those defenses can either be direct or 
indirect. Direct defenses are mediated by plant characteristics that affect the herbivore’s 
biology, such as mechanical protection on the surface of the plants (e.g. thorns, spines, 
thicker leaves), or the production of chemical compounds (e.g. toxins). Plant chemistry 
can kill or retard the development of herbivores.  
 
However, chemical plant defense compounds may also attract organisms of higher 
trophic levels, such as parasitoids and predators. This is called indirect defense. In some 
cases, plants even emit semiochemicals, i.e. odors that specifically attracts natural 
enemies of the herbivores, or provide food (e.g. extrafloral nectar) and housing to 
maintain the natural enemies’ presence. Even ovipositioning can induce the emission of 
carnivore-attracting plant volatiles.   
 
The emission of volatile compounds seems to be very common across the plant kingdom. 
Volatiles emitted by herbivore damaged plants are complex mixtures, often composed of 
more than 100 different compounds in different compositions. Parasitoids and carnivores 
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can distinguish between volatile mixtures of different plant species. Arimura et al. (2005) 
could show that parasitoid wasps were able to distinguish between cotton, maize, and 
tobacco plants that were attacked by their herbivorous hosts from those which were under 
non-host attack. The differences and specificity in the emitted volatile composition might 
be caused by differences in the biochemical composition of insect saliva between species 
(Reymond et al. 2004). Thus, different herbivores cause different volatile blends and may 
thus attract their own enemies. 
 
Plant defenses can be constitutive, i.e. always present in the plant and thus independent 
from damage, or induced, i.e. produced and translocated by the plant following damage 
or stress. A given plant species often has many types of defensive mechanisms, 
mechanical or chemical, induced or constitutive. 
 
On one hand, induced defenses seem to be disadvantageous in comparison with 
constitutive defenses because of the time lag between the first attack and the activation of 
defense. During this time lag, which could last hours or even days, the plants remain 
vulnerable for herbivores. But, on the other hand, costs for the synthesis of chemical 
compounds can be saved or used for growth and reproduction in environments lacking 
herbivores (Baldwin 1998). Chemical defenses, induced or constitutive, need not 
automatically be beneficial for plants. For example slow growing larvae, due to chemical 
defense, may have to consume more plant tissue than larvae on control plants to complete 
their life cycle (Agrawal 1999). 
 
Some herbivores have evolved mechanisms to deal with the chemical defenses of their 
food plants, including the use of plant toxins for their own defense against predators. An 
example of how herbivores can cope with plant defense is the disarming of the “mustard 
oil bomb” by the diamondback moth (Plutella xylostella). The “mustard oil bomb” 
consists of glucosinolate and the enzyme myrosinase, and is the defense system of 
brassicacean plants. When glucosinolate comes in contact with myrosinase, due to 
damage of the cells, a reaction is catalyzed and mustard oil, a toxic breakdown product, 
occurs. Mustard oil is toxic to all insects but some have evolved mechanisms to prevent 
the forming of mustard oils, such as Plutella xylostella and Pieris rapae (Ratzka et al. 
2002; Reymond et al. 2004). Agrawal et al. (1999) could show that Cucumis sativus 
(cucumber), with high levels of defense compound against spider mites, were more 
susceptible to attack by a specialist beetle. Thus, it is important to have the “right” 
defense at the “right” moment. 
 

Plant defense is costly 
 
Chemical defense is a plant trait that reduces damage by herbivores. However, chemical 
defense is costly because resources, that otherwise could be used for growth and 
reproduction, are allocated to the synthesis of defense compounds that may be toxic, less 
palatable or just deterring for herbivores. For instance, it has been shown in Arabidopsis 
that plants with increased levels of defense have lower fitness than control plants in 
situations without herbivores (Cippolini 2002). To reduce the cost of defense, many of 
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these chemicals are not present in the plant at all times but are only induced when the 
plant is attacked (e.g. Siemens et al. 2002). Defense can also be induced in non-attacked 
parts of the plant, through the systemic acquired response (SAR) which also consumes 
resources (Heil 2001).  
 

EXPERIMENTAL ORGANISMS AND SETUPS 
 

Arabidopsis thaliana (as a model plant) 
 
Arabidopsis thaliana (engl. thale cress) is a small annual flowering plant of the family 
Brassicaceae, which includes cultivated species such as cabbage and radish. The basal 
leaves form a rosette and the inflorescence can grow to 20-25 cm tall. Leaves are covered 
with small hairs (trichomes). The flowers are white and small. The fruits are called 
siliques or pods and contain the seeds. A total seed set of many thousand seeds is 
common. The entire life-cycle can be completed in six weeks. Arabidopsis thaliana is 
native to Europe, Asia and northwestern Africa.    
 
Some attributes, such as a rapid life-cycle, a small genome, easy cultivation in restricted 
spaces, and efficient transformation methods, have made Arabidopsis thaliana a model 
organism, particularly in the plant sciences including genetics and plant development. In 
2000, the Arabidopsis Genome Initiative completed the sequencing of the whole plant 
genome of Arabidopsis thaliana, as the first plant genome. 
 
I have chosen Arabidopsis because a huge variety of analyses tools are available and 
results can easily be compared to other mutants or stress treatments by using computer 
programs such as genevestigator and MAPMAN. In my experiments, I used wildtype 
(Col-O; ecotype Colombia) and mutant lines that have blocked genes for state-transition, 
such as stn7, stn8, the double mutants stn7xstn8 and stn7xnpq4 (described in Bellafiore et 
al. 2005), and two mutants that lack (npq4) and overexpress (oePsbS) PsbS (described by 
Li et al. 2000 and 2002).  
 

Insect herbivores 
 
The order Lepidoptera, which includes butterflies, moths and skippers, is one of the most 
species-rich order in the class Insecta. This order has about 180000 described species in 
128 families and 47 superfamilies. 10% of all described species of living organisms are 
lepidopteran and thus they are the second biggest order after the beetles. 
 
Lepidopterans undergo a complete metamorphosis, including a life cycle of four stages: 
egg, larva, pupa and adult. The life cycle can include an inactive period, diapause, in any 
pre-adult stage that helps overcome unsuitable environmental conditions. The larvae have 
a sclerotized head capsule, chewing mouthparts and a soft body (sometimes with hairs), 3 
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pairs of true legs, and additional prolegs (up to 5 pairs). Most larvae are herbivores, but a 
few can be carnivores or detrivores. 
 
The adults have two pairs of wings, covered by scales, and prominent antennae. Adult 
mouth parts include a sucker, which allows the adults to take nectar, saps or other 
nutrient liquids.  

Plutella xylostella – Diamondback moth 
 
Plutella feeds on a number of plants of the family Brassicaceae all over the world and can 
be seen as a pest species in some agricultural systems. The adult moths have a wingspan 
of 12-18 mm and female adults lay single yellowish eggs. The larvae hatch with a size of 
around 1 mm and grow up to 8-10 mm long. The pupae are 5-6 mm and change their 
color from green to blackish during development. Plutella xylostella is thought to be 
native to the Mediterranean area and can migrate over hundreds of kilometer. Plutella can 
be found in northern Sweden every summer, although it does not overwinter. 

Spodoptera littoralis – Egyptian Cotton Worm  
 
Spodoptera is a highly polyphagous species, which attacks members of the family 
Solanaceae and Brassicaceae. Members of other plant families are also attacked, such as 
strawberry, maize, cotton, tomato and many more. The adult moths have a wingspan of 
35-40 mm and female adults lay eggs in clusters that they cover with hairs from the 
abdomen. The larvae hatch with a size of around 1 mm and grow up to 35-45 mm long. 
The pupae are 15-20 mm long and brownish. Spodoptera littoralis is native to Egypt and 
can also be found in other Mediterranean countries.  
 
Stages of the life cycle of the two species can be seen in the Appendix. 
 

Field site 
 
The field site is placed within the botanical garden of the University of Umeå (63º49’N 
20º18’E). To get an impression of the field site, some pictures are provided in the 
Appendix. 
 

Methods 

Fitness 
 
Fitness is a central concept in evolutionary theory and describes the reproductive success 
of a certain genotype. The higher the fitness of a genotype, the more common this 
genotype will become. This process is also known as natural selection. In practice, the 
number of surviving progeny of a particular genotype can be compared with the average 
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number of surviving progeny of competing genotypes. The resultant value is called 
relative fitness. 
 
In our fitness experiments, we measured the relative fitness by calculating the amount of 
seeds per plant and genotype. It is not possible to count every single seed and so we 
counted and averaged the seeds of 3 to 5 siliques and multiplied this with the amount of 
siliques per plant. To get a good statistical estimation of the amount of seeds per plant 
and genotype, we commonly used around 30 replicates per genotype in each experiment. 
The seeds, harvested from test sets of all genotypes, showed no difference in germination 
rates (not shown), and so we have been able to monitor the relative fitness as total seed 
mass differences. 
 

Molecular biology analyses 
 
Metabolism is the complete set of chemical reactions that take place in living organisms 
in order to maintain life. These processes allow organisms to grow and reproduce, 
maintain their structures, and respond to different environmental conditions. The genetic 
information for all chemical reactions is stored in the DNA, which consists of thousands 
of genes. Controlling gene expression is one of the key regulatory mechanisms of living 
cells to sustain their function. The simple paradigm of gene to mRNA to protein does not 
correspond to the complexity of translating genomic DNA to its related protein products. 
Several genes contain the information for proteins or enzymes, but the number of distinct 
proteins exceeds the number of genes. The protein biosynthesis pathway is better 
described as gene to mRNA to polypeptides to proteins with multiple alternative steps, 
such as splicing. Proteins and enzymes are needed for biochemical processes, such as the 
synthesis of metabolites. Not long ago, it was only possible to analyze a few specific 
genes, proteins or metabolites at the same time. Now, a number of new techniques 
provide a more holistic view of the biochemistry or phenotype of an organism, where 
different genotypes and responses to different biotic and abiotic stimuli can be 
simultaneously profiled.  
 
Microarray techniques are mostly used to monitor gene expression patterns, but can also 
be used to identify function of genes and to study the organization and control of genetic 
pathways. If different genes share the same, or functionally related, genetic control 
mechanism, it can be shown by similarities in the expression pattern. Microarray can as 
well be used to investigate differences in gene expression, which are caused by natural 
variation, such as environmental conditions, or experimental induction, such as 
treatments with hormones. These results can be compared with microarray data of other 
results in public databases (Aharoni and Vorst 2002). 
     
Proteomics is a good tool for the identification of new proteins and can also be used to 
make a “snapshot” of the protein composition. Even subproteomes, such as chloroplasts 
and mitochondria, can be identified and compared to other proteomes (Rossignol 2001). 
Like Micorarray, proteomics can be used for the investigation of protein expression 
caused by natural variation or experimental induction. 
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Metabolomics is a tool to profile the composition of metabolites in a cell or tissue. 
Metabolites are intermediates or end products of cellular regulatory processes and belong 
to several chemical classes. Metabolomics analyses the relative amounts of metabolites in 
comparative experiments (Fiehn 2002). Due to technical reasons, the results are given as 
peaks on a time-scale. Our Metabolomics lab succeeds in assigning over 300 peaks to 
chemical structures. Thus, we can give the relative amounts of several metabolites in 
paper II. All three techniques combined give a very good insight into changes in the cell, 
leaf, or plant. 
 

Feeding experiments 
 
Taste plays a major role in host-plant choice by insect larvae, and food choice 
experiments are a simple and essential tool in the study of plant-insect interaction. Food 
choice experiments can be arranged with whole plants, plant parts (e.g. leaves, leaf discs), 
or artificial diet based on different plants or chemicals. Experiments can be designed as 
no-choice (only one food source), dual-choice (two food sources), or multiple-choice 
(more than two food sources). No-choice experiments can be used to measure larval 
performances on a specific plant or genotype. Dual-choice experiments, also known as 
“Cafeteria”-experiments, are a useful tool to investigate the response of larvae to 
chemicals. In my experiments, I conducted no-choice experiments on whole plants and 
dual-choice experiments on whole leaves where only a certain surface was provided to 
the insects. In earlier experiments, I used leaf discs, but after analyses with metabolomics 
that compared leaf discs with freshly cut whole leaves, this was not done anymore as the 
punching out of leaf discs (to ensure that differences in leaf size did not influence 
preferences), caused a wound stress which resulted in large effects on the chemical 
composition of all genotypes. 
   
Initially, I tested several possibilities on how to arrange the dual-choice feeding 
experiments (“Cafeteria”experiments). In the first trials, the leaf discs were place in 
alternative order in a big circle (clockwise). Another alternative was to group two leaf 
discs, one leaf disc of each genotype, in a circle. To reduce and equal the distances 
between each leaf disc I arranged the leaf discs in a chess board pattern of a total of 16 
leaf discs. After the metabolomics analyses of leaf discs versus whole leaf, I started with 
a new set up. The two leaves were placed on a wet filter paper, and, using the bottom part 
of a Petri dish with two holes drilled, presented only a certain area of the leaves to the 
herbivores. The “Evolution” of the Cafeteria experiments can be seen in supplement.  
 

Oviposition experiments 
 
Oviposition is the procedure of laying eggs by oviparous animals, such as insect 
herbivores. The ovipositing female adults select the plant on which its offspring will feed. 
Oviposition experiments are similar to food-choice experiments, except that it focuses on 
host-plant choice by ovipositing adults. Host plant choice by female adults is often 
influenced by a complex of visual odors, surface compounds and other structures, such as 
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trichomes, of the plants. Oviposition experiments can be done with different species, 
different treatments for one species, or with artificial sources with different composition 
of chemicals. For flying insects the experiment have to be done in a cage. 
 

Simulation of fluctuating light 
 
To simulate fluctuating light conditions for experiments under controlled conditions in 
the laboratory, we designed two “plant stressors”. We started with the “helicopter”, a 
rotating disc with open and closed sectors, used in Külheim et al. (2002). The 
“helicopter” has the disadvantage that the light regimes vary depending on the placement 
of the plant under the disc. To get a more homogenous light regime for all plants, I 
developed the “plant stresser”, a closed box with 4 metal sheets on top which are 
controlled by a microprocessor. The movement of the metal sheets is programmable to 
create a more varying or unpredictable light regime. None of the “plant stressors” create 
as much light stress as in natural conditions, which I believe is due to the lower light 
intensity in the laboratory. Plants in the field can encounter up to 1800 µEinstein, 
whereas in the lab only 500 µEinstein are possible. More lamps would create much more 
heat and so induce heat stress and perhaps a lethal drying-out of the plants. Pictures of the 
two “plant stressors” are provided in the Appendix. 
 

RESULTS 
 
In the summer of 2001, an interesting observation was made during field experiments 
with Arabidopsis thaliana wildtype plant and the mutants npq4 (lacking PsbS), and npq1 
(lacking zeaxanthin). Both mutants are deficient in photoprotection. The experimental 
plants were grouped in trays and a few trays were attacked by snails. In the non-attacked 
trays, the wildtype plants showed a much higher fitness than the mutant plants. These 
data went into a paper by Külheim et al. (2002). In the attacked trays, snails seemed to 
select the wildtype plants. After the attack, the fitness of the wildtype plants decreased to 
the level of the mutant plants. These suggested that wildtype plants were better 
photoprotected and thus have a higher fitness in a light-stressed but herbivore-free 
environment, but a lower fitness in the presence of herbivores. This could be interpreted 
as a selective pressure against higher photoprotective ability in the presence of 
herbivores. Another interesting observation was made by Vaughn Hurry (pers. comm.) 
with another Arabidopsis mutant. This mutant, npq2 (aba1), has a high photoprotection, 
because zeaxanthin is accumulated and PsbS is present. Through the mutation that leads 
to an accumulation of zeaxanthin, the downstream biosynthesis pathway for abscisic acid 
(ABA) is interrupted. ABA is a phytohormone that is important for the regulation of the 
stomata. The mutant plants are very difficult to grow because they permanently suffer 
from water stress. However, these mutant plants were also heavily attacked by thrips in 
the growth room. In both observations, better photoprotected plants were preferred by 
herbivores, which suggested a trade-off between increasing photoprotection and 
avoidance of herbivory.  
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Objectives 
 
The aim of this thesis is to examine the ecological effects of variations in photoprotection 
in plants. In particular, I wanted to study how environmental factors affected plant-insect 
interactions. 
 
The main questions are: 
 

• Which photoprotection system has the largest effect on fitness of Arabidopsis 
in light-stressed environments? (Paper I) 

 
• What is the effect of light-stress on plant metabolism? (Paper II) 

 
• Does light-stress influence plant-insect interactions? (Paper III) 

 
• What are the possibilities and limitations of combining molecular biology and 

ecology in these studies? (Paper IV) 
   

Summary of Papers 
 
Paper I. Hierarchy amongst photosynthetic acclimation responses for plant fitness 
 
This article investigates the fitness effects of different light-protection mechanisms under 
natural conditions. Feedback de-excitation, state transition and PSII core phosphorylation 
represent different photosynthetic acclimation responses. Until now, there were no data 
available to estimate their relative importance for plant vigour and fitness. To address this 
question, three Arabidopsis mutants being specifically defective in FDE (npq4 mutant), 
state transition (stn7 mutant), and PSII core phosphorylation (stn8 mutant), together with 
double mutants (stn7xstn8 and stn7xnpq4), were used in a field experiment. 
 
We calculated the number of seeds per plant from estimations of pods per plant and seeds 
per pod. The results clearly showed a hierarchy amongst photosynthetic acclimation 
responses, with FDE being the most important mechanism, followed by state transitions, 
whereas the PSII core protein phosphorylation had only small effects on fitness under 
these conditions.  
 
 
Paper II. Improper regulation of light harvesting in Arabidopsis results in a metabolic 
reprogramming through jasmonate signaling 
 
The amount of PsbS, a key protein for photoprotection through feedback de-excitation 
(FDE), affects plant performance. Three genotypes with different amounts of PsbS were 
used in this study: a PsbS-lacking mutant (npq4), a mutant with an overexpression of 
PsbS (oePsbS), and the wildtype with intermediate levels of PsbS. The plants were grown 
under natural conditions for a few days and then analysed with molecular biology 
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methods. The transcriptomic profile and whole plant metabolic composition was analysed 
with microarray and metabolomics techniques. 
 
Under natural conditions, PsbS levels had a large effect on whole-plant metabolism. 
Especially the “core metabolism”, such as carbohydrates and amino acids, was strongly 
affected. The transcriptome of the genotypes also varied under our field conditions. In 
particular genes in the Jasmonic acid pathways were upregulated in the PsbS lacking 
mutant.  
  
The transcriptome of genotypes in field grown plants were compared with transcriptomic 
data from other experiments of Arabidopsis, obtained from a public data base of 
microarray data. Stress treatments with ozone, heat and wounding showed a high 
correlation to the most light-stressed (PsbS-lacking) mutant, indicating that FDE has a 
broad influence on diverse pathways, especially on plant defenses. 
 
 
Paper III. Plant photoprotection influence herbivore preferences 
 
Many plant chemical compounds, volatile or non-volatile, can influence the development, 
digestibility and host preference of insect herbivores. We could earlier show (Paper II) an 
effect of light-stress on whole plant performance. In this paper, we tested the effect of 
light-stress, using the Arabidopsis PsbS mutants (npq4 and oePsbS) and wild type, on 
preferences of specialist and generalist insect herbivores.  
 
In dual-choice feeding experiments, both insects preferred the genotype with higher 
amounts of PsbS (the less stressed genotype). The performance of generalist and 
specialist insects in a no-choice feeding experiment showed large differences, where 
more generalist herbivores survived on the genotype with higher amounts of PsbS 
whereas the specialist showed no difference. The oviposition preference experiment 
could only be done with the specialist herbivore, and we found a preference for the most 
light-stressed (lowest level of PsbS) genotype. 
 
We suggest that these differences in insect behavior are due to a mix of induced defenses 
and lower food quality in the most light-stressed plants. 
 
 
Paper IV. An illustrated gardener’s guide to transgenic Arabidopsis field experiments 
 
Arabidopsis thaliana is a model plant for plant science. The genome is sequenced and 
this has caused a tremendous increase in genetic and genomic resources. Many mutant 
and transgenic genotypes are available. Not all genotypes show their specific phenotype 
under constant growth conditions in indoor growth chambers which makes outdoor 
experiments under natural conditions valuable. Natural conditions in the field vary over 
different time scales and factors, such as temperature and light.   
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We believe that field experiments are highly informative and provide a better 
understanding of plants as dynamic organisms, their evolution, and the processes 
involved. Nevertheless a high variability between plants and years and uncontrollable 
environmental conditions limit the benefit of field experiments. 
 
In this article we share our experiences of many field experiments, and give an 
introduction to the design of successful field experiments. 
 

MAJOR RESULTS AND DISCUSSION 
 
A major question in evolutionary ecology is how particular genes affect the performance 
of individuals and how these changes influence the interaction with other organisms in 
food webs. To answer these kind of questions, an understanding from subcellular 
processes to community processes is needed and thus an interdisciplinary approach by 
combining molecular biology with ecology. This creates both new possibilities and 
limitations which have to be overcome (paper IV). 
 
The model plant Arabidopsis thaliana may not be the most interesting plant from an 
ecological point of view, because of a short life-cycle which completes very early in the 
season. However, several molecular biology tools, such as Microarray and Metabolomics, 
are developed for Arabidopsis which can be utilized. Furthermore, studying the effect of 
a single gene can only be done using genotypes with the same genetic background that 
vary only in expression levels of the gene of interest. For my studies, I used Arabidopsis 
thaliana wild-type (Columbia-O) and photoprotection mutant plants with the same 
genetic background. 
 
I could show, for the first time in field experiments under natural conditions, that 
differences in the ability of photoprotection influences plant fitness (paper I), gene 
expression pattern and metabolites (paper II), and plant-herbivore interactions (paper 
III).  
 
Field experiments are important because the expressed phenotype of an organism is 
influenced by the environment which varies over different time scales and abiotic factors 
(paper IV). In paper II (figure 1), we show that differences in metabolic profiles 
between the genotypes only occur under natural conditions. In an earlier experiment 
(Külheim et al. 2002), the fitness of two genotypes was similar under constant growing 
conditions and varied significantly under natural conditions.   
 
The results of the fitness experiments in paper I show that feedback de-excitation (FDE) 
has a higher effect on plant fitness than state-transition (STN). Both are part of the non-
photochemical quenching (NPQ) mechanisms of the plant. The FDE mutant (npq4) lacks 
expression of the PsbS protein, which together with zeaxanthin and a low pH, are 
essential for FDE. Külheim et al. (2002) have shown that the PsbS protein has a higher 
fitness effect than zeaxanthin. For our further experiments, we thus focused on the 
photoprotection mechanism with the highest fitness effect on plants, and used 
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Arabidopsis thaliana mutant plants that lacked (npq4) or overexpressed (oePsbS) the 
PsbS protein together with wildtype plants with intermediate levels of PsbS. 
 
Field grown plants with different levels of PsbS were analyzed in paper II. A major 
result is that differences in the ability to photoprotect influence the whole plant on the 
levels of gene expression, proteins and metabolites. The transcriptomes of the genotypes 
varied under field conditions, and the genes induced in plants lacking PsbS were similar 
to those reportedly induced in plants exposed to ozone stress or treated with methyl 
jasmonate (MeJA). An interesting result was that several genes involved in the 
biosynthesis of JA were up-regulated, and enzymes and intermediate metabolites in the 
octadecanoid pathway accumulated. JA is known to induce plant defense against several 
stresses, such as wounding and herbivory. 
 
The results of paper II led to the question in paper III “does light-stress influence plant-
insect interactions?”. To answer this, I used field grown plants together with specialist 
and generalist insect herbivores. Larvae of both insects showed a preference for the less 
light-stressed genotypes in a dual-choice feeding experiment. Generalist larvae showed a 
lower survival rate on the most light-stressed plants, which, together with the higher 
oviposition preference of the specialist on the most light-stressed plants, gives the 
strongest evidence for an induction of plant defense through light-stress. 
 
To the best of my knowledge, I am the first to demonstrate a causal link between the 
regulation of photosynthetic light-harvesting and plant-insect interactions. While this is 
interesting in itself, my results may also have broader implications, e.g. for risk 
assessment of GM food. Snoeren et al. (2006) suggest that Arabidopsis may be used as a 
stepping stone towards other brassicaceous plants, such as cabbage, mustard, cauliflower, 
and broccoli. Brassicaceous plants are major crops for humans and thus possible objects 
for GM food.  
 
We wanted to share our experiences from several years of doing field experiments with 
transgenic plants and also to encourage more molecular biologists to collaborate with 
ecologists (paper IV). We believe that phenotypic plasticity and the ability to grow, 
develop and reproduce under non-optimal conditions are more likely to be important for 
understanding the role of gene variations than the ability to do so under the kinds of 
conditions in which Arabidopsis experiments are typically performed. However, 
combining two fields of biology, such as molecular biology and ecology, can be quite 
difficult. For example, a researcher working in two fields have to be proficient in both 
fields. Further, in experiments under natural conditions, one is faced with plant-to-plant 
and year-to-year variations, which are minimized in experiments in climate chambers and 
growth chambers to provide tightly controlled and highly reproducible growth conditions. 
Ecologists are used to work in the field with large variations in environmental conditions, 
and thus in the resulting data, and have acquired much better skills in analyzing such 
datasets than molecular biologists. Consequently, we strongly believe that collaborations 
between scientists from the two fields are important, and that data obtained in 
experiments performed under natural, uncontrolled conditions will provide a better 
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understanding of plants as highly dynamic organisms, their evolution, and the processes 
involved. 
 

FUTURE OUTLOOKS 
 
Further studies may focus on other photoprotection mechanisms to investigate if they 
have similar influences on plant-insect interactions. This could be done with ecological 
analyses, such as choice-preference and oviposition experiments, in combination with 
molecular techniques. If other photoprotection mutants, e.g. differing in state-transition, 
show equal patterns in gene expression and metabolites, the results in this thesis may be 
of general importance for plants. Until now the importance of the different components of 
the photoprotection mechanisms for overall photoprotection in the plant is not exactly 
known. We have shown that differences in photoprotection have an influence on fitness 
and the interaction with insect herbivores. However, the large gaps in the mechanistic 
understanding of how light-stress causes changes in gene expression needs to be filled. 
Light-stress occurs in the chloroplast and second messengers have to leave the 
chloroplast to induce gene expression in the nucleus. Mullineaux and Karpinski (2002) 
suggest that photorespiratory metabolites are prime candidates to transport response 
signals out of the chloroplast. While synthesizing the photorespiratory metabolites in the 
peroxisomes, hydrogen peroxide (H2O2) occurs. If the accumulation of H2O2 exceeds the 
capacity of superoxide dismutase to degrade it, H2O2 is believed to enter the cell matrix. 
Desikan et al. (2000) showed that H2O2 itself can induce the expression of defense-
related genes and Karpinski et al. (1999) that H2O2 is an intercellular signal, mediating 
systemic acquired acclimation (SAR). However, it is not clear how light-stress induces 
gene expression and if the induced defense is mediated by SAR via H2O2, JA or other 
compounds, or not at all. 
 
The best genomic model system need not be the best ecological model system, either 
because important ecological questions cannot be addressed by that particular species or 
because the ecology of that species is little studied. For instance, in order to move from a 
short-lived annual plant to a perennial species, Populus tremula may be used. Populus is 
the model organism for trees, the genome is sequenced, and photoprotection mutants, 
such as npq4, are available (C. Külheim, personal communication). The question of how 
light-stress influences pathogens or herbivores can be addressed, and the results can be 
compared with this thesis. 
 
Our results are also important for the creation of future GMO food plants. For instance, if 
the photosynthetic ability of a possible food plant is manipulated to produce higher crop 
yields, it will also likely affect interactions with naturally occurring herbivores. This may 
result in lower than expected crop yield if the manipulations also result in increased 
herbivore attacks. Changes in the herbivore populations may also affect other species in 
the food web, such as competitors and predators, with large ramifications. 
 
Future experiments may also focus on the effect of resources on the trophic interaction 
between insects and plants with different abilities in photoprotection. This includes 
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measuring the levels of jasmonic acid and defense compounds, such as glucosinolates. By 
combining these kinds of studies, we may get a better understanding of the dynamics that 
drive community processes and evolution.  
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APPENDIX 
 
Arabidopsis thaliana 
 

  
 
 
Field site 
 

   
 
 
Plutella xylostella, Diamondback moth, life cycle 
 

   
eggs          → 1st instar larva       → 4th instar larva   ↓ 

↑     adult - mating ←           adult ←        pupae 
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Spodoptera littoralis, Egyptian cotton worm, life cycle 
 

 
  

egg cluster     → eggs     → 1st instar larvae    ↓ 
↑     female adult ←     pupa ←          larvae 

   
 
 
“Evolution” of Cafeteria experiments 
 

  
clockwise clockwise grouped chess board pattern whole leaf 

 
 
Simulation of fluctuating light conditions 
 

  
helicopter helicopter plant stresser plant stresser 
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