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Zusammenfassung
Lichtstress oder Photooxidation bezeichnet den Zustand in dem die überschüssige
absorbierte Lichtenergie, die nicht durch Photosynthese in chemische Energie umgewandelt
werden kann, zur Bildung von reaktiven Sauerstoffradikalen führt. Diese Radikale
verursachen dann die Oxidation und somit Schädigung verschiedenster Zellbestandteile.
Pflanzen haben mehrere Mechanismen entwickelt, um diese Schäden zu verhindern oder
wenigstens zu minimieren. In der vorliegenden Arbeit wurden einige der molekularen
Mechanismen zur Photoprotektion untersucht.
Isoprenoide, insbesondere Carotinoide und Tocopherole sind effektive Antioxidatien,
die reaktive Sauerstoffradikale detoxifizieren. Carotinoide sind essentielle akzessorische
Pigmente

der

Lichtsammelkomplexe

und

sind

maßgeblich

am

Prozess

des

‚nonphotoquemical quenching’ (NPQ) beteiligt, bei dem überschüssige absorbierte Energie
als Wärme abgeleitet wird. Somit ist der Biosyntheseweg dieser Stoffklasse ein interessanter
Angriffspunkt zur genetischen Manipulation geworden. Durch Einführung bakterieller Gene
des

frühen

Biosyntheseweges

(GGDP-Synthase

und

Phytoensynthase)

wurde

die

biosynthetische Kapazität von Carotinoide und Tocopherole in Nicotiana tabacum Pflanzen
erhöht. Die hierdurch auftretende Problematik der Verfügbarkeit der Synthesevorstufen
konnte durch die kombinierte Einführung beider Enzyme überwunden werden. Zudem konnte
eine Kompensation zwischen Carotinoiden und Tocopherolen im Lichtstress nachgewiesen
werden.
Der Schwerpunkt dieser Arbeit lag jedoch auf der Untersuchung der ELIP Protein
Familie. Diese integralen Proteine der Thylakoidmembran aus der Familie der der
Chlorophyll a/b bindenden Proteine werden im Starklicht induziert und binden zum Teil
Pigmente. Es wurde vermutet, dass sie an der Photoprotektion beteiligt sind, indem sie frei
werdende Chlorophylle binden und so eine erhöhte Radikalbildung verhindern, oder/und
durch Bindung von Carotinoiden am NPQ beteiligt sind. Um die physiologische Funktion der
ELIP-Proteine zu untersuchen, wurden Arabidosis thaliana Mutanten hergestellt/isoliert die
entweder die Proteine konstitutiv überexprimieren oder in denen diese Proteine fehlen, und
anschließend ihre Toleranz gegenüber Lichtstress untersucht. Es konnte gezeigt werden, dass
nur unter extrem photoinhibitorischen Bedingungen eine Korrelation zwischen ELIP1 und
ELIP2 Gehalt und Stress-Toleranz herrscht. Diese Beobachtung lässt auf diverse
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Kompensationsmechanismen schließen, die unter mildem Stress keinen eindeutigen Phänotyp
aufkommen lassen.
Zu den ELIP Proteinen zählen auch mehrere andere Proteine (SEPs und OHPs), alle
mit hoch konservierten membranspannenden α-Helices, und putativen PignmentBindestellen. Die Charakterisierung von Mutanten mit fehlenden OHP1 oder OHP2 Protein
ergab, dass diese Proteine essentiell für die Photoprotektion von Photosystem I sind. Im
homozygoten Zustand wiesen beide Mutanten einen stark gebleichten Phänotyp auf und
waren nicht imstande sich fortzupflanzen. Selbst unter Schwachlichtbedingungen herrschten
photooxidative Bedingungen, die sich unter anderem im Abbau mehrerer Proteine des
Photosyntheseapparats widerspiegelten.
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Summary
Light stress or photooxidation describes the situation when the excess of absorbed
light energy, which cannot be utilized for photochemistry during photosynthesis, leads to the
production of reactive oxygen radicals. These radicals cause the oxidation and thus damage
of all kinds of cell components. Plants have evolved several mechanisms to prevent or at least
minimize this damage. In the present work some of the molecular mechanisms of
photoprotection were investigated.
Isoprenoids, especially carotenoids and tocopherols are effective antioxidants
scavenging reactive oxygen radicals. Carotenoids are essential parts of the light-harvesting
antenna and play a decisive role in the process of ‘nonphotoquemical quenching’ (NPQ),
where excess absorbed energy is dissipated as heat. Therefore the biosynthetic pathway of
these compounds has become an interesting target for genetic manipulation. By insertion of
bacterial genes of the early biosynthetic pathway ( geranylgeranyl diphosphate (GGDP)
synthase and phytoene synthase) the biosynthetic capacity of carotenoids and tocopherols
could be enhanced in Nicotiana tabacum plants. Emerging problems in precursor supply
could be overcome by combinatorial insertion of both enzymes. Moreover, compensation
between carotenoids and tocopherols in photoprotection could be demonstrated.
The main focus of this work, however, was the ELIP protein family. These thylakoid
membrane proteins from the large chlorophyll a/b binding protein family are induced under
high light and bind pigments. It was proposed that they are involved in photoprotection by
binding released chlorophylls and thus preventing excessive radical formation, or/and by
binding carotenoids and contributing to NPQ. To investigate the physiological function of
ELIP proteins, Arabidopsis thaliana mutants were generated/isolated with either constitutive
overexpression or depletion of the proteins, and analysed under light stress conditions. It
could be shown, that only at extreme photoinhibitory conditions a correlation between ELIP1
and ELIP2 content and stress tolerance was apparent. This suggests that diverse
compensation mechanisms are preventing the manifestation of a phenotype under less severe
stress conditions.
The ELIP protein family also comprises several other proteins (SEPs and OHPs), all
with highly conserved transmembrane α-helixes, and with putative pigment binding residues.
The characterization of mutants depleted of OHP1 or OHP2 protein showed that these two

V

proteins are essential for photoprotection of photosystem I. Homozygous ohp1 or ohp2
mutants had a bleached phenotype and were not able to reproduce. Even under low light
conditions, strong photooxidation was observed, which was reflected among other things in
degradation of several proteins of the photosyhthetic complexes/apparatus.
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Introduction

General introduction
Plants are sessile organisms thus they have to be highly adapted to all environmental
factors in their habitats in order to survive. Besides concurring plants and biotic threats by
animals, fungal or bacterial pathogens also all abiotic factors like temperature or water
availability influence plants growth. One crucial environmental factor influencing plants is
the solar irradiation. Being photoautotrophic organisms, plants require light to drive
photosynthesis. Solar energy is absorbed by chloropylls and transferred to the reaction
centers of the photosynthetic machinery, were it is converted into chemical energy, which
then is used to bind CO2 and assemble organic matter. During this process oxygen (O2) is
produced. Each plant species has a specific tolerance range for the light intensity in which
their growth is possible. Irradiation below that range will not provide enough energy to drive
photosynthesis to maintain their metabolism. Excessive light on the other hand damages the
organism due to high levels of ultra-violet (UV) radiation, which causes severe damage to the
DNA, and because of toxic photosynthesis byproducts, which are accumulating when the
photosynthetic machinery is overloaded under high light conditions (Schopfer and Brennicke,
1999), this condition is termed light stress or photooxidation.

Adaptation Mechanisms to Light
Since irradiation levels not only vary between different habitats but also fluctuate to a
great extent over the day and over the year, plants have acquired diverse abilities to adapt to
different light intensities. There are adjustments on a morphologic and anatomic level, as
well as on cellular and subcellular level. The whole corpus of a plant species is adapted to the
macroclimate predominant in its natural habitat. The size, the overall number and the
arrangement of leafs are adapted to the light environment. Plants with big and many leaves
appear in regions of light limitation to gather the maximum of light. In regions with excessive
light plant have few, small leaves arranged in a way that mutual shading occurs. Some plants
have even evolved the ability to alter the angle of their leaves in order to adjust the surface
that is exposed to light (Koller, 1990). Adjustments on a cellular level take place species
specific with the architecture of the leaves, the way the cells are assembled, as well as in the
ratio of palisade mesophyll to spongy mesophyll. Also the properties of the epidermis and the
cuticula, like presence of reflecting hair, waxes, or the number of stomata influence the
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amounts of light plants can tolerate (Buchanan et al., 2000). On subcellular level the total
number of chloroplasts and their orientation (Haupt, 1999) and the stacking of the thylakoid
membrane to large (shade chloroplasts) or small grana (sun chloroplasts) can be adapted
(Lichtenthaler et al., 1981). Many responses to varying light intensities take place on
molecular and biochemical level. The composition of the proteins and other compounds are
constantly arranged to maximize the plants photosynthetic performance and overall fitness
(Demmig-Adams and Adams, 1992).

The Cause of Photooxidative Stress
When plants are exposed to irradiance far above the saturation point of
photosynthesis, the solar energy is not exclusively used for photosynthesis as it cannot be
fully utilized. Plants experience such conditions quite often mostly under full-sun exposure,
where light energy exceeds even the highest known photosynthetic rates. Chlorophyll
molecules absorb light and with this they enter the singlet state (1Chl). This energy can be
transferred very rapidly between juxtaposed chlorophyll molecules by resonance transfer
(Hall and Rao, 1999) and so harvested to the reaction center of the photosynthetic complexes.
When a rising number of neighboring chlorophylls enter the excited state, it becomes
increasingly difficult to transfer excitation energy and the average lifetime of the singlet state
increases (Niyogi, 1999). This can lead to the transition to the relatively long-lived triplet
state of chlorophyll (3Chl) which can interact directly with O2 forming singlet oxygen (1O2).
1

O2 itself has the potential to generate more oxygen radicals (ROS: reactive oxygen species),

which altogether have a very high potential of oxidizing and damaging all kinds of cellcomponents as proteins, lipids and DNA (Mittler, 2002).
The most prominent ROS are superoxide radicals (O2•-), perhydroxyl radicals (HO2•),
hydrogen peroxide (H2O2), hydroxyl radicals (OH•) and 1O2. Particularly H2O2 can easily pass
biological membranes and cause damage in the whole cell (Krieger-Liszkay, 2005; Van
Breusegen and Dat, 2006). In addition when the NADP+/NADPH pool is mainly reduced, the
acceptor side of PSI and ferredoxin can reduce molecular oxygen directly (Mehler, 1951),
forming O2•- that is processed to H2O2 by the superoxide dismutase (SOD) (Asada, 2006).
H2O2 can in turn be transformed into OH• and OH- by reduced metal ligands (Fenton reaction)
like iron-sulfur clusters (Mittler, 2002). So in the organelle and cellular membranes oxidative
damage can propagate rapidly by triggering peroxyl radical chain reactions, particularly in
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membranes enriched with unsaturated fatty acids, such as the thylakoid or envelope
membranes (Niyogi, 1999).
Being a major source of ROS formation, the photosynthetic machinery is also the
structure most likely to be damaged. The major target of photooxidative damage is
photosystem II (PSII), especially its reaction center D1 protein, carrying most of the cofactors
involved in charge separation and electron transport (Barber and Anderson, 1992; Aro et al.,
1993). Oxidative damage done to any part of the photosystems decreases the efficiency and
maximum rate of photosynthesis, a process called photooxidation or photoinhibition (Kok,
1956; Matsubara and Chow, 2004).

Cellular Mechanisms of Photoprotection
When plants absorb more light than they can use for photochemistry there is an excess
of electron input from the oxygen-evolving complex over the output of electrons via the
reduction of CO2 in the reactions of the Calvin cycle. This leads to the accumulation of
electrons within the photosynthetic machinery. In parallel the partial pressure of O2 is rising
due to high levels of H2O cleavage. Under light stress conditions however, relaxation of the
energy state of a specific compound occurs far slower because the electron transport chain is
overloaded, thus increasing the probability of energy transfer to O2 (Niyogi, 1999). Under
these circumstances considerable amounts energy is transferred from chlorophylls to O2 and
with this high level of ROS are formed. To avoid massive radical formation plants have
evolved several mechanisms to prevent or to reduce oxidative damage during high light
exposure. These include various alternative energy dissipation pathways and multiple
antioxidant systems.
Scavenging of Reactive Oxygen Species
The basic defense strategy to prevent oxidative damage is to detoxify ROS. This
mechanism is always active, as both the photosynthetic and the mitochondrial respiratory
electron transport have a basal leakage of ROS. About 5% of the electrons are conferred to
oxygen also under ambient conditions (Schopfer and Brennicke, 1999). Scavenging of ROS
is carried out by different enzymes and some low molecular weight antioxidants such as
ascorbate (vitamin C), glutathione and α-tocopherole (vitamin E) (Asada, 2006). Two
enzymes play a major role in the detoxification of ROS in the chloroplast: the SOD, which
catalyses the reaction of 2 O2•- and 2 H+ to O2 and H2O2, and the ascorbate peroxidase, which
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oxidizes 2 ascorbate molecules to reduce H2O2 to 2 H2O (Ivanov; 1998). Ascorbate is restored
by the spontaneous reaction of 2 monodehydroascorbate molecules to dehydroascorbate and
ascorbate. Dehydroascorbate is reduced to ascorbate by the dehydroascorbate reductase,
which oxidizes and condensates 2 molecules of glutathione in this reaction. The oxidized
glutathiones are reduced by the glutathione reductase which uses NADPH as electron donor.
The catalase, an enzyme located in the peroxisomes, is a further important ROS detoxifyer. It
disproportionates 2 H2O2 to O2 and 2 H2O (Asada, 2006). Besides for α-tocopherole, which is
integrated in the photosynthetic membranes where it provides protection against lipid
oxidation (Havaux et al., 2005), also carotenoids (vitamin A) play an important role as
antioxidant in membranes (Woitsch and Römer, 2005).
The Xanthophyll Cycle and Thermal Energy Dissipation
It is of great advantage for the plant to prevent the transfer of excitation energy to
from exited chlorophyll to oxygen from the beginning. There are two possible ways of
deexcitation of chlorophyll. The excited chlorophyll can return to ground state by the
emission of fluorescence (light of longer wavelength than the previously absorbed light). This
process is however not apt to release large amounts of excess energy because only 5% of
chlorophylls can emit fluorescence in a given time. In stress situations energy dissipation by
conversion to heat is of far greater importance. This event is often referred as non
photochemical quenching (NPQ) and is done by oxygenated carotenoids, called xanthophylls
that are bound together with the chlorophylls in the antennae complex of the photysystems.
These can take over the energy from chlorophylls by resonance transfer (Müller et al., 2001).
Excited carotenoids mostly return to ground state by releasing excess energy as heat. Up to
75% of excitation energy can be dispelled this way (Demmig-Adams et al., 1996). In the
usual light-harvesting protein of the antennae there are 12 chlorophylls and a 4 carotenoids
present. The number, the chemical properties and the positioning of carotenoids can be
adapted to different requirements. The group of carotenoids comprises accessory pigments
and effective energy dissipaters. Depending on specific needs chemical conversions are
initiated to shift this equilibrium to either side. This event is called the xanthophyll cycle.
When the proton gradient across the thylakoid membrane becomes strong due to elevated
electron transport rates, the violaxanthin deepoxidase is activated. This enzyme is associated
with the thylakoid membrane and converts the diepoxide violaxanthin in a two step reaction
to zeaxanthin (Esklin et al., 1997). The extension of the system of conjugated double bonds
from 9 (violaxanthin) to 11 (zeaxanthin) lowers the energy level of the singlet state of
4
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zeaxanthin below the level of 1Chl, allowing an effective energy transfer to zeaxanthin (Frank
et al., 1994). This conversion prevents or lowers the transition of chlorophyll to the triplet
state, and thermal dissipation is favored under high light conditions. When the pH in the
thylakoid lumen rises under low light conditions, epoxidation of zeaxanthin is initiated thus
increasing violaxanthin levels (Yamamoto et al., 1967), which acts mainly as accessory
pigment (Demmig-Adams and Adams, 1992).
Regulation of Antenna Size and State Transition
The adjustment of the size of the light-harvesting antenna is a further important way
of modulating the excitation pressure on the photosystems. By mechanisms which are mainly
based on feedback regulations, the antenna size can be increased if photosynthesis rates are
limited by light absorption or decreased during periods of excess light (Niyogi, 1999). The
basic size of the antenna is determined by long-term acclimation to light fluctuations of a
plants habitat and is regulated by levels of lhc gene expression and/or Lhc protein
degradation (Lindahl et al., 1995). For short term alterations antenna complexes are detached
and redistributed within the thylakoid membrane in a process termed state-transition. This
process is controlled by the redox state of the plastoquinone pool (Allen, 2003). Under
photoinhibitory conditions the plastoquinone pool is reduced. This activates a kinase that
specifically phosphorylates peripheral LhcII proteins, which subsequently lose contact to the
PSII core complex and are redirected and bound to the PSI core complex (Allen, 1995).
While reduction of the PSII antenna size decreases the excitation pressure on PSII, it is still
being controversially discussed if the transfer to PSI is contributing to photoprotection. On
the one hand the shift of the excitation energy flow towards PSI would lead to a better
electron flow through PSII. On the other hand there are the findings that the kinase system
appears to be inactivated under light stress conditions (Rintamäki et al., 1997).
Linear and Cyclic Electron Transport
Another strategy that plants can apply to prevent the formation of ROS is keeping up
high transport rates of electrons through the photosynthetic electron chain under
photoinhibitory conditions. Hereby prolonged half-life periods of high energy states of
photosynthetic cofactors are reduced and less energy can be transferred to oxygen and form
radicals. Dissipation of electrons from the overloaded photosystems can be achieved by
increasing the oxygenase function of the Ribulose 1,5-bisphosphate carboxylase/-oxygenase
(Rubisco). In a process called chlororespiration glycolate-2-phosphate is produced and
5
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subsequent metabolized in the photorespiratory pathway to form the Calvin cycle
intermediate glycerate-3-phosphate. During this metabolic process, CO2 and NH3 are
produced and ATP and reducing equivalents are consumed. Although this leads to reduced
rates of photosynthetic CO2 assimilation, precisely this inefficiency could serve as an energy
sink preventing photoinhibition. (Wingler et al., 2000).
Another oxygen-dependent pathway to maintain electron flow under photoinhibitory
conditions is referred to as pseudocyclic electron transport or water-water cycle. It is making
use of the high efficiency of the ROS detoxifying enzymes by generating at the acceptor side
of PSI via the Mehler reaction (Mehler, 1951). O2•- is consequently being processed to H2O2
via the SOD followed by the formation of water by the ascorbate peroxidase. The ascorbate
oxidized during this reaction is being re-reduced by the ascorbate reductase, which oxidizes
two molecules of glutathione. Condensed glutathione is reduced by NADPH, which is
produced by the photochemical reactions. On this way the four electrons gained from H2O
are consumed at the end of the electron transport chain by the reduction of O2 to water
(Asada, 1999). It is estimated that this cycle can reach between 10% and 30% of the normal
linear electron transport levels (Lovelock and Winter, 1996; Biehler and Fock, 1996). This
way the controlled production of O2•- and H2O2 can help to prevent the uncontrolled
formation of more and other ROS.
Two other cyclic electron transport pathways were found in the photosynthetic
membranes were electrons can be cycled within PSII or PSI. The latter one is believed to play
an important role in photoprotection. At the acceptor side of PSI basically two systems are
competing for the reductive power of ferredoxin. The energy can either be used to reduce
NADP+ by the ferredoxin-NADP+-reductase or it can be oxidized by a putative ferredoxinplastoquinone oxidoreductase (Bendall and Manasse, 1995). By entering the second system
the electrons are reintroduced into the plastoquinone pool from where they can be passed
down to cytochrome b6/f and then back to PSI. This cyclic electron transport way is not only
used under light stress conditions but under all conditions when extra ATP is needed, since
the passage of electrons from plastoquinol to PSI is accompanied by the transport of H+ into
the thylakoid lumen, thus increasing ATP synthesis (Hall and Rao, 1999). While the
contribution of cyclic electron transport in PSII to photoprotection is still unclear, it has been
shown that in case of a largely reduced plastoquinone pool, high energy electrons the
plastoquinones and pheophytine can be transferred to cytochrome b6/f. From there they can be
passed back to chlorophyll, thus preventing the formation of triplet chlorophyll (Barber and
De las Rivas, 1993).
6
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PSII Repair System and D1 Protein Turnover
Several mechanisms are present in plants to protect them from formation of ROS,
especially in plants exposed to environmental stress. Despite of this photoinhibition always
occurs (Takahashi and Murata, 2008), leading to damage and subsequent degradation of the
D1 protein of the reaction center of PSII, and further to a decrease in light-harvesting proteins
(Aro et al., 1993). However, plants survive this photoinhibition through an efficient repair
system, which involves degradation of the damaged D1 protein and its rapid replacement by a
de novo synthesized copy (Haußühl et al., 2001). During this repair process the photosystems
have to migrate to the non-appressed regions of the thylakoid, were the D1 protein is being
synthesized (Barber and Andersson, 1992). Reorganizations of the photosynthetic machinery
leads to a release of free chlorophylls, which then fully transfer their absorbed energy to O2
enhancing the ROS production (Yang et al., 1998). It seems clear that plants need an efficient
system to prevent formation of free chlorophylls in the photosystems. This function has been
attributed to the ELIP proteins (Montané and Kloppstech, 2000; Adamska, 2001), which are
induced under light stress conditions, were found in the non-appressed region of the thylakoid
membrane in the vicinity of PSII (Adamska and Kloppstech, 1991), and showed to bind
chlorophyll and carotenoids (Adamska et al., 1999). Further, the accumulation of ELIPs
under light stress conditions could be correlated with the photoinactivation of PSII reaction
centers and degradation of the D1 protein (Adamska et al., 1992b; Pötter and Kloppstech,
1993). However, this postulated photoprotective function of ELIPs has not yet been proven
experimentally. One of the main topics of this Ph.D. thesis was to investigate the
photoprotective role of ELIP family members using a reverse-genetic approach.
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The structure of this thesis – a reader’s guide
This thesis is composed of five chapters, all being interconnected by the molecular
mechanisms of photoprotection. Even if the original motivation behind the different
approaches was not always the same, lots of astonishingly similar observations could be
obtained in the different studies. Here I will give a short outline of how the different chapters.
Chapter 1 presents the continuation of my diploma thesis under the supervision of
Susanne Römer and Prof. P. Böger and was initially intended to clarify the aspect of
biosynthetic availability of carotenoid precursor to enhance the carotenoid (vitamin A)
content for improved nutritional quality. This study turned out to deliver a perfect genetic
manipulation to increase the photoprotective potential of plants. The chapter is the
manuscript intendet for submission to Planta.
All other chapters originate from the works under the supervision of Prof. I Adamska
successor of Prof. P. Böger since 2003, who has been actively involved during the last years
in the enlightenment of the function of the ELIP family members. As the direct proof for their
proposed involvement in photoprotection is still missing the main task of my Ph.D. thesis
(since 2004) was to initiate a reverse-genetic approach to clarify this function.
Chapter 2 presents the work on the generation and isolation of the diverse mutants for
all ELIP family members in A. thaliana. It is written as a classical thesis in the form to fit
needs of future researchers, with a broad introduction into the field, detailed description of
the used methods (including lists of different plant transformation vectors) and optimized
conditions for analyzing the different mutants. The discussion is focused more on the
technical implication and future approaches that have to be considered. The nomenclature
used in this chapter (all others match the TAIR nomenclature guidelines) corresponds to the
labelling in the lab.
Chapter 3 deals with the characterization of the elip1 and elip2 knock out and
overexpression mutants. It is written in a manuscript format, even if ongoing analyses are still
not finished. This additional study is necessary since the basic analysis of elip1 and elip2
mutants was recently published by another research group. The discussion is therefore
focused more on the explanation of the differences that we observed and the comparison of
different experimental setups.
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Chapter 4 and 5 describe the findings obtained for the mutants with depletion of
OHP1 and OHP2, respectively. Both chapters are manuscripts that need minor contributions
to be submitted.
The publications that were not included in this thesis (as there was no direct
connection to light stress) resulted from the cooperation with C. Spetea Wiklund (Linköping,
Universtity, Linköping, Sweden) in the broad field of photosynthesis research. All the
expression studies (in both works on RNA and protein level) and the intra-chloroplast
localization of the ATP/ADP carrier were performed by me. Especially the differential
expression studies for the two isoforms of the oxygen-evolving complex (PsbO) turn out to
be a major challenge, due to their high degree of similarity at the nucleic and protein levels.
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CHAPTER 1
Genetic Engineering of Isoprenoid Biosynthesis Leads to
Enhanced Biosynthetic Capacity and Improved Stress
Tolerance in Tobacco
Marc C. Rojas-Stütz1, Stephan Gatzek1, Matilde Barón2 and Susanne Römer1
1

Department of Physiology and Plant Biochemistry, University of Konstanz, Universitätsstr.

10, DE-78457 Konstanz, Germany.
2

Department of Biochemistry, Cell and Molecular Biology of Plants. Estación Experimental

del Zaidín, Consejo Superior de Investigaciones Científicas, Granada, Spain.

ABSTRACT
Geranylgeranyl diphosphate (GGDP) is a key intermediate for the formation of
several classes of various plant substances involved in plant growth and development and
represents an important branching point of the different isoprenoid biosynthetic pathways. In
plastids, GGDP serves as a precursor for the production of carotenoids, chlorophylls,
tocochromanols and gibberellins. Here, we investigated the effect of an overexpression of
GGDP synthase CRTE and phytoene synthase CRTB from a bacterial source (Erwinia
uredovora) alone and in combination in transgenic tobacco. Using this approach, GGDP
synthase, the enzyme responsible for the formation of GGDP and phytoene synthase
catalyzing the first dedicated step in carotenogenesis could be functionally expressed. The
combinatorial expression of both genes counteracted previously observed side effects such as
decreases in chlorophyll levels and dwarfing possibly caused by a shortage in precursor
supply. By expression of the bacterial GGDP synthase gene crtE, the GGDP pool could
obviously be replenished. Furthermore, all transgenic lines exhibited better light stress
protection as demonstrated by enhanced photosynthetic performance, and less susceptibility
to peroxidation of lipids than the wild type. Measurements of the tocochromanol content
before and after light stress indicated an intricate relationship between precursor supply and
tocochromanol accumulation.
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INTRODUCTION
Carotenoids belong to the widespread family of isoprenoids and are a major group of
secondary plant metabolites, found as pigments and colorants in leaves, fruits and flowers. In
higher plants they are structural components of the photosynthetic complexes and serve as
light-harvesting pigments (Schmid et al., 2002; Dall’Osto et al., 2007). Their role in
photoprotection is of paramount importance and involves the dissipation of excess light
energy (Baroli and Niyogi, 2000) as well as a function in membrane stabilization and
prevention of lipid peroxidation (Tardy and Havaux 1997). Because of their high
antioxidative potential carotenoids are efficient quenchers of reactive oxygen species and free
radicals. Since humans cannot synthesize carotenoids they rely on their uptake with the diet
for the production of vitamin A. Thus carotenoids play an essential role in human nutrition,
too (Tucker, 2003; Fraser and Bramley, 2004). There is accumulating evidence to suggest a
protective function of carotenoids against certain cancers (Giovanucci, 2002) and in the
prevention or amelioration of some chronic diseases (Mayne 1996; Mares-Perlmann et al,
2002).
The biosynthesis of carotenoids has become a major target for genetic manipulation in
particular due to their nutritional value and putative health benefits, but also the enhancement
of plant adaptation to changing environmental conditions was an issue. Genetic engineering
has been made possible only by the elucidation of the biosynthetic pathway and cloning of
the corresponding genes. The biosynthetic pathway of carotenoids has been comprehensively
reviewed in several recent articles (Fraser and Bramley, 2004; Römer and Fraser, 2005;
Sandmann et al., 2006). Biochemically they belong to the widespread and versatile family of
isoprenoids. The common precursor of all isoprenoids is the C5 unit isopentenyl diphosphate
(IDP) (Chappell 1995) and its quantity is of crucial importance for the whole biosynthetic
pathway (Lois et al., 2000; Kuzuyama et al. 2000). In plants two independent routes are
present to produce the isoprenic C5 unit. There is the cytosolic mevalonate pathway leading to
the synthesis of sterols, sequiterpenes, triterpenes and polyterpenes as well as the 1-deoxy-Dxylulose-5-phosphate (DOXP) pathway responsible for the formation of plastidic isoprenoids
such as carotenoids, phytol, plastoquinone and tocopherols (Lichtenthaler, 1999). Starting
from the substrate IDP three enzymes (IDP isomerase, GGDP synthase and phytoene
synthase) are required for the synthesis of the first carotenoid, phytoene. IDP isomerase
catalyzes the isomerization of IDP to dimethylallyl pyrophosphate (DMAPP) (Sun et al.,
2000). Secondly, using DMAPP and IDP as substrates, the enzyme GGDP synthase forms the
12

Chapter 1: Isoprenoid metabolism
key intermediate geranylgeranyl diphosphate (GGDP). Interestingly, GGDP is not only the
immediate precursor of carotenoids, but also an important branching point of the
biosyntheses of tocopherols, phytol and gibberellins. For the production of gibberellins,
essential phytohormones for plant development and growth, GGDP is transformed to entkaurene by the ent-kaurene synthase (Hedden and Kaniya, 1997). To form the phytol chain of
chlorophylls and tocopherols the enzyme GGDP reductase uses GGDP as substrate, too
(Botella-Pavía et al., 2004). Chlorophylls are essential photosynthetic pigments and
tocochromanols (e.g tocopherols and tocotrienols) are, just as the carotenoids, a group of
lipophilic antioxidants in plants (Stahl and Sies, 2000; Woitsch and Römer, 2005; DellaPenna
and Pogson, 2006; Dörmann, 2007). The head to head condensation of two molecules of
GGPP to one molecule of phytoene by the enzyme phytoene synthase defines the first
committed step of carotenoid biosynthesis (Cunningham and Gantt, 1998). Finally,
desaturation reactions followed by isomerization, cyclisation and the introduction of oxygen
groups give rise to various oxygenated carotenoids, termed xanthophylls.
For the manipulation of carotenogenesis two strategies have been most common:
aiming either at elevating the level of the end product or at favourably altering the
composition towards carotenoids with higher nutritional value or more desirable properties
(reviewed in Römer and Fraser, 2005; Giuliano et al., 2008; Mayer et al. 2008). In addition,
attempts were made to introduce carotenoid biosynthetic activity in carotenoid-free tissues,
such as the successful production of β-carotene in rice endosperm known as ‘golden rice’ (Ye
at al., 2000), or to create a novel carotenoid pathway such as the production of
ketocarotenoids in higher plants to produce colourants and feed supplements (Ralley et al.,
2004).
Several enzymatic steps have been suggested as candidates for rate-limitation and flux
control of the pathway (Albrecht and Sandmann, 1994; Lois, 2000; Estevez et al, 2001;
Hasunuma et al., 2008). However, the formation of phytoene via phytoene synthase, the first
dedicated step of carotenoid biosynthesis, has been considered to be one of the most
influential and was therefore selected as the predominant target. Constitutive overexpression
of the endogenous phytoene synthase(s) in tobacco (Busch et al., 2002) and tomato fruits
(Fray et al., 1995), respectively, resulted in increased phytoene production, but led also to
unscheduled pigment accumulation, cosupression and a dwarfing phenotype possibly caused
by decreased levels of gibberellins. Recent investigations confirmed these results and
analyzed the metabolic perturbances due to psy1 overexpression in tomato in even more
detail (Fraser et al., 2007). These experiments demonstrate that an altered flux through the
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pathway directing the major flow into one biosynthesis pathway can take place at the expense
of other isoprenoid classes and emphasize the need for a better understanding of regulatory
processes, metabolite partitioning and cross talks between various isoprenoid requiring
pathways. Moreover, these results underline again the importance of the intermediate GGDP
as a putative rate-limiting factor.
Despite the above mentioned obstacles the unbroken desire to increase the amount of
total carotenoids in plants, improve their ability for photochemical quenching, increase their
antioxidative potential, enrich their provitamin A content and enhance their overall nutritional
value (Sandmann, 2001) was a driving force for alternative approaches. Temporal and spatial
overexpression experiments were performed to overcome the rate-limiting step of the
precursor GGDP for overproduction of carotenoids without interfering with the remaining
isoprenoid pathways. Expression of an additional phytoene synthase under control of an
organ specific promoter yielded high carotenoid contents in carrot roots, canola seeds
(Shewmaker et al., 1999), tomato fruits (Fraser et al., 2002), Arabidopsis seeds (Lindgren et
al., 2003), potato tubers (Ducreux et al., 2004; Diretto et al. 2007) and flax seeds (Fujisawa et
al., 2008) limiting the misbalance of isoprenoids from the whole plant metabolism to the
specific organ. Other attempts of pathway engineering targeting later steps of carotenoid
biosynthesis were outside the scope of our study and readers are referred to recent reviews for
further information (Sandmann, 2001; Guiliano et al., 2008).
Concerning the role of carotenoids in stress protection, investigations have mostly
concentrated on the formation and function of the oxygenated carotenoid lutein and in
particular the xanthophyll cycle pigments (Demmig-Adams and Adams, 1992; Niyogi, 1999;
Woitsch and Römer, 2005); the latter acting as dissipaters of excess energy in a process
known as non-photochemical quenching (NPQ). So far, little is known about the
consequences of the manipulation of early steps in the carotenoid and isoprenoid biosynthetic
pathway on the plant performance and the ability of plants to react to environmental stress
conditions.
The present study explores an alternative strategy to alleviate the shortage of the
precursor GGDP in phytoene synthase overexpressing transgenics and to overcome and
evaluate this putative rate-limiting factor of the isoprenoid biosynthetic pathway by a
comparative genetic engineering approach. In addition, we aimed at analyzing the impact of
this alteration of plant biosynthetic capacity on plant stress defence. Therefore, tobacco
transformants constitutively expressing a bacterial phytoene synthase (crtB from E.
uredovora), a bacterial GGPP synthase (crtE from E. uredovora) and double transformants
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harbouring both bacterial genes were produced and characterized under normal and
photooxidative stress conditions.
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MATERIAL AND METHODS
Plant growth, harvest and light stress application
All experiments were carried out with tobacco plants (Nicotiana tabacum L., cultivar
Samsun). Non-transformed plants (WT) of the corresponding developmental stage served as
controls. Plants were cultivated on soil in the greenhouse creating cuttings from the original
plants as well as sowing seeds from homozygous plants. Two weeks before harvest, the
plants were transferred into growth chambers with a 16 h light/8 h dark cycle. During the
light period the temperature was kept at 23 °C and the humidity at 65%. For the dark period
the temperature was set to 21°C and the humidity to 90%. The light intensities produced with
Osram powerstar lamps (HQI-R 250W) were 50 to 100 µmol m-2 s-1 (LL) or 200 µmol m-2 s-1
(ML), respectively. For all experiments the center part of the fifth to sixth leaf counted from
the apex, when not defined otherwise in the legend, was used to stamp out leaf discs of 11
mm diameter. For seedling cultures seeds were sterilized with ethanol/sodium hypochloride
and grown on MS-basal-media (Sigma, Deisenhofen, Germany) under continuous white light
(100 µmol m-2 s-1, Osram fluorescent lamps L-Fluora and universal white) at a temperature of
25°C. Liquid cultures were kept under constant agitation.
For high light exposure plants were taken out of the growth chamber at the beginning
of the light phase. Illumination of 1500 µmol m-2 s-1 was provided by an Osram Xenophot
lamp through a heat filter KG-3 2 mm (Schott, Mainz, Germany) on detached leaves, leaf
discs floating on water. When using intact leaves still attached to the plants light was beamed
horizontally across an aquarium filled with water.
Construction of transformation vectors
As effect genes the crtE gene encoding the geranylgeranyl pyrophosphate synthase
and the crtB gene encoding the phytoene-synthase of E. uredovora were chosen (Misawa et
al., 1990). For targeting into the chloroplast, the genes were fused in frame to the transit
peptide of the small subunit of ribulose bisphosphate carboxylase (Rubisco) of pea using the
plasmid Tra 3XN, a derivate of the pYIET4 vector (Misawa et al., 1993). Subsequently, the
fusion products were inserted into a binary vector pGPTV (Becker et al., 1992) containing the
cauliflower mosaic virus 35S promoter to ensure constitutive expression as well as the
nopaline synthase terminator. The cloning procedure for the plant transformation vector
harbouring crtB is outlined in detail in Gatzek (1998). For the built up of the crtE
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transformation vector, an intermediate vector containing the crtE gene in the plasmid pUC19
was employed. The modified crtE gene was cut out by restriction with BamHI followed by
partial digestion with the restriction enzyme SphI. Then the fragment of interest was gel
isolated, purified and subcloned into the BamHI/SphI restricted vector Tra 3XN already
containing the Rubisco transit sequence. Using the XbaI and the SmaI sites present in the Tra
3XN vector, the complete fusion product could be removed by appropriate digestion and
finally cloned in the SmaI/XbaI restricted plant transformation vector pGPTV. For the crtE
construct a vector (pGPTV-KAN) was taken carrying a kanamycin restistance cassette with a
nopaline synthase promoter, the nptII gene and the Ag7 terminator. For the crtB
transformation construct the same plasmid but with a gene conferring hygromycin resistance
(hpt gene) was used (pGPTV-HPT). Cloning procedures were carried out according to
Sambrook et al (1989).
Plant transformation and selection.
Tobacco plants were transformed via A. tumefaciens strain LBA 4404 according to the
leaf disc method of Horsch et al (1985). After selection on the basis of kanamycin resistance
for the crtE construct and hygromycin resistance for the crtB vector, for each transformant a
minimum of 20 transgenic plants were regenerated. The presence of the T-DNA was proven
by PCR with specific primers. For analysis of the insertion events 100-200 seeds of self
crossed F1 plants were plated out on agar plates with antibiotic in the media (100 µg mL-1
kanamycin or 30 µg mL-1 hygromycin) and the ratio of resistant and sensitive plants was
determined after 15 days. All plants that were used for further analysis had a ratio of 3:1,
indicating according to Mendelian law that they contained only a single insertion in their
genome. The double transformants with both crtE and crtB genes emerged from an over
transformation of positive crtE transformants with the crtB construct. The EB11 transformant
derived from E1, EB21 from E2. For production of homozygous lines transformants were
self-pollinated and seeds screened on selective media for homogenous resistant progeny.
RNA Analysis
RNA was extracted from leaf material following the procedure outlined in Kuntz et al.
(1992). After separation of total RNA on 1.2% (w/v) denaturing agarose/formaldehyde gels,
the nucleic acids were transfered onto a positively charged nylon membrane (Biodyne Plus,
Pall, Dreieich, Germany) and UV cross-linked. The ethidium bromide-stained rRNA served
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as loading control. Hybridization and detection carried out as described in Woitsch and
Römer (2003).
The DIG labeled probes were generated via standard PCR procedure using
dioxigenin-11-dUTP (DIG-DNA-labeling Mix 10x conc., Roche, Mannheim, Germany) and
the following primers with annealing temperatures for the transgene: crtE-for (5´-CGC AGA
GAG ATG CTC ACT GGC AAG C-3´) and crtE-rev (5´-GTG GAG GGA GAA CGG GAT
GTT GTG G-3´) with 65°C, crtB-for (5´-GAG CGG GCG CTG CCA GAG ATG-3´) and
crtB-rev (5´-GCG TAC GCA TGC TCT ACG CCT GGT GC-3´) with 53°C. For the
endogenous genes probes were generated with the primers ggdpS-for (5´-CAT CGC CGC
TGC AAC CGC-3´) and ggdpS-rev (5´-CCG AGG ATT GCT CCG AGA ACT ACG-3´)
with 58°C for the tobacco GGDP-synthase, ggdpR-for (5´-GCC ATC CCA CTT TGC ATG
GTG G-3´) and ggdpR-rev (5´-GCA CAC ATA CGT CCA CTC TTT GC-3´) with 58°C for
the GGDP-reductase, psy-for (5´-CAT CGT CGA AGA GAC CTG CCT GTG- 3´) and psyrev (5´-GGT GTA GTG AAG TAT GTG CAG AG- 3´) with 57°C for the phytoene synthase
and chlH-for (5’-CGC CGG CGA ATT GCA CAT CCT AT-3’) and chlH-rev (5’-ACA TTC
CTT TCC CGC AGT GCT TTT CTC A-3’) with 55°C for the subunit H of the Mg chelatase.
Protein analysis and enzyme assays
Total proteins were extracted from frozen leaf tissue as described in Woitsch and
Römer (2003). 30 to 50 µg of total protein were used for SDS/PAGE electrophoresis and
western blot analysis, which was performed following standard procedures (Sambrook et al.,
1989). For determination of the protein concentrations the method of Bradford (1976) was
applied using the Bio-Rad protein assay dye (Bio-Rad, München, Germany). Antibodies for
the bacterial proteins were produced by immunization of rabbits with purified recombinant
proteins of E. coli. Overexpression and purification of the 6x His- or GST-tagged proteins
was carried out according to standard procedures (Sambrook et al., 1989). The CRTB protein
was overexpressed using the pRSET vector (Invitrogen, Leek, Netherlands) as described in
Gatzek (1998) and the CRTE protein for immunization was obtained after overexpression
using the pQE vector (Qiagen, Hilden, Germany). Antiserum was collected after triple
injection of 650 µg of the antigen and then purified against tobacco wild type total protein.
Enzyme activity of phytoene synthase and GGPP synthase was assayed by measuring
the incorporation of [1-14C]IDP and [3H]GGDP (American Radiolabeled Chemicals, St.
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Louis, MO) into phytoene. The isolation of chloroplasts and subchloroplast fractions from
leaves as well as the enzyme assay procedure followed that described in Fraser et al. (1994).

Photosynthetic oxygen evolution and chlorophyll fluorescence
Photosynthetic oxygen evolution was determined with a Clark oxygen electrode (WW,
Uni Konstanz, Konstanz, Germany) in a temperature-controlled chamber for leaf discs of 11
mm diameter floating on 100 mM sodium carbonate buffer (pH 7.6). Illumination (150 µmol
m-2 s-1 for 15 min) for photosynthetic performance was applied with Osram powerstar lamps
(HQI-R 250W) through a heat filter KG-3 2 mm (Schott, Mainz, Germany).
Chlorophyll fluorescent of leaves was measured at room temperature either with a portable
Plant Efficiency Analyser (PEA; Hansatech Instruments, Norfolk, UK) or with an PAM 102
fluorometer (Walz, Effeltrich, Germany). Dark-adaptation prior to each measurement was
always done for 10 minutes. The PEA was used just for monitoring the photochemical yield
of open PSII reaction centres in the dark adapted state (Fv/Fm, calculated automatically) of
leaf discs (11 mm diameter) taken every 15 minutes during the 1 h light stress application
followed by 2 h recovery under low light (50 µmol m-2 s-1). The PAM 102 was used to
analyze the effective quantum yield of PSII photochemistry (PSII yield) and non
photochemical quenching (NPQ) of intact leaves attached to the plants before and after 2 h of
light stress treatment. The initial fluorescence yield (F0) in weak modulated light was
recorded followed by the maximum fluorescence yield (Fm) after a saturating light pulse of
4000 µmol m-2 s-1. NPQ and PSII yield (ΦPSII) were calculated after 10 min in actinic light of
150 µmol m-2 s-1 according to Maxwell and Johnson (2000).
Isoprenoid analysis
Total pigments were extracted with acetone from fresh leaf material. The amount of
photosynthetic pigments was determined according to Lichtenthaler and Wellburn (1983)
with a Hitachi U-2000 Spectrophotometer (Mannheim, Germany). For pigment composition,
the extracts were separated on a Spherisorb ODS1 5µm RP18 (250 x 4 mm) HPLC column
(Dr. Maisch, Ammerbuch, Germany) as described by Gilmore and Yamamoto (1991).
Carotenoids from seedlings were extracted with 60°C methanol/KOH and 10% (v/v) diethyl
ether in petroleum ether (b.p 40°-60°C). Afterwards phytoene was separated by HPLC with
the

same

column

as

above

using

an

isocratic

mobile

phase

of

acetonitril/methanol/isopropanol (85/10/5 (v/v/v)) at a flow rate of 1 mL min-1 and detected
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at 285 nm as described in Böger and Sandmann (1993). A PDA-UV-Detector 994 (Waters,
Millipore, Eschborn, Germany) was used for detection in both cases. Data evaluation was
done with the Ramona Software (Lab Logic, Sheffield, Yorkshire, UK).
High-performance liquid chromatography (HPLC) of tocopherols was performed as
described in Fraser et al. (2000), using a C30 NE Stability-100 (5 µm column, 250 x 4.0 mm)
(Dr. Maisch, Ammerbuch, Germany) that was maintained at 28 °C by a column oven (560
CIL, ERC, Rimerling). A UV-detector (Knauer, variable wavelength monitor) at 287 nm and
a fluorescence-detector (RF-530, Shimadzu) with an emission at 325 nm and extinction at
295 nm was used for pigment detection. With the help of the UV-vis detector isoprenoids and
chlorophylls were detected, whereas α-tocopherol was detected by fluorescence. Data were
analysed using the Knauer HPLC-software.
Conductivity assay and Ethane measurement
Leaf discs were incubated in a 0.15% (v/v) H2O2 solution in gas sealed tubes for 48
hours at a light intensity of 450 µmol m-2 s-1. To measure the leakage of electrolytes caused
by the damage of the membranes, the solution before and after treatment was analysed by a
conductivity measuring instrument (WTW Werkstaette, Weilheim, Germany), subsequently
the increase of conductivity was calculated by comparing the values after treatment with the
original values. To determine the ethane produced by the leaf discs, 1 mL of the gas phase in
the tubes was analysed by a gas chromatograph (Perkin Elmer F22, Watham, Massachusetts,
USA) equipped with an alumina F1 column 3m, 1/8” (Supelco, Bellefonte, USA). The
temperatures were set as follows: 120°C injector, 70°C oven and 140°C detector. Data were
evaluated with the Shimadzu integrator C-R 6A (Duisburg, Germany).
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RESULTS
Expression of the transgenes and endogenous carotenoid biosynthetic genes
Expression of the crtE and crtB transcript was confirmed by RNA gel blot analysis in
three different, transgenic tobacco lines E (with the crtE gene), B (with the crtB gene) and the
double transformants EB (harboring both bacterial genes crtE and crtB). Among the primary
transgenic plants different expression levels were observed (data not shown), but for further
analysis only transformants with high expression of the transgenes were chosen. In primary
transformants as well as in homozygous plants the bacterial genes were expressed in high
amounts (Figure 1A). The transcript level of the endogenous carotenoid biosynthetic genes
GGDP synthase and phytoene synthase and the chlorophyll biosynthetic genes, Mg-chelatase
subunit H and GGDP reductase, was similar in wild type and all transgenic lines (data not
shown).

Figure 1. Validation of the transgenes. E1 and E2 lines harbouring the bacterial GGDP synthase gene
crtE, B1 and B2 lines with the bacterial phytoene synthase gene crtB, and EB11 and EB21 with both crtE and
crtB. Primary transformants are marked with an asterisk; A) RNA gel blot analysis of 8 µg total RNA of the
primary transformants (left), homozygous lines (right) and the wild type (WT) tobacco plants, were separated on
agarose/formaldehyde gel and transferred onto a positively charged nylon membrane. For hybridization DIGlabelled probes against crtE and crtB were used. As a loading control the ethidium bromide stained rRNA on the
gel is shown below each blot. B) Immunoblot analysis of total protein extracts from the wild type (WT), one
primary transformant (left) and one homozygous plant (right) of each transgenic line, was performed using an
antibody against CRTE or CRTB respectively. C) Immunoblot analysis of the thylakoid fraction (t) and the
stroma fraction (s) of isolated chloroplasts from homozygous transformants and wild type. Protein samples were
loaded at equal basis (50 µg).
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Immunodetection and enzyme assays of the CRTE and CRTB proteins
The bacterial proteins CRTE and CRTB were detected by immunoblot analysis using
total protein extracts of mature leaves. From each transgenic line two independent
transformants are shown either in the heterozygous or the homozygous state (Figure 1B).
Immunodetection of the foreign proteins of isolated chloroplasts fractions proved the
localization of CRTE being exclusively and for CRTB predominantly in the stroma fraction
of the plastids (Figure 1C).
To address the activity of the bacterial enzymes in the plant, inhibitor assays were
performed. For the CRTE protein the inhibitor CGA 103586 (N-2-(3methyl-pyridyl)
aminomethylenebisphosphonic acid) (patent of Nissan; U.S., 4,447,256) was used. This
biphosphonate inhibits the GGDP-synthase (Oberhauser et al., 1998). Seeds of the wild type
and transformants were grown in liquid media using different concentrations of CGA
(ranging from 0.1 to 100 µM) for 7 days. Subsequently, the pigments were extracted and
determined photometrically. The concentration of inhibitor where half of the chlorophyll was
degraded (I50-value), was five times higher for the transformants with a bacterial GGDP
synthase CRTE (E: 35.57 ± 1.91 µM ; EB: 35.02 ± 0.93 µM) than that of the B transformant
(7.53 ± 0.27 µM) or the wild type (6.45 ± 0.34 µM) (n=3).
To measure the activity of the bacterial phytoene synthase CRTB the herbicide
norflurazon (SAN 9789) was chosen. In plants, this agent inhibits phytoene desaturation, the
next step in the carotenoid biosnthesis pathway thus leading to phytoene accumulation
(Misawa et al., 1993). Seeds of wild type and transgenic lines were grown in liquid media
with a final concentration of norflurazon of 0.052 µM (I50-value for wild type tobacco
(Wagner et al., 2002)) for 7 days. Afterwards, the pigments were extracted and the phytoene
content was determined by HPLC. All transformants with a bacterial phytoene synthase
CRTB had a 1.25 fold higher level of the carotenoid phytoene than the wild type. For the
wild type a phytoene peak area of 217.55 ± 10.24 per mg fresch weight (FW) was measured.
The E line reached a value of 239.34 ± 7.59 the B line 272.40 ± 10.36 and the double
transformant EB 274.67 ± 8.28 (n=3).
To assure the functional activity of both bacterial proteins the conversion rates were
measured by incorporation of radioactive precursors. The stromal fraction from intact
chloroplast was isolated and the incorporation of [1-14C]IDP and [3H]GGDP into phytoene
was determined (Table 1). All transformants converted more [1-14C]IDP into phytoene than
the wild type. When [3H]GGDP was used as a substrate, only the transgenic lines with a
bacterial phytoene synthase showed high radioactivity in the phytoene fraction.
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Table 1. Enzyme activities of stroma fraction of isolated chloroplast
genotypes
WT
E2
B1
EB21

[cpm/µg protein]
[IDP]*

[GGPP]*

288,96 ± 80,25
505,43 ± 33,60
579,50 ± 69,33
788,45 ± 102,99

19,46 ± 6,98
24,54 ± 6,58
278,85 ± 44,07
274,88 ± 69,12

The incorporation of [1-14C]IDP and [3H]GGPP into phytoene was measured in the stroma fraction of
chloroplasts of the wild type (WT) and one homozygous transformant from each transgenic line (E2 line with
the bacterial GGDP synthase crtE; B1 line with the bacterial phytoene synthase crtB; EB21 with both crtE and
crtB). Data resulted from two independent experiments with three determinations.

Phenotype, growth and fertility of the transformants
The only transgenic line that showed an obvious phenotypical difference to the wild
type was the transformant B1 carrying the crtB gene. From the transformant B2 no
homozygous progenitors could be selected and thus no further analysis was performed with
this line. The germination rate of all plants was identical, but line B1 exhibited a lower
growth rate than all other plants. The increase in the length of the hypocotyls in the first week
after germination of the crtB transformants was 0.8 ± 0.1 cm. The crtE transgenics, the crtEB
double transformants and the wild type enlarged their hypocotyls by 2.5 ± 0.8 cm during the
same time period. A reduced stature of the B1 transformant was more evident in the early
growth phase of the plant and was much more pronounced in the homozygous progeny
(Figure 2A). When these transformants were grown in summer time with high light
intensities in the greenhouse their young developing leaves were yellow-orange (Figure 2B).
The specific phenotypic characteristics of the single crtB transformants could neither be
observed in the crtE transformants nor in the transgenic lines harbouring both, the crtE and
the crtB gene. The crtB transformants were also impaired in fertility. The number of seed
buds per plant was reduced by a factor of 2.8. Wild type and transformants with a bacterial
GGDP synthase CRTE produced 47 ± 5 seed buds per plant. In contrast, the crtB
transformants had only 16.67 ± 4.13 seed buds per plant (n=6). More than half of the flowers
did not produce seeds at all. Moreover, the quantities of seeds pro bud in the crtB transgenics
was lowered by a factor of 4. The crtB transformant produced 27.7 ± 9 mg seeds per bud, all
other plants 110 ± 8 mg seeds per bud (n=6).
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Figure 2. Phenotype of the tobacco transformants. 3 weeks old plants of wild type (WT) and
homozygous transformant from each transgenic line (E2 line with the bacterial GGDP synthase crtE; B1 line
with the bacterial phytoene synthase crtB; EB21 with both crtE and crtB) grown in a greenhouse during the
summer time. (A) Front view and (B) top view.

Photosynthetic performance and chlorophyll fluorescence
To determine a factor for general fitness of the different plants, oxygen evolution
under low (50 to 100 µmol m-2 s-1) and moderate light (200 µmol m-2 s-1) intensities was
measured, but no significant differences between wild type and the different transformants
could be detected (data not shown). Transgenics with the bacterial phytoene synthase gene
crtB reached slightly higher photosynthetic capacities under normal light conditions (Figure
3A: untreated). After high light exposure, however, the photosynthetic performances differed
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clearly between wild type and transformants. While the wild type exhibited a decreased
photosynthetic oxygen evolution, all transformants showed an elevated oxygen production
after high light exposure (Figure 3A). Only data derived from analysis of plants pre-adapted
to low light conditions, since under this cultivation conditions differences between wild type
and transformants were more pronounced.

Figure 3. Photosynthetic performance during light stress treatment. Wild type plants (WT) and one
homozygous transformant from each transgenic line (E2 line with the bacterial GGDP synthase gene crtE; B1
line with the bacterial phytoene synthase gene crtB; EB21 with both crtE and crtB) were preadapted to 50 to 100
µmol m-2 s-1 in a growth chamber for 2 weeks prior leaf discs were light stressed floating on water with 1500
µmol m-2 s-1. A) Photosynthetic oxygen evolution rate of leaf discs (of primary transformants) before and after 2
h light stress measured with a Clark electrode (n=3-4). B) Maximum quantum efficiency of PSII photochemistry
(Fv/Fm) during 1 h light stress and 2 h recovery in 50 µmol m-2 s-1 of homozygous transformants. Every 15
minutes one leaf disc was taken out and dark adapted for 5 minutes before Fv/Fm was measured by a PEA
analyzer (n=6).

Analysis of the chlorophyll fluorescence parameters under normal conditions revealed
differences between wild type and the transformants which were even more pronounced after
light stress. The maximum quantum efficiency of PSII photochemistry (Fv/Fm) of all plants
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under normal light conditions had the value around 0.8 ± 0.03. When plants were treated with
high irradiances the Fv/Fm-ratio of all plants decreased, but the decline was most severe in
the wild type. Furthermore, recovery of the maximum quantum efficiency of PSII following
light stress was faster in the transgenic lines (Figure 3B). In the transgenic plants,
significantly higher values of non photochemical quenching (NPQ), representing the excess
excitation energy dissipated as heat, and the PSII yield, representing the portion of light
absorbed by chlorophyll associated with PSII that is used in photochemistry, could be
detected after but not before high light stress in comparison to the wild type (Table 2). In
plants that were pre-adapted to moderate light (200 µmol m-2 s-1) the difference was not that
pronounced (data not shown).
Table 2. Chlorophyll fluorescence parameters before and after light stress.
genotypes
WT
E2
B1
EB21

PSII yield

NPQ

untreated

light stress

Untreated

light stress

0,716 ± 0,017
0,721 ± 0,023
0,712 ± 0,019
0,710 ± 0,013

0,562 ± 0,028
0,647 ± 0,023
0,636 ± 0,029
0,652 ± 0,032

0,192 ± 0,045
0,205 ± 0,043
0,201 ± 0,035
0,221 ± 0,050

0,028 ± 0,014
0,083 ± 0,037
0,086 ± 0,041
0,091 ± 0,038

Wild type (WT) and one homozygous transformant from each transgenic line (E2 line with the bacterial GGDP
synthase crtE; B1 line with the bacterial phytoene synthase crtB; EB21 with both CrtE and CrtB) were preadapted to 100 µmol m-2 s-1 for 2 weeks in a climate chamber before the effective quantum yield of PSII
photochemistry (PSII Yield) and the non photochemical quenching (NPQ) of leaves was determined by a PAM
fluorimeter before (untreated) and after exposure for 2 h to a light stress intensity of 1500µmol m-2 s-1 on intact
leaves attached to the plants (n= 4-6).

Pigment composition and tocopherol content
Comparative pigment analyses of mature leaves were always performed using two
wild type plants, two different crtE transformants E1 and E2, two different crtEB double
transformants EB11 and EB21 and two crtB transgenics B1 and B2. Plants were adapted to
low light ( 50 to 100 µmol m-2 s-1) or moderate light (200 µmol m-2 s-1) respectively, for two
weeks prior harvesting. A quantitative determination of the chlorophyll (Chl) and total
carotenoid levels by spectrophotometer revealed no significant differences between wild type
and transgenics. Plants adapted to 200 µmol m-2 s-1 had higher pigment contents (Chl a 1767
± 75 µg g-1 FW-1; Chl b 520 ± 35 µg g-1 FW-1; Carotenoids 410 ± 40 µg g-1 FW-1) than those
adapted to 50 µmol m-2s-1 (Chl a 1630 ± 80 µg g-1 FW-1; Chl b 410 ± 40 µg g-1 FW-1;
Carotenoids 350 ± 33 µg g-1 FW-1). In addition, the carotenoid pattern analyzed by HPLC did
not differ between the various plant lines. For all plants adapted to 50 µmol m-2s-1 neoxanthin

26

Chapter 1: Isoprenoid metabolism
was present in 11 ± 0.5; violaxanthin in 10.5 ± 0.6; lutein in 42 ± 0.4 and β-carotene in 36.5 ±
0,4 percent of total carotenoids (n=4-6). For plants adapted to 200 µmol m-2s-1 the relative
amount of β-carotene was lowered to 30.5 ± 0.5, whereas lutein was raised to 48 ± 0.5
percent of total carotenoids (n=4-6).
Light stress resulted in a smaller decrease of chlorophyll and carotenoid contents in
the transgenics relative to the wild type. While the pigment content of the wild type
continuously lessened during two hours of high light treatment, the decrease of total pigments
ceased in all transformants after the first hour of light stress for the remaining stress period of
two hours (Figure 4A-B). The determination of carotenoids by HPLC showed that the wild
type had slower deepoxidation rates of violaxanthin (Figure 4C). The transformants reached
the maximal conversion of violaxanthin to zeaxanthin after one hour high light treatment,
whereas the wild type needed two hours to reach the same value. However, after two hours
light stress the final ratio of deepoxidated carotenoids of the xanthophylls cycle was the same
in all plants.

Figure 4. Pigment and α-tocopherol content during light stress. Wild type plants (WT) and one
homozygous transformant from each transgenic line (E2 line with the bacterial GGDP synthase gene crtE; B1
line with the bacterial phytoene synthase gene crtB; EB21 with both crtE and crtB) were pre-adapted to 50 to
100 µmol m-2 s-1 in a growth chamber for 2 weeks prior acetone extracts of leaf discs before and during light
stress (2 h 1500 µmol m-2 s-1) were taken for determination of A) total chlorophyll and B) total carotenoid
content quantified by spectral photometer (n=5); C) Xanthophyll conversion in light stress analysed by HPLC.
Represented is the percentage of antheraxanthin (A) and Zeaxanthin (Z) from total detected carotenoids at 450
nm (n=5); and D) α-tocopherol content before and after light stress determined by HPLC. The detection was
performed at 287 nm by an UV detector (n=4).
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Young developing leaves contained lower amounts of total pigments (Table 2).
Remarkably, the chlorophyll content of the B1 transformant was only half of those of the
other plants, whereas the carotenoid level was increased (Table 3). The crtEB double
transformants had wild type like chlorophyll concentrations and a slightly higher carotenoid
accumulation, while the single crtE transformants showed no significant differences to the
wild type.

Table 3. Pigment content of young developing leaves
genotypes
WT
E2
B1
EB21

Chla
1343,98 ± 46,26
1327,93 ± 36,40
657,03 ± 57,18
1354,49 ± 67,97

[µg/g FW]
Chlb
311,26 ± 35,38
306,05 ± 29,75
143,71 ± 32,75
311,90 ± 19,71

carotenoids
310,27 ± 24,84
334,24 ± 23,17
391,50 ± 23,57
358,82 ± 19,05

Wild type (WT) and one homozygous transformant from each transgenic line (E2 line with the bacterial GGDP
synthase gen crtE; B1 line with the bacterial phytoene synthase crtB; EB21 with both crtE and crtB) were grown
for 3 weeks in a greenhouse in the summer time. From fresh leaf tissue of the centre area of the third young leave
(counted from the apex) the pigments were extracted with acetone and quantified by spectral photometer. (n=6)

The α-tocopherol content of mature leaves was determined of all plants before and
after light stress by HPLC. The crtE transformants with a bacterial GGDP synthase had
higher amounts of α-tocopherol under normal conditions (Figure 4D: untreated). Plants
adapted to 200 µmol m-2s-1 accumulated up to six times more α-tocopherol. Also under these
light conditions plants with an additional GGDP synthase accumulated more α-tocopherol
than the wild type (data not shown). After high light irradiance treatment all plants showed a
decrease in α-tocopherol content, but while the crtB transformant suffered a virtually
complete loss of α-tocopherol, all other plants just exhibited a certain decrease of their αtocopherol concentration (Figure 4D). The degree of decrease as defined by the ratio of the
amount of α-tocopherol before and after light stress was the same in the wild type and the
crtE transformants.
Oxidative stress
To analyze the anti-oxidative properties of the transformants leaf discs were incubated
in a H2O2 solution and exposed to a light intensity 450 µmol m-2s-1, in a closed vial. After 48
hours the produced ethane, that is produced when lipids get peroxidized, was quantified by
gas chromatography. The wild type produced more ethane than the transformants.
Furthermore, the increase of the conductivity in the solution during the treatment was
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determined, showing that the wild type had a higher increase in leakage of electrolytes than
all transformants (Table 4). Both effects underlay that transformants have higher antioxidant
activity and that lipids get less peroxidized.

Table 4. Increase in conductivity and ethane production under oxidative stress.
genotypes
WT
E2
B1
EB21

increase in conductivity
[µS cm*-1 g-1 FW]
108,14 ± 9,58
57,70 ± 6,35
53,40 ± 6,53
55,65 ± 8,98

ethane production
[pmol g-1 FW]
87,76 ± 4,52
62,78 ± 4,72
56,84 ± 8,32
43,75 ± 5,15

Leaf discs of the wild type (WT) and one homozygous transformant from each transgenic line (E2 line with the
bacterial GGDP synthase CrtE; B1 line with the bacterial phytoene synthase CrtB; EB21 with both CrtE and
CrtB) were incubated in gas sealed tubes in a H2O2 solution and illuminated with 450 µmol m-2 s-1. After 48h
the conductivity in the solution was measured and compared to the origin value. The formation of ethane in the
gas phase of the tubes was analysed by gas chromatography. Data derives from 3 independent experiments
with double determinations
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DISCUSSION
In the present study we have taken a transgenic approach to investigate the role of
GGDP as putative rate-limiting factor for the synthesis of isoprenoid compounds. For this
purpose, three different transgenic tobacco lines were generated: single transformants
constitutively expressing either a bacterial phytoene synthase (crtB from E. uredovora) or a
bacterial GGDP synthase (crtE from E. uredovora) and the corresponding double
transformants harbouring both bacterial genes. The transgenic plants were characterized
under normal growth and light stress conditions.
The constitutive expression of the foreign bacterial genes in the transgenic tobacco
plants was confirmed by RNA gel blot analysis without leading to gene silencing effects
(Meyer and Saedler, 1996). Gene silencing and co-suppression were obviously omitted by the
low level of homology (< 35%) between the bacterial and plant genes. In the past it has been
reported that introducing a carotenoid biosynthesis gene can cause expression changes of
other carotenoid biosynthesis genes (Römer et al., 2000; Diretto et al., 2007), but in our
transgenic lines the expression patterns of selected endogenous genes were not altered (data
not shown). Accordingly, no major variation in the expression of endogenous carotenoid
genes was observed in transgenic potato carrying the crtB gene, too (Ducreux et al., 2005).
These findings indicate that changing the phytoene and/or GGDP content do not effect the
endogenous carotenoid gene expression and suggests that no feedback regulation is occurring
at this level.
Translation and proper targeting of the bacterial proteins to the chloroplast stroma
fraction could be proven. Although most of the CRTB protein was found in the plastid
stroma, low amounts could also be detected in the thylakoid fraction of chloroplasts, an
observation also made by Fraser et al. (2002) after overexpression of crtB in tomato fruits.
Phytoene synthase is reportedly localized in the stroma of the chloroplast but closely
associated to the thylakoid membranes (Bartley et al., 1992). The minor level of CRTB
protein in the thylakoid fraction might therefore be due to a slight contamination after rupture
of the plastids or indicative for the peripheral membrane location.
Enzyme assays revealed that both bacterial enzymes were catalytically active. The
conversion of GGDP to phytoene was considerably increased in the crtB and crtEB
transgenics in comparison to the non-transformed control plants. The increase of the
conversion of radiolabeled IDP to phytoene was not that pronounced, but clearly measurable.
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All transgenics, especially the double transformant, incorporated more labelled IDP into
phytoene. However, this conversion does not account for GGDP synthase and phytoene
synthase alone, but is influenced by the precedent reaction, namely the isomerization of IDP.
Furthermore, the activity of GGDP synthase is also dependent on the available substrate. In
vitro studies of the CRTE protein showed that the bacterial enzyme had high affinity to the
prenyl pyrophosphates geranyl diphosphate (GDP) and farnesyl diphosphate (FDP) but rather
moderate conversion rates of dimethylallyl pyrophosphate (DMAPP) (Wiedemann et al.,
1993), which is the predominant precursor in plants (Kleinig, 1989). Inhibitor studies confirm
the activity of the bacterial isoprenoid biosynthetic enzymes. Plants harbouring the crtE gene
had higher I50 values for the GGDP synthase inhibitor CGA than the wild type and the crtB
transgenics. The increased tolerance against CGA could be explained either by the presence
of greater amounts of target protein for inhibition or by lower sensitivity of the CRTE protein
to this inhibitor. By contrast plants with the bacterial phytoene synthase gen crtB
accumulated higher amounts of phytoene in presence of norflurazon.
In accordance with previous investigations (Fray et al., 1995) constitutive
overexpression of the bacterial phytoene synthase gene (crtB) resulted in reduced fertility,
lower chlorophyll contents and growth retardation (dwarfism). Moreover, a decrease in αtocopherol content was observed in the crtB transformants. During light stress a greater loss
of α- tocopherol was detected. This emphasizes the role of the precursor GGDP as an
important branching point for various isoprenoid pathways. The visibly altered leaf
pigmentation (increase in yellowish colour) of the crtB transformant was only present in
young leaves in summer time. In line, young leaves as well as plants under higher levels of
illumination have already been shown to exhibit higher carotenoid to chlorophyll ratios than
older or low light adapted plants (Haldimann, 1996). Thus under conditions where
carotenogenesis is occurring at higher rates, an additional phytoene synthase seems to
pronounce carotenoid accumulation at the expense of the chlorophyll level. In the double
transformants, harbouring both bacterial enzymes encoding phytoene synthase and GGDP
synthase, no phenotypic differences to the wild type were observed. Obviously, the limiting
GGDP pool could be refilled in the crtEB plants counteracting a misbalance of other
isoprenoids compounds. The increase of carotenoid accumulation in young leaves of those
transgenics in comparison to the wild type was not as high as in the single crtB transformants.
In addition a greater amount of α-tocopherol could be produced in the double transgenics. In
the single crtE transformants the steady-state level of total coloured carotenoids did not
considerably differ from the wild type, but presented the highest α-tocopherol accumulation
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among all transgenic plants investigated. These findings indicate that raising the GGDP level
increases the flux into each branch point, and that the conversion rate is just depending on the
availability of the substrate as it has been reported for an elevated IDP pool (Estevez et al.,
2001). Also in metabolic engineering fatty acids flux (Cahoon et al., 2007) and other plant
secondary metabolites (Verpoorte and Memelink, 2002) alterations of biosynthetic pathways
were accompanied with identification of metabolic bottlenecks.
That no significant increase in total carotenoid content in mature leaves of the
transformants was measurable could be due to further regulation in the biosynthetic pathway
(Cunningham and Gantt, 1998, Lee and Schmidt-Dannert, 2002), not allowing abnormal
accumulation effects to emerge. In none of the transgenic lines carotenoid pattern was altered
compared to the wild type, which can be interpreted as unaltered stoichiometrical antenna
composition (Herrin et al., 1992). Nevertheless, all transformants were less susceptible to
photoinhibition than the wild type. After white light illumination of high intensity (1500
µmol m-2 s-1), photosynthetic oxygen evolution of all transgenic tobacco transformants were
clearly higher than that of the wild type. Furthermore, in the transformants the maximum
quantum yield of PSII (Fv/Fm) was decreased to a lower extent after high light treatment
compared to the wild type. This indicates that the trangenics lines were less affected after
light stress treatment maintaining higher photosynthetic capacities. This is also reflected by
the higher PSII yield values after high light irradiances. While before treatment no obvious
difference could be detected between trangenics and wild type, the energy that was used for
photochemistry (PSII yield) after light stress was higher in all transformants than in the wild
type plants. In addition, the non-photochemical quenching (NPQ) reached higher values in
the transformants before and clearly after high light illumination. It is well documented that
carotenoids play a crucial role in protection against high light, being responsible for the nonphotochemical quenching of excess light energy dissipated as heat (Demmig-Adams, and
Adams, 1996; Niyogi, 1999). In the analysed trangenics this photoprotection mechanism was
obviously enhanced.
During light stress photosynthetic complexes are reduced (Walter and Horton, 1994),
a phenomenon which can be followed by a concomitant decrease in total pigment content
(Merzlyak and Chivkunova, 2000). Chlorophylls and carotenoids are degraded as they
become photooxidized (Young and Frank, 1991). All analysed plants decreased their total
pigment content during light stress. However, the transformants suffered just a loss of
pigment content in the first hour of high light exposure, and pigment levels stayed at one
level afterwards, whereas the amount of chlorophylls and carotenoids decreased continuously
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during the time period under investigation in the wild type. Furthermore, the transformants
showed a much faster conversion of violaxanthin to zeaxanthin due to xanthophylls cycle
activity. Zeaxanthin accumulation has been reported to increase the photo-protection
potential of a plant elevating the NPQ (Demmig- Adams and Adams, 1996). Our findings
show that even though the transformants could not reach higher zeaxanthin accumulation in
long term, the short term supply is accelerated leading to an enhanced quenching potential
upon light stress.
That the differences between wild type and transformants in pigment content and
photosynthetic performance were not that obvious when they had been preadapted to 200
µmol m-2 s-1 (data not shown) can be explained by stimulation of various repair processes in
all plants (Demmig-Adams and Adams, 1996; Havaux and Niyogi, 1999; Niyogi, 1999) that
leads to greater capacity for photoprotection and less photodamage (Kim et al, 1993;
Tyystjärvi et al., 1992). Under these conditions it seems most likely that the enhanced photoprotective potential of the transformants was caught up and masked by the long term
acclimation also occurring in the wild type.
Besides carotenoids α-tocopherol has an important function in light stress protection
by deactivating photosynthesis-derived reactive oxygen species, and preventing of lipid
peroxidation by scavenging lipid peroxyl radicals in thylakoid membranes. In addition it
maintains the integrity of photosynthetic membranes by increasing membrane rigidity,
contributing to adequate fluidity. (Fryer, 1992; Dörmann, 2007; Munne-Bosch, 2005; MunneBosch, 2007; Maeda and DellaPenna, 2007). A decrease of α-tocopherol has caused higher
sensitivity to light stress (Graßes et al., 2001; Trebst et al., 2002; Porfirova et al., 2002;
Maeda et al., 2006). In the crtB transformants, where lower α-tocopherol but higher
carotenoid contented was measured, no increased sensitivity to light stress was observed.
Also for carotenoids antioxidant functions in the membranes have been reported (DellaPenna
and Pogson, 2006). Carotenoids, especially zeaxanthin, also contribute to the fluidity and
thermo-stability of the membranes and decrease lipid peroxidation (Havaux, 1998).
Furthermore it is actively discussed that carotenoids and tocopherols can compensate each
other (Böhm et al., 1997; Porfirova et al., 2002; Woitsch and Römer, 2005; Munne-Bosch
2005). This is in accordance with the observed enhanced photoprotective potential of the crtB
transformants, where the loss of tocopherols could be clearly compensated by an elevated
flux into the carotenoid biosynthetic pathway. The antioxidant potential of all transformants
was proven by application of external H2O2, acting as a radical donor. Radicals peroxidate
membrane lipids (Foyer et al., 1994) giving rise to the final degradation product ethane. The
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membrane deterioration changes the permeability of the membranes and causes a leakage of
electrolytes detectable as an increase of conductivity in the media (Böger and Sandmann,
1993). All transformants had higher carotenoid and/or α-tocopherol content, which are both
effective radical scavengers and protect plants from lipid peroxidation (Fryer; 1993; Niyogi,
1999; Havaux and Niyogi 1999). This leads to less oxidative damage measured as a smaller
conductivity increase in the media and less ethane production.
Taken together we could clearly show that the limiting factor of GGDP can be lifted
by introduction of an additional GGDP synthase. Elevating the GGDP pool led to higher
accumulation of various isoprenoids (at least carotenoids and tocopherols) without abnormal
effects. Moreover, we could show that plants with elevated carotenoid and/or α-tocopherol
content are more resistant against photo-oxidative stress. That all three transformants reacted
similar under light and radical stress conditions supports the hypothesis that the function of
carotenoids and tocopherols can partially compensate each other.
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CHAPTER 2
Creation of a Mutant Library and Expression Analyses for
the ELIP Protein Family

INTRODUCTION
Under light stress conditions not only the levels of proteins that are directly involved in
photosynthesis and the processing of its end- and by-products are adapted, but also numerous
other proteins are specifically up-regulated. One group of proteins that was found to be induced
under light stress conditions are proteins of the ELIP family (Adamska et al., 1992a,b). The first
ELIP protein was discovered during analysis of chloromorphogenesis processes. It was found to
be upregulated very early during greening of etiolated seedlings of pea (Meyer and Kloppstech,
1984) and barley (Grimm and Kloppstech, 1987). This finding led to the name: Early LightInduced Proteins – ELIPs.
The ELIP Family and its Relatives
DNA sequence analysis of the discovered ELIP protein (Scharnhorst et al., 1985; Kolanus
et al., 1987) and subsequent analysis of the deduced amino acid sequences clearly indicated a
close relationship to chlorophyll a/b-binding proteins (Cab) such as the LHC (light harvesting
complex) proteins in the photosynthetic complexes (Grimm et al., 1989; Green et al., 1991). All
Cab proteins are integral membrane proteins with 3 transmembrane helices (Kühlbrandt et al.,
1994), the only exception is PsbS with 4 helices (Kim et al., 1992). The ELIP proteins that were
discovered first, also possess 3 predicted transmembrane helices, with the same or at least similar
patterns of conserved amino acids in helix 1 and 3 of Cab proteins, but low similarity in helix 2
(Adamska, 2001). Some of these conserved residues are involved in pigment binding, others are
important for the packing of helices 1 and 3, as have been shown for LHCII (Kühlbrandt et al.,
1994). Within helices 1 and 3 ELIPs are characterized by the ELIP consensus motifs
ERINGRLAMIGFVAALAVE and ELWNGRFAMLGLVALAFTE, respectively (Adamska,
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2001). Because of the similarities ELIPs share with Cabs, they are assumed to fold in a similar
fashion, to bind pigments and to interact with the photosystems.

Figure 1. A) Overview of the predicted topology of the ELIP family members and a member of the Cab
family of PSI and PSII (LHC). Upper part corresponds to the stroma side, the lower part to the lumen side of the
thylakoid membrane (grey box). B) 3D structure model of LhcII monomer (blue) based on the crystallographic
data by Standfuss et al. (2005), with chlorophylls illustrated as green stick models while carotenoids are depicted
according to their vander-Vaals radii represented by different colors: orange: lutein, red: violaxanthin, purple:
neoxantin. The model was generated with Protein Explorer (Martz, 2002) by Jochen Beck.

Since an increasing number of genomes have been sequenced, several ELIPs were
identified, whose topology differs from the three helix model. As shown in Figure 1 the ELIP
family was subsequently divided into three groups according to the number of helices: proteins
with 3 helices were given the name of the whole family – ELIPs, proteins with 2 helices were
named SEPs, Stress-Enhanced Proteins (Heddad and Adamska, 2000), and those with a single
transmembrane helix were named OHPs, One-Helix Proteins (Anderson et al., 2003). While
ELIPs carry the ELIP consensus motif in helices 1 and 3, helix 1 of SEPs and the single helix of
OHPs display this consensus sequence. In the model organism Arabidopsis thaliana 2 ELIPs, 6
SEPs and 2 OHPs genes were annotated (Table 1). Recently, another protein was identified that
might belong to the ELIP family: OHP3 is a protein with a single transmembrane helix with the
ELIP consensus motif. This protein differs from all other ELIPs by the presence of a Rieske
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domain lacking amino acids responsible for binding of the iron sulphur cluster (U. Andersson,
unpublished results).

Table 1. The genes of the ELIP family in A. thaliana.
gene

locus

ORF

cDNA

exons

protein

ELIP1
ELIP2

At3G22840
At4G14690

588 bp
582 bp

854 bp
757 bp

3
3

195 aa
193 aa

SEP1
SEP2
SEP3a (SEP3)
SEP3b (SEP4)
SEP4 (CAB)
SEP5

At4G34190
At2G21970
At4G17600
At5G47110
At3G12345
At4G28025

441 bp
609 bp
789 bp
744 bp
561 bp
474 bp

766 bp
812 bp
913 bp
1088 bp
813 bp
847 bp

4
2
3
3
1
5

146 aa
202 aa
262 aa
247 aa
186 aa
157 aa

OHP1
OHP2
OHP3

At5G02120
At1G34000
At1G71500

333 bp
519 bp
864 bp

526 bp
824 bp
1242 bp

3
2
3

110 aa
172 aa
286 aa

For the genes SEP3a, SEP3b and SEP4, the original nomenclature has been changed during this work. In brackets and italics
are the old names, which appear in most labeled probes and stocks. The chromosomal accession numbers (locus), sizes of the
open reading frame (ORF), full-length cDNA and precursor protein as well as the number of exons are according to TAIR
(http://www.arabidosis.org).

The Evolution of ELIPs
Members of the ELIP family were found in the genomes of all photosynthetic eukaryotes
and cyanobacteria sequenced so far (Heddad and Adamska, 2002), indicating that ELIPs play a
fundamental role in photosynthesis. In higher plants (Grimm and Kloppstech, 1987), ferns
(Raghavan and Kamalay, 1993), mosses (Wood et al., 1999) and green algae (Lers et al., 1991])
all ELIPs are nuclear-encoded, and thus require a signal sequence for targeting the precursor
protein to the chloroplast for the correct insertion into the thylakoid membrane. In cyanobacteria
ELIP genes are located in the nucleoid, in phototrophic protists, such as Glaucocystophyceae,
Cryptophyceae and Rhodophyceae, ELIP genes were found in the chloroplast genome (cyanelle
genome in Cryptophyceae). All ELIPs found in these primitive organisms possess a single
transmembrane helix and are termed HLIPs (High Light-Inducible Proteins) (Dolganov et al.,
1995) or SCPs (Small Cab- like Proteins) (Funk and Vermaas, 1999) instead of OHP. The most
pristine organisms in which ELIPs with more than 1 helix were found are Chlorophyta. The 2
helix SEPs (also designated as Lils (Jansson, 1999)), and the 4 helix PsbS (Kim et al., 1992),
have been identified exclusively in Spermatophyta (Heddad and Adamska, 2002). These findings
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indicate that OHPs are the most original members of the ELIP family and that after the
translocation of ELIP genes into the nuclear genomes the three helix ELIPs and the two helix
SEPs evolved.
Physiological Role of ELIPs
Besides their appearance in early chloromorphogenesis, for the three helix ELIPs it was
shown that they are induced in adult plants under high light conditions (Montané and
Kloppstech, 2000; Adamska, 2001) and that their accumulation coincides with the occurrence of
photodamaged D1 protein (Adamska et al., 1992a,b; Pötter and Kloppstech, 1993). Furthermore
it was demonstrated that their induction occurs in a light-intensity dependent manner, whereas
both proteins are induced at different light intensities (Heddad et al., 2006). It could also be
proved experimentally that ELIP from pea binds chlorophyll a and lutein, but in contrast to Cab
proteins ELIPs carry two times more carotenoids than chlorophylls (Adamska et al., 1999).
Another important difference to other Cab proteins is that the chlorophylls bound to ELIPs
showed only weak excitonic coupling, which means that the energy absorbed can not be
transferred effectively between neighboring chlorophyll molecules. This arrangement of
pigments could enable ELIPs to take over excitation energy from chlorophyll and transform it to
heat effectively (Adamska, 2001). Recently it has been shown that ELIPs are also induced during
senescence (Binyamin et al., 2001) and the differentiation of chloroplasts to chromoplasts (Bruno
and Wetzel, 2004).
Localization studies for ELIPs have shown that these proteins are enriched in the nonappressed regions of the thylakoid membrane such as the stroma lamellae and the marginal zones
of grana (Adamska and Kloppstech, 1991; Montane et al., 1999). Cross-linking studies revealed
that the D1 protein of the PSII core complex in pea was in vicinity of ELIP1 (Adamska and
Kloppstech, 1991). PSII is very sensitive to light stress, with D1 being the main target of
oxidative damage (Barber and Anderson, 1992). It has been proposed that photodamaged PSII is
migrating out of the grana stacks to the stroma and peripheral grana thylakoids for turnover
(Haußühl et al., 2001), were ELIPs have been localized. In comparison PSI is thought to be quite
resistant to photo-damage, just being photo-inhibited at chilling temperatures. While photoinhibition of PSI occurs not as often as that of PSII, damage at PSI imposes a severe problem
because it takes very long to recover (Zhang and Scheller, 2004; Scheller and Haldrup, 2005). In
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contrast the turnover of the D1 protein in PSII is highly effective: it is rapidly degraded by a set
of specialized proteases (Huesgen et al., 2006), and is replaced already within a few minutes
(Baroli and Melis, 1996). For PSI no such mechanism has been reported. From the ELIP family
until now only OHP2 has been shown to be associated with PSI and to accumulate during light
stress (Anderson et al., 2003). Preliminary experiments suggest that OHP1 is also localized in
PSI and the SEPs proteins in PSII.
All of these results lead to the idea that proteins of the ELIP family fulfil a photoprotective role, by binding carotenoids and chlorophylls released from damaged photosystems
and by working as sinks for excitation energy by efficient thermal dissipation, especially during
events where the photosystems undergo major structural changes and are dynamically
rearranged, such as light stress, flowering and senescence. While ELIPs and SEPs provide
protection for the more sensitive PSII, OHP1 and OHP2 are thought to prevent oxidative damage
at PSI.
Aim of this work
Although quite a lot of data has been gathered for the ELIP proteins ultimate
experimental proof for their suggested function is still missing. Another unanswered question is,
whether the variety of ELIP proteins have specialized functions or if they are redundant. One
strategy to clarify these questions is to produce different mutants for the protein family and
analyse their response under different conditions. Together with a detailed biochemistry analysis
of the different ELIP, mutants should enlighten their in vivo function. That way the scope of this
work resulted in the generation of mutants for the whole ELIP family from Arabidopsis thaliana
that accumulate high amounts of the respective protein, and mutants with loss of gene function.
For the overproduction of the different ELIP proteins in plants, binary Agrobacterium
tumefaciens vectors had to be constructed where the respective gene is inserted into the T-DNA
(Transferred-DNA) (Zupan et al., 2000) region under control of a strong constitutive promoter,
the 35S CamV promotor (promoter for the gene of the 35S protein of the Cauliflower mosaic
virus (Odell et al., 1985) also found as CaMV), and the terminator sequence of the Nopaline
synthase (pAnos) of A. tumefaciens. Together with a resistance cassette the T-DNA of these
vectors were integrated into the genome of A. thaliana.
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For mutants with a loss of gene function, there are two different strategies that can be
followed. On one hand knockdown mutants can be generated, were the amount of the respective
protein is lowered by the gene silencing effect. The respective gene has to be cloned in opposite
orientation after the 35S CamV promoter, inside the T-DNA. After transformation these
construct should produce antisense RNA, a reverse complement of the endogenous mRNA,
leading to double strand RNA (dsRNA), which is subsequent degraded in the cells (Fagard and
Vaucheret, 2000). These antisense constructs are known to produce plants with different levels
of gene silencing, depending on the position of integration, gene copy number and transcription
rate in the transformed plant (Mlotshawa et al., 2002; Schubert et al., 2004).
The other strategy to accomplish a mutant lacking a certain protein are the knock out
mutants, where in the respective gene a piece of DNA is inserted, leading to a complete loss of
function of the gene. For dicotyledonous this can be accomplished by a transformation event via
A. tumefaciens, as the insertion point of the T-DNA inside the genome of the plants occurs
randomly (Zupan and Zambryski, 1995). For A. thaliana there are diverse organizations that
perform large scale transformations with subsequent sequencing of the insertion point of the TDNA. From these organizations the different T-DNA insertion mutants (here for the ELIP gene
family members) can be ordered and homozygous plants, were both alleles of the gene are
disrupted by the T-DNA, identified.
After the generation of the different mutants, comprised by knock out, knock down and
overexpressor plants, the main task is to determine the conditions were they differ from the wild
type plant. These differences are usually found under conditions where the respective gene is
essential. As not for all ELIP genes the precise expression pattern has been determined, and to
optimize the experimental setup to further characterize the different mutants, different expression
studies for the different ELIP genes were performed.
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MATERIAL AND METHODS
Organisms and growing conditions
Growing conditions and light stress application of A. thaliana
Arabidosis thaliana L. cv. Columbia Col-0 were grown on sterilized soil in a growth
chamber at a photon flux density of 100 to 150 µmol m-2 s-1 under the light regime of 8-h light /
16-h dark. The temperature was 22°C in the light phase and 18°C at the dark phase. Four
flowering plants were transfered to a temperature controled (25°C) greenhouse, where the light
phase was 16 hours. To avoid cross pollination the stems of each plant were covered with an air
permeable plastic bag. The harvesting of seeds was done after plants were completely dried out.
For cultivation of plants with selection media seeds were surface sterilized. Therefore, seeds
were incubated for 5 minutes in 70% (v/v) EtOH and then 15 minutes in a sterilize solution
containing 12% (w/v) NaOCl and 0.02% (v/v) Triton X-100. Abundant washes with sterile H2O
followed and finally they were resuspended in 0.1% (w/v) agarose. For synchronisation of seed
germination seeds were kept for 12-24 hours at 4°C. Seeds were plated on culture medium plates
by pipeting the seeds individually on the surface of the plates. The medium used was Murashige
and Skoog (MS) medium (Murashige und Skoog, 1962) (Duchefa Haarlem; Sigma Deisenhofen)
supplemented with 15% (w/v) sacharose, 9% (w/v) agar and the respective selection marker
(Table 1). Etiolated seedlings of A. thaliana were obtained by growing sterilized seeds on liquid
MS medium under constant shaking (200 rpm) for 8 days in darkness at 25°C. Thereafter, they
were exposed to continuous light of 50 µmol m-2 s-1.
For high light exposure detached leaves of 4 to 5 week old plants or whole 2 week old
seedlings floating on water were illuminated with powerstar HQI-E 400 (or 250) W/D daylight
bulbs (Osram, Munich, Germany) usually with a light intensity of 1500 µmol m-2 s-1 (1000 µmol
m-2 s-1 for seedlings) at room temperature. Plants were mostly taken out of the growth camber at
the beginning of the light phase for stress application. Deviations from these conditions are
mentioned in figure legends. To decrease the heat dissipation by the bulb a fan was placed right
above the lamps. Prior to each treatment the light intensity was verified by a light intensity
measuring instrument, either a Quantum/Radiometr/Photometer LI-185A (LiCor, Lincoln,
Nebraska, USA) or a SKP 200 (Sky instruments, Umea, Schweden). Samples that were not used
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for immediate analysis were dried on tissue paper before they were frozen in liquid N2 and stored
at -80°C.
Growing conditions of bacteria
Escherichia coli cultures were grown at 37°C in Luria Broth growth media (LB: 5 g L-1
NaCl, 5 g L-1 yeast extract and 10 g L-1 bacto tryptone) overnight (Sambrook and Russel, 2001).
When plated on agar plates 15% (w/v) of bacto-agar was added to the media before sterilization.
The media was always supplemented with antibiotics corresponding to the resistance conferred
by the present vectors. Liquid cultures were grown under constant agitation of 200 rpm. The
utilized strain was always DH5α-K12 (Hannahan, 1983), only for propagation of vectors
containing a gateway cassette the “ccdB survivor cells T1R” (Invitrogen, Karlsruhe) had to be
used.
A. tumefaciens cultures were grown at 28°C for 2 days. The medium consited of LB
medium, supplemented with 15% (w/v) sucrose, or YEP medium (5 g L-1 beef extract, 5 g L-1
yeast extract, 10 g L-1 peptone, 5 g L-1 sucrose and 2 mM MgSO4 ). For plates 15% (w/v) bactoagar was added, liquid cultures were grown under constant agitation of 200 rpm. The strains
LB4404 and GV3101 were used having different Ti plasmids and hence conferred different
resistances. LB4404 is resistant to streptomycin (strep) and GV3101 to gentamycin (gen). To
suppress growth of possible E. coli contaminants, rifampicillin (rif) was always present in the
media. Depending on the binary vector for plant transformation a third antibiotic was used.
When LB4404 was grown in presence of chloramphenicol (cmr) lower concentrations (10 µg
mL-1) were used as for GV3101 (25 µg mL-1).
Table 1 Antibiotics and herbicides used for supplementation of the growing media for the different organisms.
They were always added under sterile conditions to the autoclaved media.
abbr.
E.coli
A. tumefaciens
plants
ampicillin
kanamycin
gentamycin

amp
kan
gen

100 µg mL
50 µg mL

-1

-1

-

100 µg mL
50µg mL

-1

-1
-1

15 µg mL

-1

stock

-

solvent

100 mg mL
-1

50 µg mL
-

-1

H2O

50 mg mL

-1

H2O

15 mg mL

-1

H2O

-1

streptomycin

strep

-

300 µg mL

-

150 mg mL

chloramphenicol

chl

25 µg mL-1

10-25 µg mL-1

-

25 mg mL-1

EtOH

rifampicillin

rif

-

100 µg mL-1

-

50 mg mL-1

DMSO

hygromycin

hyg

-

-

-1

20 µg mL

-1

50 mg mL

-1

H2O

-1

H2O
H2O

phosphinitricin

basta

-

-

10 µg mL

50 mg mL

sulfadiazine

sulf

-

-

10 µg mL-1

10 mg mL-1

42

H2O

Chapter 2: ELIP mutant library

Transformation techniques
Transformation of E. coli
For transformation of E. coli chemical competent cells were prepared as described in
Inoue et al. (1990). Therefore, an E. coli culture was grown overnight at 18°C in SOC medium
(20 g L-1 bacto tryptone, 5 g L-1 yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20
mM glucose) to an OD600nm (optical density) of 0.4, chilled for 10 minutes on ice and pelleted at
2500 g for 10 minutes. The pellet was washed with ice cold TB buffer (10 mM Pipes, 55 mM
MnCl2, 15 mM CaCl2 and 250 mM KCl) and finally resuspended in 1/12.5 from the original
culture volume in ice cold TB buffer. Afterwards DMSO was added to a final concentration of
7% (v/v). After an incubation on ice for 10 minutes the now competent bacteria were aliquoted
and frozen in liquid N2 and stored at -80°C. For transformation 200 µL aliquots of the chemically
competent cells, were thawn on ice and 20-200 ng of plasmid DNA were added. It followed
incubation on ice for 30 minutes, without letting cells to sediment down. Subsequently, the cells
were heat-shocked by submerging the tubes in water heated to 42°C for 45 seconds. The tubes
were then cooled down quickly on ice before 1 mL of LB, YEP or SOC medium (without
antibiotics) was added. After 45 minutes of phenotypic expression at 37°C under constant
shaking, bacteria were plated on culture plates containing LB medium solidified with 15% (w/v)
agar and supplemented with antibiotics selective for the transformed vector. When DNA of
plasmid preparations were transformed a low amount (20 ng) of DNA was used and only 50 µL
of the culture were plated out, while a high amount (50-200 ng) of DNA was used and all cells
were harvested and plated out when ligation products were transformed. The plates were
incubated over night at 37°C and stored at 4°C.
Transformation of A. tumefaciens
A. tumefaciens was transformed with a freeze-thaw method. For this purpose an overnight
culture of the bacteria was grown to an OD680nm of 0.5 to 1.0. After the culture was chilled on ice
for 30 minutes the cells were pelleted at 3000 rpm for 6 minutes, washed with cold TE Buffer
(10 mM Tris and 1mM EDTA pH 8.0) and finally resuspended in 1/40 of the initial culture
volume in a 20 mM CaCl2 solution. After the competent cells were aliquoted and frozen in liquid
N2 and stored at -80°C. For transformation 200 µL aliquots of competent A. tumefaciens cells,
were thawn on ice and 1 µg of plasmid DNA was added. After 5 minutes incubation on ice, the
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cells were frozen in liquid nitrogen. The frozen samples were subsequently heat-shocked by
incubation in a 37°C water bath for 5 minutes. 1 mL of SOC or YEP medium was added and the
samples were incubated for 4 hours at 28°C for phenotypic expression. Then the cells were
pelleted by centrifugation and resuspended in 200 µL of the medium. The complete volume of
cells was plated out on culture plates containing appropriate antibiotics. After 2 to 4 days
positive transformants generated colonies.
Transformation of A. thaliana
A. thaliana ecotype Columbia Col-0 or mutant plants were transformed using the Floral
Dip method as described by Clough and Bent (1998). 500 mL cultures of A. tumefaciens carrying
the target binary vector were grown for 2 days at 28°C, cells were harvested by centrifugation for
10 minutes at 6000 rpm and resuspended in 0.5x MS medium supplemented with 5% (w/v)
sucrose to a final OD600nm of 0.8. Just before transformation Silwet L-77 was added to a final
concentration of 0.05% (v/v). Before the transformation event all mature parts (siliques and
flowers) of the inflorescence of the plant were clipped off. The remaining evolving flower buds
at the flower stems were subsequently dipped and stirred in the A. tumefaciens solution for 5 to
10 seconds. Afterwards plants were incubated for 24 hours under a shaded plastic dome with
high humidity. The plants were then wrapped with perforated plastic foil to prevent cross
pollination and were grown until siliques developed. Then plants were slowly dried out to finish
seed maturation.

DNA extraction methods
DNA extraction from A. thaliana
DNA was usually extracted from single A. thaliana leaves. To the plant material 200 µL
of DNA extraction buffer (1% (w/v) CTAB, 0.5 mM Tris pH 7,5, 0.05M EDTA and 1 M NaCl)
was added before the tissue was crushed either by mortar and pestle or a the Tissue Lyser
(QIAGEN, Hilden, Germany) with a steel sphere. After the addition of 20 µL of 5% (v/v) NSarcosylate the tubes were incubated at 65°C for 10 minutes, followed by 5 minutes of
incubation at room temperature. 200 µL of 24:1 (v/v) chloroform:isoamylacohol were added, the
samples mixed briefly and centrifuged at 15000 g for 5 minutes. The upper phase was transferred
into a new tube, 200 µL of cold (-20°C) isopropanol was added and the tubes inverted 3 times to
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precipitate the DNA. The samples were centrifuged at 15000 g for 1 minute and the supernatant
was discarded. The pelleted DNA was washed once with 70% (v/v) ethanol and then dried.
Depending on the amount of plant material the pellet was resuspended in 30 – 100 µL of 10 mM
Tris pH 8,5. Samples were stored at -20°C.
For extraction of high quality and highly concentrated DNA from A. thaliana plants (for
Southern blot analysis) the High Pure GMO sample preparation kit (Roche, Mannheim,
Germany) was used according to manufactures instruction. DNA concentration (A260 * 0.05 *
dilution [µg µl-1]) and purity (A260 / A280 =1,8 to 2,0) were determined photometrically
(Ultrospec 3100 pro, Amersham Bioscience, Biochrom Ltd., Cambridge, UK) by measuring
absorbances at 260 nm and 280 nm.
Extraction of plasmids from E. coli and A. tumefaciens
To obtain vector DNA from E. coli for further cloning or plasmid DNA from A.
tumefaciens to verify the transformation, 4 mL of liquid culture were harvested by centrifugation
(1 minute at 8000 rpm) and processed according to the instruction manual of the QIAprep Spin
miniprep kit (Qiagen, Hilden, Germany) or High Pure plasmid isolation kit (Roche, Mannheim,
Germany). DNA was eluted from the column in usually 50 µL of 10 mM Tris, pH 8.5. Eluted
DNA was stored at 4°C, or at -20°C when stored for long periods.

PCR and primers
PCR reactions were performed on 20 to 50 µL scale depending the application. For
screenings, such as T-DNA insertion, small volumes were used. The 50 µL scale was used for
either colony PCR or for the production of large amounts of amplicon. In PCR reactions for
analytical purposes Taq DNA polymerase (Fermentas, St. Leon-Rot, Gernmany; NEB) was used.
For the amplification of sequences for cloning pfu DNA polymerase (Fermentas, St.Leon Rot,
Germany), which exhibits 3’-5’ exonuclease (proofreading) activity, was employed. For
amplification of genes out of cDNA the triple master PCR system (Eppendorf, WesselingBerzdorf, Germany) (now available as: PCR Extender (VWR, Darmstadt, germany)) was used.
To generate probes for Northern Blot hybridisation the Expand High Fidelity system of Roche
(Mannheim, Germany) was applied.
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Reactions were set up in 1x polymerase buffer (supplied with the respective enzyme),
supplied with 1 mM 2’desoxy-nucleoside 5’-triphosphate (dNTP), 0.5 µM of both forward and
reverse primer and 0.5-1 units of DNA polymerase. The amount of template DNA added was in
the range of 0.05-5 ng. For colony PCR bacteria were added by touching a single colony grown
on a nutrient plate with a sterile toothpick and transferring it into the PCR tubes. The PCR
reactions were performed in a Master Cycler Gradient (Eppendorf, Wesseling-Berzdorf,
Germany), iCycler or MyCycler of BioRad (München, Germany). The temperature steps and
parameters were usually as follows:
initial denaturation
denaturation
annealing
elongation
final extension

95°C
95°C
±55°C *
72°C
72°C

1 minute *
45 seconds
45 seconds
60 seconds *
6 minutes

35 cycles *

For colony PCR the initial denaturation step was increased to 6 minutes. The annealing
temperature varied depending on the primer pair used. Usually a temperature approximately 5°C
below the Tm (melting temperature) was used. For each primer combination used the optimal
annealing was determined by a gradient PCR where samples originate from one master sample
were applied on different annealing temperatures. For PCR using proofreading polymerases (pfu
and triple master) the number of cycles was decreased to 25. The elongation time was dependant
on the size of expected amplicon size and the used polymerase. When the Taq polymerase was
used, 60 seconds was sufficient to amplify DNA fragments up to 1500 bp. The elongation time
was increased up to the double when the other polymerases were used. For preparative or
sequencing purposes PCR products were purified using the QIAquick PCR purification kit
(Qiagen, Hilden, Germany) or High Pure PCR purification kit (Roche, Mannheim).
List of used primers (on the left are the foreward on the right reverse primers):
DIG-labelled probes
ELIP probes for Northern blot:
ELIP1
PH-E101
atggcaacagcatcgttcaaca
ELIP2
PH-E201
atggcaacggcgtcgtttaac
SEP1
PH-S101
atggccttatctcaagtgtctg
SEP2
PH-S201
atggctatggctacgcgagc
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PH-E102

taatcctctctggtgctggac

PH-E202

gtctcccgttgatcctctcg

PH-S102

aatggcaactgcaaaaccaacc

PH-S202

tcttcttcgaactctctatgtaat
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SEP3a
PH-S301
SEP3b
1
Sep4NB3for
SEP4
CAB-son-for
SEP5
PH-S501
OHP1
PH-Q101
OHP2
PH-Q201
OHP3
Q3Gat-for

atggcgttgttctccccgcc

PH-S302

gacaacactctccgttgttttca

ctctccgccgatctcttcctcactt

1

Sep4NB1rev

tttccgggttatcttcaagccatttt

cacctctgcgaatcacgaaccc

CAB-son-rev

ctttcaaaccacctgaaaccgcttc

atggtggtgacgtctttctctt

PH-S502

taatctcttccatttgcttactag

atgagctcgtcgccgttatct

PH-Q102

ttatagaggaagatcgagtcctt

atgtcagtagcttcaccgattc

PH-Q202

tttgtctctgaaactccactgta

caccatggcgaccaccgcatcttca

2

ctgagtgagcctagcgttgag

E8mut-rev

Remarks: All PH primers were designed by Pitter Huesgen; 1 primers were designed by Johannes Engelken; 2 primer was designed by Ulrica
Andersson

loading control probes for Northern blot:
ACT2 actin 2 from A. thaliana:
At-Act2A
accttgctggacgtgaccttactgat
UBC9 ubiquitin-protein ligase from A. thaliana:
Ubc9-for
tggttttcgattgcagagtcttca

At-Act2B

gttgtctcgtggattccagcagctt

Ubc9-rev

agatgtcgaggcagatgcttcc

Remarks: Act2 primers from Volvkov et al., (2003); Ubc9: At4g27960 (T13J8.70) (Czechowski et al., 2005)

probes for Southern blot:
nptII gene (kanamycin resistance):
NptIIb
cgataccgtaaagcacgaggaagcgg
tp-sul gene (sulfadiazine resistance):
Sulfa-for
ggcggactgcaggctggtggttat
hptII gene (hygromycin resistance):
Hygr-for
agctgcgccgatggtttctacaa
pat gene (basta resistance):
Basta-for
gacatccggcgggccacagagg

NptIIa

ggcacaacagacaatcggctgctc

Sulfa-rev

cgcgagggtttccgagatggtgat

Hygr-rev

atcgcctcgctccagtcaatg

Basta-rev

gggggcacaggcagggagaagtc

Remarks: nptII (neomycin phorphotransferase, AY 818371.1); tp-sul (sulphonamide resistance protein, CAD 61225.1); hptII (hygromycin
phosphotransferase, AY 560326.1); pat (phosphinothricin acethyltransferase, AY 457636.1)

amplification of cDNA
classical cloning:
ELIP1
E1-b-5f-Xba
gctctagatggcaacagcatcgttcaacatg
E1-b-3r-Sma
SEP:
S1-b-3r-Sma
gaacccgggtcagtttttagaagaagattg
S1-E-5f-Bam
SEP3a
S3-b-5f-Xba
cttctagatggcgttgttctccccg
S3-b-3r-Sma
OHP1
Q1-b-5f-Xba
cctctagatgagctcgtcgccgttatcttc
Q1-b-3r-Sma
Gateway system (to insert into pENTR/D topo):
ELIP1
E1Gat-for
caccatggcaacagcatcgttcaac
E1Gat-rev
E1Gat-revOS
ELIP2
E2Gat-for
caccatggcaacggcgtcg
E2Gat-rev
E2Gat-revOS
SEP1
S1Gat-for
caccatggccttatctcaagtgtc
S1Gat-rev
S1Gat-revOS

gcgcccgggttagacgagtgtcccac
ctggatccatggccttatctcaagtgtc
caacccgggtcacttcttcttagaacc
cggcccgggttatagaggaagatcgag
ttagacgagtgtcccacctttgacgaac
gacgagtgtcccacctttgacgaac
ttagactagagtcccaccagtgacgtac
gactagagtcccaccagtgacgtac
tcagtttttagaagaagattggaagatg
gtttttagaagaagattggaagatg
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SEP2
S2Gat-for

caccatggctatggctacg

S2Gat-rev
S2Gat-revOS

ttaaagatcatcagaccaatcactagg
aagatcatcagaccaatcactagg

SEP3a
S3pettop-5for

caccatggcgttgttctccc

S3petop-3rev
S3badtio-OS

tcacttcttcttagaacccaatgactc
cttcttcttagaacccaatgactcatc

SEP3b
Sep4pET-for

caccatgtctatatccatggcgttat

S4pBAD-rev
Sep4pET-OS

cttctttgaagaaactgttgatgaa
ttacttctttgaagaaactgttgatg

atggcgataacacctctgcgaatcacg

CAB-rev

ttaatccttaggccaaacactaacc

caccatggtggtgacgtctttctc

S5Topo-rev
S5pBAD-ns

ttaagttgatggagtgaacaaatggaca
agttgatggagtgaacaaatggaca

OHP1
Q1petop-5for

caccatgagctcgtcgccg

Q1petop-3rev
Q1badtio-OS

ttatagaggaagatcgagtcctttccc
tagaggaagatcgagtcctttccc

OHP2
Q2Gat-for

caccatgtcagtagcttcacc

Q2Gat-rev
Q2Gat-revOS

ttattccaagtctagaatgccg
ttccaagtctagaatgccg

caccatggcgaccaccgcatcttca

2

ctacttgaaagcatctgaagcag

caccatggcttcttctgcatttgcttttcc

DXS-3rev

tcaaaacagagcttcccttggtgcaccg

caccatggcttctatgatatcctc

Transit-rev

catcatgcactttactcttccacc

SEP4
CAB-for
SEP5
S5Topo-for

OHP3
Q3Gat-for
DXS
DXS-5for
3
Tp-su-Rub
Transit-for

E8pCR-rev

3

Remarks: DXS: At4G15560.1 (Estévez et al., 2001); transit peptide for chloroplast targeting of the small unit of the Rubisco (Misawa et al.,
1993) ; 2 primer was designed by Ulrika Anderson.

construction of vectors
CamV promoter:
CamV-for
tccccagattagccttttcaatttc
CamV-rev
gttctctccaaatgaaatgaacttcc
CamV-k-for
ctcagaagaccagagggctattgag
CamV-int
gtggattgatgtgatatctcc
pAnos terminator:
Tnos-for
ccgatcgttcaaacatttggcaataaag
Tnos-rev
gaattcccgatctagtaacatagatgacaccg
TnosHis-for
catcaccatcaccatcaccattaagaatttccccgatcgttcaaacatttg
TnosFlag-for
gattacaaggatgacgacgataagtaagaatttccccgatcgttcaaacatttggc
TnosMyc-for
gagcagaaactcatctctgaagaggatctgtaagaatttccccgatcgttcaaacatttg
TnosHA-for
tacccttatgatgtgccagattatgcctcttaagaatttccccgatcgttcaaacatttg
fluorescent marker proteins:
GFP-for
gcatggtgagcaagggcgaggagc
GFP-rev
gcttacttgtacagctcgtccatgccg
GFPhalf-for
gcatggacaagcagaagaacggcatcaagg
GFPhalf-rev
gcttaggccatgatatagacgttgtggctg
Remarks: CamV-int was only used for screening positive insertions. For YFP the same primers as for GFP were used.

T-DNA insertion screen
genomic primer:
E1-syn-1f
E2-tdna-for
E2-tdna-pro
E2-for
S1-tdna-for
S3T-1f
1
S4-exb-for
1
S5-inc-for
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gtgattatcgcttaggttacag
gctgaggtacgttattctccactt
aataatgaaacgaatgaccaactg
gtctcgagatggcaacggcgtcg
ggaagacgaaggaaggagaatagt
aatgtgttgactttctttgtttgataccc
gcgtcaaaacgaaataggtctg
ctgtattttgtttttccttggtcgtg

E1-syn-1br
E2-tdna-rev

ctgtggcgaatgagtagg
acgccgttgccatttctgatta

E2-rev
S1-tdna-rev
S3T-2r
1
S4-exb-rev
1
S5-inc-rev

gtctcgaggactagagtcccaccagtgac
atcgggactgtcggaagcatc
cgccgcacgacctacaaa
gcgtcaaaacgaaataggtctg
acatttgggttcgctaggactcgta
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Q1-GaB-for
caccaagacaacattcgtccggca
Q2-tdna-for
agaagaaacaacaagaagaggaat
T-DNA specific primer:
Gabi-left2
cccatttggacgtgaatgtagacac
Lbb2
gcgtggaccgcttgctgcaact

Q2-tdna-rev

tagctgttgatgggaagagtgtaa

Lba1
Syn-left

tggttcacgtagtgggccatcg
ttcataaccaatctcgatacac

Remarks: all T-DNA specific primers are the primers used by the different organizations for sequencing the insertion position; 1 primers designed
by Johannes Engelken; 4 primer designed by Jochen Beck.

Molecular cloning
First strand cDNA synthesis
To generate cDNA, 2 to 5 µg of total RNA was denaturated for 5 minutes at 65°C and
then shocked on ice. Subsequently the reverse transcription reaction was performed with the first
strand cDNA sythesis kit for RT-PCR (Roche, Mannheim, Germany) according to manufacture
instructions.
DNA cleavage via restriction endonucleases
Digestion of plasmid DNA was used either for analytical or for preparative purposes. To
verify the constructed vectors analytical digestions were set at 20 µL, for preparative digestion
usually 50 µL scales were used. Restriction endonucleases were either ordered by Fermentas
(Fermentas, St. Leon- Rot, Germany) or New England Biolabs (NEB, Frankfurt a.M., Germany).
Usually 5 units of restriction enzyme were used for the digestion of 2 µg of plasmid DNA. The
volume of applied enzyme solution never exceeded 10% of the total reaction volume. The
digests were performed in the specified buffer systems at the temperatures indicated for 2
(analytical) or for 4 to 12 hours (preparative) depending the application and enzyme. Restriction
enzymes were subsequently inactivated by incubation at 65°C (or 80°C) for 20 minutes. When
two restriction enzymes with different buffer systems had to be used to cleave out a DNA
fragment for cloning purposes, the digestion was done in two separate steps. After the first
endonuclease restriction the DNA was purified using the High Pure PCR purification kit (Roche,
Mannheim, Germany) and then subsequently resuspended in the second buffer system for
digestion with the second restriction enzyme. When the digest yielded two or more DNA
fragments, the fragments were separated by agarose gel electrophoresis. The fragment of interest
was subsequently excised from the gel and DNA was extracted and purified using the QIAquick
PCR purification kit (Qiagen, Hilden, Germany) or the High Pure PCR purification kit (Roche,
Mannheim, Germany).
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Klenow-polymerase reaction
To plane the ends of DNA fragments after restriction digestion with endonucleases, and
generate blunt end fragments, the klenow-polymerase enzyme from NEB (Frankfurt a.M,
Germany) or Fermentas (St. Leon- Rot, Germany) were used in the supplied buffer system
according to the manufacture description for 30 to 60 minutes at 37°C. Inactivation occurred at
70°C for 15 minutes before the fragments were purified with the QIAquick PCR purification kit
(Qiagen, Hilden, Germany) or the High Pure PCR purification kit (Roche, Mannheim,
Germany).
Dephosphorylation of DNA fragments
To avoid that vectors, that had been linearized, religate in a ligation reactions without
incorporing the desired insert, the phosphate groups at the 5’-end was excluded by a
dephosphorylation reaction. Herefore, digested vectors were purified using the High Pure PCR
purification kit (Roche, Mannheim, Germany) and subsequent the Antartic phosphatase (NEB,
Frankfurt a.M., Germany) was used according to the manufacture description for 60 minutes at
37°C. Inactivation of the enzyme was performed at 65°C for 10 to 15 minutes, cooled down on
ice and directly applied for ligation reactions without further purification procedure.
Ligation of DNA fragments
The concentrations of DNA fragments used for ligation were first estimated by running
the samples on an agarose gel together with Mass Ruler DNA ladder mix (cat. #SM0403,
Fermentas, St. Leon-Rot, Germany). Then the molar concentration was calculated using the
following formula, valid for 1 µg of DNA (derivated from the specifications of the NEB
catalogue (Appendix) for molar concentrations and DNA length of diverse DNA fragments):
c [pmol] = 1520,1 * (length [bp]) -0,9997
Based on the resulting values the ligation was set up with a molar ratio of 1:3 (vector :
insert), whereas usually 50 ng of dephosporylated vector were used. For a total reaction volume
of 20 µL 5 units of T4 DNA ligase (Fermentas, St. Leon-Rot, Germany) were employed. The
volume of the ligase never exceeded 10% of the total reaction volume. Blunt end ligations
contained in addition 2 µL PEG 4000. Ligation was performed in a touchdown manner with an
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initial incubation at 22°C for 3 hours then temperature was decreased 1°C per hour down to 4°C.
Afterwards, the reaction was inactivated for 10 minutes at 65°C.
Gateway recombination reactions
The GATEWAY recombination reactions were set up in volumes of 5 µL. 50 to100 ng of
pENTR vector was added to 150 ng of respective destination vector and the volume was adjusted
to 4.5 µL with TE buffer. 0.5 µL of LR Clonase Mix (Invitrogen, Karlsruhe, Germany) were
added for each reaction. Samples were incubated at 23°C over night. Afterwards 0.5 µL of
Proteinase K solution was added and the mixture was incubated at 37°C for 10 minutes to stop
the reaction. 2 µL of each sample were used for the subsequent transformation of the target
vectors into DH5α E.coli.

Northern blot analysis
When handling RNA always clean latex or nitril gloves were worn and all glassware used
was thoroughly cleaned and heat sterilized at 180°C for 8 to 12 hours. All plastic ware was either
autoclaved or washed for at least 1 hour in 0.1% (w/v) NaOH and 0.01% (w/v) SDS followed by
rinsing with large amounts of sterile water.
RNA extraction from A. thaliana
Total RNA was extracted from frozen leaf tissues using a combination of TRIzol®
(Invitrogen, Carlsbad, CA), until the step before RNA precipitation, and then the columns of
RNeasy Kit (Qiagen, Germantown) were used to purify the RNA according to the
manufacturer’s instructions. For extraction of RNA from seedlings the Plant RNA Purification
Reagent (Invitrogen, Carlsbad, CA) was used following the manufactures instruction. The
concentration and purity of the RNA of all samples was determined photometrically (Ultrospec
3100 pro, Amersham Bioscience, Biochrom Ltd., Cambridge, UK) by measuring absorbances at
260 nm and 280 nm (A260 * 0.04 * dilution [µg µl-1]). The concentrations of the samples were
adjusted to 1 µg µL-1. Quality and quantity were subsequently checked on a denaturing agaroseformaldehyde gel.
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RNA gelelectrophoresis
Gels were prepared by boiling the appropriate amount of agarose for a final percentage of
1.2 % (w/v) in sterile deionized water. Under constant stirring 10x morpholinopropane sulfonic
acid (10x MOPS) buffer (200 mM MOPS, 50 mM NaAcetate and 10 mM EDTA, pH 7,0) was
added to a final concentration of 0.75x and formaldehyde was added to a final concentration of
16.3% (v/v). Gels were casted in sterilized trays and allowed to polymerize for at least 1 hour. 10
to 20 µg of total RNA of each sample were mixed with the double of volume of RNA sample
buffer (1x MOPS, 50% (v/v) Formamide, 16.7 % (v/v) Formaldehyde, 5% (w/v) bromphenol
blue and 0.005% (w/v) ethidium bromide) and denatured at 65°C for 10 minutes. Then samples
were shocked on ice and loaded on the gel. Electrophoresis was carried out at constant voltage of
45 V for 2 - 3 hours using 1x MOPS as electrophoresis buffer. The gels were documented with a
UV gel documentary system (Intas, Göttingen, germany) for verification of equal loading and
quality (also after transfer onto the membrane). If the visible upper 23S rRNA band was not the
most intense one (in comparison to the lower rRNA bands), degradation of RNA was present.
Labelling of probes
The dioxigenin (DIG) labelled probes were generated via PCR procedure using
dioxigenin-11-dUTP of the DIG-DNA-lablening Mix 10x conc. (Roche, Mannheim, Germany)
or with the DIG DNA labelling Kit, (Roche, Mannheim, Germany). As template for the PCR
reaction, served vectors containing the respective gene to be labelled. Primers are listed under
PCR and primers. The PCR reactions were subsequent purified with the QIAquick PCR
purification kit (Qiagen, Hilden, Germany) or the High Pure PCR purification kit (Roche,
Mannheim, Germany). For the evaluation of probe labelling efficiency the instructions of the
DIG-Application for filter hybridization (www.roche-applied-science.com/prodinfo_fst.jsp?
page=/PROD_INF/MANUALS/DIG_MAN/dig_toc.htm) (Roche, Mannheim, Germany) were
followed.
Hybridization and detection
For the transfer of the total RNA from the agarose gel to a membrane a Turboblotter
(Schleicher & Schuell, Dassel, Germany) was used, which was prior cleaned and treated with
RNAse away (Roth, Karlsruhe, Germany). The setup of the blotter was from bottom to top:
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approximately 2 cm of clean paper tissues, 4 cm of thick Whatman papers (Whatman, Dassel,
Germany), 4 thin Whatmann papers, a Pall-Biodyne-nylon membrane (Pall, New York, USA),
the agarose gel, 3 sheets of thin Whatman paper and a Whatman paper buffer bridge. All papers
and membrane were cut to the exactly same size as the gel. Apart from that the paper bridge, all
the sheets above the gel and the sheet below the membrane were moistured in 20x SSC (0,3 M
sodium citrate and 3 M NaCl, pH 7.0). The membrane was moistured in 2x SSC. The upper
basin of the blotter was filled with 20x SSC and the endings of the buffer bridge were placed in
the basin on both sides. The whole blotter was covered with foil and left for 12 h. After transfer
of RNA, the membrane was washed in 2x SSC for 1 minute. Then the RNA was cross-linked to
the membrane by exposure to strong UV light for 1 minute. The membrane was washed again in
2x SSC for 5 minutes, then prehybridized with 30 mL of hybridization buffer (7 % (w/v) SDS,
50% (v/v) formamide, 5x SSC, 2% (w/v) blocking reagent (Roche, Mannheim, Germany), 50
mM Na3PO4 and 0.1 % (w/v) N-laurylsarcosine) in sterile glass hybridisation tubes at 42°C for at
least 1 hour and with constant slow rotation. Then the prehybridization buffer was removed and
replaced by 20 mL hybridization buffer containing 20 ng mL-1 of a DIG-labeled probe. The
membrane was incubated with the probe for approximately 12 hours. After that the membrane
was washed in 2x SSC with 0.1% (w/v) sodium dodecyl sulfate (SDS) twice for 10 minutes at
room temperature, followed by washing two times with 0.5x SSC and 0.1% (w/v) SDS for 15
minutes at 65°C. The membrane was subsequently equilibrated in maleic acid buffer (100 mM
maleic acid, 150 mM NaCl and 0.3% (w/v) Tween-20, pH 7.5) for 2 minutes. The membrane
was blocked by floating in 1% (w/v) blocking reagent (Roche, Mannheim) in maleic acid buffer
for 1 hour. The secondary antibody (Anti-DIG-AP, fab fragment, Roche, Mannheim, Germany)
was diluted 1:20000 in the same buffer and incubated with the membrane for 30 minutes under
constant agitation. Then the membrane was washed twice for 15 minutes in maleic acid buffer
containing 0.3% (w/v) Tween-20. Prior to detection, the membrane was equilibrated in alkaline
phosphatase buffer (100 mM Tris and 150 mM NaCl, pH 9.5) for 5 minutes. Then the membrane
was placed on plastic foil and covered with a mixture of 500 µL Alkaline Phosphatase Buffer
and 5 drops CDP-star (Roche, Mannheim, Germany). After a few seconds of incubation the
membrane was placed between two fresh sheets of plastic foil, excess liquid was removed and Xray films (Hyperfilm, GE Healthcare, Munich, Germany) were exposed for around 10 minutes or
detected (for 2-3 times more time) by an Chemo CAM-System (Intas, Göttingen, Germany).
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Stripping and staining of Northern Blot membranes
For removing the DIG-labeled probes from a Northern Blot membrane, the membrane
was washed for 2 min in distilled water and afterwards incubated in stripping solution (50% (v/v)
formamide, 1% (w/v) SDS and 50 mM Tris/HCl pH 8.8) at 68°C with constant slow rotation two
times for 30 minutes. Then the membrane was washed three times with distilled water, followed
by the incubation in 2x SSC at room temperature for 20 min. After such a treatment the
membrane could be used for incubation with a new probe, starting from the prehybridization
step.
For additional loading control (besides the ethidium bromide stained rRNA in the gels)
the total RNA on the nylon membrane was stained, after incubated for 5 minutes in 5% (v/v)
acetic acid, for 10 minutes in 0.3 M NaCl, 0.03% (w/v) methylen blue and acetic acid to reach
pH 5.2 and washed with sterile water.

Southern blot analysis
For verification of the number of T-DNA insertion in the mutants, 10 µg of chromosomal
DNA of A. thaliana were digested overnight with respective restrictions enzymes, depending on
the vector that had been used for transformation (see below), and slowly separated on a
preparative 0.8 % (w/v) agarose gel. By staining the gel with ethidium bromide the complete
digestion (homogenous smear without defined high molecular band) was verified. Subsequently,
the gel was denaturated in 0.5 N NaOH and 1.5 M NaCl for 30 minutes to produce singlestranded DNA and then depurinated in 0.25 M HCL for 30 minutes to facilitate transfer of large
DNA by cutting the DNA into smaller fragments. Afterwards the gel was neutralized in 0.5 M
Tris pH 7.5 and 3 M NaCl for one hour and equilibrated in 20x SSC. Transfer onto a PallBiodyne-nylon membrane (Pall, New York, USA) hybridization and detection was performed
exactly as described for Northern blot analysis. The DIG-labeled probes were produced for
detection of the resistance gene present in the respective T-DNA.
For the analysis of T-DNA mutants obtained from the SALK-institute the restriction
enzymes NotI and SalI (not cutting inside the T-DNA), HindIII (cutting on the left boarder of the
T-DNA) and NheI (cutting on the right boarder of the T-DNA) and a DIG labelled probe against
the nptII gene were used. For mutants obtained from GABI-Kat the enzymes NotI and NheI (not
cutting inside the T-DNA), StuI (cutting on the left boarder of the T-DNA) and HindIII (cutting

54

Chapter 2: ELIP mutant library
on the right boarder of the T-DNA) and a DIG labelled probe against the sulfadiazine resistance
gene were used.

Western blot analysis
Protein extraction from A. thaliana
To extract total protein from of A. thaliana, fresh or frozen leaves were crushed either
with a mortar and pestle in the presence of liquid N2 or with a Tissue Lyser (QIAGEN, Hilden,
Germany) with a steel sphere. All the pigments were extracted by adding acetone to the
pulverized tissue, incubation for 10 minutes under constant agitation and subsequent
centrifugation. The obtained pellet was then resuspended in LDS puffer (6% (w/v) LDS, 150
mM Tris, 150 mM DTT, 0,015% (w/v) bromphenol blue and 30% (v/v) glycerol, pH 8.0). To
dissolve the proteins in the LDS buffer samples were incubated for 10 minutes at 100°C and then
ultrasonicated for 10 minutes (Transsonic T700, Elma, Singen, Germany). It followed a
centrifugation step, were the supernatant was transferred to a new tube, containing the dissolved
total protein extracts, and the cell debris in the pellet was discarded.
Protein concentration determination
To determine the protein content of each sample two different approaches were used.
When plants were to be analyzed that contained in average the same pigment content, a
simplified approximation was used. Here for the obtained acetone extracts from the extraction
procedure were spectroscopically (Hitachi U-2000 spectrophotometer, Mannheim, Germany)
analyzed and the total chlorophyll content determined using following formula (Lichtenthaler
and Wellburn, 1983):
Chl a = (11,75 * A662) – (2,35 * A645)
Chl b = (18,61 * A645) – (3,96 * A662)
The value of total chlorophyll (Chl a + Chl b) was multiplied by the factor 5.5 to achieve
the total protein content of the sample. When plants differ in their overall pigment content the
protein content of the samples was determined using the RC/DC Protein Determination Kit
(Biorad Laboratories GmbH, Munich, Germany), which is a protein determination assay based
on the method by Lowry et al. (1951), with modifications to make the measurement compatible
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with high concentrations of detergent and reductant in the sample buffer. Samples were
processed using the microfuge tube assay protocol modified by an additional washing step after
the precipitation of proteins, in which the pellet was resuspended in 125 µL of RC1, then 40 µL
of RC2 were added, the solution was vortexed and centrifuged for 10 minutes at 15000 g. The
supernatant was discarded and the pellet was dried in a speedvac. By this additional step the
signal variation by residual non-protein-components was strongly decreased.
Sodium dodecyl sulfate polyamide gel electrophoresis
For the separation of proteins sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed exactly as described in Molecular Cloning - A
Laboratory manual (Sambrook and Russell, 2001). Gels were cast using Biorad Minigel Systems
(Biorad Laboratories GmbH, Munich, Germany). Usually 10 to 30 µg of protein per sample were
loaded.
Immunoblot analysis
After SDS-PAGE the stacking gels were removed and resolving gels equilibrated in
transfer buffer (25 mM Tris, 150 mM glycin and 10 % (v/v) methanol, pH 8.3) for 10 minutes.
Polyvinylidene difluoride (PVDF) membranes with a pore size of 0.45 µm (Amersham
Biosciences, Piscataway, USA) were activated by submerging in methanol for a few seconds,
followed by a wash in deionized water. Subsequently, the membranes were equilibrated in
transfer buffer for 10 minutes. Four thin Whatman paper sheets (Whatman, Dassel, Germany) of
the same size as gel and membrane were soaked with transfer buffer and placed on the anode of a
semi-dry blotter (Schleicher & Schuell, Dassel, Germany) on top of which the membrane, the gel
and other four Whatman paper sheets were placed. The cathode was firmly pressed on top of the
assembly and a constant current of 0.8 mA cm-2 was applied for 1.5 hours. After transfer the
membrane was blocked in blocking buffer (5% (w/v) low-fat milk powder in 1x PBST (80 mM
Na2HPO4, 20 mM NaH2PO4 and 100 mM NaCl, pH 7,5)) for at least 1 hour. The membrane was
incubated with the primary antibody (anti-ELIP1 and anti-ELIP2 (Heddad et al., 2006), antiOHP1 (see Chapter 4), anti-OHP2 (Anderson et al., 2003)) (usually 1:500) diluted in blocking
buffer over night. On the next day the membrane was washed at least three times with 1x PBST
for 10 minutes, then the secondary antibody (horseradish-peroxidase conjugated anti-rabbit
antibody) was added to a final dilution of 1:10000 in blocking buffer. After 1 hour of incubation
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in the secondary antibody, the membrane was washed 3 times with 1x PBST for 10 minutes, then
1 mL of chemiluminescence substrate (ECL plus, GE Healthcare, Munich, Germany) was
spotted on the membrane. After approximately 5 minutes of incubation the substrate was
removed, the membrane was covered with plastic foil and exposed to films (Hyperfilm, GE
Healthcare, Munich, Germany) or detected by an Chemo CAM-Sytem (Intas, Göttingen,
Gremany) (with longer exposure times).
For verification of equal loading the total protein on the membranes were stained with
0.1% (w/v) amido black (naphtol blue black) in 40% (v/v) methanol and 5% (v/v) acetic acid, or
the upper part of the SDS-PAGE gel that was not used for blotting onto the membrane was
stained with 0.2% (w/v) coomassie blue in 10% (v/v) acetic acid and 45% (v/v) methanol.

Remarks on used nomenclature
The nomenclature of primers, vectors and mutants used in this chapter corresponds to the
labelling of the respective samples in the lab. It is to note that sometimes the whole name has
been shortened to fit in the respective table, but only not essential parts have been dismissed, as
for example for primers the 3’, 5’, for or rev is often missing. Vector samples in the lab are often
labelled slightly different as described in this chapter. The vectors are mostly abbreviated (pG =
pGP = pGPTV, 22 = pCA22, 12 = pCA12) and the order of appearance of the respective cloned
fragments (promoter and terminator: pt; gateway cassette: gat) sometimes differ without any
significance for the construct (pt-gat is the same as gat-pt). The vectors for overexpression often
are labelled with an (s) instead of sense, the down regulator constructs with an (a) instead of
antisense. Vectors with a ‘k’ posess a small CamV promoter (366 bp), an ‘l’ stands for an 837 bp
CamV promoter. If nothing is remarked the vectors also possess the full 837 bp of CamV
promoter. The vectors without CamV promoter are named pCA12/22-Gat-Myc/HA-tnos.
Besides the name pCA12/22-pt-gat-GC/GN, also the nomenclature pDV12/22-GC/GN (or for
the protoplast vector pDV-GC/GN, and with fused gene pFC-gene-GC/GN) is found in the lab.
Later nomenclature was used by Jochen Beck in his diploma thesis. In most cases also a number
(and sometimes the name of an restriction enzyme) is present on the labelled tubes, conferring to
the isolated clone number (or strategy). This can be ignored as all false positive clones were
dismissed and just fully accurate (by sequencing the cloned fragment) vectors were stored.
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Conferring the nomenclature of the seeds in the lab of the mutant lines, different
generations were either separated by a hyphen or diagonal line, without any difference in
significance. Important to consider is that in transformed plants (but not in T-DNA insertion
lines) the first appearing number results from the transformation event (on different days or
transformed with different conditions), and was only important for optimization of the
transformation method. So, all primary positive transformants are named with two numbers. Just
the second number separates independent transformants. For example, line 1-1 and 1-2 are two
independent transformants (with most probable different insertion point in the genome, and
possible different number of T-DNA insertions) resulted from one transformation event; line 1-1
and 2-1 are two independent transformants resulted from two independent transformation events.
Whereas 1-1-1 and 1-1-2 (or sometimes labelled 1-1/1 and 1-1/2) are two descendants from line
1-1. Mostly just from lines with a segregation ratio of 3:1, seeds of descendants were produced.

ELIP = Elip = E
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RESULTS
In order to gain more information about possible physiological functions of the ELIP
protein family, overexpressor, down-regulators and knock out mutants for the respective genes
were produced and screened. The obtained mutants can be compared to wild type plants and
screened for emerging differences by the application of diverse physiological and biochemical
methods.

Creation of a mutant library for the ELIP family
Screen of T-DNA insertion lines of the ELIP gene family
For mutants with a complete loss of function of the gene, T-DNA insertion lines, with a
disruption in the respective gene, were ordered from SALK Institute Genomic Analysis
Laboratory (Torrey, CA, USA) (Alonso et al., 2003), GABI-Kat (Max Plancke Institute for Plant
Breeding Research, Köln, Germany) (Rosso et al., 2003) and Syngenta (San Diego, California,
USA) (Sessions et al., 2002). Table 2 shows a complete list of ordered seed stocks. Delivered
seeds were plated out on selective media for the resistance conferred in the respective T-DNA.
SALK used the pROK2 vector harbouring the nptII gene inside the T-DNA, leading to a
kanamycin (kan) resistance in plants. GABI-Kat used the pAC161 vector with a sulfadiazine
(sulf) resistance gene in the T-DNA region and Syngenta used the pCSA110 vector creating
basta resistance plants.
After germination of the seeds, the ratio of resistant to non resistant plants was evaluated
and with this the number of T-DNA insertion events in the genome of the mutant could be
estimated. To avoid that a possible phenotype of a T-DNA insertion mutant comes from a second
T-DNA insertion point in the genome besides the one of the gene of interest, ordered lines that
showed a 3:1 ratio on selective medium were preferred.
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Table 2. Ordered T-DNA insertion mutant stocks for the ELIP gene family.
gene

mutant

stock

origin

resistance

insertion point

ELIP1

E1T
E1Syn
E1G

SALK-038546
SAIL-17-B12
369A04

[N538546]
[CS800806]
[BX003049]

SALK
Syngenta
Gabi-KAT

promotor
promotor
3. exon

SALK-148756
SALK-044166
SALK-044164
SALK-105392
SALK-044171
121D05

[N648756]
[N544164]
[N544166]
[N605392]
[N544171]
[AL757356]

SALK
SALK
SALK
SALK
SALK
Gabi-KAT

kan
basta
sulf
kan
kan
kan
kan
kan

ELIP2

E2T
E2Te1
E2Te3
E2Te4
E2Ti
E2G

sulf

promotor
5´UTR
5´UTR
5´UTR
5´UTR
2. exon

SEP1

S1T
S1G
S1Syn

SALK-011381
036B04
SAIL-659-B08

[N511381]
[AL76338]
[CS828673]

SALK
Gabi-KAT
Syngenta

kan
sulf
basta

promotor
3. exon
3. exon

SEP2
SEP3a

S2Syn

SAIL-174-H02

[CS828673]

Syngenta

SALK-075850

[N575850]

SALK

basta
kan

promotor

S3T

SEP3b

S4T
S4Tp1
S4Tp2
S4Tp3

SALK-145681
SALK-091730
SALK-131043
SALK-127173

[N645681]
[N591730]
[N631043]
[N627173]

SALK
SALK
SALK
SALK

kan
kan
kan
kan

2. exon
promotor
promotor
promotor

SEP4

CABT

SALK-067381

[N567381]

SALK

kan

1. intron

SALK-095356
SAIL-84-B03
SALK-083764
SALK-070486

[N595356]
[CS803960]
[N583764]
[N570486]

SALK
Syngenta
SALK
SALK

kan

SEP5

S5T
S5Syn
S5Tu
S5Tp

basta
kan
kan

1. intron
5´UTR
5´UTR
promotor

OHP1

Q1Gb
Q1Ga

631G03
362D02

[N460555]
[N434694]

Gabi-KAT
Gabi-KAT

sulf
sulf

5´UTR
2 exon

OHP2

Q2G

071E10

[AL768243]

Gabi-KAT

sulf

1. intron

1. exon

Q3T
SALK-100285
[ED602442]
SALK
kan
1. exon
Besides the own given name for the mutants for the respective gene, the clone ID and the gene bank accession number of
TAIR (http://www.arabidosis.org), are shown. In addition, the origin of mutants and their conferred resistance, as well as the
proposed insertion point, are listed.
OHP3

After proof of the resistance, and with this the presence of a T-DNA, the declared
insertion point was verified with PCR with primers flanking the supposed insertion point and a
primer that binds within the T-DNA. In a first step an optimization of the PCR primer pairs and
conditions was applied to assure specificity. As shown in Figure 2 in a wild type plant only a
PCR product could be amplified with the primer pair binding in the genome sequence flanking
the insertion point. In a heterozygous plant, where one allele corresponds to the wild type allele
and in the other allele a T-DNA is inserted, both PCR primer pairs, the first with the two
genomic sequences and the second with a genomic primer and a T-DNA specific sequence,
produce an amplicon. In a homozygous line only the PCR with a T-DNA specific and one
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genomic primer gives a PCR signal. Theoretically, both genomic primers could produce a PCR
product in a homozygous line, as they bind in opposite direction in the genome. This is hindered
by the big size of the T-DNA. Under normal PCR conditions the polymerase is not able to
produce such big PCR products. If in the PCR reaction of genomic and T-DNA specific primers
different primer combinations are tested, also a statement about the orientation of the T-DNA in
the genome can be given. For some of the lines a double T-DNA region was found to be in the
insertion point, being always the right boarders of the T-DNA fused in the centre and the two left
boarders facing out (De Neve et al., 1997). Both genomic primers gave a PCR product with the
T-DNA specific primer for the left boarder. For most characterized knock out mutants the PCR
products were sent for sequencing to identify the exact insertion point in the genome of the TDNA from both sides.

Figure 2. PCR screen for T-DNA insertion mutants. (A) Schematic overview of primer binding sites
(represented by arrows) in wild type alleles (left) and T-DNA disrupted alleles (right) with the two possible
integration orientation of left boarder (LB) and right boarder (RB) of the T-DNA. (B) Example of an agarose gel
electrophoresis after PCR with two genomic primers (left) and a T-DNA specific and one genomic primer (right) for
wild type (wt), heterozygous (Het) and homozygous (Hom) T-DNA insertion lines (same gel picture as Figure 1B of
chapter 5).
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Table 3. Positive optimized PCR primer pairs and conditions for the screen of T-DNA
insertion mutants.
gene

mutant
E1Syn

ELIP1
EG
E2T
ELIP2

E2Ti
E2G
S1T

SEP1

S1G
S1Syn

SEP3a

S3T

SEP3b

S4T

SEP5

S5T
Q1Ga

OHP1
Q1Gb
OHP2

Q2G

genomic PCR
primerpair

E1-syn-1f
E1-syn-1br
PH-E101
PH-E102
E2-tdna-for
E2-tdna-rev
E2-tdna-pro
E2tdna-rev
E2-for
E2-rev
S1-tdna-for
S1-tdna-rev
PH-S101
PH-S102
S1-tdna-for
S1-tdna-rev
S3T-2f
S3T-2r
S4-exb-for
S4-exb-rev
S5-inc-for
S5-inc-rev
PH-Q101
PH-Q102
Q1-GaB-for
PH-Q102
Q2-tdna-for
Q2-tdna-rev

T-DNA PCR

annealing
temperature

approx. size

50°C

750 bp

55°C

400 bp

55°C

800 bp

55°C

700 bp

55°C

500 bp

55°C

400 bp

55°C

350 bp

55°C

800 bp

58°C

850 bp

53°C

900 bp

53°C

850 bp

50°C

350 bp

55°C

500 bp

55°C

750 bp

amplicon

primerpair

Syn-left
E1-syn-1br
Gabi-left2
both
Lba1
both
Lba1
both
Gabi-left2
E2-rev
Lba1
both
Gabi-left2
PH-S102
Syn-left
S1-tdna-rev
Lbb2
S3T-2r
Lba1
S4-exb-for
Lba1
S5-inc-for
Gabi-left2
both
Gabi-left2
both
Gabi-left2
Q2-tdna-rev

annealing
temperature

approx. size

50°C

500 bp

55°C
55°C
55°C
55°C
56°C
53°C

800 bp
500 bp
500 bp
850 bp
400 bp
700 bp

55°C

500 bp

55°C
57°C

300 bp
600 bp

55°C

150 bp

50°C

400 bp

58°C

300 bp

53°C

600 bp

53°C

400 bp

50°C
55°C
55°C
56°C

300 bp
400 bp
800 bp
400 bp

55°C

800 bp

amplicon

The respective primer pairs (upper lane: foreward; lower lane: reverse), annealing temperature and approximate size of the
amplicon are listed. For the lines were both genomic primers gave a signal with the T-DNA specific primer (both), in the upper
lane the condition with the foreward, in the lower lane the condition with the reverse primer, are listed.

In Table 3 the positive established PCR conditions and primer pairs for each mutant are
listed. Unfortunately not for all ordered lines PCR primers and conditions lead to a specific
amplicon, and so no insertion of the T-DNA in the expected site could be proven. Those lines
were discarded. As only homozygous plants exhibit a complete lost of function of the gene, all
T-DNA insertion lines were self-pollinated and descendants screened for homozygous lines. In
Table 4 the positive homozygous lines for the respective insertion mutants are listed.
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Table 4. Positive screened T-DNA insertion lines for the ELIP gene family.
gene
ELIP1
ELIP2

SEP1
SEP3a
SEP3b
SEP5
OHP1
OHP2
ELIP 1+2

mutant
E1Syn
E1G
E2T
E2Ti
E2G
S1T
S1G
S1Syn
S3T
S4T
S5T
Q1Ga
Q1Gb
Q2G
E1G/E2G

Heterozygous lines
with one insertion event

all
all
1, 2
21
1, 5, 8, 9
D
20
all
all
2, 3, 5, 13
E1G11 x E2G1-2

Homozygous lines
3, 4, 10, 19
11, 13
22-1
2, 5
1-2/3/8, 2-7/8
1-1
21-5
9-5
12-20
D-2/3/6/7
20-7/8
in progress

Shown are all homozygous lines identified by PCR and those heterozygous lines which showed a segregation ratio of 3:1 (res:sens)
on selective media. A comma separates different lines, a hyphen was used to separate different generations and a diagonal line joins
lines from the same descendant.

For ELIP1 three different lines were ordered but only in the line 369A04 (E1G) and in the
line SAIL-17-B12 (E1Syn) the declared insertion could be proven by PCR. In the line SALK038546 (E1T), with a declared insertion point in the promoter region, in none of the PCR
reactions a product could be obtained, and so no presence of the T-DNA could be proven. For
the lines E1G and E1Syn the segregation analysis in heterozygous lines gave a ratio of 3:1 what
corresponds to one single insertion event of the T-DNA in the genome. The insertion point was
verified by sequencing, indicating that E1G harbours the T-DNA in the third exon of the gene
and E1Syn 270 bp upstream the ATG in the promoter region.
For ELIP2 several lines with T-DNA in the promoter region were ordered from SALK.
Lines 044164, 044166, 044171 and 105392 have the same predicted insertion point in the
promoter. From these line 044164 (E2Ti) exhibit the best growth on selective medium and was
further analyzed. The exact position of the T-DNA was identified to be 200 bp upstream the
ATG. The second SALK line that was used was 148756 (E2T), with the T-DNA inserted 500 bp
upstream the ATG. For both lines E2T and E2Ti specific PCR conditions could be established
but no segregation analysis could be done. The delivered seeds only gave resistant descendants.
Nevertheless by PCR analysis not all plants were homozygous for insertion in the ELIP2 locus,
suggesting other T-DNA insertion points in the genome. Backcrossing experiments with wild
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type, to cross out the undesired insertion point, failed as all descendants of the backcrossing did
lost resistance. A third insertion line for ELIP2 was obtained from GABI-Kat (121D05) where
the insertion point could be verified being in the second exon of the gene and the heterozygous
line presented a ratio of 3:1 in segregation analysis.
For SEP1 from all three institutes lines were analyzed. The Salk line 011381 (S1T) has
disrupted the promoter region 280 bp upstream the ATG. For this line no segregation studies
could be performed as all delivered seeds showed resistant to kanamycin. For the other two SEP1
lines, the line 036B04 (S1G) and the line SAIL-659-B08 (S1Syn), the insertion point was
verified to be in the third exon and for both the heterozygous lines had a ratio of 3:1 in
segregation analysis. For SEP2 the only available insertion mutant was the Syngenta line SAIL174-H02 (S2Syn) with a supposed insertion point in the promoter region, but no T-DNA in the
desired position could be identified. For SEP3a the only available insertion line was the line
SALK-075850, were the T-DNA could be detected in the first exon of the gene. For this mutant
no lines with a segregation ratio of 3:1 were present, but the line 12-20 no longer exhibits an
intact gene. For SEP3b (former SEP4), until now the line SALK-145681 with a verified insertion
point in the second exon was screened. One line was identified to have one insertion event and
from the descendants a positive homozygous line was identified. For SEP4 (former CAB) the
line SALK-100285 was ordered but first optimization of the PCR conditions failed until now.
For SEP5 the insertion point of the line SALK-095356 (S5T) was verified to be in the first
intron. One line had a segregation of 3:1 and two homozygous lines were identified. The other
SALK lines with supposed insertions in the promoter region have not yet been screened, and for
the Syngenta line SAIL 84-B03 (S5Syn), with a declared insertion point in the 5’UTR region of
the gene, no successful PCR conditions could be established.
For the OHP1 locus Gabi-Kat has 4 T-DNA lines in their catalogue, but from these just
two could be delivered: the line Q1Ga (363D02), with a verified insertion point in the second
exon, and the line Q1Gb (631G03), with a verified T-DNA in the 5’UTR region 72 bp upstream
the ATG. Both lines exhibit a ratio of 3:1 (resistant:sensitive) on selective medium, pointing to
one T-DNA insertion event. For both mutants only heterozygous plants could produce seeds (see
Chapter 4). For OHP2 one Gabi-Kat line 071E10 was proven to have a T-DNA insertion in the
first exon. From the first descendants of the delivered seeds only few lines had a ratio of 3:1 in
segregation analysis and therefore were further used. Also with this line no homozygous plants
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could produce seeds (see Chapter 5). Under the primarily screened mutants with a T-DNA
insertion in the OHP1 and OHP2 gene no homozygous plants could be identified. But in
different approaches with diverse breeding conditions homozygous plants could be identified.
Only when the seeds of heterozygous plants where plated on MS media with 2-3% (w/v)
sacharose and kept under low light conditions (10 - 20 µmol m-2 s-1) homozygous mutants could
survive presenting an obvious bleached phenotype with reduced growing rate. Producing seeds
of homozygous plants has failed until now, but plant material of mutants lacking OHP1 or OHP2
can be produced and analyzed. Both mutants show exact the same phenotype what may indicates
that both proteins fulfil a similar function but cannot compensate each other.
For the three helix ELIPs a double knock out mutant, with lost of function of ELIP1 and
ELIP2, was generated by crossing the homozygous E1G11 mutant with the homozygous E2G1-2
(successful crossing done by Dietmar Funk). Screening of lines with homozygous T-DNA
insertion in both genes is in progress.
Creation of vectors for plant transformation
For the production of mutants other than knock out lines the vectors for A. tumefaciens
transformation had to be constructed. Two different strategies were followed. In a beginning the
ELIP genes were inserted with classical cloning into the binary vector pGPTV-KAN (pGPTV)
(Becker et al., 1992) harbouring a kanamycin resistance gene inside the T-DNA region. In Figure
3 an overview of the cloning strategy is shown. The ELIP genes were amplified from cDNA
produced from mRNA of light stress A. thaliana leaves. Using degenerated primers (gene-bfor/rev) the restriction endonuclease sites for XbaI (at 5’ of the gene) and SmaI (3’ of the gene)
were inserted into the PCR product that was subsequently subcloned in the E. coli cloning vector
p Blueskript II Sk- (pBl SK-) (Stratagene, La Jolla, USA). (For SEP1 a BamHI cleavage site was
inserted, as the gene possessed a SmaI restriction cleavage site at the N-terminus). Then the
genes were cut out with XbaI and SmaI (or with BamHI and then planed with a klenow
polymerase, for SEP1), gel purified and ligated into the binary vector pGPTV, that had before
been opened with the same enzymes and dephosphorilated. The successful cloned vectors had
the respective ELIP gene under control of a 790 bp long 35S CamV promoter and a pAnos
terminator. Even if this strategy was followed with all ELIP genes, only for ELIP1, SEP1, SEP3a
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and OHP1 mutation free constructs could be accomplished. For the other genes point mutations
were present in the final constructs that were discarded.

Figure 3. Cloning strategy overview for the insertion of ELIPs into the binary vector pGPTV using
a classical cloning procedure.

The second strategy, shown in Figure 4, comprised the Gateway technology developed by
Invitrogen (Karlsruhe, Germany), taking advantage of the site-specific recombination
mechanisms of bacteriophage lambda (Landy, 1989), where no multi step methods of restriction
cleavages, purification and ligations are needed for the transfer of a gene of one vector to
another. For this in the final destination vectors of the genes (here the binary A. tumefaciens
transformation vectors) a DNA fragment called ‘gateway cassette’ (Invitrogen, Karlsruhe,
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Germany) with recombinase sites (attR) at it ends, is inserted at the position where the gene of
interest is desired (here between promoter and terminator). To secure and multiply the gateway
cassettes, the commercial available blunt end DNA fragments with three different frames were
cloned into pBl SK- into the EcoRV restriction site. To produce new gateway cassettes the
vectors pBl-CasA, B and C had to be digested with EcoRV and the 1713 bp long cassette,
identical to the commercial available, could be excised. In parallel the desired genes of interest
(here all the ELIP genes) were flanked by the corresponding recombinase sites (attL) in another
vector, here the pENTR/D-Topo (Invitrogen, Karlsruhe, Germany). When the two vectors are
mixed in the presence of a recombinase (LR clonase, Invitrogen, Karlsruhe, Germany) the
transfer of the gene of interest from the pENTR vector to the destination vector is a one step
reaction with very high yield and accuracy for the orientation.

Figure 4. Cloning strategy overview for the production of Gateway compatible binary Destination
Vectors.
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This new technology was applied for the pGPTV binary vector, where instead of the
ELIP genes the gateway cassette was inserted into the SmaI cleavage site. In addition, it was
applied as well for the improved plant transformation vectors pCAMBIA (pCA)
(www.cambia.org, CAMBIA, Canberra, Australia). Because the obtained pCA vectors just
possessed a resistance cassette inside the T-DNA region, for pCA1200 a hygromycin resistance
(hpt gene) and for pCA2000 a kanamycin resistance (nptII gene), the CamV promoter and Nos
terminator had to be inserted to achieve expression of the gene of interest in plants. For this the
promoter and terminator of the pGPTV vector were cleaved out with HindIII and EcoRI and
ligated into the pCA vectors that had been opened with the same restriction enzymes and
dephosphorylated. It followed the insertion of the gateway cassette into the XbaI (for pCA1200)
or SmaI (for pCA2200) cleavage site between promoter and terminator. The final received
vectors for overexpression were named pGPTV-Gat-sense, pCA12-pt-Gat-sense and pCA22-ptGat-sense. As the gateway cassette is a blunt end DNA fragment the insertion into the destination
vectors occurs in both orientations. Insertions in the wrong orientation produced vectors that in
plants produce antisense RNA that can form dsRNA in the cells and so down regulate the
respective endogenous gene (Fagard and Vaucheret, 2001). These vectors were named pGPTVGat-anti, pCA12ptGat-anti and pCA22ptGat-anti.
To incorporate the ELIP genes into the pENTR/D-Topo vector PCR reactions were
performed using primers without restriction cleavage sites (gene-Gat-for/rev), but a CACC
leader sequence in front of the ATG in the forward primer. As template either the pGPTV
vectors with the inserted genes of ELIP1, SEP1, SEP3a and OHP1 or cDNA were used. The
blunt end PCR products, amplified by a proof reading polymerase, were subsequently
incorporated into the pENTR by a topoisomerase reaction. The presence of the CACC sequence
at the 5’ assured a directional insertion between the attL sites. Besides introducing genes of the
ELIP family, also the DXS (1-Deoxy-D-xylulose-5-phosphate synthase) gene of A. thaliana
(amplified from cDNA), an enzyme which catalyses the initial step of the plastidic MEP (2Cmethyl-D-erythritol-4-phoyphate) pathway, to produce isopentyl diphosphate (IDP), from which
all isoprenoids are condensated (Estévez et al., 2001; see Chapter 1), and the chloroplast transit
peptide (Transit) of the small unit of the ribulose-1,5-bisphosphate carboxylase (Rubisco) (to
facilitate import studies into the chloroplast) were incorporated into the pENTR vector. The
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Transit peptide was amplified out of the vector pTra3XN (a derivate from the pYIET4 missing
crtI (Misawa et al., 1993)).
Besides the basic overexpression vectors another set of vectors were constructed to fuse
the gene of interest to different epitopes (Myc, Flag, HA and His), or fluorescence marker genes
such as green fluorescent protein (GFP), yellow fluorescent protein (YFP) and cyan fluorescent
protein (CFP), to facilitate localization and interaction partner studies. To increase cloning
efficiency the assembly of promoter, gateway cassette marker gene or epitope and terminator
was first done in the subcloning vector pBl SK-, and then the whole constructed unit cleaved
from pBl and inserted into the pCA vectors (Figure 5).

Figure 5. Cloning strategy overview for constructs with fused epitopes and fluorescent marker
genes.
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The first step was the insertion of the promoter and terminator that were obtained either
by PCR amplification using specific primers (CamV-for/rev and Tnos-for/rev) and the pGPTV
vector as template, or by restriction digestion of the pGPTV vector. To produce a promoter
sequence of 790 pb (PCR product of 837 bp, the whole CamV sequence from pGPTV) the
CamV-for primer, to produce 366 bp long promoter sequence the CamVk-for primer were used
in combination with the CamV-rev primer. (vectors with the shorter promoter sequence have a
‘k’ in their names, vectors with the larger promoter sequence an ‘l’). To obtain the CamV
promoter the restriction enzymes HindIII and XbaI for the Nos terminator the enzymes SmaI and
EcoRI were used. The ends of the obtained digested fragments were blunted with by a klenowpolymerase reaction and then inserted in succession into pBl SK-. For the insertion of the
epitopes several strategies were attempted but the only successful one was to fuse the respective
epitope with degenerated primers (Tnos-Myc/Flag/HA/His-for and Tnos-rev) to the 5’ of the Nos
terminator by PCR. All DNA terminator fragments (with or without the epitopes, amplified or
digested) were inserted into pBl into the OliI cleavage site, followed by the CamV promoter
fragments into the HincII site.
To produce constructs for fusing the genes of interest to GFP, CFP of YFP the marker
genes were amplified by PCR (primers: GFP-for/rev; CFP-for/rev YFP-for/rev) using
commercial vectors from Clontech (Mountain View, CA, USA) harbouring those genes (pEGFPN3, pECFP-C1 and pEYFP-Actin) as template. The blunt end fragments were subsequently
ligated into the pBl-pt vector (pBl-SK- with the CamV promoter in the HincII site and pAnos
terminator in the OliI site) into the SmaI cleavage site. Besides incorporating the whole
florescence proteins also constructs were produced where either the N-terminal (1-465 bp) or the
C-terminal (466-720 bp) were inserted between the gateway cassette and the Nos terminator
using the same strategy as for the complete marker genes. The fragments were amplified out of
the commercial vectors with the primers GFP-for and GFP-half-rev for the N-terminus and GFPhalf-for (or CFP-half-for for the CFP fragment) and GFP-rev for the C-terminus. This constructs
facilitate the BiFic interaction studies (Hu and Kerpolla, 2003). For all strategies followed the
insertion of the gateway cassette into the EcoRV site. Herefor, one of the three different gateway
cassettes (A, B or C) with different frames was chosen to be in the correct frame to the ATG of
the marker gene or epitope after ligation. Finally, the whole unit from promoter to terminator
was cut out with ApaI and SacI, end were planed and ligated into the binary vectors pCA1200
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and pCA2200 leading to the final vectors pCA12/22-pt-Gat-His/HA/Flag/Myc for the epitopes,
pCA12/22-pt-Gat-GFP and pCA12/22-pt-Gat-N-GFP/YFP or pCA12/22-pt-Gat-C-GFP/YFP.
For the constructs with the complete CFP and YFP marker gene, as well as the C- and NTerminal fragments of CFP, the whole unit from promoter to terminator is ready in the
intermediate E. coli vector pBl SK-, and just has to be excluded and inserted into the binary
vectors. In all cloning strategies the intermediate products in the vector pBl SK- where the final
construct was completely assembled, where stored. This vectors can be used to achieve transient
overexpression in protoplast, were no A. tumefaciens transformation is needed (Damm et al.,
1989). For all the fusion constructs (epitope or fluorescence marker genes) new pENTR vectors
with the ELIP genes had to be made where the genes lack the stop codon to achieve one fusion
protein. For this purpose reverse primers without the stop codon (gene-Gat-rev-OS) were used to
amplify all genes before insertion into pENTR. These vectors have the appendix ‘os’.
Furthermore, vectors were constructed in which the gateway cassette was cloned in front
of the pAnos terminator sequence with a fused epitope (HA or Myc), but no CamV promoter was
inserted. With these vectors endogenous promoters together with the genes can be integrated into
the gateway cassette, if no constitutive strong overexpression is desired, or another promoter can
be cloned in front of the gateway. In addition, vectors with the gateway technology for producing
recombinant overexpression of the ELIP proteins in E. coli, with 6x His tag fused to the Cterminus, were constructed. Therefore, a gateway cassette with correct frame to the His tag was
inserted into the vectors pQE-30, pET-28a+ and pBAD/His A. In the pET vectors also an Nterminal His tag is present but could not be cloned in frame to the gateway cassette.
In Table 5 all achieved vectors for the gateway technology are listed, whereas in Figure 6
the basic structure of the different constructs is shown. These vectors were further utilized for
gateway recombinase reactions incorporating the different ELIP genes from pENTR into the
binary destination vectors. Table 6 shows an overview of the final transformation vectors with
the inserted genes differentiating those vectors that are in glycerine stocks in E. coli from those
that have been transformed into A. tumefaciens. In addition ELIP1 has also been inserted into the
pCA22-GFP vector (E1-pCA-GFP), as well as into the protoplast transformation vector pGJ
(pEZT-CL, Erhardt lab, Carnegie Institution USA) (E1pGJ). The transit peptide of the small unit
of the Rubisco has also been inserted into the vector pCA22-sense (Transit Rub-pCA-GFP).
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Table 5. Vectors for the Gateway System
vector

resistance
in bacteria

pENTR with genes
ELIP1

resistance
in bacteria

vector

resistance
in plants

protein overexpression in bacteria
kan
kan

pQE-Gat

amp

-

ELIP1-os

pET-Gat

kan

-

ELIP2

kan

pBAD-Gat

amp

-

ELIP2-os

kan

SEP1

kan

SEP1-os

kan

pGPTV-Gat-sense

kan

kan

SEP2

kan

pCA12-pt-Gat-sense

cmr

hyg

SEP2-os

kan

pCA22-pt-Gat-sense

cmr

kan

SEP3

kan

SEP4 (SEP3b)

kan

pGPTV-Gat-anti

CAB (SEP4)

kan

SEP5

kan

OHP1

kan

OHP1-os

kan

pCA12-pt-Gat-His

OHP2

kan

pCA22-pt-Gat-His

cmr

kan

OHP2-os

kan

pCA12-pt-Gat-HA *

cmr

hyg

OHP3

kan

pCA22-pt-Gat-HA *

cmr

kan

DXS

kan

pCA12-pt-Gat-Flag

cmr

hyg

Transit

kan

pCA22-pt-Gat-Flag

cmr

kan

pCA12-pt-Gat-Myc *

cmr

hyg

pCA22-pt-Gat-Myc *

cmr

kan

protoplast transformation
pBl-pt-Gat-sense

amp

pBl-pt-Gat-anti

amp

plant transformation
overexpression

antisense constructs
kan

kan

pCA12-pt-Gat-anti

cmr

hyg

pCA22-pt-Gat-anti

cmr

kan

fusion with epitopes
cmr

hyg

fusion with fluorescent marker proteins/fragments

pBl-pt-Gat-His *

amp

pCA12-pt-Gat-GFP

cmr

hyg

pBl-pt-Gat-HA *

amp

pCA22-pt-Gat-GFP

cmr

kan

pBl-pt-Gat-Flag *

amp

pCA12-pt-Gat-GC

cmr

hyg

pBl-pt-Gat-Myc *

amp

pCA22-pt-Gat-GC

cmr

kan

pBl-pt-Gat-GFP

amp

pCA12-pt-Gat-GN

cmr

hyg

pBl-pt-Gat-CFP

amp

pCA22-pt-Gat-GN

cmr

kan

pBl-pt-Gat-YFP

amp

pCA12-pt-Gat-YC

cmr

hyg

pBl-pt-Gat-GC

amp

pCA22-pt-Gat-YC

cmr

kan

pBl-pt-Gat-GN

amp

pCA12-pt-Gat-YN

cmr

hyg

pBl-pt-Gat-CC

amp

pCA22-pt-Gat-YN

cmr

kan

pBl-pt-Gat-CN

amp

pBl-pt-Gat-YC

amp

pCA12/22-Gat-HA-tnos

cmr

kan

pBl-pt-Gat-YN

amp

pCA22-Gat-Myc-tnos

cmr

kan

missing CamV promotor

For most of the ELIP genes besides having vectors with the complete ORF, also vectors are present where the respective gene misses
the terminal stop codon (os). As destination vectors there are vectors for transient expression in protoplast, vectors for protein
overexpression with a 6x His-tag in bacteria and binary A. tumefaciens plant transformation vectors for constitutive overexpression
(sense), antisense constructs (anti), fusion with epitopes (His, HA, Flag, Myc), complete (GFP) or truncated (C terminal: GC and YC;
N terminal: GN and YN) fluorescence marker proteins as well as vectors for overexpression without 35S CamV promoter (Gat-HAtnos and Gat-Myc-tnos). ‘Gat’ stands for the gateway cassette, ‘pt’ for the CamV promoter and the pAnos terminator. Vectors where
also the same vector is present with a shorter CamV promoter are marked with an asterisk.
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Figure 6. Graphic representation of the generated Destination Vectors for the Gateway System.

73

Molecular mechanisms of photoprotection in plants
Table 6. Binary A. tumefaciens vectors with incorporated ELIP genes for plant transformation
pGPTV
ELIP1

●

ELIP2
SEP1

pCA12
sense

pCA12
anti

pCA22
sense

pCA22
anti

pCA22
His

pCA22H
A

pCA22M
yc

pCA22G
N

pCA22Y
N

●
●

●
●

●
●
●
●
●
●
●
●
●
●
●

●
●
●
●
●
●

●
●

●
●

●
■

●
●

●
●

●
●

●
●

●
■

●
●

●
●

●
●
●

SEP2
SEP3a

●

SEP3b
SEP4
SEP5
OHP1
OHP2

●

●
●

●
●

OHP3

●
●
●

Grey squares mark the combination of vector with the respective ELIP gene present on DNA level in E. coli, black dots mark
vectors which have been transformed into A. tumefaciens. The constructs with pGPTV resulted from classical cloning
procedure, the sense and antisense (anti) constructs resulted from Gateway reactions with pENTR vectors with complete ELIP
genes, and the constructs with fused epitopes (His, HA, Myc) and N terminal fragments of fluorescent marker proteins (GN/YN:
N-terminal GFP/YFP) resulted from gateway reactions with pENTR vectors with the respective ELIP gene missing the terminal
stop codon (os).

Production of ELIP transformants
To produce positive A. thaliana transformants with the respective constructs, the binary
vectors with the respective gene were transformed into A. tumefaciens. It followed a plant
transformation via floral dip. The obtained seeds were plated out on selective media, respectively
to the vector that was used for transformation, to identify putative positive trasformants. For
plants transformed with pGPTV and the pCA22 derivates kanamycin was added to the media, for
plants transformed with pCA12 derivates hygromycin was used. Plants that survived on the
plates were then tested by PCR for the desired construct and then transferred to soil for seed
production. After segregation analysis the lines with a ratio of 3:1 were selected, to avoid more
than one disruption inside the genome of the transformants. These plants were again selfpollinated to select homozygous lines. The identification of homozygous lines could only be
achieved by plating out the seeds on the respective selective medium and identifying those lines
with 100% resistant progeny. The insertion point of the T-DNA was not determined and so the
use of PCR for genotyping could not be performed. In Table 7 an overview of all generated
transformants are listed.
From the different overexpressing mutants of ELIP1, two different lines with the classical
cloned pGPTV vector and 6 different lines with the gateway compatible pCA22 vector let
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assume one insertion event. From these at least two independent homozygous lines for each
construct were identified. For the antisense construct 3 different lines represented a ratio of 3:1
on selective medium and two lines were identified as homozygous.
For ELIP2 from 4 different overexpressing lines with one insertion event one
homozygous line was identified. A second line (1-1) without a segregation ratio of 3:1 was
determined to be homozygous. For the antisense construct 6 independent lines suggested one
insertion event, and from these three different lines could be identified as homozygous progeny.
With the vector pGPTV-SEP1, 14 different independent positive transformants were
selected, from which 5 had one insertion event and four were homozygous. For the few positive
transformants achieved with the vectors pCA22-sense and pCA22-anti, no segregation analysis
was performed until now. Further transformants can be selected as not all seeds generated after
transformation have been screened. The different positive transformants for SEP2 contained 3
overexpressing lines with one insertion event and the same amount of homozygous lines, as well
as 6 different antisense transformants with a ratio of 3:1 in segregation analysis but no
homozygous line. For the gene SEP3a until now out of the 5 positive transformants with the
pGPTV vector one line with a ratio 3:1 and one homozygous line were identified. The positive
transformants of the pCA22 derivates have not been tested yet. For SEP3b (former SEP4) only
the antisense construct achieved 24 different transformants. From these lines few were tested for
segregation. Line 1-4 showing a ratio of 3:1, but no further screens were done with this
transformants. For the gene SEP5 15 positive transformants were achieved with the vector
pCA22-sense that have not been tested further.
For the OHP1 transformants 21 different lines with the pGPTV vector were successfully
regenerated after transformation, 5 lines represented a segregation ratio of 3:1 and 2 lines were
identified as homozygous. With the vector pCA22-sense 5 positive transformants were
identified, from which one had one insertion event and from these a homozygous line was
obtained. For the anstisense construct out of 9 positive transformants, 2 lines were identified
with one insertion event and two homozygous lines screened. For OHP2 until now just seeds that
came out of a transformation of the overexpressor construct have been screened. From 10
positive transformants one line had a ratio of 3:1 in segregation analysis and from this two
homozygous lines were identified. For the genes SEP4 and OHP3 no transformation has been
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done so far, even if the final vectors with the respective gene in the binary vectors are already
available.

Table 7. Single transformants transformed into wild type A. thaliana plants.
gene

ELIP1 (E1)

vector

total
transformants

pGPTV

5

pCA22-sense

14

pCA22-anti

13

pCA22-sense

8

pCA22-anti

16

pGPTV

14

pCA22-sense
pCA22-anti
pCA22-sense

6
8
8

pCA22-anti

10

pGPTV

5

pCA22-sense

16

pCA22-anti
pCA22-sense

9
20

pCA22-anti

24

pCA22-sense
pCA22-anti

14
-

pGPTV

21

ELIP2 (E2)

SEP1 (S1)

SEP2 (S2)

SEP3a (S3)

SEP3b (S4)
SEP5 (S5)

OHP1 (Q1)

OHP2 (Q2)
crtE
crtB
crtZ
crtL
DXS

pCA22-sense
pCA22-anti
pCA22-sense
pCA22-anti
pGPTV
pGPTV
pGPTV
pGPTV
pCA22-sense

5
9
10
To
other genes
2
7
8
15
1

transformants
with one insertion

1-1, 2-1
2-1, 2-2-3, 2-3-3,
2-10, 2-13, 3-30
2-2, 2-3, 2-6, 2-7,
2-13, 5-1
1-4, 2-2, 4-1,
4-2
3-3, 3-5, 4-2,
5-3, 5-6, 5-7
1-1, 1-9, 2-5,
2-7, 2-18
2
1-6, 3-6, 3-13
2-1, 2-2, 2-3,
3-1, 3-4, 3-7
1-5
2-2, 3-1, 3-2,
3-3, 4-3
7-3, 7-5, 7-6, 7-8
5, 6
1-4, 6, 7, 11, 13, 17,
18, 19, 20
1-1, 1-4, 1-7,
2-5, 3-4
2-2
1-1, 1-3
21
1-1, 1-2
1-4, 1-6
2-1, 2-4, 3-1
-

homozygous
transformants
1-1-4/12,
2-1-3/13
2-1-16/12,
2-13-9
2-2-25, 2-6-4
2-7-33, 2-13-6
1-1, 1-4-1
3-3-1, 3-5-39
4-2-9, 5-1, 2-13
1-7, 2-2, 2-13
2-18
3-5, 3-8, 3-12
1-2
2-2, 3-2,
2-2-4
1-1-3, 1-3-3
21-1/3
-

A coma separates different lines. For those transformations where no positive lines has been identified, seeds of the To
generation are ready for screening. The name of each transformant results from the abbreviation of the gene (in brackets),
the vector or an abbreviation of the vector (s for sense, a for antisense) and the mutant line number. For vectors with other
genes than ELIPs (crtE: GGDP synthase; crtB: phytoene synthase, crtZ: β-carotene hydroxylase all three from E. uredovora;
crtL lycopene cyclase from Tobacco; and DXS from A. thaliana) no remark on the vector is given in their name.
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Furthermore, also non ELIP genes were used to transform A. thaliana. Herefore, different
genes of the isoprenoid biosynthesis pathway were used to produce transformants with elevated
protein content of the respective enzyme, to achieve altered levels of carotenoids and other
isoprenoids in the plants, to test if the ELIP protein level is then also altered. The used genes
were the DXS (see above and Chapter 1) was cloned with the gateway technology into pCA22sense, but until now only one positive transformant has been identified. There are still seeds left
for further transformants to be identified. In addition pGPTV vectors (cloned by Susanne Römer,
who optained the crtB-E-Z genes from Misawa et al. (1990)) were used, were the carotenoid
biosynthesis genes of bacteria Erwinia uredovora crtE (GGPP-synthase) (see Chapter 1), crtB
(phytoene synthase) (see Chapter 1) and crtZ (ß-carotin-hydroxylase) (Götz et al 2002) or the
lycopene cyclase from tobacco designated crtL in the pGPTV vector (see diploma thesis of
Verena Reiser or Alexandra Feyel, there correctly named lcy (isolated by Susanne Römer)) were
contained, were used to transform A. thaliana. For the transformants for crtE, crtB and crtZ at
least two lines with one insertion event have been identified, but none homozygous line available
until now. The transformants for the crtL gene have not been tested yet for segregation and
genotype.
Besides transforming the ELIP constructs into wild type A. thaliana plants, different
constructs were used to transform already existing transformants or T-DNA insertion lines
leading to double transformants. In Table 8 a list of all double mutants are listed. There are
transformants with two overexpressor constructs to overexpress simultaneously ELIP1 and
ELIP2 or OHP1 and OHP2. Then there are ELIP1 or ELIP2 knock out lines that have been
transformed with an antisense construct of a second ELIP family member, to accomplish the
reduction of two ELIP family members in one plant. Further ELIP1, ELIP2, OHP1 or OHP2
knock out mutants were transformed with an vector containing the disrupted gene fused either to
an epitope of the N-Terminal fragment of a fluorescent marker protein. These lines can be
utilized for diverse biochemical analyses (cross-linking, immuno-precipitation, BiFiC) having
the advantage that all the respective proteins present in the plant contain the respective fusion. In
addition, they can serve for mutant complementation , restoring the wild type phenotype. From
all these mutants just few of the seeds obtained after transformation (To), have been screened for
positive transformants.
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Table 8. Double transformants transformed into an existant transformants or T-DNA
insertion line.
double mutant
name

vector used

primary mutant

resistance

transformants

double overexpressors
E1S-E2s
E1pG-E2s
E2s-E1s
Q1s-Q2s

pCA12-sense-Elip2

E1s-2-13-9

pCA12-sense-Elip2
pCA12-sense-Elip1

E2T-E1-12a
E1G-E2-12a
E1G-Q1-12a
E1G-Q2-12a
E1G-S2-12a
E1G-S3-12a

pCA12-anti-Elip1
pCA12-anti-Elip2

E1G-E1-His
E1G-E1-HA
E1G-E1-Myc
E1G-E1-GN
E1G-E1-YN
E2G-E2-His
E2G-E2-HA
E2G-E2-Myc
E2G-E2-GN
Q1G-Q1-His
Q1G-Q1-HA
Q1G-Q1-GN
Q1G-Q1-YN
Q2G-Q2-His
Q2G-Q2-HA
Q2G-Q2-GN
Q2G-Q2s

pCA22-His-Elip1

1, 2 ,3

E1-pGPTV-1-1-4

kan + hyg
kan + hyg

1, 2, 3, 4, 6, 7

E2s-1-1

kan + hyg

1

Q1pGPTV-3-2

kan + hyg

1, 2, 3

E2T-22-1

kan + hyg

(7)

E1G-11

kan + hyg

(11)

pCA12-anti-Ohp1

E1G-11

kan + hyg

(32)

pCA12-anti-Ohp2

E1G-11

kan + hyg

(14)

pCA12-anti-Sep2

E1G-11

kan + hyg

To

pCA12-anti-Sep3

E1G-11

kan + hyg

To
To
To

pCA12-sense-Q2

knock out-down

knock out-fusion
E1G-11

pCA22-HA-Elip1

E1G-11

sulf + kan
sulf + kan

pCA22-Myc-Elip1

E1G-11

sulf + kan

To

pCA22-GN-Elip1

E1G-11

sulf + kan

To

pCA22-YN-Elip1

E1G-11

sulf + kan

To

E2G-1-2

sulf + kan

To

pCA22-HA-Elip2

E2G-1-2

sulf + kan

To

pCA22-Myc-Elip2

E2G-1-2

sulf + kan

pCA22-GN-Elip2

E2G-1-2

sulf + kan

To

pCA22-His-Ohp1

Q1Ga-(het)

sulf + kan

To

pCA22-HA-Ohp1

Q1Ga-(het)

sulf + kan

To

pCA22-GN-Ohp1

Q1Ga-(het)

sulf + kan

To

pCA22-GN-Ohp1

Q1Ga-(het)

sulf + kan

To

pCA22-His-Ohp2

Q2G-(het)

sulf + kan

To

pCA22-HA-Ohp2

Q2G-(het)

sulf + kan

To

pCA22-GN-Ohp2

Q2G-(het)

sulf + kan

To

Q2G-(het)

sulf + kan

To

pCA22-His-Elip2

pCA22-sense-Ohp2

For most transformations no positive lines have been identified, but seeds of the To generation are ready for screening. For
some knock out-down mutants lines have been positive selected on selective medium but were not analysed further. For these
mutants just the number of identified transformants is listed (in brackets).
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Verification of transformation constructs
To assure that the produced constructs really lead to the desired effect in the transformed
plants, selected lines of the ELIP1 and ELIP2 overexpressor and antisense mutants
(heterozygous and/or homozygous) were analyzed for the level of the respective protein. In
Figure 7 Western blot analyses for the ELIP1 overexpressor mutants (A) and the antisense
mutants (B) show that not all transformants achieve the same extent of overexpression or
downregulation of the ELIP1 protein. All tested overexpressor mutant transformed with the
pGPTV vector had elevated ELIP1 protein level under normal and high light conditions
compared to the wild type. Among the mutants transformed with the pCA22-sense vector, there
were lines (E1s 2-1-1, 2-13, 2-14) that did not differ significantly from the wild type, lines (E1s
2-5, 2-2-5, 2-3-3, 2-8, 3-30) that had only low levels of ELIP1 protein before light stress, where
the wild type completely lacks this protein, and higher amounts of protein under high light
condition than the wild type, as well as lines (E1s 2-5, 2-7, 2-9, 2-10) that had elevated ELIP1
levels before and after light stress treatment. Regarding the antisense constructs there were four
analyzed mutants (E1a 2-2-6, 2-6-4, 2-12-9, 2-13-6) that had a low decrease of ELIP1 protein
level under light stress conditions, and just one line (E1a 2-7) with significant downregulation of
ELIP1 under high light exposure. As a negative control the homozygous knock out mutants E1G
and E1syn were analyzed, proving the loss of gene function. Figure 7 (C and D) shows the same
analyses and findings for the ELIP2 transformants. Of the analyzed overexpressor lines of
ELIP2, some lines (E2s 1-4-1, 1-4-2, 2-2) did not differ from the wild type, one line (E2s 20-1)
had a low level of the ELIP2 protein under normal conditions, and three lines (E2s 3-1-2, 4-1, 11) had elevated levels before and after light stress. Most of the analyzed antisense lines had no
down regulation, two lines (E2a 5-2, 5-4) a weak decrease and just one line (E2a 5-1) a
significant lower level of ELIP2 protein after light stress exposure. Also here the homozygous
knock out lines of ELIP2 served as negative control with a complete absence of ELIP2 protein.
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Figure 7. Immunoblot analysis of ELIP1 and ELIP2 mutants. ELIP1 protein level in ELIP1 A)
overexpressor and B) antisense mutants. ELIP2 protein level in ELIP2 C) overexpressor and D) antisense mutants.
Total protein extracts of 2 week old wild type (WT) and mutant seedlings before (C) and after exposure for 3 hours
to 1000 µmol m-2 s-1 (HL) were analysed by Western blot analysis. As controls knock out mutants for ELIP1 (E1G
and E1Syn) as well as knock out mutants for ELIP2 (E2G, E2T and E2Ti) are shown together with transformants
derived by transformation with the overexpression vectors pCA22-pt-sense (s) and pGPTV or antisense vector
pCA22-pt-anti (a) with incorporated ELIP1 (E1) and ELIP2 (E2) genes. An asterisk behind the transformant number
marks mutants with one T-DNA insertion (suggested by segregation analysis), bold numbers represent homozygous
mutants. Samples were loaded at equal protein basis (20µg).
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In addition, double ELIP transformants were assayed for their respective protein level.
From the double mutants where an antisense construct (pCA12-anti-ELIP1 or ELIP2) was
transformed into a knock out line (E2T or E1G), only few lines were tested for protein level for
the downregulation of ELIP1 or ELIP2, but no line showed a reduced level of the respective
protein (data not shown). The double transformants with an antisense construct of OHP1 or
OHP2 in the ELIP1 knock out mutant have not been tested at all. For the double ELIP
overexpressor lines Figure 8 shows a Western blot analysis with antibodies for both proteins.

Figure 8. Immunoblot analysis of double ELIP1/ELIP2 overexpressor mutants. ELIP1 and ELIP2
protein level was analysed by Western blot analyses in 4 week old wild type (WT) and mutant plants before (C) and
after exposure for 3 hours to 1500 µmol m-2 s-1 (HL). As control the primary transformants (in italics) that were used
to over-transform the second construct (with a second (hyg) resistance), the vector pCA12-pt-sense (s) with
incorporated ELIP1 (E1) or ELIP2 (E2), are shown. The front part of the mutants name represents the primary
construct, the rear part the second construct. Samples were loaded at equal protein basis (20 µg).
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Besides the wild type the respective single overexpressor line, which was used for
transformation with the second construct, is displayed as a control. All double overexpressors
had both ELIP proteins present before and after light stress. For most lines the level of the
primary overexpressor construct did not change significantly in the presence of the second
overexpressor construct. But for two lines (E1pGPTV-E2s-3 and E1pGPTV-E2s-6), where the
E1pGPTV 1-1-4 line (pGPTV overexpressor vector of ELIP1) was over-transformed with the
pCA12-sense-ELIP2 vector, there was slightly less ELIP1 protein present after light stress in the
double transformant than in the single original ELIP1 overexpressor line. The opposite effect
was observed for the double overexpressor line E2s-E1s-1, where the level of ELIP2 in the
double transformant exceeded the level of ELIP2 accumulation of the primary transformant E2s1-1-1.

Figure 9. Expression analyses in OHP1 and OHP2 single and double overexpressor mutants.
Northern blot (upper part) with the ethidium bromide stained 23S-rRNA as loading control, and Western blot (lower
part) analysis with antibodies against the OHP1 and OHP2 proteins of wild type (WT) plants and A) two OHP1
(Q1) overexpression mutants or B) one OHP2 (Q2) overexpression mutant. C) Immunoblot analysis of WT and
three double OHP overexpressor mutants, derived from over-transformation of the Q1-pGPTV-3-2 mutant with the
pCA12-pt-sense (s) vector with incorporated OHP2.

An interesting finding was observed with the OHP overexpressors (Figure 9). While the
single overexpressors did not accumulate more protein even if significant higher levels of
transcript were present, the double overexpressor had higher levels of both proteins (preliminary
data). In wild type plants OHP transcript was present, but the signal of the overexpressor mutants
was so high that the wild type signal could not been seen at the presented blot.
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Expression analyses for the ELIP gene family
As not for all ELIP genes precise expression pattern have been obtained so far, and to
determine the condition when a respective ELIP gene exhibits his precise function and is
therefore up-regulated, expression studies under various conditions were performed.
As it is known that the ELIP gene family is induced under high light intensities the
expression studies were mainly focused at different light stress conditions. Light stress treatment
was performed on leaves, detached from 4 to 5 weeks old plants, floated on water, and exposed
to different light intensities ranging from 500 to 2500 µmol m-2 s-1 for two hours. Figure 10 A
shows an Northern blot analysis for the different ELIP genes (SEP3b, SEP4, SEP5 and OHP3
are missing) under distinct light intensities whereas Figure 10 B shows the induction kinetics of
the ELIP genes under light stress conditions at 1500 µmol m-2 s-1 for 4 hours followed by a
recovery phase of two hours at 50 µmol m-2 s-1. All ELIP genes presented similarities and
differences in their expression pattern. While the three helix ELIPs are not expressed under
ambient light conditions and start to accumulate mRNA at high light, the two helix SEPs and one
helix OHPs have a basal expression level in the absence of light stress, which is enhanced under
high light treatment. Also the levels of induction differ between the different ELIP genes. ELIP1
is induced at lower light intensities as compared to ELIP2. ELIP2 has a maximal induction at
1500 µmol m-2 s-1 and the mRNA level decreases with increasing light intensities. Also the
decrease of ELIP2 mRNA during the recovery phase at low light is faster than that of ELIP1.
Generally also the induction of transcript level of SEPs and OHPs were gene specific. The level
of induction or decrease under different light intensities, and the time point at which the genes
were up or down-regulated in the induction kinetics studies, were slightly shifted between the
genes. It was further tested whether the chosen times of high light treatment fully enclosed the
transcript level changes. Figure 10 C shows expression studies for selected genes where leaves
were exposed for longer periods to high light (for 6 hours) or low light recovery phase (for 4
hours) after three hours of high light treatment (Figure 10 D). ELIP1 reaches a maximum
induction in high light after 3 to 4 hours and then the level of transcript is slightly lowered. In a
long recovery phase a constant degradation of ELIP1 mRNA can be observed.
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Figure 10. Expression pattern of the ELIP genes under high light conditions assayed by Northern blot
analysis. Leaves of 4 weeks old A. thaliana plants, were either directly used for isolation of total RNA (C, control)
or exposed to light stress conditions floating on water. Light stress was applied for: A) 2 hours at different light
intensities (100 to 2500 µmol m-2 s-1); B) 4 hours at 1500 µmol m-2 s-1 followed by 2 hours of recovery at low light
(50 µmol m-2 s-1); C) 6 hours at 1500 µmol m-2 s-1; or D) 3 hours at 1500 µmol m-2 s-1 followed by 4 hours of
recovery at low light. RNA gel blot hybridisation was performed with DIG-labelled probes of the respective ELIP
gene. As loading control the ethidium bromide stained 23S-rRNA is shown below each corresponding blot.
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OHP1 and OHP2 are just slightly induced in high light for the first three hours. If light
stress is maintained the expression level decreases under the basal expression level. If after 3
hours of light stress leaves were transferred to low light, the high level of OHP1 was maintained.
A completely different behaviour was found for the transcript of SEP4. This gene is downregulated during light stress and its expression is induced in the recovery phase. Similar
observation was done for SEP3b (data not shown, Johannes Engelken, diploma thesis).
Besides optimizing the applied stress condition, a fundamental role lies within the used
plant material. To choose the best condition when plants should be taken for analyses, different
developmental ages of wild type A. thaliana plants were exposed to light stress and the transcript
level of selected ELIP genes was assayed. Figure 11 A shows the expression pattern during three
hours of light stress exposure followed by two hours of low light recovery phase of developing,
young and mature leaves, whereas Figure 11 B displays the Northern blots of young, mature and
senescent leaves before and after 3 hours of light stress. The induction of ELIP1 and ELIP2
transcripts is higher in developing and young than in mature plants. In senescent plants the
amount of accumulated mRNA is raised again. The transcript level of the SEP1, SEP3a and
OHP1 shows fluctuations that could arise from unequal loading, nevertheless the general
tendency of the basal transcript level at low light with the induction in high light, and higher
basal and induction level in young compared to old tissue is visible. For OHP2 no elevated
mRNA level after light stress was found in mature leaves. In addition to the different plant ages
in Figure 11 B plants were preadapted to different light intensities for 10 days prior to the light
stress treatment. For young leaves there were no significant differences in the expression level,
but in senescent plants grown for 10 days at higher light intensities (300 - 400 µmol m-2 s-1) a
higher induction of the transcript level was found as compared to plants grown at low light
conditions (30 - 50 µmol m-2 s-1). Furthermore, in senescent leaves the ELIP1, but no ELIP2,
transcript was found before light stress exposure (1500 µmol m-2 s-1) independently of the
preadaptation state.
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Figure 11. Expression pattern of the ELIP genes under different developmental ages assayed by
Northern blot analysis. Leaves of 15 days old (developing), 30 days old (young) 45 days old (mature) and 2.5 month
old (senescent) A. thaliana plants, were either directly used for isolation of total RNA (C, control) or exposed to
light stress (LS) conditions of 1500 µmol m-2 s-1 floating on water. Light stress was applied for A) 3 hours followed
by 2 hours of recovery (rec) in low light (50 µmol m-2 s-1) taking a sample each hour, or B) 3 hours to detached
leaves of plants grown in a growth chamber at 100 µmol m-2 s-1 (prior NL) or of plants that were preadapted for 10
days at 30 to 50 µmol m-2 s-1 (prior LL) or at 300 to 400 µmol m-2 s-1 (prior HL). RNA gel blot hybridisation was
performed with DIG-labelled probes of the respective ELIP gene. As loading control the ethidium bromide stained
23S-rRNA is shown below each corresponding blot.

As the

first

ELIP protein was discovered

to be

expressed during early

chloromorphogenesis of pea and barley seedlings (Meyer and Kloppstech, 1984; Grimm and
Kloppstech, 1987), the expression pattern for selected ELIP genes was assayed in A. thaliana
seedlings grown in darkness and exposed thereafter to 12 hours of light-induced greening. As
shown in Figure 12 A, ELIP1 and ELIP2 are not present in darkness and start to accumulate with
the presence of light, reaching a maximal level after 2 hours of illumination, followed by a
subsequent downregulation of the transcript until the undetectable level after 12 hours of
illumination. For the SEP3b and the three OHP genes transcripts were readily detected in darkgrown seedlings. The initial transcript level of SEP3b, OHP1 and OHP2 was very low and rose
with light exposure. For OHP1 and OHP2 a fluctuation of the transcript level was observed. A
peak of induction was observed between 2 and 4 hours of illumination, and the mRNA level
decreased after 8 hours to rise again after 12 hours of light exposure. For SEP3b a continuous
accumulation starting from two hours after transfer of seedlings into light was detected. In
contrast to OHP1 and OHP2 the transcript of OHP3 was high in dark-grown seedlings and
decreased during light-induced greening. However, after 12 hours in light the initial OHP3
transcript level raised over the initial value.
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Figure 12. Expression pattern of the ELIP genes during chloromorphogenesis and the course of the
day. A) Seedlings of A. thaliana were grown in darkness for 10 days and then transferred to continuous light of 50

µmol m-2 s-1. Samples were taken during the first 12 hours. B) Leaf samples of four weeks old A. thaliana plants
grown in a climate chamber with an 8 h light/16 h dark cycle at a light intensity of 100 µmol m-2 s-1, were harvested
during the course of 24 hours. The time of the day when samples were taken is displayed. The yellow bar marks the
light phase. RNA gel blot hybridisation was performed with DIG-labelled probes of the respective ELIP gene. As
loading control the ethidium bromide stained 23S-rRNA is shown below each corresponding blot.

To further examine the fluctuation of OHP1 and OHP2 transcript level observed during
late chloromorphogenesis, the diurnal expression pattern of both genes was followed during 24
hours in plants grown at ambient light conditions. As shown in Figure 12 B both genes are
regulated by the circadian clock and an induction takes place in late dark-phase to reach its
maximum at the beginning of the light-phase. During the light phase the OHP1 and OHP2 genes
are downregulated.
As next the effect of two simultaneously applied abiotic stress factors was examined. The
combination of light stress with desiccation, salt or cold stress was chosen. In Figure 13 A ELIP1
and ELIP2 protein levels of leaves exposed to the combination of light stress and drought are
shown. In leaves desiccated before light stress exposure (prior NL/HL-Desc), the ELIP2 protein
showed no difference between light stress alone and light stress and desiccation treatment,
whereas the ELIP1 protein level was higher in leaves that were treated with the combination of
both abiotic stresses as compared to leaves exposed to light stress alone. For plants that were
normally watered before stress treatments (prior NL/HL) there was less ELIP1 and ELIP2
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protein detected in leaves that were light stressed on dry paper. These leaves showed a severe
loss of turgor after the treatment as compared to leaves that had been preadapted to desiccation
conditions. In addition, the ELIP1, but no ELIP2, protein was detected in the control sample (C)
of high light preadapted plants. The amount of ELIP1 decreased when leaves were incubated
under ambient light conditions (con). In plants that were preadapted to high light, the induction
of ELIPs was either higher (for ELIP1) or lower (for ELIP2), than those plants that grew at
ambient light intensities.
The protein level of ELIP1 assayed in leaves treated with a combination of salt and light
stress is shown in Figure 13 B and with cold (4°C) and light stress is presented in Figure 13 C.
While the ELIP1 protein was not detected under ambient light conditions, either at different
temperatures or in salt solution, a significant accumulation of ELIP1 was assayed during light
stress conditions. The combination of light stress and cold or salt stress resulted in a lower
induction of ELIP1 than in leaves treated only with high light intensities. The here presented data
are preliminary and must be verified. Especially the treatment with high light and cold is to be
repeated several times as literature reports the contrary (e.g. Montane et al., 1997). Further
experiments concerning double stress applications were performed by Ulrica Anderson.

Figure 13. Immunoblot analysis of ELIP1 and ELIP2 in A. thaliana exposed to combination of
abiotic stress conditions. A) Light and desiccation stress. 4 weeks old A. thaliana wild type plants were grown
under ambient light conditions, the water supply was suspended and plants were moved for 6 days to ambient (prior
NL-Desc: 100 µmol m-2 s-1) or high light (prior HL-Desc: 300 µmol m-2 s-1) conditions. As control served plants that
were daily watered under the same light regimes (prior NL and prior HL). Subsequent detached leaves were exposed
for 1.5 and 3 hours to light stress (1500 µmol m-2 s-1) floating on water (LS) or incubated on a dry Whatman paper
(LS +D). As control (con) leaves were incubated for 1.5 and 3 hours at 100 µmol m-2 s-1 floating on water. B) Light
and salt stress and C) light and cold stress. Leaves of 4 week old A. thaliana wild type plants harvested before
stress treatment (C) or exposed for 1.5 and 3 hours to light stress (LS) with an light intensity of 1500 µmol m-2 s-1, or
at a light intensity of 100 µmol m-2 s-1 for control (con) samples. Leaves were floating on 20°C warm water (LS and
con), 20°C warm 400 mM NaCl solution (salt and LS+salt) or on 4°C cold water (cold and LS+cold). Samples were
loaded at equal protein basis (20 µg).
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DISCUSSION
Creation of a mutant library for the ELIP family
To analyze the physiological function of the diverse member from the ELIP family a
reverse genetics approach was initiated. T-DNA insertion mutants for all genes were ordered
from different organizations, which performed large scale transformation of A. thaliana with
subsequent sequencing of the insertion point of the T-DNA. Out of 27 different lines, for 14 lines
positive PCR screening conditions for identification of homozygous lines, could be optimized,
including knock out lines for ELIP1 (2x), ELIP2 (3x), SEP1 (3x), SEP3a (1x), SEP3b (1x), SEP5
(1x), OHP1 (2x) and OHP2 (1x). For these 14 knock out mutants homozygous lines, which are
disrupted in both of their alleles by a T-DNA, were identified and seeds propagated. Only for the
OHP1 and OHP2 mutants no seeds of homozygous lines were obtained as they always died
before flowering. One line of the ELIP1 knock out mutant was crossed with one line of the
ELIP2 knock out mutant (double homozygousity screen is in progress). For the genes SEP2 and
SEP4 no positive screening method could be optimized for their T-DNA insertion mutants, and
the OHP3 T-DNA insertion line was screened and characterized by Ulrica Anderson.
As in a transformation event by A. tumefaciens the transferred T-DNA fragment is not
only randomly inserted, but often more than one T-DNA fragments are integrated in the plant
genome (De Neve et al., 1997). Therefore, mutants with one insertion event were searched by
segregation analysis on selective media conferred by the resistant gene in the T-DNA. In
heterozygous plants with only one insertion event a ratio of one sensitive to three resistant plants
are consisted with mendelian genetics. In plants with two independent insertions of the T-DNA a
ratio of 15:1, with three insertions a ratio of 63:1 is expected. To exclude that a possible effect of
a T-DNA insertion mutant arises from a disruption of genes other than the respective ELIP gene,
ordered lines that showed a 3:1 ratio on selective medium and in which the T-DNA insertion was
verified by PCR (and in some cases by sequencing) to be in the proposed position, were selected
and their descendants screened for homozygous lines. For the lines E2T, E2Ti and S1T no
heterozygous lines with the desired segregation ratio could be found, and backcrossing
experiments failed. Since for ELIP2 and SEP1, three independent insertion lines are present for
characterization, the validity of a possible phenotype can be achieved by the examination of all
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three lines in parallel assuming that only an effect arising from the disruption of the respective
ELIP gene, has to be present in all three lines.
The position of the insertion in a given allele is of major importance. A T-DNA insertion
in an intron of a gene does not always lead to the disruption of the function of the gene, as the
exons sometimes still can be correctly spliced and an intact mRNA be formed (personal
communication, Dr. Dietmar Funk). Another position that not necessarily leads to a loss of gene
function is when a T-DNA is inserted in the promoter region of a gene. If the essential parts of
the regulatory elements are not disrupted from the gene, mRNA of a given gene is still able to be
transcribed. To discard these possibilities transcript and protein levels for each insertion mutant
have to be assayed, to ensure the knock out of a gene. For the insertion lines for the ELIP1,
ELIP2, OHP1 and OHP2 genes that were characterized, this verification was successful, even for
the lines with a T-DNA in the promoter region of the respective gene (E2T, E2Ti, Q1Gb).
For the production of overexpressor and down-regulator mutants for the different ELIP
genes, first the vectors for A. tumefaciens transformation had to be constructed. As not for all
genes a positive outcome with a classical cloning strategy into the binary vector pGPTV was
achieved, in a second approach the gateway technology was applied. Invitrogen (Karlsruhe,
Germany) has developed this universal cloning method taking advantage of the site-specific
recombination mechanisms of bacteriophage lambda (Landy, 1989). When vectors and genes are
set up with particular DNA sequences (att sites) which are recognized by the enzymes carrying
out the recombination reaction (LR and BP Clonase) the transfer of a gene from one vector to
another is not only faster than a classical ligation, but also far more effective. However the
greatest advantage of this system is for strategies where several genes need to be inserted into
different vectors, as the different constructs and genes have only to be classical cloned once. So
all ELIP genes were flanked by attL sites in the pENTR vector by a topoisomerase reaction, and
different destination vectors, with attR sites at the destination point of the genes, were
constructed. Vectors with overexpression (pGPTV-Gat sense, pCA12/22-Gat sense) and
antisense constructs (pGPTV-Gat-anti, pCA12/22-Gat anti) were obtained with different
resistance cassettes. The pGPTV vector carries a kanamycin resistance for bacterial and plant
expression, whereas the pCA vectors lead to chloramphenicol resistance in bacteria, and
hygromycin (for pCA12) and kanamycin (for pCA22) in plants. After recombination reaction the
ELIP genes were inserted into the final Agrobacterium transformation vectors, and A. thaliana
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plants were transformed. Almost for all ELIP genes positive transformants with overexpressor
and antisense constructs were obtained. Only the SEP5 antisense construct and all vectors for
SEP4 and OHP3, which have been later included into analysis of ELIPs, still have to be cloned.
For almost all positive transformants the segregation of the resistance of positive transformed
plants was analyzed, and in a first approach those lines were preferred, that let assume one
insertion event of the transformed T-DNA. Subsequently, homozygous lines for all transformed
lines were identified and propagated, even if no homozygouty is necessary for the desired
phenotype effect. The overexpression of a gene in sense or antisense orientation is already
achieved by transcription in heterozygous plants carrying the T-DNA just in one allele, but a
genotype uniformity of the descendants of a given line is of great advantage for experimental
setup. But even more essential is, if the respective construct is actually leading to the desired
effect in the transformants. The presence of a T-DNA in the genome does not directly conduct to
the expression of their genes. The abundance of an mRNA is not only regulated by the promoter
elements, but also to a great extent by the position in the genome (Wallrath, 1998). The same
promoter achieves different transcription rates depending whether it is in a position where the
chromosomes are tightly (heterochromatin) or loosely packed (euchromatin). Furthermore, the
expression of a gene can be silenced if a gene-specific threshold is surpassed by excessive
overexpression (Matzke and Matzke, 1995). Therefore, the mutant lines for the genes ELIP1,
ELIP2, OHP1 and OHP2, were assayed for the expression level of the transgene. For ELIP1 and
ELIP2 mutants lines with overexpression and down-regulation of the protein level were
identified. Such mutant lines were homozygous or heterozygous, as well as lines with one or
more insertion event. Only in few lines with one insertion event an actually up or down
regulation was observed. Comparing a heterozygous and homozygous line from one descendant
(E1pGPTV-2-1-12 and -2-1-13 or E2s-1-4-1 and -1-4-2) did not yield any differences in the
accumulation level of the ELIP protein. If the physiological function of the ELIP1 or ELIP2
protein is to be examined, several independent lines with an phenotype have to be characterized.
For the overexpression lines more transformants have to be identified and analysed. There is also
the possibility of creating new transformants with smaller CamV promoter (CamVK), to gain
less overexpression or to clone another promoter (for example the endogenous promoter, to
avoid artefacts in localization (personal communication Jens Steinbrenner). Concerning the
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antisense mutants, a more effective method has lately been available with vectors (pHellsgate)
encoding self-complementary ‘hairpin’ RNA (hpRNA) (Wesley et al., 2001).
For the OHP1 and OHP2 genes, only overexpressor lines have been analysed until now,
showing high levels of mRNA but no protein accumulation. That the high transcript level is not
reflected in a higher protein level could result from post-transcriptional regulation (Mata et al.,
2005). Besides it is known that the overexpression of membrane proteins is often difficult, due to
their chemical properties. Their assembly occurs while they are embedded into the membrane,
and often a specific binding site or an interaction partner is needed. Such integral membrane
proteins are usually degraded when not stabilized in the membranes (Choquet and Vallon, 2000).
Both one helix proteins need to form a dimer for chlorophyll binding (Green and Kühlbrandt,
1995). If a heterodimer between both OHP proteins is needed for their proper assembly, and no
homodimer as previously proposed, only plants overexpressing the two partners would lead to an
increase of protein level. This indeed was observed in plants overexpressing both OHP1 and
OHP2, strongly suggesting that both OHP proteins are interacting with each other and are not
redundant in their functions. This hypothesis is supported by the fact that OHP1 and OHP2
knock out lines have similar phenotypes and in both lines OHP1 and OHP2 are missing (see
Chapter 3 and 4).
To address the question whether ELIP1 and ELIP2 also accumulate in higher amount if
both proteins are overexpressed in one plant, double overexpression transformants were
produced and analyzed for their ELIP content. In this case no significant higher accumulation of
ELIP1 and ELIP2 was observed. In some few cases a slightly different (higher or lower) level of
ELIP1 or ELIP2 could be detected, but here fore the simplest explanation is that of unequal
loading.
Furthermore, several vectors were cloned for diverse biochemical analyses fusing the
genes to the C-terminus with the epitopes His, HA, Myc and Flag, or fluorescent marker genes.
To identify interaction partners of the respective ELIP proteins, one possibility is to perform
cross-linking and pull-down or immuno-precipitation experiments (Miernyk and Thelen, 2008).
However, for such analysis specific antibodies are required, that exclusively recognize the
respective protein. Not for all ELIP proteins high specific antibodies are available and all are
polyclonal. To solve this problem the respective ELIP proteins were expressed in plants with a
fused epitope, to which high specific monoclonal antibodies are commercially available. Fusing
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the ELIP proteins to the fluorescent marker protein GFP, CFP or YFP, can also be used for the
identification of interaction partners (Huebsch and Mooney, 2007; Hink et al., 2002) besides the
localization studies (Hanson and Köhler, 2001). In the in vivo system FRET (fluorescence
resonance energy transfer) the energy transition between a donor and an acceptor fluorophore
(for example different variants of GFP) fused to two interacting proteins can be followed by
fluorescence microscopy techniques (Piehler 2005).
In addition, constructs with truncated version of the fluorescent marker proteins were
generated in order to be used in in vivo interaction study called bimolecular fluorescence
complementation (BiFic) (Walter et al., 2004). The method is based on the creation of fusion
proteins of two genes of interest, whereas the one is fused to an N-terminal, the other one to a Cterminal fragment of a fluorescent protein. The fragments alone are non-fluorescent, but can
form the fluorescent complex when brought together by interaction or close spacial proximity of
the proteins they are fused to, given that the linker region connecting the fusion proteins is
sufficiently long and flexible. This method has been successfully applied to visualize protein
interactions in mammals (Hu et al., 2002;) and in plants (Bracha-Drori et al., 2004). Recently is
has also been used for topology studies of membrane proteins (Zamayatin et al., 2006). Until
now no false positive results have been reported for the BiFC assay, and there were only few
cases where false negative results were obtained because the GFP fusion inhibited the interaction
of the proteins studied (Kerpola, 2006).
For both interaction studies using the fluorescent marker proteins the strategy was to
create stable mutants of A. thaliana with the respective ELIP protein fused to one of the fusion
protein or fragment. These plants could then be transformed to express putative interaction
partners fused to the corresponding second protein or fragment, either by A. tumefaciens
mediated methods or by direct gene transfer into protoplasts. The method of direct gene transfer
into protoplasts, to express target genes transiently in single cells of A. thaliana is much faster
and has gained much popularity (Damm et al., 1989; Spörlein and Koop, 1991). For this
transfection, mediated by PEG or cationic liposomes, high concentrations of DNA and no binary
Agrobacterium vectors, that are low copy vectors, are needed. For this purpose the intermediate
constructs of CamV promoter, gateway cassette, fluorescent marker gene or fragment, as well as
epitope, and Nos terminator in the sub-cloning vector pBl SK- can be perfectly used.
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The ELIP1, ELIP2, OHP1 and OHP2 genes have been successfully inserted in most of
the binary fusion vectors and transformed into the respective knock out mutant, to generate
plants that exclusively possess the respective gene with the respective fusion. The identification
of positive transformed lines is in progress. For the two OHP knock out mutants, where the
homozygous lines do not produce seeds, heterozygous plants were transformed. After
transformation a double selection is being applied to identify positive transformants in
homozygous knock out lines. Once identified, these lines can then be used to clarify if a
complementation restores the wild type phenotype and to search for the interaction partners.
Summarizing, an almost complete collection of mutants with changed levels (from total
absence to higher accumulation rates) of the different ELIP proteins is available to be
characterized in detail, to elucidate the physiological function of each member of the ELIP
protein family. In addition for ELIP1 and ELIP2, as well as for OHP1 and OHP2 double
overexpressing mutants have been produced. Furthermore, different vectors were constructed for
fusing the respective genes to epitopes and diverse fluorescent marker genes or fragments to
investigate the interaction partners of each ELIP protein. All the gateway compatible vectors,
with or without fusion, can be as well be used for analyzing other genes.
For ELIP1, ELIP2, OHP1 and OHP2 the obtained mutants have been analyzed (see
Chapter 3, 4 and 5), verifying the effect of the diverse constructs. For these genes the diverse
fusion vectors have already been transformed into knock out lines, but screening of positive
transformants is still in progress.
Expression analyses for the ELIP family
To enclose the precise condition when a respective ELIP is most essential for the cell
expression studies were performed attempting to find differences between the different genes, in
order to characterize the respective mutants under those precise circumstances. Diverse
expression studies in different plant species have been performed in the past for the ELIP genes
(Adamska, 2001), and the micro-array data is available now for SEPs and OHPs of A. thaliana
by different providers, such as the Arabidopsis eFP Browser (www.bar.utoronto.ca/) (Winter et
al., 2007) or Genevestigator.ethz.ch (Zimmermann et al., 2004). As all previous works showed
an induction or enhancement of ELIP gene expression under high light illumination, here light
stress responses were analysed in detail by varying light intensity, periods of light stress
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exposure and recovery at low intensity light, light preadapted state and developmental age of the
used plant material. The expression pattern of the different ELIPs varies at different light
intensities, in the induction kinetic as well as during recovery from light stress. As already
reported (Adamska, 2001; Heddad et al., 2006; Anderson et al., 2003) the three helix ELIPs are
not present under ambient light conditions and are induced under high light regimes, the two
helix SEPs and one helix OHPs have a basal expression level under ambient light conditions and
most of them are enhanced under high light intensities. During the recovery phase at low light
intensities the expression level decreased again. In contrast to other ELIP family members the
SEP3b and SEP4 genes are down-regulated in high light and up-regulated during the recovery
phase in low light intensities. However, the degree of induction, enhancement or downregulation slightly differs between the genes, indicating that the regulation and physiological
function of the ELIP family members is unique for each protein. For all analyzed transcripts the
maximal expression level was found 3 to 4 hours after transfer of leaves into high light, whereas
1500 µmol m-2 s-1 was the light intensity were all genes presented the greatest enhancement of
their transcript level. The 4 hours recovery phase at low light was not sufficient to reach initial
transcript levels.
Comparing different developmental ages of plant material used for stress application,
developing and young leaves had the highest transcript level for all analyzed ELIP, SEP and
OHP genes, both at low (with an exception of ELIPs which were not present in the absence of
light stress) or high light conditions. In mature leaves the overall expression level and the
enhancement in light stress decreased for all analyzed ELIP genes. In senescent leaves the
induction of the expression level during light stress was increased again. The ELIP1 transcript
was already detected at ambient light conditions, supporting the findings in tobacco plants
reported by Binyamin et al. (2001). If plants were preadapted to low light or high light for 10
days prior to stress treatment, a clear difference in the expression level between these two light
regimes could be seen only in senescent plants as compared to developing or fully mature plants.
In low light preadapted senescent leaves the induction level of the ELIP genes was not that
pronounced as in senescent leaves preadapted to high light. Whether the same is occurring on
protein level was not analyzed. Also Noren et al. (2003) showed that ELIP transcript but not
ELIP protein accumulated in senescing leaves already under low light conditions in pea cultivars.
In contrast Humbeck et al. (1994) reported that ELIP gene expression is independent of the
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developmental stage of barley leaves. But former expression analyses of senescent A. thaliana
leaves (Heddad et al., 2006) support the here presented data. These discrepancies could arise
from plant species-specific responses or could be related to the diverse growing and harvest
conditions. Nevertheless, senescence was found to be another interesting developmental
condition for functional analysis of ELIP mutants, especially when senescent leaves were
preadapted to high light conditions. The emerging difficulty by this type of analysis is that the
leaf material is not very homogenous.
Another essential parameter for the application of light stress is the time of the day when
plants are exposed to light stress treatment. To prove whether the circadian rhythm controls the
expression of the OHP1 and OHP2, the expression of both transcripts was assayed during 24
hours. Both genes were up-regulated in the late dark phase to reach their maximal amounts when
light was switched on and were lowered during the light phase. This is consistent with microarray data, and with previous findings in pea and barley (Kloppstech, 1985; Adamska et al.,
1991).
Since ELIPs were discovered during chloromorphogenesis (Meyer and Kloppstech,
1984), and this condition was not yet investigated for the SEPs and OHPs, the expression of
these genes in greening etioplasts was assayed. While transcript of ELIP1 and ELIP2 were
detected only in the early stages of greening, the mRNA of SEPs and OHPs was already present
in dark-grown seedlings. For SEP3a, OHP1 and OHP2 the transcript level increased after 2 to 4
hours of greening, what coincides with the induction of ELIP1 and ELIP2. It has been reported
(Harari-Steinberg et al., 2001) that in dark grown seedlings of A. thaliana ELIP2 but not ELIP1
transcript (but no protein) is present. Those analyses were performed with high sensitive
LightCycler RT-PCR, which are more reliable for quantification. The in this studies used RNA
hybridization is not that sensitive but satisfactory for detection of main expression changes. For
OHP3 a completely different pattern was observed, where the transcript level decreased during
the first period of light exposure. All ELIP family members reported so far have shown to be
induced transiently during photomorphogenesis of etiolated seedlings (Adamska, 2001). Now
also for most of the SEPs and the OHPs this could be shown. However, for all greening
experiments, it is difficult to discriminate whether the induction or enhancement of the ELIP
family members is related to the assembly of the photosynthetic complexes or if seedlings suffer
from light stress, while the photosynthetic apparatus is being synthesized.
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CHAPTER 3
Disturbing the Protein Level of ELIP1 or ELIP2 Leads to
Altered Photoprotection Only at Extreme Photoinhibitory
conditions in Arabidopsis thaliana.
Marc C. Rojas-Stütz and Iwona Adamska
Department of Physiology and Plant Biochemistry, University of Konstanz, Universitätsstr.
10, DE-78457 Konstanz, Germany.

ABSTRACT
The Early Light-Induced Proteins (ELIP) are known to bind pigments, such as their
relatives from the family of the chlorophyll a/b-binding proteins. ELIPs are only transiently
induced during chloromorphogenesis, high light exposure and senescence at green tissues as
well as during differentiation of chloroplasts to chromoplasts. All these conditions share the
restructuring of the antenna light-harvesting complexes, either for their assembly, transient
rearrangement or degradation, accompanied with a release of chlorophyll. Free chlorophylls
might react with oxygen leading to a formation of reactive oxygen species. Therefore, a
photoprotective role was proposed for ELIPs, either by binding the released chlorophyll
and/or participating in nonphotochemical quenching. To clarify the physiological relevance
of ELIPs we analyzed Arabidopsis thaliana mutant plants with either depletion or
constitutive overexpression of either of the two ELIP1 and ELIP2 proteins. We demonstrate
that plants grown under ambient light conditions and then exposed to light stress showed no
major differences in various photosynthetic parameters compared to wild type plants.
However, when plants were preadapted to low light conditions and further incubated for 36
hours in darkness prior to exposure to saturating light intensities, a correlation between ELIP
protein content and degree of photoinhibition was detected. We therefore propose that under
ambient light conditions compensation by other photoprotective mechanisms is provided thus
not allowing the expression of a stress phenotype. Under the extreme photoinhibitory
treatment these compensation effects are insufficient to counteract the altered ELIP protein
level.
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INTRODUCTION
ELIPs (Early Light-Induced Proteins) are nuclear-encoded thylakoid membrane
proteins that are expressed in plants exposed to light stress (Adamska, 2001). They are
synthesized in the cytoplasm, imported into the chloroplast, and inserted in the non-appressed
regions of the thylakoid membrane (Adamska and Kloppstech, 1991) via a pathway involving
cpSRP43 (Hutin et al., 2002). ELIPs have three transmembrane domains, with the I and III αhelices showing a high homology with the corresponding helices of chlorophyll (Chl) a/bbinding (Cab) proteins (Grimm et al., 1989) and containing four putative Chl-binding
residues (Green and Kühlbrandt, 1995). Isolation of ELIP from light-stressed pea (Pisum
sativum) leaves and spectroscopic analysis confirmed the theoretical expectation that ELIPs
bind Chls. Although Chl a and lutein were detected in the purified ELIP fraction, a weak
excitonic coupling between the Chls and a high lutein content were measured as compared
with other Cab proteins (Adamska et al., 1999). Based on these data it was proposed that
ELIPs are not involved in light-harvesting but play a protective role within the thylakoids
under light stress conditions, either by transient binding of free chlorophyll molecules and so
preventing the formation of free radicals or/and by binding carotenoids and so acting as sinks
for excitation energy (Montane and Kloppstech, 2000; Adamska, 2001). This hypothesis was
supported by the finding that chaos, an Arabidopsis thaliana mutant unable to rapidly
accumulate ELIPs, is strongly susceptible to photooxidative stress and that its phenotype can
be rescued by constitutive expression of ELIPs (Hutin et al., 2003).
With respect to other Cab proteins that are constitutively present in thylakoids, ELIPs
show a transient accumulation. Furthermore, while Cabs are the most abundant plant
membrane proteins on earth (Jansson, 1999), ELIPs are less abundant and accumulate in
substoichiometric amounts with the approximate ratio of one ELIP molecule per 10-20
photosystem II (PSII) reaction centres (Adamska, 1997). The transcripts of the ELIP genes
are induced during the first hours of greening of etiolated seedlings (Grimm and Kloppstech,
1987; Cronshagen and Herzfeld, 1990; Pötter and Kloppstech, 1993), when the developing
photosynthetic apparatus is very susceptible to photooxidation (Caspi et al., 2000). In mature
plants ELIPs are absent until the plants are exposed to stress conditions, such as high light
(Adamska et al., 1992b; Pötter and Kloppstech, 1993), high light and cold (Montane et al.,
1997), high salinity (Sävenstrand et al., 2004), UV-A irradiance (Adamska et al., 1992a), or
desiccation (Zeng et al., 2002), with a high dependence on the plant species. The induction of
ELIP in P. sativum plants was found to be triggered specifically by blue and UV-A light,
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suggesting that a cryptochrome-like receptor senses the light signal and transduces the stimuli
for the activation of ELIP genes (Adamska, 2001). So far, the ELIP expression pattern was
mostly studied in P. sativum where this protein is encoded by a single gene (Kolanus et al.,
1987), while in other plant species two ELIP genes, or two small gene families are present.
Such ELIP gene families exist in barley (Hordeum vulgare) (Grimm et al., 1989), coding for
two groups of ELIP proteins with slightly different molecular masses. In A. thaliana the ELIP
family is divided into three groups: (i) three-helix ELIPs, (ii) two-helix Stress-Enhanced
Proteins (SEPs) and (iii) One-Helix Proteins (OHPs) (Heddad and Adamska, 2002). Evidence
is available that the expression of various ELIP family members is differentially regulated: in
Tortula ruralis, a desiccation-tolerant bryophyte capable of surviving desiccation, the Elipa
and Elipb genes are differentially expressed in response to desiccation, rehydration, salinity,
abscisic acid (ABA) and high light (Zeng et al., 2002). In A. thaliana there are two ELIP
genes ELIP1 and ELIP2, with 81.05% identity at amino acid level. Their expression is strictly
controlled by light stress in a light intensity-dependent manner, but the induction kinetics
differ for both genes. Furthermore, it was demonstrated that the expression of both genes is
controlled at transcriptional and posttranslational levels, and that the two proteins are located
in different light-harvesting complex (LHCII) subpopulations, suggesting that they are not
redundant and that their function is related to different phases of light stress (Heddad et al.,
2006).
However, in spite of extensive research, the precise physiological function and
molecular role of ELIPs is still unclear. To address these problems, we characterized different
elip1 and elip2 mutants with constitutive expression or deletion of either of the two ELIP1
and ELIP2 proteins in A. thaliana plants. During progressing work other research groups
published data on general characterization single and double elip1 and elip2 knock out
mutants (Casazza et al., 2005; Rossini et al., 2006) and elip2 overexpressing mutants
(Tzvetkova-Chevolleau et al., 2007), pointing to the photoprotective role of these proteins.
Here we present and discuss data supporting the proposed involvement of ELIPs in light
stress and compare our results to recently published findings.
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MATERIAL AND METHODS
Plant material and growth conditions
Arabidopsis thaliana L. cv. Columbia-0 wild type plants and mutant lines were grown
in a growth chamber at a photon flux density of 100 to 150 µmol m-2 s-1 under the light
regime of 8-hours light/16-hours dark (21°C in light and 19°C in dark). Plants were cultivated
on sterilized soil for 35 to 40 days prior to the collection of leaves. For preadaptation to low
light intensities, plants were transferred to a light intensity of 30 to 50 µmol m-2 s-1 10 days
prior to harvest.
The mutant lines carrying a T-DNA insertion within the ELIP genes (ELIP1:
At3g22840, ELIP2: At4g14690) were obtained from three different collections. The line
SAIL-17-B12 (knock out (KO) for the gene ELIP1 (E1Syn in Chapter 2)) was obtained from
the Syngenta Arabidopsis Insertion Library or ‘SAIL’ Collection (Sessions et al., 2002); the
line 369A04 (KO for the gene ELIP1 (E1G in Chapter 2)) and the line 121D05 (KO for the
gene ELIP2 (E2G in Chapter 2)) was provided from MPI for Plant Breeding Research
(Cologne, Germany) and generated in the context of the GABI-Kat program (Rosso et al.,
2003); the lines SALK-148756 and SALK-044171 (KO for the gene ELIP2 (E2T and E2Ti in
Chpater 2)) were ordered from the SALK Institute Genomic Analysis Laboratory (Torrey,
USA) (Alonso et al., 2003). For selection of mutants, seeds were surface sterilized and plated
on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) supplemented with
15% (w/v) sucrose, 9% (w/v) agar and the respect selection marker conferred by the inserted
T-DNA. For the SAIL line 10 µg/ml phosphoinitricin (basta), for the GABI lines 10 µg/ml
sulfadiazine and for the SALK lines 50 µg/ml kanamycin was used.
Photoinhibitory treatments
Detached leaves (the fourth to fifth counted from the apex) floating on water were
exposed to light stress at a photon flux density of 1500 µmol m-2 s-1 or 500 µmol m-2 s-1
provided by white fluorescent lamps (Osram Power star HQI-E 400W/D). The spectrum of
the lamp covered a visible light region from 380 to 720 nm. The temperature of the water was
kept constant between 22°C and 24°C. After the treatment leaves were either used
immediately for Chl fluorescence measurements or frozen in liquid nitrogen and stored at 80°C for further analysis.
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ELIP overexpressing lines and Agrobacterium-mediated transformation
The cDNAs encoding ELIP1 and ELIP2 were amplified by reverse transcription (RT)PCR using total RNA extracted from light-stressed A. thaliana Col-0 leaves and cloned into
pENTR-D-Topo (Invitrogen, Karlsruhe, Germany). Primers were for ELIP1 E1gF: 5’-CAC
CAT GGC AAC AGC ATC GTT CAA C-3’ and E1gR: 5’-TTA GAC GAG TGT CCC ACC
TTT GAC GAA C-3’; for ELIP2 E2gF: 5’-CAC CAT GGC AAC GGC GTC G-3’ and
E2gR: 5’-TTA GAC TAG AGT CCC ACC AGT GAC GTA C-3’. The cDNA constructs
were verified by sequencing (GATC, Konstanz). In parallel a ‘gateway cassette’, for
compatibility with the Gateway system (Invitrogen, Karlsruhe, Germany), was introduced
between the CaMV-35S promoter (cauliflower mosaic virus 35S leader) and the
polyadenylation signal of the Nopaline synthase of Agrobacterium tumefaciens (pAnos) of
the pGPTV-KAN vector (Becker et al., 1992). The expression cassette (promoter, gateway
cassette and terminator) of the pGPTV vector was also inserted into the binary vector
pCAMBIA-2200 (Cambia, Canberra, Australia). With a gateway recombinase reaction (LRclonase, Invitrogen, Karlsruhe, Germany) the cDNAs were transferred into the binary
vectors, that were subsequent introduced into A. tumefaciens strain LB4404 and used to
transform A. thaliana Col-0 plants by a floral dip method (Clough and Bent, 1998). Primary
transformants were selected in vitro on MS medium containing 50 µg/ml kanamycin and
tested by PCR for the respective construct.
Measurements of the photosynthetic activity and pigment content
Chl fluorescence induction kinetics was measured at room temperature on detached
leaves using an imaging/pulse-amplitude modulation fluorimeter (Walz, Effeltrich,
Germany). For each measurement four to six leaves were preadapted in the dark for 5 min
and then exposed to a saturating 1 s light flash. The minimal fluorescence (F0) in the absence
of actinic light and maximal fluorescence (Fm) after a saturating light flash were measured
and the variable fluorescence (Fv = Fm / Fo) was calculated as described in Butler and
Kitajima (1975). The photochemical yield of open PSII reaction centres, commonly known as
the relative variable fluorescence, was calculated as Fv/Fm. The effective quantum yield of
PSII photochemistry (yield) and the non-photochemical quenching (NPQ) after 5 minutes in
actinic light of 100 µmol m-2 s-1 were calculated as described in Maxwell and Johnson
(2000). Chl and total carotenoid content of leaves was calculated from the absorbance at 662,
645 and 470 nm (Hitachi U-2000 Spectrophotometer,) of acetone extracts, according to
Lichtenthaler and Wellburn (1983).
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DNA isolation and analysis
Genomic DNA was extracted from leaves using the high pure GMO sample
preparation kit (Roche, Mannheim, Germany) according to manufacture instructions. For the
validation of the KO mutants, PCR analysis was performed using different combinations of
primers (see Figure 1). For the ELIP1 locus the primers E1pR: 5’-CTG TGG CGA ATG
AGT AGG-3’ and E1tF: 5’-ATG GCA ACA GCA TCG TTC AAC A-3’ were used, for the
ELIP2 locus E2pF: 5’-GCT GAG GTA CGT TAT TCT CCA CTT-3’ and E2tR: 5’-gtc TCC
CGT TGA TCC TCT CG-3’. The T-DNA specific primers were GaL2: 5’-CCC ATT TGG
ACG TGA ATG TAG ACA C-3’, LBa1: 5’-TGG TTC ACG TAG TGG GCC ATC G-3’ and
SynL: 5’-TTC ATA ACC AAT CTC GAT ACA C-3’. Southern blot analysis was carried out
as described in Chapter 2 (Sambrook and Russell, (2001) with the DIG system).
RNA isolation and northern blot analyses
Total RNA was isolated from frozen leaf material using a combination of Trizol
(Invitrogen, Carlbad CA) and RNeasy Kit (Qiagen, Hilden, Germany). Northern blots were
carried out using the DIG DNA labelling Kit (Roche, Mannheim, Germany). Primers for
labelling were for ELIP1: E1-for: 5’-ATG GCA ACA GCA TCG TTC AAC A-3’ and E1rev: 5’-TAA TCC TCT CTG GTG CTG GAC-3’; and for ELIP2: E2-for: 5’-ATG GCA ACG
GCG TCG TTT AAC-3’ and E2-rev: 5’-GTC TCC CGT TGA TCC TCT CG-3’. RNA
separation, transfer to a nylon membrane (Pall, New York, USA), hybridisation and detection
were performed as described in Woitsch and Römer (2003) (also in Chapter 2). All northern
blots were repeated at least two times.
Protein isolation and western blot analyses
Total protein extracts were prepared by dissolving grinded leaf tissue in LDS buffer
(3% (w/v) LDS, 150 mM Tris, pH 8.0, 150 mM DTT, 30% (v/v) glycerol, 0,015% (w/v)
bromphenol blue) and subsequent boiling for 10 minutes. Protein concentration was
measured using the RC/DC protein determination kit (Biorad, Munich, Germany). Proteins
were separated by SDS-PAGE using 15% polyacrylamide gels (Sambrook and Russel, 2001)
and transferred to PVDF membrane (Amersham Bioscience, Piscataway, USA). The use and
production of the primary polyclonal antibodies for ELIP1 and ELIP2 are described in
Heddad et al. (2006). All western blots were repeated at least three times.
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RESULTS
Isolation of A. thaliana elip1 and elip2 knock out mutants and generation of
overexpressing lines
Screening of three collections of A. thaliana insertion mutants identified five lines
carrying a T-DNA insertion in the ELIP genes. The lines E1-KO1 (SAIL 17-B12) and E1KO2 (369A04) are predicted to carry a T-DNA insertion in the ELIP1 gene, within the
promoter region (270 bp upstream the ATG) and at the beginning of the third exon,
respectively. The lines E2-KO1 (148756), E2-KO2 (044171) and E2-KO3 (121D05) have a
T-DNA insertion in the ELIP2 gene, twice in the promoter region (E2-KO1 500 bp upstream,
and E2-KO2 200 bp upstream the ATG) and at the beginning of the second exon,
respectively. Figure 1 A and B shows the exon/intron organization of the Arabidopsis ELIP1
and ELIP2 genes, the position of the primers used for PCR analysis and the location of TDNA insertions in the mutant lines.

Figure 1. Schematic representation of ELIP genes from A. thaliana: A) ELIP1 and B) ELIP2 as
well as C) the T-DNA region of the binary vectors used for transformation of overexpressing
lines. Introns are shown as white boxes, exons as black boxes. The organisation of T-DNA insertions
and orientation in the five mutants lines are shown by grey boxes. While the black arrows indicate the
annealing position of the primers used for PCR screening, the grey arrows show the annealing
position of the primers used to amplify the cDNA that was inserted into the Gateway system
(Invitrogen) compatible binary plant transformation vectors (either with pGPTV or pCambia2200
backbones).
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In order to isolate homozygous elip knock out mutants, PCR analysis on genomic
DNA was performed for individual plants of the five mutant lines, using different
combinations of gene and T-DNA left border specific primers. For every line first plants that
were heterozygous for the insertion were identified and screened for segregation on selective
media, allowing a prediction of the number of T-DNAs in their genome. Both elip1 knock out
lines presented a ratio of three resistant to one sensitive plants, what is consistent to one TDNA insertion event according to mendelian genetics. The same ratio was observed in elip2
knock out line E2-KO3. In contrast, the two other lines with a T-DNA in the promoter region
of ELIP2 had a higher segregation ratio, suggesting more than one T-DNA insertion in the
genome of these mutants. These findings were supported by southern blot analysis of the
different lines (data not shown). The progenies of the different knock out lines were screened
by PCR and at least one homozygous plant for each insertion line was isolated. The
homozygous T-DNA insertion in the ELIP genes is supported by the absence of an
amplification product when performing PCR analysis using gene specific primers located
upstream and downstream of the insertion and by the presence of a product corresponding to
the T-DNA flanking region when using a gene specific primer and a primer annealing to the
left border (LB) of the T-DNA (data not shown).
To produce A. thaliana plants overexpressing the ELIP1 and ELIP2 proteins, the
ELIP1 and ELIP2 cDNAs were inserted into gateway compatible plant binary vectors with
pGPTV or pCAMBIA-2200 backbones under control of the CaMV 35S promoter (Figure
1C). These vectors were used to generate transgenic A. thaliana plants, and a number of
stable lines derived from independent transformation events. From these plants lines with one
T-DNA insertion were identified by segregation analysis, and homozygous descendants were
screened to assure homogenous progenitors for characterization. For the ELIP1
overexpressing construct two independent lines E1-OE1, with a pGPTV backbone
(E1pGPTV 1-1-4 from Chapter 2), and E1-OE2, with a pCAMBIA backbone (E1s 2-13-9
from Chapter 2), were identified, while for the ELIP2 overexpressing construct only one
homozygous line E2-OE1, with a pCAMBIA backbone was obtained (E2s 1-1 from Chapter
2).
Under all tested growth conditions with varying light intensities and cycles as well as
temperature, plants of all five null mutants and the three different overexpressing lines were
indistinguishable from the wild type during their entire life cycle (Figure 2A-D).
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Figure 2. Phenotype of analysed elip mutants lines: Elip1 (E1) and elip2 (E2) T-DNA insertion
(KO) and overexpressing (OE) mutants are shown together with the wild type (wt) plants. Shown are
A) 35-days-old plants grown under ambient light conditions of 100 to 150 µmol m-2 s-1, and B) plants
preadapted to low light conditions of 30 to 50 µmol m-2 s-1. C) 70-days-old and D) 15-days-old plants
grown under ambient light conditions.

Validations of the different elip mutants
For the validation of the different mutants on transcript and protein levels northern
blot analysis using total RNA and western blot analysis using total protein extracts,
respectively, are shown in Figure 3. In wild type plants ELIP1 and ELIP2 transcripts (Figure
3A and C) and ELIP1 and ELIP2 protein (Figure 3B and D) were detected (with two
independent DIG-labelled-probes and two independent antibodies) only when plants were
exposed to high light (1500 µmol m-2 s-1) for 3 hours. In both E1-KO1 and E1-KO2 mutants
neither ELIP1 transcript (figure 3A and C) nor ELIP1 protein (Figure 3B and D) could be
detected in low light- or high light-treated plants, whereas in the overexpressing lines E1OE1 and E1-OE2, ELIP1 transcript and ELIP1 protein were present even under low light
conditions but their levels increased after exposure of plants to light stress for 3 hours. Both
elip1 overexpressing mutants accumulated higher amounts of ELIP1 transcripts under low
light conditions than the wild type plants exposed to light stress (Figure 3A). Interestingly,
only the line E1-OE1 but not E1-OE2 had higher ELIP1 protein level under low light
conditions than the wild type exposed to light stress (Figure 3B). After transferring E1-OE1
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and E1-OE2 into high light conditions, both lines accumulated much higher amounts of
ELIP1 protein than wild type plants. The amount of ELIP2 protein induced in response to
high light was comparable between wild type plants and elip1 knock out and overexpressing
mutants (Figure 3B).
Similarly to elip1, in elip2 KO mutants neither ELIP2 transcript (Figure 3C) nor
ELIP2 protein (Figure 3D) could be detected under low light or high light conditions. In the
elip2 overexpressing line E2-OE1 a high amount of ELIP2 transcript was present in low
light-treated plants but its amount increased further after exposure of plants to light stress
(Figure 3C). The amount of the ELIP2 transcript in E2-OE1 mutants accumulated at low light
conditions was much higher than its level in wild type plants exposed to light stress.
However, the high amount of ELIP2 transcript in the E2-OE1 mutant exposed to low light did
not correspond to the amount of the ELIP2 protein, which level was much lower than in lightstressed wild type plants (Figure 3B). Under high light intensities the line E2-OE2
accumulated significantly more ELIP2 protein than the wild type plants.

Figure 3. Validation of different elip mutant lines. Northern blot analyses of ELIP1 and ELIP2
transcript in leaves of A) elip1 and C) elip2 mutants. Total RNA (10µg) of 40-days-old leaves of wild
type A. thaliana plants (wt), elip1 and elip2 T-DNA insertion (KO) and overexpressing lines (OE)
was extracted before (C, control) and after 3 hours of light stress at 1500 µmol m-2 s-1 (HL, high light),
transferred to a nylon membrane and ELIP transcript detected with DIG-labelled probes. B) Western
blot analysis of ELIP1 and D) ELIP2 protein level in the respective plants. Equal amounts (15 µg) of
total protein extracts were loaded on SDS-PAGE gels, transferred to a PVDF membrane and
incubated with antibodies against the two ELIP proteins.

To clarify the question if the two ELIP proteins might compensate mutually for their
functions, the amount of ELIP2 transcript and ELIP2 protein was assayed in elip1 mutants
and vice versa. The transcript level of ELIP2 was not detected in wild type plants and elip1
knock out mutants or overexpressing lines under low light conditions but was induced in
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response to high light. A higher level of ELIP2 transcript was induced in E1-KO1 and E1KO2 mutants exposed to light stress as compared to wild type. Opposite, a lower level of
ELIP2 transcript was present in E1-OE1 and E1-OE2 lines exposed to light stress as
compared to wild type (Figure 3A). As expected neither ELIP1 transcript (Figure 3C) nor
ELIP1 protein (Figure 3D) were present in low light exposed wild type or mutant plants but
they accumulated in response to light stress. A slightly higher level of the ELIP1 transcript
was assayed in all three E2-KO mutants exposed to light stress as compared to wild type
plants, while a comparable amount of ELIP1 transcript and ELIP1 protein were induced in
wild type and overexpressing lines exposed to high light intensities.
Photosynthetic performance of the different elip mutants
To examine the photosynthetic performance of wild type plants, elip1 and elip2 knock
out mutants and overexpressing lines, we monitored Chl fluorescence using pulse amplitude
modulated (PAM) fluorimetry, before and after light stress treatment. Light stress conditions
were optimized to achieve a maximum of photoinhibition without leading to irreversible
damage. Light stress treatment was applied to detached leaves floating on water at 22-24°C in
a temperature controlled water bath at diverse light regimes, ranging from 500 to 2500 µmol
m-2 s-1, different exposure times from 1 to 6 hours, and different plant ages (data not shown).
Moreover, different light preadapting conditions were tested, comparing plants that were
grown under ambient growth conditions (NL: 100 to 150 µmol m-2 s-1) and plants that were
transferred to low light intensities (LL: 30 to 50 µmol m-2 s-1) 10 days prior analysis.
Furthermore, some low light-preadapted plants were kept in darkness for 36 hours prior to the
light stress treatment. To exclude possible effects of the diurnal fluctuation samples were
always taken just before the beginning of the light phase. The treatment leading to the most
uniform photoinhibition, was obtained with mature leaves (fourth to fifth leaf counted from
the apex) collected from young (35- to 40-days-old) plants and exposed for 2 hours to light
stress. The light stress intensity for plants grown at ambient growth conditions was 1500
µmol m-2 s-1 and for plants preadapted to low light intensities 500 µmol m-2 s-1 was used. For
measurement of the photosynthetic performance of the different plants, leaves were detached
from around 10 uniform plants, bulked and used directly for analysis or exposed to light
stress. As an imaging PAM was used at least four different leaves could be analysed
simultaneously, allowing parallel determination of values for wild type and mutant (KO and
OE) leaves.
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Figure 4. Photosynthetic performance of elip mutants after 2 hours of light stress. The maximum
quantum yield of PSII (Fv/Fm) was measured by a PAM fluorimeter in the fourth to sixth leaf
counting from the apex of 35- to 40-days-old wild type plants exposed to light stress for 2 hours.
Elip1 (E1) mutants (knock out (KO) in grey; overexpression (OE) in blue) and elip2 (E2) mutants
(knock out (KO) in yellow; overexpression (OE) in green). The Fv/Fm value of the wild type plants
was set 100 % and is represented by the red line. A) Plants were grown at ambient light conditions
(NL: 100 to 150 µmol m-2 s-1) and exposed to a light intensity of 1500 µmol m-2 s-1. B) Plants that
were preadapted for 10 days at low light conditions (LL: 30 to 50 µmol m-2 s-1), and those that were
further C) transferred to darkness for 36 hours before stress treatment, were exposed to a light
intensity of 500 µmol m-2 s-1. Data derived from double determination of three independent leaves of
four independent growing charges of plants.
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The maximum quantum yield of PSII in the dark-adapted state (Fv/Fm), reflecting the
maximal efficiency of PSII that is measured in dark-adapted tissue, measured before light
treatment always reached the value between 0.8 and 0.9 in all wild type and mutants plants
and at all preadapting treatments (Figure 4). After 2 hours of light stress the values of Fv/Fm
were decreased to around 40% of the initial values. Plants that were grown under ambient
growth conditions prior to light stress exposure had an Fv/Fm value of 0.45 ± 0.05. No
differences between mutants and wild type plants were observed under these conditions
(Figure 4). Plants that were preadapted for 10 days to low light conditions were stronger
affected in their photosynthetic performance after 2 hours of light stress as compared to
plants grown at standard light conditions, even if a lower light intensity (500 µmol m-2 s-1
versus 1500 µmol m-2 s-1) was used for light stress treatment. The values of Fv/Fm for such
plants were determined with 0.30 ± 0.09 (Figure 4). Notably small differences could be
observed among different plants. After light stress exposure all knock out mutants often
showed slightly lower Fv/Fm values, and the overexpressing lines slightly higher Fv/Fm
values as compared to the wild type plants measured at the same time. However, these
differences were statistically not significant. When the low light-preadapted plants were kept
in the dark for 36 hours before light stress exposure the differences between mutants and wild
type plants became more obvious. The Fv/Fm values measured for dark-treated plants
exposed to light stress were 0.25 ± 0.09, while parallel measured Fv/Fm values of knock out
mutants were always lower and the Fv/Fm values of overexpressing lines always higher as
compared to wild type plants measured at the same time. However, while these differences of
Fv/Fm values between wild type and mutant plants were clearly expressed in parallel
measurements no clear conclusion could be made joining the values of different analyses
done at different days and plant charges. To avoid this problem the Fv/Fm value obtained for
the wild type was set as 100% and the percentage of Fv/Fm from the wild type was calculated
for each mutant and preadapting state. The differences in % of Fv/Fm values calculated for
each experiment separately were then integrated into a common graph (Figure 4). Also other
Chl fluorescence parameters, as the non photochemical quenching (NPQ), representing the
excess excitation energy dissipated as heat, and PSII yield, representing the portion of light
that is used in photochemistry, were compared between wild type and mutant plants (Table
1). In the absence of light stress treatment no significant differences between wild type and
mutants were measured. However, low light pre-adapted knock out mutants and
overexpressing lines, especially when kept for 36 hours in the darkness before the light stress
treatment, had slightly lower or higher NPQ and PSII yield values, respectively, as compared
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to the wild type plants. The average values of NPQ and PSII yield are shown in Table 1, but
because of the variation among the different experiments no distinct difference could be
observed.

Table 1. Non-photochemical quenching (NPQ) and effective quantum yield of PSII
(Yield) before (control) and after 2 hours of light stress (HL).
A) NPQ
NL
wt
E1-KO1
E1-KO2
E1-OE1
E1-OE2
E2-KO1
E2-KO2
E2-KO3
E2-OE1

control
0,487 ± 0,022

0,484 ± 0,019
0,485 ± 0,015
0,489 ± 0,019
0,489 ± 0,016
0,489 ± 0,023
0,486 ± 0,019
0,489 ± 0,020
0,485 ± 0,022
B) PSII Yield

2h HL
0,317 ± 0,024
0,316 ± 0,013
0,313 ± 0,019
0,319 ± 0,010
0,318 ± 0,019
0,317 ± 0,023
0,315 ± 0,018
0,316 ± 0,014
0,319 ± 0,020

LL
control
0,329 ± 0,023
0,328 ± 0,015
0,324 ± 0,014
0,325 ± 0,015
0,331 ± 0,019
0,325 ± 0,014
0,325 ± 0,015
0,325 ± 0,013
0,328 ± 0,016

NL

wt
E1-KO1
E1-KO2
E1-OE1
E1-OE2
E2-KO1
E2-KO2
E2-KO3
E2-OE1

control
0,376 ± 0,020
0,375 ± 0,022
0,376 ± 0,027
0,373 ± 0,024
0,375 ± 0,019
0,375 ± 0,026
0,371 ± 0,029
0,373 ± 0,015
0,374 ± 0,025

2h HL
0,202 ± 0,018
0,198 ± 0,015
0,197 ± 0,019
0,210 ± 0,022
0,209 ± 0,020
0,196 ± 0,021
0,198 ± 0,034
0,200 ± 0,019
0,206 ± 0,025

2h HL
0,216 ± 0,018
0,218 ± 0,019
0,217 ± 0,013
0,222 ± 0,020
0,212 ± 0,011
0,214 ± 0,011
0,211 ± 0,016
0,217 ± 0,012
0,224 ± 0,021
LL

control
0,257 ± 0,021
0,253 ± 0,020
0,258 ± 0,021
0,258 ± 0,020
0,259 ± 0,022
0,255 ± 0,017
0,252 ± 0,020
0,256 ± 0,014
0,259 ± 0,020

2h HL
0,103 ± 0,017
0,109 ± 0,019
0,107 ± 0,019
0,103 ± 0,015
0,112 ± 0,016
0,104 ± 0,017
0,106 ± 0,014
0,107 ± 0,016
0,105 ± 0,022

LL + 36h dark
control
2h HL
0,255 ± 0,039 0,110 ± 0,011
0,254 ± 0,023 0,119 ± 0,017
0,255 ± 0,023 0,109 ± 0,011
0,257 ± 0,016 0,119 ± 0,012
0,255 ± 0,019 0,115 ± 0,011
0,250 ± 0,013 0,103 ± 0,015
0,251 ± 0,017 0,111 ± 0,010
0,249 ± 0,020 0,107 ± 0,012
0,251 ± 0,017 0,112 ± 0,012
LL + 36h dark
control
2h HL
0,171 ± 0,016 0,061 ± 0,018
0,169 ± 0,019 0,058 ± 0,017
0,171 ± 0,017 0,060 ± 0,016
0,172 ± 0,021 0,064 ± 0,016
0,170 ± 0,017 0,062 ± 0,018
0,170 ± 0,012 0,057 ± 0,016
0,169 ± 0,013 0,062 ± 0,017
0,170 ± 0,011 0,059 ± 0,018
0,171 ± 0,009 0,063 ± 0,019

Leaves from 35 to 40-days-old wild type (wt) plants, elip1 (E1) and elip2 (E2) knock out mutants (KO) and
overexpressing lines (OE) grown at ambient light conditions (NL; 100 to 150 µmol m-2 s-1), preadapted for 10
days to low light conditions (LL; 30 to 50 µmol m-2 s-1) and plants that were low light preadapted and
subsequent transferred for 36 hours into darkness (LL + 36h dark) were either measured directly (control) or
exposed to 1500 µmol m-2 s-1 (for NL) and 500 µmol m-2 s-1 (for LL) for 2 hours (2h HL). NPQ and PSII yield
was calculated after 5 minutes of actinic light. (n=12)

Pigment content of the different elip mutants
To asses pigmentation differences between wild type and mutant plants, Chls and
carotenoids were extracted with acetone from leaves before and after 2 hours of light stress.
For this analysis plants grown under standard or low light intensities were compared. Even
though small differences in overall pigment concentration could be measured between the
different plants, these changes were not statistically supported (Table 2). However, the
general tendency was that elip1 and elip2 knock out mutants accumulated less and most
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overexpressors more Chls than the wild type plants. Only the E1-OE1 mutant grown under
ambient light conditions had slightly less Chls. No differences in the carotenoid concentration
were observed between the different plants. The ratios between Chl a and Chl b as well as
between carotenoids and Chls (data not shown) slightly varied for different plants but without
a consistent correlation of the different genetic manipulation. Although the low lightpreadaptation was performed for at least 10 days, no significant changes could be observed
between plants from the different preadapting states.
Table 2. Pigment content of the elip mutants before and after light stress.
A) NL

wt
E1-KO1
E1-KO2
E1-OE1
E1-OE2
E2-KO1
E2-KO2
E2-KO3
E2-OE1

Chl a

Chl b

[µg/mg FW]

[µg/mg FW]

control
1,699 ± 0,145
1,578 ± 0,153
1,586 ± 0,096
1,602 ± 0,125
1,690 ± 0,131
1,599 ± 0,184
1,556 ± 0,093
1,580 ± 0,139
1,691 ± 0,089

HL
1,658 ± 0,171
1,586 ± 0,145
1,609 ± 0,132
1,653 ± 0,140
1,741 ± 0,149
1,580 ± 0,174
1,606 ± 0,132
1,544 ± 0,084
1,591 ± 0,090

control
0,492 ± 0,040
0,414 ± 0,079
0,432 ± 0,065
0,428 ± 0,066
0,515 ± 0,046
0,444 ± 0,069
0,442 ± 0,073
0,468 ± 0,096
0,506 ± 0,094

HL
0,503 ± 0,055
0,469 ± 0,041
0,484 ± 0,073
0,497 ± 0,043
0,526 ± 0,080
0,480 ± 0,061
0,502 ± 0,065
0,419 ± 0,071
0,418 ± 0,077

carotenoids
[µg/mg FW]

control
0,369 ± 0,025
0,356 ± 0,047
0,364 ± 0,033
0,382 ± 0,049
0,405 ± 0,038
0,359 ± 0,039
0,362 ± 0,041
0,357 ± 0,027
0,399 ± 0,070

HL
0,390 ± 0,062
0,382 ± 0,073
0,375 ± 0,057
0,399 ± 0,063
0,389 ± 0,081
0,364 ± 0,083
0,365 ± 0,044
0,355 ± 0,052
0,335 ± 0,044

B) LL

wt
E1-KO1
E1-KO2
E1-OE1
E1-OE2
E2-KO1
E2-KO2
E2-KO3
E2-OE1

Chl a

Chl b

[µg/mg FW]

[µg/mg FW]

control
1,573 ± 0,126
1,552 ± 0,146
1,550 ± 0,124
1,623 ± 0,109
1,614 ± 0,104
1,565 ± 0,108
1,516 ± 0,104
1,553 ± 0,141
1,576 ± 0,110

HL
1,440 ± 0,140
1,376 ± 0,123
1,351 ± 0,143
1,530 ± 0,108
1,493 ± 0,101
1,349 ± 0,111
1,354 ± 0,133
1,368 ± 0,122
1,487 ± 0,104

control
0,492 ± 0,066
0,490 ± 0,043
0,451 ± 0,065
0,509 ± 0,053
0,521 ± 0,062
0,462 ± 0,036
0,478 ± 0,053
0,485 ± 0,054
0,501 ± 0,043

HL
0,453 ± 0,103
0,385 ± 0,065
0,410 ± 0,062
0,506 ± 0,062
0,493 ± 0,067
0,397 ± 0,062
0,387 ± 0,060
0,417 ± 0,058
0,487 ± 0,051

carotenoids
[µg/mg FW]

control
0,354 ± 0,061
0,338 ± 0,052
0,341 ± 0,054
0,354 ± 0,052
0,351 ± 0,051
0,336 ± 0,037
0,334 ± 0,052
0,339 ± 0,041
0,324 ± 0,052

HL
0,328 ± 0,069
0,335 ± 0,055
0,339 ± 0,045
0,371 ± 0,062
0,363 ± 0,041
0,328 ± 0,052
0,325 ± 0,069
0,323 ± 0,048
0,368 ± 0,051

Leaves of 35 to 40-days-old wild type (wt) plants, elip1 (E1) and elip2 (E2) knock out (KO) mutants and
overexpressing lines (OE) were exposed for 2 hours to light stress floating on water. A) Plants were grown at
ambient light conditions (NL; 100 to 150 µmol m-2 s-1) and exposed to light stress at 1500 µmol m-2 s-1. B)
Plants were preadapted for 10 days to low light conditions (LL; 30 to 50 µmol m-2 s-1) and exposed to light
stress at 500 µmol m-2 s-1. Acetone extracts of leaves before (control) and after exposure to light stress (HL)
were determined photometrically and the concentration of pigments calculated pro mg of fresh weight (FW).
(n=6)
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DISCUSSION
Under photoinhibitory or photooxidative stress conditions plants accumulate ELIP
proteins that suggests their photoprotective role. This assumption is supported by: (i) a
preferential localization of these proteins in the stroma-exposed thylakoids (Adamska and
Kloppstech, 1991), where the repair of photodamaged photosystems occurs (Andersson and
Aro, 2001), (ii) a binding capacity of ELIPs for Chls and carotenoids (Adamska et al., 1999),
and (iii) the observation that chaos, a mutant altered in the posttranslational targeting of LHC
proteins and unable to rapidly accumulate ELIPs, is more photosensitive to high light and that
its photosensitivity is rescued by a constitutive ELIP expression (Hutin et al., 2003).
However, direct proofs of a physiological function of ELIPs and their mechanism of
action have not been described yet. The aim of our work was to gain insight into the ELIP
role using a reverse-genetic approach and characterizing A. thaliana plants with loss of
function (knock out mutants) and constitutive overexpression of the ELIP genes. Knock out
mutants for both ELIP genes (ELIP1 and ELIP2) were obtained from different collections of
T-DNA insertion lines and overexpression mutants were produced by transformation of A.
thaliana plants with an A. tumefaciens binary vector with the respective cDNA under the
control of the 35S CaMV promoter. Two independent homozygous knock out lines were
isolated for the ELIP1 gene and three independent lines for the ELIP2 gene. For the elip
overexpressing mutants two independent homozygous lines were identified for ELIP1 and
one for ELIP2 by segregation analysis.
Knock out plants proved to be completely devoid the respective ELIP transcript and
ELIP protein even when exposed to ELIP inducing conditions. Notably, even in the elip2
knock out lines with disrupted promoter no ELIP2 expression was present. Functional
analysis of the ELIP2 promoter has identified a high light induction responsible element
(GAGGCCACGCCAT) 660 bp upstream from the ATG start codon (unpublished results
from Yoshiharu Y. Yamamoto, RIKEN, Hirosawa, Japan). The T-DNA insertions for the two
elip2 knock out lines were identified 500 and 200 bp upstream of the ATG codon, disrupting
the gene from their regulatory element and so inhibiting its expression. In contrast, elip
overexpressing plants had high levels of the respective ELIP transcript and ELIP protein even
under ambient light conditions. After high light exposure the respective ELIP transcript and
ELIP protein levels were strongly enhanced in overexpressing lines. Notably, no homologous
gene silencing effects were observed, where the inactivation of transgenes occurred by the
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presence of duplicated homologous sequences (Meyer and Saedler, 1996). The non
constitutive transcript and protein levels in the overexpressing lines could arise from the sum
of transgene and endogenous induced ELIP mRNA and ELIP protein due to the light stress
treatment. Surprisingly, in E1-OE2 and E2-OE1 lines (both transformed with a pCambia
vector backbone) the protein level before light stress does not reflect the transcript level. This
can be due to the posttranscriptional or/and posttranslational regulation of the ELIP protein
level. Such posttranslational regulation has been recently reported in light stress-preadapted
and senescent A. thaliana leaves exposed to light stress (Heddad et al., 2006), although the
exact mechanism of this regulation is not yet known. Why this effect is not seen in the E1OE1 line (that was transformed with a pGPTV vector backbone) still needs to be clarified.
Interestingly, a slight compensation on the transcript level occurred between the both ELIP
genes in the respective knock out mutants. The elip1 overexpressor lines, accumulated less
ELIP2 mRNA, but in contrast this effect was not seen in the elip2 overexpressor lines, where
no changes in ELIP1 transcipts were detected. This might indicate that ELIP1 can better
compensate for the loss of ELIP2 than ELIP2 for the loss of ELIP1. Since this compensation
effect was not visible at the protein level we rather assume that it lacks a physiological
relevance. However, we cannot exclude the possibility that both proteins are compensated for
each other without requiring a significant change in their concentrations. Moreover, the other
proteins from the ELIP family (such as SEPs) could also play a fundamental role in
compensatory effects, but this still remains to be analyzed.
All mutant plants were phenotypically indistinguishable from the wild type during the
entire life cycle. This finding indicates that perturbing the ELIP protein level does not
substantially lead to an expressed phenotype, allowing a meaningful comparison of
sensitivity to photoinhibitory treatments between the mutants and the wild type plants. This
differs from chaos, a mutant in which ELIPs accumulate less rapidly and at a lower level
after exposure to excess light (Hutin et al., 2003). The pale-green phenotype of the chaos
mutant throughout its growth is attributed to a substantial reduction of the LHC level (Amin
et al., 1999; Klimyuk et al., 1999), and not of the reduction of ELIP amounts.
We compared the photosensitivity of the wild type and the different elip mutants to
light stress under the conditions where the presence of the ELIP proteins should be essential,
and where other stress resistance mechanisms are not able to compensate the altered ELIP
protein level in the mutants. Under those conditions a difference between the mutants and
wild type plants should enlighten the proposed light stress protective function of the ELIP
proteins. The used light stress treatment lasted 2 hours, and corresponded to a phase were
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ELIP accumulation is still ongoing and has not yet reached its maximum (see Chapter 2).
Nevertheless, these conditions were chosen as they lead to the most uniform photoinhibition
among each line.
We compared the damage to the photosynthetic machinery between wild type and
mutant plants preadapted to various light regimes prior to the exposure to light stress by
measuring Fv/Fm, NPQ and quantum yield of PSII by PAM fluorimetry. All plants exhibit
comparable values of all PAM parameters before light stress and the response to the light
stress treatments was characterized by a rapid decrease of all PAM parameters. This
corresponds to the inactivation of PSII and to the damage of photosynthetic membranes due
to light stress-induced photooxidation, a well known phenomenon occurring in nonacclimated plants (Demmig-Adams and Adams, 1992). While wild type and mutant plants
grown under ambient light intensities did not differ in their photosensitivity, plants grown
under low light conditions slightly differ in their ability to cope with the stress condition. It is
commonly accepted that plants preadapted to low light intensities are photoinhibited to a
greater extent than plants that grew at ambient or high light irradiances due to a larger lightharvesting antenna size (Demmig-Adams et al., 1989; Baroli and Melis, 1998; Niyogi, 1999;
Ballottari et al., 2007). The knock out mutants were stronger and elip overexpressing lines
were less photoinhibited as wild type plants in the same experiment. To reach more extreme
light conditions and underlay the difference between the diverse plants, low light-preadapted
plants were kept 36 hours in darkness prior to light stress treatment. In this non-physiological
condition the photoinactivation was increased and the differences between individual plants
became more pronounced.
It is well documented that by changes in the redox status of chloroplasts during a
light-dark cycle the activity of many ROS detoxifying enzymes is modulated (Apel and Hirt,
2004). The long period in darkness might have downregulate these defence mechanisms.
Another possibility is that during the 36-hour-long dark phase plants enter senescence.
Extended studies on senescence revealed that prolonged incubation of leaves in the darkness
induces senescence (dark-induced leaf senescence), but the incubation time in the dark varies
among the different reports, ranging from 1 to 4 days (Oh et al., 2003; Lin and Wu, 2004).
After transfer to darkness results in degradation of Chls and LHC proteins (Oh et al., 2003),
and changes in the global gene expression pattern (Buchanan-Wollaston et al., 2005). As
ELIPs were found to be induced during senescence of tobacco (Binyamin et al., 2001) and A.
thaliana (Heddad et al., 2006), the observed phenotype of the elip mutants could as well be
attributed to changes in the degree of degradation of pigments and the photosynthetic
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complexes, leading to different photosynthetic capacities. To what extent senescence was
induced in analyzed plants is not clear, as no suitable senescence markers were available.
Nevertheless, Weaver and Amasino (2001) reported that dark-induced senescence occurs
only in excised leaves, and not in whole darkened plants, as it was the case in this study.
However, the observed differences between elip mutants and wild type plants turned
out to be insignificant when combining data from independent PAM analyses, because of
strong variations in values between the different measuring days. Only when the wild type
values were set as 100% and compared to in parallel analyzed mutants, a slightly better or
slightly worse photosynthetic performance was measured under light stress conditions in elip
overexpressing lines or knock out mutants, respectively. The variations between the different
plant charges might arise from minimal changes in growth conditions, like different soil
charges or differences in watering. This underlays the general problem of comparing similar
analyses with each other, and reflects that plant fitness is constantly changing and adapting to
minor environmental parameters a well known phenomena often termed as acclimation. This
adaptation to the changing environment has been well described for changing light intensities
(Melis, 1991; Wenthworth et al., 2006; Dietzel et al., 2008), nutrient acquisition (Peng et al.,
2008) as well as for water supply (Maseda and Fernández, 2006).
To clarify the question whether the knock out mutants and overexpressing lines had
altered pigment composition, Chl a and b and total carotenoid content was measured before
and after light stress but no significant changes could be observed. Unfortunately, only
photometrical analysis of pigments was done until now, not allowing precise quantification of
the individual carotenoids by HPLC analysis. In a study of winter acclimation of bearberry
(Zarter et al., 2006) a correlation between the persistent retention of zeaxanthin and the
upregulation of ELIP-type proteins was found. The authors suggested that ELIPs could be
involved in a long-term acclimation of plants to extreme stress conditions by interacting with
this persistent pool of zeaxanthin.
The here presented results indicate that ELIPs contribute to general photoprotection of
plants but are not exclusively involved in this process. However, in recent studies the
photoprotective role of ELIPs was doubted (Casazza et al., 2005; Rosssini et al., 2006), as no
phenotype could be observed in single or double elip knock out lines when exposed to light
stress. This is consistent with our data on plants grown under ambient light conditions. To
observe an obvious effect in the different elip mutants severe light stress and light stress
adaptation conditions had to be applied, where compensatory effects are strongly reduced.
Different mechanism are known to play an important role in plant photoprotection, such as
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the xanthophyll cycle, antioxidants, detoxifying reactive oxygen species (ROS) enzymes and
modified electron transport (Demmig-Adams and Adams, 1992; Horton et al., 1996; Niyogi,
1999). All these mechanisms could be sufficient to make elip knock out mutants
indistinguishable from wild type plants that were grown under ambient light conditions, prior
to exposure to light stress. Similarly, a high expression of ELIPs in overexpressing lines
could be sufficient for effective photoprotection and might in turn lead to the downregulation
of other photoprotective mechanisms. Several compensation mechanisms in the complexity
of the plant defence system are being discussed, as it is the case for carotenoids and
tocopherols (Porfirova et al., 2002; Woitsch and Römer, 2005; see also Chapter 1) or the
diverse ROS detoxifying system (Dat et al., 2000). These compensation mechanisms could be
sufficient to hinder a manifestation of a phenotype under ambient light conditions in
controlled laboratory settings.
The question arises whether this is also the case in the environment where several
types of stress are affecting a plant. The minor deficiency/enhancement in the mutants might
affect the plants growth in long term. During an ongoing cooperation with Prof. Christiane
Funk (Umea University, Umea, Sweden) this aspect is tested. We investigate whether an
altered level of ELIPs in the elip knock out and overexpression mutants influences plants
Darwinians fitness (observation of morphological, anatomical and physiological changes
during the whole lifetime of the plants as well as analysis of the reproductive fitness
measured by seed production) in the field at different locations, such as reported by Ganeteg
et al., (2004).
With a second cooperation partner, Prof. Bernhard Grimm (Humboldt University,
Berlin, Germany), the Chl biosynthesis pathway in the different elip mutants. are currently
being analyzed in detail. In a recent study published by Tzvetkova-Chevolleau et al. (2007) a
regulatory function of ELIP2 in the Chl synthesis was proposed, as several Chl biosynthetic
enzymes were down regulated in mutants constitutively expressing ELIP2, resulting in a
marked reduction of the pigment content and a pale-green phenotype. In contrast, in our study
the analyzed elip2 overexpressor mutant was indistinguishable from the wild type plants.
However, until now only one elip2 overexpressing line was analysed, but more lines are
available to us (see Chapter 2). For a reliable statement about the function of ELIP2 more
mutants must be isolated (searching for pale-green plants during screening) and analyzed.
Furthermore, a major caution should be taken that the T-DNA insertion is not disrupting
another gene in the genome.
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Taking together, the question of the precise physiological function of ELIPs is still
unresolved and will need further investigation. However, our data provided evidence for the
involvement of ELIPs in plant photoprotection. Although no effect was observed in mutants
with the altered ELIP protein level grown under ambient light conditions, mutants with
depletion of ELIPs were stronger and elip overexpressing mutants were less affected than
wild type plants after light stress treatment when preadapted to low light conditions.
Nevertheless, the molecular role for ELIPs still needs to be explored. Therefore, detailed
biochemical analyses, such as the identification of interaction partners in the photosynthetic
complexes and pigment binding studies (some tools for such studies are already available,
Chapter 1), should help to clarify the precise mode of action of the ELIP proteins.
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ABSTRACT
The superfamily of chlorophyll a/b binding proteins comprises the light-harvesting
complex proteins, the early light-induced proteins (ELIPs) and the PSBS. The photoprotective
function is proposed for the two latter groups. The one helix protein 1 (OHP1) is a member of
the ELIP family and contains a single predicted transmembrane helix. Significant amounts of
OHP1 were present in green plant tissue under ambient growth conditions but their level
increased in response to light stress. In this study we investigated evolution, subcellular location
and the function of OHP1 in Arabidopsis thaliana using a reverse-genetic approach. We
demonstrate that OHP1 is evolutionary very conserved in photosynthetic prokaryotic and
eukaryotic organisms and that its depletion in A. thaliana results in a photobleached phenotype
and impaired photosynthetic functions. Mutant plants were dependend on an external carbon
source and were not able to produce reproductive shoots. Numerous photosynthetic proteins
were missing in ohp1 knock out mutant or their level was strongly reduced under low light
intensity. Interestingly, the conversion of the xanthophyll cycle pigments and the induction of
ELIP1 indicate that ohp1 knock out mutants suffer photoinhibition at ambient light conditions.
Further, an association of OHP1 with the photosystem I was shown. Based on these data we
propose that OHP1 plays a fundamental role in photosynthesis by providing a photoprotection to
photosystem I.
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INTRODUCTION
Proteins involved in photosynthesis undergo dynamic rearrangements to adjust to a plants
ever-changing light environment. While most light-harvesting complex (LHC) proteins are
down-regulated when the incident radiation reaches the light saturation point, other proteins from
the chlorophyll a/b-binding (Cab) superfamily are induced (Adamska, 2001). These proteins are
represented by the early light-induced proteins (ELIPs) and PSBS (Adamska, 2001; Funk, 2001).
For both families a photoprotective function was proposed in the thylakoid membrane of the
chloroplast (Montane and Kloppstech, 2000; Adamska, 2001; Funk, 2001).
Based on predicted secondary structure and expression pattern ELIP family members in
Arabidopsis thaliana were divided into three-helix ELIPs, two-helix stress-enhanced proteins
(SEPs) and one-helix proteins (OHPs) that are called also high light-induced proteins (Hlips) or
small-Cab-like proteins (Scps) in photosynthetic prokaryota (Dolganov et al., 1995; Funk and
Vermaas, 1999; Heddad and Adamska, 2000). While ELIPs are not detected in plants grown
under low light conditions and are induced in response to light stress, significant amounts of
SEPs and OHPs are detected in the absence of light stress but their amounts increase during
illumination with high intensity light (Adamska, 2001).
Two OHPs were described from A. thaliana. OHP1 was first annotated by Jansson at al.
(2000) and shown to be located in the thylakoid membrane in A. thaliana. Further, an enhanced
expression of OHP1 transcripts was demonstrated under light stress conditions. However, no
other studies on OHP1 were reported. OHP2 was shown to accumulate in photosystem I (PSI) in
a light intensity-dependent manner and proposed to have a photoprotective function (Andersson
et al., 2003).
While photosystem II (PSII) is described as the main target of photooxidation occurring
at ambient temperatures (Melis 1999), photosystem I (PSI) is thought to be very stable and
photodamaged only at chilling temperatures (Hihara and Sonoike, 2001; Scheller and Haldrup,
2005). Photodamaged PSI is either repaired during the recovery phase from light stress or is
degraded (Zang and Scheller, 2004). A damaged PSI often results in a damage of PSII as the
excitation pressure of congested electrons strongly increases (Tjus et al., 2000). Thus the
photodamage of PSI has a very high impact on plants fitness.
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Here we investigated evolution, localization and physiological function of OHP1 in A.
thaliana. We demonstrated that OHP1 is taxonomically limited to Viridiplantae (green algae and
higher plants) and is presumably one of the most ancestral ELIP family member in higher plants.
Localization studies revealed that OHP1 is located in PSI. Analysis of mutant plants lacking
OHP1 revealed a photobleached phenotype and such mutants were depended of an external
carbon source. No homozygous ohp1 mutant seeds could be obtained, as plants were sterile.
Moreover, most of the proteins of both photosynthetic complexes were decreased in their
amounts or were absent even under low light intensity. This was as well reflected by the absence
of photosynthetic activity. An induction of ELIP1 protein and detection of active xanthophylls
cycle at low irradiances suggest that mutant plants were photoinhibited already at growth light
intensities. Based on these data we propose an essential role of OHP1 in plant photoprotection.
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MATERIAL AND METHODS
Structural and phylogenetic analysis
Structural predictions of OHP1 were performed using ClustalX for the alignment of the
different motifs. Algorithms used for the prediction of transit-peptides were ChloroP 1.1
(Emanuelsson et al., 1999) and TargetP1.1 (Emanuelsson et al., 2000; Nielsen et al., 1997), for
the prediction of transmembrane stretches JPRED (Cuff et al., 1998) and DAS (Cserzo et al.,
1997).
Sequence data were collected from public databases including BLAST, NCBI EST,
TIGR, Kazusa and UniProt. Classification was straight forward according to the inferred number
of TM helices (Arai et al., 2004; Cserzo et al., 1997; Xia et al., 2004) and length of sequence and
similarity to known Hlip/ Ohp sequences. After translation, all phylogenetic analysis were done
on the amino acid level using the conserved CAB motifs (39 aa). Alignments were done with MCoffee (Wallace et al., 2006) and manually refined in Bioedit (Hall, 1999). The best substitution
matrix was chosen with Prottest (Abascal et al., 2005). Phylogenetic analyses were done with
MEGA (Tamura et al., 2007), PHYML (Guidon et al., 2003), Phylip (Felsenstein 1993) and
MrBayes (Huelsenbeck and Ronquist, 2001)..
Plant material and growth condition
Surface sterilized seeds of A. thaliana ecotype Columbia (Col-0) or T-DNA insertion
mutant GABI-Kat 362D02 (N434694), provided by Berd Weisshaar (MPI for Plant Breeding
Research, Cologne, Germany) (Rosso et al., 2003) were grown on Murashige and Skoog plant
medium (Duchefa Biochemie, Harleem, The Netherlands) supplemented with 3% (w/v) sucrose,
with or without 10 mg L-1 sulfadiazine. Plants were grown in a growth chamber under light
conditions of 100 µmol m-2s-1 or 10 µmol m-2s-1 with a photoperiod of 24 hours at 25°C (+/-2°C).
DNA isolation and analysis of T-DNA insertion mutants
Genomic DNA was extracted from leaves using the high pure GMO sample preparation
kit (Roche, Mannheim, Germany) according to manufacture instructions. For the validation of
the ohp1 knock out mutants were identified by PCR using gene specific primers (forward 5´ATG AGC TCG TCG CCG TTA TCT-3´and reverse 5´-TTA TAG AGG AAG ATC GAG TCC
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TT-3’) annealing upstream and downstream of the T-DNA insertion sites and one primer
complementary to the left boarder of the T-DNA (LB 5´-CCC ATT TGG ACG TGA ATG TAG
ACA C-3´). Obtained PCR products were purified with a PCR purification kit (Qiagen, Hilden,
Germany) and sequenced (GATC Biotech AG, Konstanz, Germany) to confirm the position of
the insertion. To prove the suppression of the OHP1 gene expression Northern blot and Western
blot analysis were performed (see below).
Isolation and assay of total RNA
Total RNA was isolated from frozen leaf material using a combination of Trizol
(Invitrogen, Carlbad CA) and RNeasy Kit (Qiagen, Hilden, Germany). Northern blots were
carried out using the DIG DNA labelling Kit (Roche, Mannheim, Germany). Primers for
labelling were the same as for amplification of cDNA (see above). RNA separation, transfer to a
nylon membrane (Pall, New York, USA), hybridisation and detection were performed as
described in Woitsch and Römer (2003).
Overexpression of OHP1 in Escherichia coli and production of polyclonal antibodies
The OHP1 cDNA was amplified using the primer pair 5’-CAC CAT GAG CTC GTC
GCC G-3’ and 5’-TAG AGG AAG ATC GAG TCC TTT CCC-3’. The OHP1 protein was
overexpressed in E. coli as a fusion protein with a C-terminal His-tag (His6) and N-terminal
thioredoxin using the pBAD/TOPO ThioFusion Expression Kit (Invitrogen, Karlsruhe,
Germany) according to the manufacturer’s protocol. The fusion protein was expressed as
inclusion bodies that were purified according to Chen et al. (1991) and dissolved in 10 mM
NaH2PO4 and 0.9% NaCl, pH 7.2 before raising polyclonal antibodies in rabbits
(Tierforschungsanlage, University of Konstanz, Konstanz, Germany). For purifying the antibody
a fragment of SEP1 cDNA was amplified using the primers 5’-ATG GAG CAA AGT ACA
GAA GGA AG-3’ and 5’-TGG ACT TGC TAC TCC AAA ATT CTC-3’, expressed and
purified as described above and further bound to cyanogen bromide-activated Sepharose 4B
(Sigma). The OHP1 serum was applied to the protein-sepharose to allow antibodies raised
against thioredoxin or the His-tag or crossreacting with Sep1 to bind. What remained of the
serum was used for immunoblotting analyses.
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Immunoblot analysis
Total membrane protein was extracted from 3 to 12 week old plants. Soluble and
membrane associated proteins were removed by washing the pellet in Tris-HCl pH 7,5 with
increasing NaCl concentrations of 0 mM, 250 mM and 500 mM. Chlorophyll was removed with
acetone. Membrane proteins were solubilized in 50 mM Tris-HCl, pH 7.5, 2% (w/v) LDS, 50
mM DTT, 0.01% (w/v) bromphenolblue and 10% (v/v) glycerol for 30 minutes at 45°C
(modification of (Leto and Young, 1984)). Protein concentrations were determined using the
Biorad RC/DC Kit. 10 or 20 µg of protein per sample were used for SDS-PAGE. For the
separation of small proteins (<10 kDa) Tris-Tricine buffered SDS-PAGE was performed as
described by Schägger and von Jagow (1987).
Immunoblot was carried out according to Townbin et al. (1979) using a polyvinylidene
difluoride (PVDF) membranes with 0.45 µm pore size (GE-Healthcare, Munich, Germany) at a
current of 0.5 mA cm-2 for 40 min for small proteins for 1 mA cm-2 for 60 min for proteins > 15
kDa. Membranes were blocked in 5% (w/v) non-fat dry milk in PBS containing 0.1% (v/v)
Tween 20. ECL Plus (GE Healthcare, Munich, Germany) served as chemoluminescence
substrate. Antibody sources: anti-OHP2 (Andersson et al., 2003), anti-ELIP1 (Heddad et al.,
2006), anti-33 kDa protein from the oxygen-evolving complex (PSBO) (Lundin et al., 2008),
anti-D1 protein from PSII reaction center, anti-A subunit from PSI reaction center, anti-lightharvesting Chl a/b-binding proteins of PSI (LHCA1-4) and PSII (LHCB1-6), anti-α subunit of
the CF1-ATP-synthase complex and anti-cytochrome b6 (all purchased from Agrisera AB,
Vännäs, Sweden).
2D Blue Native - SDS PAGE and sucrose density gradients
Sample preparation and Blue Native PAGE was performed performed as described
(Wittig et al., 2006) using gels with a 5%-10% acylamide gradient. Samples were prepared from
isolated chloroplasts (Fraser et al., 1994), loading 10 µg chlorophyll per sample. Protein
complexes were solubilized in Solubilization Buffer A (Wittig et al., 2006) with 0,8% (w/v) nDocecyl-β-D-maltoside for 10 min on ice. After centrifugation at 16000 x g for 5 min at 4°C the
supernatant was loaded immediately on the gel. Blue Native PAGE was carried out in complete
darkness at a constant voltage of 75 V at 4°C for 4 to 5 hours. The lanes of the first dimension
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were excised and denatured by incubating in 50mM Tris pH 7.5, 2% (w/v) SDS, 100 mM βMercaptoethanol for 15 min at 65°C, rinsed thoroughly with H2O and subjected to SDS-PAGE in
the second dimension.
Linear sucrose gradients (0.1 to1 M) were prepared as described by (Müller and
Eichacker, 1999). From isolated chloroplasts (50 µg chlorophyll) protein complexes were
solubilized with 1% (w/v) n-Dodecyl-β-D-maltoside. Finally the gradient was fractionated and
protein was precipitated using TCA, washed with 100% acetone and resuspended in SDS sample
buffer und subjected to SDS-PAGE.
Quantification of pigments
Fresh weight of the plants was determined (roots removed). After addition of 1ml acetone
(Uvasol) the plant material was homogenized and cell debris was removed. The absorbance of
the solution was determined at 662 nm, 645 nm and 470 nm and the pigment content was
calculated as described by Lichtenthaler and Wellburn (1983). For pigment composition, extracts
were separated on a Spherisorb ODS1 5µm RP18 (250 x 4 mm) HPLC column (Dr. Maisch,
Ammerbuch, Germany) as described in Gilmore and Yamamoto (1991).
Pulse Amplitude Modulated Fluorimetry of chlorophyll fluorescence
Chlorophyll fluorescence was monitored using an Imaging PAM Chlorophyll
Fluorometer (Heinz Walz GmbH, Effeltrich, Germany) equipped with a standard measuring
head. Program settings used in kinetics experiments : measuring light -intensity:1 -frequency:1;
actinic light -intensity:11 -width:0; damping:2; saturating pulse intensity:10; image correction:
max. area; slow induction -delay:40s -clock:20s -duration:615s; yield filter:3. Before the
measurements single leaves or whole plants were dark-adapted for 5 minutes. All fluorescence
parameters were calculated by the named device. The minimal fluorescence (Fo) in the absence
of actinic light and maximal fluorescence (Fm) after a saturating light flash were measured and
the variable fluorescence (Fv=Fm-Fo), and the photochemical yield of open PSII reaction
centers, commonly known as the relative variable fluorescence, was calculated as Fv/Fm as
described by Maxwell and Johnson (2000).
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RESULTS
Structural predictions of OHP1
In A. thaliana the OHP1 gene is located on chromosome 5 comprising three exons and
two introns (TAIR locus tag: At5g02120). The OHP1 pre-protein consists of 110 amino acids,
the first 40-41 of them are predicted to form a transit peptide for chloroplast import (ChloroP1.1
score: 0.551, CS-score 9.801 and TargetP1.1 score 0.758). The calculated molecular mass of
mature unmodified OHP1 is 7.4 kDa. One membrane spanning helix is predicted by all applied
algorithms (see Figure 1). The predicted transmembrane region harbors the ELIP consensus
motif EIWNSRACMIGLIGTFIVE containing some highly conserved amino acid residues
among the family of Cab proteins that are potentially involved in pigment binding.

Figure 1. Predicted secondary structure of OHP1. The primary amino acid sequence of A. thaliana OHP1
(Ohp1) is aligned with two ELIP consensus motifs (ECM1, ECM2) and the generic LHC motif (GLM). This ELIP
consensus sequence is located within the predicted transmembrane stretch (horizontal line above the sequence). The
most conserved amino acid residues are marked in decreasing order with “*”, “:” or “.”. The Glu (E) and Asn (N)
residues, which are involved in chlorophyll binding in LHCs are marked with “Chl”. “Int” marks Arg (R) and Met
(M) residues, involved in the formation of the tightly packed two-helix motif in LHCs. The predicted transit peptide
for the chloroplast import is marked by the dotted line above the sequence with the cTP arrow indicating the
cleavage site.

Phylogenetic analysis of OHP1 relatives
BLAST search for OHP1 sequences in public expressed sequence tags (EST) and
genomic databases has revealed several of new OHP1 sequences from green algae (data not
shown). OHP1 sequences were present in all fully sequenced eukaryotic genomes as single copy
genes. No OHPs were detected in genomes of Ostreococcus tauri and Sorghum bicolor. A
phylogenetic analysis of the Hlips (glaucophytes and red algae) or OHPs1 (green algae and
plants) is shown in Figure 2 and roughly displays the known species/group phylogeny of
photosynthetic eukaryotes.
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Figure 2. Phylogeny of Hlip, Hlip-like and OHP1 sequences. A phylogenetic tree was based on 23
sequences and 39 amino acid positions. Bootstrap values were calculated under parsimony (MP)(100 bootstraps)
maximum likelihood (ML)(1000 bootstraps) and neighbor joining algorithms (NJ)(10000 bootstraps). This tree
gives an overview of the diversity of the OHP1 and Hlip sequences within all major lineages of Plantae. Blue, red
and green colors indicate glaucophytes, red algae together with complex algae and green algae with land plants,
respectively.

OHP1 is associated with PSI
We investigated subcellular location of OHP1 by blue-native polyacrylamid gel
electrophoresis (BN-PAGE) and biochemical fractionation of thylakoid membranes by detergent
treatment and sucrose density gradient centrifugation. Our data revealed (Figure 3A, top) that a
good separation was obtained for PSI, cytochrome b6/f (Cyt b6f) and thee different LHC
subcomplexes by BN-PAGE. In order to localize OHP1 in one of these complexes, the BN gel
strips were placed on top of denaturated gels and proteins of each complex separated by
denaturated SDS-PAGE. Silver staining revealed that each protein complex was composed of
several subunits (data not shown) and immunoblot analysis showed that OHP1 was present only
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in PSI complex (Figure 3, bottom). A second OHP1 signal might represent a monomeric OHP1
released from the PSI complex due to the detergent treatment.
Fractionation of solubilized thylakoid membranes on sucrose density gradients revealed a
relatively good separation of various photosynthetic complexes (Figure 3B, top). Western blot
analysis with antibodies against the subunit B of PSI reaction center (PsaB) and the 33 kDa
protein of the oxygen-evolving complex (PsbO) associated with PSII showed a partial
overlapping of both complexes in gradient fractions 8-11. Immunoblot with the OHP1 antibody
demonstrated that this protein is detected mainly in fraction 10, containing both PsaB and PsbO
proteins (Figure 3B, bottom).

Figure 3. Localization studies of OHP1. A) Separation of proteins from isolated tylakoid membranes by BNPAGE in the first dimension (top) and by denaturating SDS-PAGE in the second dimension. The identity of single
bands was determined by comparison to published data (Fu et al. 2004). Immunoblot using the antibody against
OHP1 (bottom). For the light-harvesting complex proteins of photosystem II (LHCII) monomer (M) and trimer (T)
complexes were separated. B) Separation of photosynthetic complexes on sucrose density gradient. The identity of
the bands in the gradient was deduced from published results (Swiatek et al. 2004). Collected gradient fractions were
separated by SDS-PAGE. Immunoblot analysis of collected gradient fractions using antibodies against the subunit B
of PSI reaction center, the protein of the oxygen-evolving complex (PsbO) of PSII and OHP1.
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Isolation and validation of ohp1 knock out mutants
Seeds of the T-DNA insertion line 362D02 were obtained from the GABI-Kat collection,
Cologne, Germany (Rosso et al., 2003). PCR analysis and subsequent sequencing of obtained
DNA fragment confirmed the T-DNA insertion in the central part of the second exon (Figure 4 A
and B). Segregation analysis of delivered mutant seeds grown in presence of sulfadiazine as a
selection marker suggested one insertion event in the genome, as the ratio of three resistant to
one sensitive seedling was obtained. 25% of the plants died during germination, suggesting being
the azygous what corresponds to the wild type (Wt), 50% developed normally (representing the
heterozygous mutant lines) and the remaining 25% germinated but were not able to grow. The
latest were expected to be homozygous knock out (Ko) mutant lines caring the inserted T-DNA
in both OHP1 alleles. Strikingly, homozygous ohp1 Ko mutants could only grow on medium
supplemented with sucrose and under low light conditions. Any attempts to grow the mutants on
soil or plant medium without sugar failed. Independent of plant age mutant plants died when
transferred from sucrose-supplemented plant medium to soil. When grown on different
concentrations of sucrose the size difference between Ko mutants and Wt plants was the more
pronounced the lower the sucrose concentration was (data not shown).
Northern blot analysis (Figure 4C) and Western blot analysis (Figure 4D) confirmed the
absence of OHP1 transcript and OHP1 protein, respectively, in the homozygous ohp1 mutants.
In heterozygous mutants the OHP1 transcript level was obvious decreased in comparison to the
wild type. Nevertheless, on protein level no major difference between heterozygous (Het) and
wild type (Wt) could be detected. A faint OHP1 band could be seen in some OHP1 immunoblots
(see Figure 11). However, since all of investigated homozygous ohp1 mutants were checked by
PCR for the presence of the T-DNA insertion in both OHP1 alleles and because no OHP1
mRNA was detected in such mutants, we expect that this band can be explained by an unspecific
reaction of the OHP1 antibody.
The PCR analysis revealed that two T-DNA fragments, fused at their right boarders, are
integrated in the OHP1 gene. Both OHP1 genomic primers gave a signal with the left boarder
specific primer of the T-DNA, such as it has been reported by De Neve et al. (1997).
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Figure 4. Validation of the potential ohp1 knock out mutant. A) Schematic representation of the OHP1
gene from the 5’ to 3’UTR (untraslated region). Exons are shown as black boxes and the introns as a connecting
white boxes. The positions of the start (ATG) and stop codon (TAA), the annealing position of the primers (arrows)
and the position of the T-DNA (grey box) insertion, as determined by PCR, are indicated. LB, primer specific for the
left border of the T-DNA; forward (for) and reverse (rev), OHP1 gene specific primers annealing upstream and
downstream of the T-DNA insertion position. B) PCR analysis of wild type (Wt), heterozygous (Het) and
homozygous (Ko) ohp1 mutant plants are shown. Sizes of the DNA fragments are given in base pairs (bp). C)
Northern blot analysis of the OHP1 (Ohp1) transcript in Het and Ko ohp1 mutants and Wt plants. The ethidium
bromide-stained 23S rRNA is shown as a loading control. D) Immunoblot analysis with an antibody against OHP1
(Ohp1) protein from Ko and Het ohp1 mutants and Wt plants.

The ohp1 knock out mutant has a photobleached phenotype and is impaired in growth
Depletion of OHP1 resulted in seedling lethality shortly after seed germination under
standard growth conditions of A. thaliana (see Materials and Methods). In order to be able to
perform phenotypic analysis plants were grown on MS medium supplemented with 3% sucrose.
In contrast to Wt plants the Ko mutants remained very small, reaching maximum rosette
diameters ranging from 5 to 20 mm (Figure 5). The shape of the leaves in ohp1 Ko mutants was
rather round as compared to Wt with typical long-stretched elliptic leaf shape. The ohp1 Ko
mutants had an overall fragile appearance with thin stems and short petioles. The leaves were of
pale green as compared to Wt leaves (Figure 5).
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Figure 5. Phenotype of wild type (Wt), heterozygous (Het) and homozygous (Ko) ohp1 knock out
mutants. Shown are 6 weks old A. thaliana plants grown on solid medium supplemented with 3% sucrose.

Although variations between individual ohp1 Ko mutants were high, all of them showed
strongly inhibited growth compared to Wt (Figure 6). While the differences regarding size and
plant corpus became more and more pronounced with time, pigmentation differences were
already eminent in a seedling stage. Furthermore, ohp1 Ko mutants showed an early senescence
and premature death. All of the individuals studied died before Wt plants of the same age (data
not shown). Estimated 50% of the Ko mutants never developed reproductive shoots, 25% of the
mutants started developing shoots but died during this process and 25% reached an early
flowering stage. However, none of the mutants produced seeds, because they died before the
ripening of the siliques was completed (data not shown). Therefore, no seeds from homozygous
mutant plants could be produced and such homozygous ohp1 mutants had to be identified from
the progeny of heterozygous T-DNA insertion mutants. Heterozygous T-DNA insertion plants
were indistinguishable from WT plants during the whole cultivation period.
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Figure 6. Phenotype of ohp1 knock out mutants and wild type (Wt) plants of different
developmental ages. Differences in growth and appearance of the 10-day-old (A), 3-week-old (B), 6-week-old
(C) and 10-week-old ohp1 Ko mutants in relation to Wt.
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The ohp1 knock out mutants have reduced pigment content and an active xanthophyll cycle
To assess the differences in pigmentation of homozygous and heterozygous ohp1 mutants
and Wt plants chlorophyll and carotenoids were extracted and quantified photometrically (Figure
7). While heterozygous mutants contained Wt levels of chlorophyll and carotenoids, the overall
content of pigments was considerably reduced in homozygous Ko mutants. In relation to Wt the
total chlorophyll content was reduced by approximately 50%, whereby chlorophyll a (Chl a) was
reduced by more than 50% and chlorophyll b (Chl b) by approximately 30% (Figure 7). The
carotenoid content of homozygous Ko mutants was about 60% of the Wt. The pigmentation
differences of the Ko mutant is also reflected by the Chl a : Chl b ratio of 2.3 : 1 (in Wt 3.3 : 1)
and a total chlorophyll : carotenoid ratio of 4.5 : 1 (in Wt 5.5 : 1).

Figure 7. Pigment content of ohp1 mutants. Acetone extracts of wild type (Wt) heterozygous (Het) and
homozygous (Ko) mutants were analyzed by spectrometry. Shown are chlorophyll a and b as well as the total
carotenoid content (n=6)

Furthermore, the pigments were analyzed by HPLC, allowing the determination of the
carotenoid pattern present in the plants. Surprisingly, in the ohp1 Ko mutant the xanthophylls
antheraxanthin and zeaxanthin were detected, while heterozygous mutants and WT plants
possessed only violaxanthin as an accessory pigment (data not shown).
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Ohp1 knock out mutants are photosynthetically inactive
To examine the photosynthetic performance of the mutants, we monitored chlorophyll
fluorescence using pulse amplitude modulated (PAM) fluorimetry. As shown in Figure 8 all of
the screened mutants displayed an elevated ground state fluorescence with F0 values that were on
average 6 times as high (values ranging from 2 to 16-fold higher Fo, standard deviation 2.7) as in
Wt plants . The maximum quantum efficiency of photosystem II (PSII) Fv/Fm, reflecting the
maximal efficiency of PSII in the dark-adapted state, was 0.15 ± 0.07 (n = 26) on average (values
ranging from 0.03 to 0.32) for ohp1 Ko mutants. The Fv/Fm value for Wt was on average 0.76 ±
0.07, (n = 30), which corresponds to Wt values reported in literature. The low Fv/Fm values for
the ohp1 mutants resulted from the elevated Fo values that did not substantially change after
application of a saturating light pulse. Upon the application of actinic light chlorophyll
fluorescence kinetics of ohp1 mutants showed significant differences as compared to the
standard fluorescent kinetics (Kautsky et al., 1960) of Wt plants. None of the analyzed
homozygous ohp1 knock out mutants displayed this Kautsky effect (Figure 9). Comparison
between younger (3 weeks old) and older plants (and leaves), however, revealed characteristic
differences between the analyzed developmental ages. In older plants (12 weeks old)
fluorescence was almost invariant throughout the measurement. In younger plants the measured
momentary fluorescence Ft rapidly dropped below Fo as soon as actinic light application was
initiated and returned to Fo levels after approximately 5 minutes in light. Nevertheless, all
collected data evidently prove a completely deficient photosynthetic performance in Ko mutant
plants.

Figure 8. The minimal fluorescent Fo in wild type (Wt), heterozygous (Het) and homozygous (Ko)
ohp1 knock out mutants analyzed by Imaging PAM fluorimetry. Shown is the image of F0 after 5 minutes in the

dark, displayed with a false color mode.
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Figure 9: Chlorophyll fluorescence kinetics of ohp1 Ko mutants and wild type (Wt) plants. The
chlorophyll induction kinetic was recorded using pulse amplitude modulated (PAM) chlorophyll fluorimetry. The
data of two Wt and two ohp1 Ko mutant leaves of different ages are shown. Ko1 and Wt1 are 3 weeks old Ko2 Wt 2
are 12 weeks old. The black bar represents the lap of time in which actinic light was illuminating the plants to drive
photosynthesis.

Photosynthetic proteins from the reaction centre and light-harvesting antenna are missing
or decreased in their amounts in homozygous ohp1 knock out mutants
The integrity of photosynthetic protein complexes was analyzed in 12-week-old plants by
separating membrane proteins by SDS-PAGE and concomitant immunodetection. Figure 10
shows that several antenna proteins of PSII and PSI were present in reduced amounts in the Ko
mutants as compared to WT. Strikingly, the reaction center proteins of both PSII (PSBA) and
PSI (PSAB) were not detectable. The oxygen-evolving complex (PSBO) of PSII and PSAK, a
subunit of PSI, was strongly reduced (Figure 10). Interestingly, OHP2 was also absent in ohp1
Ko mutants and in contrast ELIP1 was detected only in Ko mutants (Figure 10).
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Figure 10. Protein analysis of ohp1 knock out mutants. Wild type (Wt), heterozygous (Het) and
homozygous (Ko) mutant 12 weeks old plants were analyzed for their level of several photosynthesis-related
proteins. Samples were loaded on an equal protein basis (10 or 20 µg)

Further analyses of three-week-old plants showed that the reaction centers were barely
detectable but still present, and the levels of antenna proteins were less affected in younger Ko
mutants than in older (12 weeks old) analyzed plants (data not shown). In addition, the protein
levels were also investigated in plants grown under different light conditions (Figure 11). The
amount of several proteins, especially LHC proteins were much lower in plants grown under
higher light conditions (100 µmol m-2 s-1) than under low light conditions (10 µmol m-2 s-1). The
reaction centers of both photosystems were, however, not detectable under either condition
(Figure 11).
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Figure 11: Immunoblot analysis of photosynthesis-related proteins in ohp1 Ko mutants under
different light regimes. Membrane proteins of 12-week-old ohp1 Ko mutants (KO), heterozygous
mutants (Het) and wild type (Wt) plants grown at either 10 or 100 µmol m-2 s-1 were separated by SDSPAGE and used for western blotting and immunodetection. Samples were loaded on an equal protein
basis (10 or 20 µg)

137

Molecular mechanisms of photoprotection in plants

DISCUSSION
In this study we demonstrate that OHP1 plays a critical role in photosynthesis. The
finding that the depletion of OHP1 leads to an impairment or complete loss of photosynthesis is
surprising. Many works have tried to identify the function of ELIP family proteins in
cyanobacteria and higher plants. The results of these studies have often been contradictory and
have been controversially discussed without reaching a consensus so far (Adamska, 2001). In
cyanobacteria mutants with missing Hlips were not viable in high light conditions (He et al.,
2001), and it could be shown that they stabilize PSI under high irradiance exposure (Wang et al.,
2008). However, most of these studies were performed either on ELIPs with three
transmembrane helices in higher plants or Hlips/Scps in cyanobacteria. Since there are several
different ELIP proteins in higher plants and several Hlips/Scps in cyanobacteria, there is possibly
some functional redundancy among the proteins of this family.
It is still being controversially discussed how ELIPs evolved in higher plants, but there is
a consensus that one helix proteins are the most ancestral ELIPs in higher plants, out of which
other proteins of the family emerged (Green and Kühlbradt, 1995; Heddad and Adamska, 2002).
It is striking that all fully sequenced phototrophic eukaryotes possess at least one Hlip
(glaucophytes and red algae) or OHP1 (green algae and plants). This is a strong hint that they
fulfil an indispensable function which has been conserved across evolution. Ostreococcus tauri
and Sorghum bicolor with no OHP1 seems to be the only exception, however this may also be
due to missing data in the genome assemblies. The presented phylogenetic tree roughly displays
the expected species topology (Rodriguez-Ezpeleta et al., 2005) with a clustering of the red
lineage sequences and a gradual evolution via the green algae and the moss OHP1 sequence to
higher land plants. This finding supports the feasibility of this phylogenetic approach and the
highly informative character of the aligned stretch of only 39 amino acids. At the same time,
relationships within the red lineage, glaucophytes and cyanobacteria cannot be resolved and
bootstrap values in general are very low. This finding is not surprising due to the limited power
of the short alignment to resolve phylogenetic relationships. The ubiquitous distribution of
HLIPs and OHP1 in photosynthetic eukaryotes and the conserved sequence structure of OHP1 in
Viridiplantae may be understood as an indication that this protein family could not only be
essential for A. thaliana, but also for many other organisms. Speculatively, the high similarity of
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OHP1 sequences could also be the result of steric constraints in the view of OHP1 as an
organizing element within the thylakoid membrane. Our study emphasizes the necessity of this
strong conservation. Being the most ancestral and most conserved members of the family, OHP1
seem to possess a unique function in higher plants which can not be compensated by other
proteins.
In two independent approaches, we found OHP1 to be associated with PSI in A. thailana.
Although our findings rely on comparison with data published by other groups (Fu et al., 2007;
Swiatek et al 2003) and the resolution of both methods was not optimal, these results suggest that
OHP1 is rather in vicinity of PSI than of PSII. Further optimization is necessary to obtain a
stringent separation also for the PSII complexes.
The absence of OHP1 in A. thaliana resulted in a very low growth rate, a photobleached
phenotype and sterility. Heterozygous mutants, however, with slightly lower OHP1 content as
compared to WT plants were not influenced in their phenotypes and photosynthetic performance.
Ohp1 Ko mutants were dependend on an external carbon source, strongly suggesting that a
severe defect in the photosynthetic performance is hindering photoautotrophic growth. This
assumption was experimentally supported by PAM measurements. Ko mutant plants revealed
high Fo values with no (or only minor) changes in Chl fluorescence kinetics in actinic light.
Similar effects were found in some high Chl fluorescence mutants with strongly reduced levels
of PSII polypeptides (Meurer et al., 1996). This clearly indicates low or no photochemistry in
ohp1 Ko mutant plants and suggests a defective photosynthetic machinery.
Immunoblot analysis of proteins involved in photosynthesis revealed that the majority of
LHCA and LHCB proteins (except Lhcb2 and Lhcb5) were decreased in the ohp1 knock out
mutant. Interestingly, the degree of damage was higher in mutants grown at higher light
intensities. The most effected proteins were the reaction center proteins, the D1 protein and the
PsaB (Figure 10), which were reported to be the main targets of photooxidative damage during
photoinhibition of PSII (Barber and Andersson, 1992; Melis, 1999; Andersson and Aro, 2001) or
PSI (Hihara and Sonoike, 2001; Scheller and Haldrup, 2005), respectively.
The low content of Chls and Car in the HM ohp1 knock out mutants (Figure 7), also
reflected in the pale green appearance of such plants, correlates with the reduced content of Chlbinding proteins, such as LHCA, LHCB and reaction center proteins, D1 and PsaB. A similar
bleached phenotype was reported for the quadruple hli mutant of the cyanobacterium
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Synechocysis sp. PCC6803 (Havaux et al., 2003). In such a mutant the level of PSI reaction
center proteins PsaA and PsaB was notably reduced relative to Wt, whereas the abundance of the
D1 protein was little affected.
Analysis of the carotenoid pattern in ohp1 knock out mutants by HPLC revealed the
presence of xanthophylls cycle pigments zeaxanthin and antheraxanthin. These are known to be
synthesized under light stress conditions (Esklin et al., 1997) from the accessory pigment of the
light-harvesting antenna violaxanthin. This process is called xanthophyll cycle and is one
protective mechanism against photodamage in higher plants (Niyogi, 2000). Zeaxanthin and
antheraxanthin interact with excited Chls (Holt et al., 2005) to safely dissipate excess energy as
heat (Niyogi, 1999). Together with an induction of the ELIP1 protein, that is known to be
exclusively induced by light stress (Heddad and Adamska, 2000; Heddad et al., 2006), these
findings clearly indicate that ohp1 Ko mutants experience light stress under conditions, which
not affect Wt plants.
From microarray data (Winter et al., 2007) it is known that OHP1 has a basal expression
level in all green tissue being liable to a circadian rhythm with a maximum of transcript level in
the early light phase and a minimum at the beginning night phase (see also Chapter 2).
Furthermore, its expression is enhanced in the transition to flowering phase, as it has been found
for other proteins of the ELIP family (Bruno and Wetzel, 2004), and OHP1 transcript was found
to be enhanced under light stress conditions (Jansson et al., 2000). These induction phases share
a rearrangement of the photosynthetic complexes, either by relocation of the antenna light
harvesting complexes to adapt to the emerging or changes in light irradiances or by degradation
of these complexes for restructuring the thylakoid membrane. Under these conditions bound and
thus stabilized chlorophyll is released which when excited by absorption of light can react with
oxygen leading to ROS (Yang et al., 1998).
In addition OHP1 transcript was found to be present in etiolated seedlings and the level
of transcript is enhanced only at early stages of chloromorphogenesis (Chapter 2), such as the
other members of the ELIP family, indicating that all ELIPs might fulfil a role in assembly of the
photosystems (Adamska , 2001). Thus it cannot be ruled out that the impairment of the ohp1
mutants emerge from a missing assistance in the assembly of the photosynthetic complexes.
Greening experiments that would help to clarify this question could not be performed, as
homozygous knock out mutants were sterile and did not produce seeds. Nevertheless, the
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observation that the degradation of photosynthetic-related proteins were less affected in
developing plants and more affected in plants grown at higher light intensities, supports the idea
that the OHP1 stabilizes the photosystems by providing photoprotection also during the
development of the chloroplast, where it is known that plants are especially vulnerable to light
(Wu et al., 1999; Yamasato et al., 2008).
We therefore propose that in the analyzed ohp1 knock out mutant the PSI reaction centers
are damaged due to the absence of photoprotection. The loss of PSI reaction centers leads in turn
to a loss of linear photosynthetic electron flow and inhibits the cyclic electron transport via
ferredoxin and the putative ferredoxin-plastoquinone reductase (Bendall and Manasse, 1995) as
well as of the water-water cycle (Asada, 1999). Two latter electron transport ways are known to
participate in photoprotection. With an almost completely blocked photosynthetic electron flow,
the energy absorbed by PSII can only be dissipated by conversion to heat or fluorescence, but
mostly leads to the production of reactive oxygen species (ROS), leading to the destruction of
cellular compounds, particularly proteins associated with the photosystems (Niyogi, 1999).
Further, with the damaged and degraded reaction centers and antenna proteins, the amount of
free Chls rises. Photosensitized free Chls might generate singlet oxygen, thus elevating the level
of ROS (Asada, 2006). One assumed function of ELIPs is to bind free Chls to prevent formation
of single oxygen (Adamska, 2001). We could demonstrate that by absence of the OHP1 protein,
a wide range protein destruction of the photosystems and a missing photosynthetic performance
was present in mutant plants, suggesting a high degree of irreversible photoinactivation.
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CHAPTER 5
The Absence of One-helix Protein 2 in Photosystem I Results
in Photobleached Phenotype of Arabidopsis thaliana.
Marc C. Rojas-Stütz, Susanne Albert and Iwona Adamska
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ABSTRACT
The one-helix protein OHPs are members of the early light-induced protein family and in
contrast to other members of this family, they have been found to be associated with
photosystem I (PSI) in Arabidopsis thaliana. Their relatives in cyanobacteria called high lightinduced proteins were reported to stabilize PSI as trimers under high light exposure. In this study
we investigated a photobleached phenotype of ohp2 knock out similar to those of ohp1 mutants
(Chapter 1). Ohp2 mutant plants were sterile, dependent on an external carbon source and got
irreversible photodamaged even at low light intensities. Several of the light-harvesting complex
(LHC) proteins and core complex proteins of PSI and photosystem II were either decreased or
absent. This was also reflected by the missing photosynthetic performance. We therefore suggest
that OHP2 similar to OHP1 plays a role in stabilizing PSI under high light irradiance thus
preventing photooxidation.
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INTRODUCTION
The family of early light-induced proteins (ELIP) are close relatives of the chlorophyll
(Chl) a/b-binding (Cab) proteins, such as the light-harvesting complex (LHC) proteins of
photosystem I (PSI) and photosystem II (PSII). ELIPs possess conserved Chl-binding motifs but
in contrast to the LHC proteins, ELIPs do not participate in light harvesting, since only a week
excitonic coupling between bound Chls exists (Adamska et al., 1999). They rather fulfill a
protective role for the photosystems under various stress conditions. ELIPs are proposed to
transiently bind free Chls preventing of formation of hazardous radicals and/or by participating
in energy dissipation (Montané and Kloppstech, 2000; Adamska, 2001). The ELIP family in
Arabidopsis thaliana consists of 10 proteins that are further divided into three groups: (i) the
three-helix ELIPs, (ii) the two-helix stress-enhanced proteins (SEPs), and (iii) the one-helix
proteins (OHPs) (Heddad and Adamska, 2000; Adamska, 2001) that in prokaryotic organisms
are called also High light-induced proteins (Hlips; Dolganov et al., 1995) or Scps (for small Cablike proteins; Funk and Vermaas, 1999). While ELIPs are not detected under low light conditions
and accumulate in response to light stress (Heddad and Adamska, 2000; Heddad et al., 2006),
significant amounts of SEPs and OHPs are present in the absence of light stress but their level
increases during exposure of plants to high intensity light (Heddad and Adamska, 2000;
Andersson et al., 2003).
Two OHP proteins were reported from A. thaliana, the OHP1 (At5g02120; Jansson et al.,
2000) and the OHP2 (At1g34000; Andersson et al., 2003). It was demonstrated that OHP2
transcript and protein is present under low light conditions, but the OHP2 gene expression is
triggered by light stress in a light intensity-dependant manner. Localization studies revealed that
OHP2 is associated with PSI under low and high light conditions (Anderson et al., 2003).
Therefore, it was proposed that the accumulation of OHP2 might represent a novel
photoprotective strategy induced within PSI in response to light stress.
At ambient temperatures photoinhibition occurs primarily at the level of PSII and
involves reversible inactivation of PSII due to arrest of electron flow within this complex
followed by irreversible damage to subunits of PSII reaction center. A large number of studies
have reported the sensitivity of PSII to photodamage and much is known about the mechanism of
damage and repair (Barber and Andersson, 1992; 1992; Melis, 1999; Andersson and Aro, 2001).
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PSI has often been considered more stable than PSII. However, photoinhibition of PSI in higher
plants has been observed in combination with chilling stress (Hihara and Sonoike, 2001). The
mechanism of damage to PSI involves oxidative destruction of the iron-sulfur clusters at the
reducing side of PSI. The damaged PSI is not repaired in an analogous way to PSII repair where
only the damged D1 subunit is replaced whereas the rest of the PSII is reused. When PSI
damaged, the entire PSI core complex is degraded (Scheller and Haldrup, 2005), and a recovery
has been reported to be very slow (Teicher et al., 2000; Zhang and Scheller, 2004).
In order to prove experimentally the proposed photoprotective function of OHP2 in PSI
we isolated and characterized ohp2 knock out mutants of A. thaliana. Using such mutants we
compared pigment composition with the wild type (WT) plants, analyzed their photosynthetic
performance and assayed the content of proteins of the photosynthetic machinery. Our data
indicate that mutant plants are photosynthetically inactive and dependend on an external carbon
source. They experience photoinactivation even at low light intensities, which correlated to a loss
or a decrease of several photosynthesis-related proteins of PSI and PSII. This leads to a
photobleached phenotype and sterility.
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MATERIALS AND METHODS
Plant material and growth condition
Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) were surface sterilized in 70%
(v/v) ethanol for 5 min and in 12% (v/v) NaOCl with 0.02% (v/v) Triton X-100 for 20 min,
washed three times with sterile water, transferred to 0.1% (w/v) agarose and stored for 1-3 days
at 4°C to synchronize germination. Seeds were distributed on agar plates with culture medium,
containing 4.4 g L-1 Murashige and Skoog (MS) salts (Duchefa, Haarlem, Netherlands), 1.5%
(w/v) sucrose and 9% (w/v) agar. For selection of plants with T-DNA insertion conferring a
sulfadiazine resistance, the culture medium was supplemented with 10 µg mL-1 sulfadiazine.
Plant were grown in a growth chamber at a light intensity of VLL (10 µmol m-2s-1), LL (50 µmol
m-2s-1) or NL (100 µmol m-2s-1), at a short day photoperiod (8 h light/16 h dark), a long day
photoperiod (12 h light/12 h dark) or constant light and a temperature of 25°C or 18°C. The
conditions for each experiment are described in figure legends. Usually after 2 weeks of growth
on Petri dishes, screened plants were transferred to boxes filled with 3 cm culture medium,
containing 3% (w/v) sucrose and 9% (w/v) agar.
Isolation of A. thaliana ohp2 T-DNA insertion mutants
The A. thaliana ohp2 T-DNA insertion mutant GABI-Kat 071E10 was generated in the
context of the GABI-Kat program (Rosso et al., 2003) and provided by Bernd Weisshaar (MPI
for Plant Breeding Research, Cologne, Germany). HT and HM ohp2 mutant plants were
identified by PCR using gene specific primers (forward 5´-TAG CTG TTG ATG GGA AGA
GTG TAA-3´and reverse 5´-AGA AGA AAC AAC AAG AAG AGG AAT-3’) annealing
upstream and downstream of the T-DNA insertion sites and one primer complementary to the
left boarder of the T-DNA (LB 5´-CCC ATT TGG ACG TGA ATG TAG ACA C-3´). Obtained
PCR products were purified with a PCR purification kit (Qiagen, Hilden, Germany) and
sequenced (GATC Biotech AG, Konstanz, Germany) to confirm the position of the insertion. To
prove the suppression of the OHP2 gene expression Northern blot and Western blot analysis
were performed (see below).
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Isolation of genomic DNA from plant tissue
A. thaliana leaves or whole plants were crushed in the Tissue Lyser (Qiagen, Hilden,
Germany) for 2 min at 25 Hz with 200 µl of lysis buffer containing 1% (w/v) CTAB, 0.5 mM
Tris, pH 7.5, 0.05 mM EDTA and 1 M NaCl. After adding 5 µl of 5% (w/v) N-Sarcosylate the
samples were incubated at 65°C for 10 min and cooled down at room temperature for 5 min. 200
µl of chloroform/isoamylalcohol (24/1, v/v) was added, samples were mixed and centrifuged at
15,000 x g for 5 min at 22°C for phase separation. The upper chloroform-containing phase was
collected, 200 µl of cold isopropanol was added, mixed and centrifuged at 15000 x g for 1.5 min.
The DNA pellet was washed with 70% (v/v) ethanol, dried, resuspended in 50 µl of TE buffer
(10 mM Tris, pH 8.0 and 1 mM EDTA) and stored at –20°C.
Isolation and assay of total RNA
Plant material frozen in liquid nitrogen was pulverized in the Tissue Lyser (Qiagen,
Hilden, Germany) at 20 Hz for 45 sec, 1 ml of TRIzol (Qiagen, Hilden, Germany) was added and
samples were homogenized at 20 Hz for additional 45 sec prior to the incubation for 5 min at
room temperature. 200 µl of chloroform was added, mixed and samples were incubated for 5 min
prior to the centrifugation at 15,000 x g for 15 min at 4°C. The supernatant was collected, 1 vol
of 70% (v/v) ethanol was added and the mixture was immediately loaded on an RNeasy mini
column (Qiagen, Hilden, Germany). RNA was purified as specified in the product manual.
For Northern blot hybridization 10 µg of total RNA was separated on a 1.2%
formaldehyde gel (Sambrook and Russell, 2001) and transferred to the Pall-Biodyne nylon
membrane (Pall, New York, USA). The dioxygenin (DIG)-labeled probe was amplified out of
full-length OHP2 cDNA by PCR with the DIG DNA labeling Kit (Roche, Mannheim, Germany)
using following primers: OHP2-forward 5’-ATG AGC TCG TCG CCG TTA TCT-3’ and
OHP2-reverse 5’- TTA TAG AGG AAG ATC GAG TCC TT-3’. Hybridization and detection
was carried out according to the DIG user’s manual (Roche, Mannheim, Germany). The signals
were visualized after the addition of ready-to-use CDP-Star solution (Roche, Mannheim,
Germany) for chemiluminescent detection using X-ray films (Hyperfilm, GE Healthcare,
Munich, Germany).
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Isolation and assay of proteins
For protein extraction plant material (10 to 50 small developing plants or green leaf tissue
for mature plants) was frozen in liquid nitrogen and ground in the Tissue Lyser (Qiagen, Hilden,
Germany) at 20 Hz for 30 sec, 1 ml of 100% acetone was added and samples were homogenized
at 20 Hz for additional 30 sec prior to the sonication in Transsonic T700 (Elma, Singen,
Germany) for 10 min. The samples were centrifuged at 16,000 x g for 10 min at 4°C and the
collected supernatant used for pigment analysis as described below. The pellets were either
directly resuspended in lithium dodecyl sulfate (LDS) buffer (6% (w/v) LDS, 150 mM Tris pH
8.0, 150 mM DTT, 0.015% (w/v) bromphenol blue and 30% (v/v) glycerol) to obtain total
protein extracts, or washed with buffer containing 50 mM Tris, pH 8.0 and 5 mM MgCl2
supplemented in each washing step with increasing and decreasing concentrations of 0, 250, 500,
250 and 0 mM NaCl (Leto and Young, 1984) for extraction of membrane proteins. Dried pellets
were resuspended in LDS buffer, ultrasonicated in Transsonic T700 (Elma, Singen, Germany)
for 10 min prior to the centrifugation at 16,000 x g for 10 min to remove cell debris. The
supernatant containing solubilized total or membrane proteins was stored at -20 C.
For determination of the protein concentration the RC/DC Protein Determination Kit
(Biorad Laboratories GmbH, Munich, Germany) was used. The manufacturer’s protocol for the
microfuge tube assay was used, including the additional washing step after the precipitation of
proteins. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) according to Laemmli (1970) using 15% polyacrylamide gels and Biorad Minigel
Systems (Biorad Laboratories GmbH, Munich, Germany). The gels were loaded on an equal
protein basis (15 or 20 µg protein pro lane). For separation of small proteins (OHP1) Tris-Tricine
buffered SDS-PAGE was performed (Schägger and von Jagow, 1987).
Immunoblot was carried out according to Towbin et al. (1979) using a polyvinylidene
difluoride (PVDF) membranes with 0.45 µm pore size (Hybond-P, Amersham Biosciences,
Piscataway, USA) and an enhanced chemiluminescence assay (ECL plus, GE Healthcare,
Munich, Germany) according to the manufacturer’s protocol. Antibody sources: anti-OHP2
(Andersson et al., 2003), anti-ELIP1 (Heddad et al., 2006), anti-OHP1, (see chapter 4), anti-33
kDa protein from the oxygen-evolving complex (PSBO) (Lundin et al., 2008), anti-D1 protein
from PSII reaction center, anti-A subunit from PSI reaction center, anti-light-harvesting Chl a/bbinding proteins of PSI (LHCA1-4) and PSII (LHCB1-6), anti-α subunit of the CF1-ATP-
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synthase complex and anti-cytochrome b6 (all purchased from Agrisera AB, Vännäs, Sweden).
For verification of equal loading the total protein on the membranes were stained with 0.1%
(w/v) amido black dye (naphtol blue black) in 40% (v/v) methanol and 5 % (v/v) acetic acid.
Isolation and assay of pigments
For pigment extraction samples were treated as described in “Protein extraction and
assay” (see above). Pigment concentrations were determined photometrically in 100% acetone
according to Lichtenthaler and Wellburn (1983). For pigment composition, extracts were
separated on a Spherisorb ODS1 5µm RP18 (250 x 4 mm) HPLC column (Dr. Maisch,
Ammerbuch, Germany) as described in Gilmore and Yamamoto (1991).
Pulse amplitude modulated (PAM) fluorimetry
Chl fluorescence induction kinetics was measured at room temperature on whole plants
growing on solid culture medium (see above) using an Imaging PAM fluorimeter (Walz GmbH,
Effeltrich, Germany). Plants were preadapted in the dark for 5 min and then exposed to a
saturating 1 s light flash. The minimal fluorescence (Fo) in the absence of actinic light and
maximal fluorescence (Fm) after a saturating light flash were measured and the variable
fluorescence (Fv=Fm-Fo) was calculated as described (Butler and Kitajima, 1975). The
photochemical yield of open PSII reaction centers, commonly known as the relative variable
fluorescence, was calculated as Fv/Fm. This value reflects the maximal efficiency of PSII that is
measured in dark-adapted tissues. The effective quantum yield of PSII photochemistry (PSII
yield) was calculated as described by Maxwell and Johnson (2000) (∆F/Fm = (Fm´- Ft)/Fm´) at
the end of the actinic light phase, where Fm´ represented the maximal fluorescence in the light
and Ft was the steady-state fluorescence yield in the light measured immediately before the
saturating light flash. The PSII yield represents the proportion of the light absorbed by Chl
associated with PSII that is used in photochemistry. Mostly the kinetics program (induction
curve and recovery) for 140 sec of the Imaging PAM fluorimeter was used with standard
settings. The actinic light intensity was always chosen to fit the light intensity in which the
analyzed plants were grown.
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RESULTS
Isolation and cultivation of homozygous ohp2 knock out mutants
The OHP2 gene in A. thaliana is located on chromosome 1 at locus At1g34000 and is
composed of two exons and one intron. The seeds of the potential ohp2 knock out mutant (line
071E10) were obtained from the GABI-Kat collection, Cologne, Germany (Rosso et al., 2003).
Based on PCR analysis and subsequent sequencing of obtained cDNA fragments this mutant
carried a T-DNA insertion within the intron of the OHP2 gene (Figure 1A). Segregation analysis
of mutant plants grown in the presence of sulfadiazine as a selection marker identified one
descendant line with a ratio of sulfadiazine resistant to sensitive plants of three to one, suggesting
a single T-DNA insertion event in the genome. During cultivation of this line 25% of plants died
during germination, 50% developed normally and the remaining 25% germinated but were not
able to grow. This suggested that former plants might represent WT and heterozygous mutant
lines (HT), respectively, while latter plants might carry T-DNA insertions in both ohp2 alleles
(HM for homozygous). PCR screening of the progeny grown on selective medium confirmed
these results (Figure 1B).
In agreement with previous findings (Andersson et al., 2003) significant amounts of
OHP2 transcripts and OHP2 proteins were detected in WT plants grown under very low light
(VLL) conditions by Northern (Figure 1C) and Western (Figure 1D) blot analysis, respectively.
Reduced amounts of OHP2 transcript (50%-less as compared to the WT content) but only a
minor decrease of OHP2 proteins (20%-less as compared to the WT content) were present in HT
mutant lines, while no OHP2 transcripts and OHP2 proteins were detected in HM mutant plants.
Since HM mutant plants were sterile we used seeds from HT plants and screened for HM
plants in each generation. Initially, the screen was done by PCR, but based on a high minimal
Chl fluorescence value (Fo) that was measured in 10 to 20-day-old HM mutants (2-3-times
higher as compared to WT and HT plants of the same age) we developed a screen based on this
parameter. Therefore, seedlings around 10 days after germination were pre-selected by pulse
amplitude modulated (PAM) fluorimetry for their homozygoty. To secure the new screening
method, 3-6 plants of each generation selected by PAM to be HM mutants, were grown for
further 2-weeks on culture medium and tested by PCR. No false-positive HM mutants were
identified confirming the reliability of the PAM screen (data not shown). HT mutant plants were
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identified by sowing HT mutant seeds on culture medium with sulfadiazine as a selection
marker, and collecting dark green seedlings with WT Chl fluorescent values. WT plants were
obtained by sowing A. thaliana (Col-O) seeds on culture medium without sulfadiazine.

Figure 1. Analysis of A. thaliana mutant plants carrying T-DNA insertion within the OHP2 gene.
A) Schematic representation of OHP2 gene from the 5’-UTR (untranslated region) to the 3’-UTR. Exons are shown
as black boxes and the intron as a connecting white box. The positions of the start (ATG) and stop codon (TAA), the
annealing position of the primers (arrows) and the position of the T-DNA (grey box) insertion, as determined by
PCR, are indicated. LB, primer specific for the left border of the T-DNA; forward (for) and reverse (rev), OHP2
gene specific primers annealing upstream and downstream of the T-DNA insertion position. B) PCR analysis of wild
type (WT), heterozygous (HT) and homozygous (HM) ohp2 mutant plants are shown. M, a low molecular DNA
marker. Sizes of the DNA fragments are given in base pairs (bp). C) Northern blot analysis of the OHP2 transcript
in HT and HM ohp2 mutants and WT plants grown for 2 months under very low light (VLL, 10 µmol m-2 s-1)
conditions. The ethidium bromide-stained 23S rRNA is shown as a loading control. D) Immunoblot analysis with an
antibody against OHP2 protein using total protein extracts isolated from HT and HM ohp2 mutants and WT plants
grown as in C). As a reference, a membrane with selected total proteins stained with amido black dye, is shown.

Ohp2 knock out mutants are photosynthetically inactive and show a bleached phenotype
Since the deletion of the OHP2 gene was lethal shortly after seed germination under
standard growth conditions, we grew WT, HT and HM mutant lines on MS medium
supplemented with 1.5% to 3% sucrose in order to perform phenotypic analysis. While WT and
HT plants were dark green and visually indistinguishable from each other during the whole
cultivation period and under all growth conditions tested, HM mutant plants were much smaller
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and pale green (Figure 2A). This bleached mutant phenotype was retained during the whole
cultivation period (Figure 2A and data not shown). Some of the HM mutant plants were able to
develop inflorescences with flower buds when they were grown at a continuous VLL intensity of
10 µmol m-2s-1, but they survived not long enough to enter flowering phase (data not shown).

Figure 2. Phenotype and photosynthetic performance of ohp2 knock out mutants and WT plants of
different ages. A) Phenotype of two-week-old and six-week-old wild type (WT), heterozygous (HT) and

homozygous (HM) mutant plants grown at a light intensity of 10 µmol m-2 s-1 in a 8 h light/16 h dark cycle at 25°C.
B) The image of minimal Chl fluorescence F0 of WT, HT and HM mutant plants taken 5, 10 and 20 days (d) after
germination and grown on solid culture media in a 12 h light/12 h dark cycle at a light intensity of 10 µmol m-2 s-1
and 18°C. Picture were taken with an Imaging Pam fluorimeter and displayed with a false color mode (bar below
represents the color to numeric value conversion) and the average detected numeric value for each plant. C)
Momentary fluorescent yield (Ft) graph of a dark-light induction curve of WT (blue), HT (orange) and HM (red), of
plants 20 days after germination grown under the condition described in B). The yellow bar represents the laps of
time (140 sec) in which the actinic light was applied to plants to drive photosynthesis. D) Maximal efficiency of
PSII in the dark-adapted state (Fv/Fm) of plants 5, 10 and 20 days after germination grown under the condition
described in B). Error bars show SD. WT (n=6), ohp2 knock out mutants (n=5).

We investigated the photosynthetic performance of WT and mutant plants during the first
20 days of development, starting as soon as the cotyledon leaves appeared (approx. 5 days after
germination), by imaging PAM fluorimetry. On the 5th day after germination WT, HT and HM
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mutant plants have a relative high value (between 0.15 and 0.18) of the minimal Chl
fluorescence Fo (Figure 2B, upper row). For WT plants and HT mutant the Fo value decreased
with their further development and reached an average value of 0.05 after 20 days of growth
(Figure 2B, middle and lower rows). In contrast, HM mutant plants maintained the high Fo value
during the whole development (Figure 2B and data not shown). This high Fo value can be
interpreted as a low rate constant energy trapping by PSII (Havaux, 1992). Furthermore, HT and
WT plants showed a standard dark-light induction curve with typical changes in momentary Chl
fluorescence (Ft) yield during photosynthetic activity in applied actinic light, almost no changes
in Chl fluorescence induction kinetics were measured for HM ohp2 mutants (Figure 2C). The Ft
value of the HM mutant was slightly raised after actinic light was turned on, but then remained
constant (Figure 2C). Determination of the maximum quantum efficiency of PSII in darkadapted tissues (Fv/Fm) of developing HM mutant plants (during the 5 to 20 days after
germination) revealed a strongly reduced photosynthetic activity (20-25%) as compared to HT or
WT plants (Figure 2D). WT and HT plants showed a continuous increase of their photosynthetic
capacity during the first 20 days after germination and reached an Fv/Fm value of 0.85 typical
for healthy unstressed plants. In HM mutants the Fv/Fm value of 0.20 remained nearly constant
during their development and entire cultivation period (Figure 2D and data not shown).
The severeness of ohp2 mutant phenotype changes with growth conditions
To test how the phenotype of HM mutants is affected by growth conditions we cultivated
WT, HT and HM mutant plants under different light (Figure 3A) and temperature (Figure 3B)
regimes. After one month of growth at continuous normal light conditions (NL, 100 µmol m-2 s1

) HM mutant plants were very small as compared to WT and HT plants and completely

bleached (Figure 3A, left column). HM mutants grown at continuous low light conditions (LL,
50 µmol m-2s-1) were pale green and remained almost as small as HM plants grown at continuous
NL conditions (Figure 3A, lower row). At continuous VLL conditions (10 µmol m-2s-1) HM
mutant plants were partially dark green and bigger than those grown at NL or LL conditions but
still significantly smaller than WT or HT plants grown under the same conditions (Figure 3A,
right column). Although HM ohp2 mutant plants developed faster at LL conditions during the
first weeks than at VLL they bleached and died shortly thereafter (data not shown). No
significant differences in size and pigmentation were observed between WT and HT mutant
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plants grown at NL, LL or VLL conditions (Figure 3A, upper and middle rows). Thus, we can
conclude that the severeness of the photobleached phenotype of the HM ohp2 mutant depended
on the light intensity and was more pronounced during growth of plants at NL as compared to
VLL.

Figure 3. Phenotype of ohp2 knock out and WT plants grown at different light and temperature
regimes. Wild type (WT, upper lane), heterozygous knock out mutant (HT, middle lane) and homozygous knock
out mutant (HM, lower lane) were grown on culture medium for one month under different light and temperature
regimes. A) Plants were cultivated at continuous normal light (NL, 100 µmol m-2 s-1), low light (LL, 50 µmol m-2 s1
) or very low light (VLL, 10 µmol m-2 s-1) conditions at 25°C. B), Plants were cultivated in a light/dark (L/D) cycle
and temperatures of 25°C or 18°C. For plants grown at 18°C the light cycle was of 12 h light/12 h dark, for plants
grown at 25°C the light cycle was of 8 h light/16 h dark.

As next we compared phenotypes of plants grown at the same light intensity (VLL) but
with different light cycles and temperatures, such as 8 h light/16 h dark and a temperature of
25°C (Figure 3B, left column) or 12 h light/12 h dark and a temperature of 18°C (Figure 3B,
right column). The results revealed that HM mutants were stronger affected in a their
phenotypes, while growing at VLL conditions and a light cycle of 8 h light/ 16 h dark cycle than
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under continuous VLL illumination (compare Figure 3A, right column with Figure 3B, left
column). No significant differences between WT and HT mutant plants were visible in these two
light regimes. Furthermore, HM mutant plants grown at 18°C in a 12 h light/12 h dark cycle
were still pale green with a smaller rosette than WT and HT but significantly bigger and greener
than HM mutant plants grown at 25°C in a 8 h/16 h dark cycle (Figure 3B, compare left and right
columns).
We investigate the photosynthetic performance during development of leaves (after the
first 5 days after cotyledon leaves appeared) of WT, HT and HM plants grown at VLL and LL
conditions by measurement of Chl fluorescence parameters, such as the Fv/Fm value
representing a maximal efficiency of PSII in dark-adapted tissues (Figure 4A) or PSII quantum
yield that represents the proportion of the light absorbed by Chl associated with PSII that is used
in photochemistry. Day 1 to 5 in Figure 4 correspond to day 5 to 10 after germination. The
Fv/Fm values of WT and HT leaves collected from plants grown at LL conditions increased from
0.40 (day 1) to 0.83 (day 5) (Figure 4A, left panel), while the Fv/Fm value of leaves from WT
and HT plants grown at VLL was initially lower (0.35, day 1) and increased to 0.75 till day 5
(Figure 4A, right panel). In contrast, a much lower Fv/Fm value of 0.20 was measured in HM
ohp2 mutant leaves during day 1 and this value remained constant till day 5, both in LL and VLL
grown plants (Figure 4A, compare left and right panels). Such low Fv/Fm value was maintained
also in older HM mutant plants (data not shown). This indicates very low to no efficiency of PSII
in HM ohp2 mutants.
The PSII quantum yield in WT and HT mutant plants grown in LL increased gradually
from day 1 (0.18) till day 4 (0.45) and remained constant during day 5 (Figure 4B, left panel). A
similar increase of PSII quantum yield was assayed in WT and HT mutant plants grown at VLL
conditions but slightly lower values were measured during day 1 (0.02) till day 5 (0.42) (Figure
4B, right panel). A PSII quantum yield of 0.01 was measured in HM ohp2 mutant grown at LL
during day 1 to 5 (Figure 4B, left panel). At VLL a PSII quantum yield remained low (0.02)
during days 1 to 5, but were slightly higher than on LL. In older HM mutant plants PSII quantum
yield was not measurable (data not shown).
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Figure 4. Photosynthetic performance of ohp2 knock out mutants and WT plants grown at different
light regimes. Wild type (WT, blue lines), heterozygous (HT, yellow lines) and homozygous (HM, red lines)
mutant plants were grown on solid culture medium till the appearance of the first cotyledon leaf (5 days after
germination) in a 12 h light/12 h dark cycle at low light (LL, 50 µmol m-2 s-1; left) or very low light (VLL, 10 µmol
m-2 s-1; right) conditions at 18°C. During the subsequent 5 days whole plants were analyzed by PAM fluorimetry at
the beginning of the light phase. A) Fv/Fm values expressing a maximal efficiency of PSII in the dark-adapted (5
min) state. B) Quantum yield of PSII expressing photon use efficiency of PSII after 140 sec in actinic light. Error
bars show SD. WT (n=6), ohp2 knock out mutants (n=5).

Ohp2 knock out mutant has reduced pigment content
We assayed pigment content in WT, HT and HM mutant plants grown under LL or VLL
conditions (12 h light/12 h dark, 18°C) for 15 days (Table 1 and Figure 5A, developing plants)
and four weeks (Table 1 and Figure 5B, mature plants) by spectrometry. Developing WT plants
grown at LL light conditions had Chl a content of 0.378 ± 0.33 µg/mg fresh weight (FW), Chl b
content of 0.165 ± 0.026 µg/mg FW and total carotenoid (Car) content of 0.140 ± 0.020 µg/mg
FW. Mature WT plants grown at LL for 1 month accumulated 2.5- to 3-times more pigments
compared to developing WT plants (Table 1). Plants grown at VLL light conditions generally
accumulated higher amount of pigments with the exception of developing plants, where the Chl
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b and Car content was either comparable to developing WT plants grown at LL conditions or
significantly lower, respectively (Table 1). Mature WT plants grown at VLL conditions reached
the highest values for all three pigments investigated (Table 1).

Table 1. Pigment content of WT plants grown at different light intensities. Plants were grown for 15
days (developing) or 1 months (mature) in a 12 h light/12 h dark cycle at low light (LL, 50 µmol m-2 s-2) or very
low light (VLL, 10 µmol m-2 s-2) conditions at 18°C prior to pigment extraction and analysis by spectrometry.
Values are given in µg pigment/mg fresh weight. (n=12)
Growth conditions
LL
VLL

Developing
Mature
Developing
Mature

Chl a
0.378 ± 0.330
1.281 ± 0.119
0.495 ± 0.068
1.932 ± 0.247

Chl b
0.165 ± 0.026
0.438 ± 0.043
0.155 ± 0.033
0.700 ± 0.052

Car
0.140 ± 0.020
0.428 ± 0.048
0.148 ± 0.020
0.607 ± 0.095

Figure 5. Pigment analysis of ohp2 knock out mutants and WT plants of different ages grown at
different light regimes. Wild type (WT), heterozygous (HT) and homozygous (HM) mutant plants were grown

in a 12 h light/12 h dark cycle at 18°C at low light (LL, 50 µmol m-2 s-1) or very low light (VLL, 10 µmol m-2 s-1)
conditions prior to extraction and quantification of chlorophyll a (Chl a), chlorophyll b (Chl b) and total carotenoids
(Car) by spectrometry. A) Quantification of pigments extracted from developing HT and HM mutant plants grown
for 15 days. B) Quantification of pigments extracted from mature HT and HM mutant plants grown for 1 month. The
amount of pigments in WT was set as 100% and the pigment content in HT and HM mutant plants was calculated as
a percent of the WT value. For each value 6 independent plants were analyzed in duplicate. For developing
seedlings 15 to 20 plants were pooled for each sample (Error bars represent SD).
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No significant differences in content of all three pigments were measured in developing
and mature HT mutant plants grown under LL or VLL conditions as compared to WT (Figure 5A
and B). A strongly reduced level of Chl a, Chl b and Car was present in HM mutant plants as
compared to WT or HT mutant plants (Figure 5A and B). The reduction of pigment content in
HM mutant plants was less pronounced in plants grown at LL than in plants grown in VLL
(Figure 5A and B, compare left and right panels). In contrast to WT and HT mutant plants, the
slightly lower pigment content was measured in mature HM mutant plants (Figure 5B) than in
developing plants (Figure 5A).
Furthermore, we analyzed the pattern of the major carotenoids by HPLC. Preliminary
data indicated that while in WT and HT mutants plants the major carotenoids, such as
neoxanthin, violaxanthin, lutein and β-carotene, could be detected, HM mutant plants also
possessed small amounts of antheraxanthin, high amounts of zeaxanthin and reduced amounts of
violaxanthin (data not shown). The carotenoids present in WT and HT represent the typical
pigments composition in plants grown at ambient light conditions, while the appearance of
antheraxanthin and zeaxanthin, together with a decrease in violaxanthin, is commonly known as
the xanthophylls cycle that is activated under light stress conditions (Demmig-Adams and
Adams, 1996).
Photosystem I and II reaction centers are missing and several antenna proteins are reduced
in ohp2 knock out mutants
We analyzed the compositions of photosynthetic complexes in WT, HT and HM plants
grown for 1 month in 8 h light/16 h dark under VLL or LL conditions at 25°C. Immunoblot
analysis of PSII subunits and its antenna (Figure 6A), PSI subunits and its antenna (Figure 6B)
and selected members from the ELIP family (Figure 6C) revealed no significant differences in
the quality and quantity of all proteins investigated between WT and HT mutant plants grown
under LL (Figure 6A-C, left panels) and VLL (Figure A-C, right panels). In contrast, drastic
differences occurred between HM and WT or HT mutant plants.
The D1 protein from the PSII reaction centre was missing in HM mutant plants grown at
both, LL or VLL conditions, and only traces of the 33 kDa protein from the oxygen-evolving
complex (PSBO) were detected (Figure 6A). The amount of light-harvesting antenna proteins
from PSII (LHCB1-6) in HM mutant plants grown in LL or VLL was either comparable to WT
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and HT mutant plants (LHCB2 and LHCB5) or was significantly reduced (LHCB3, LHCB4 and
LHCB6). This reduction in protein amount was more pronounced at LL than at VLL (Figure
6A). The amount of LHCB1 was only slightly reduced in HM mutants grown at LL as compared
to WT or HT plants but not at VLL conditions (Figure 6A).

Figure 6. Protein analysis of ohp2 knock out mutants and WT plants grown at different light
regimes. Wild type (WT), heterozygous (HT) and homozygous (HM) mutant plants were grown for one month in a

8 h light/16 h dark cycle at 25°C at low light (LL, 50 µmol m-2 s-1) or very low light (VLL, 10 µmol m-2 s-1)
conditions prior to immunoblot analysis. A) Immunoblot of PSII core and antenna proteins, such as the D1 protein
from PSII reaction center (D1), the 33 kDa subunit of the oxygen-evolving complex (PSBO), three major lightharvesting proteins (LHCB1-3) and three minor light-harvesting proteins (LHCB4-6). B) Immunoblot of PSI core
and antenna proteins, such as the B subunit of PSI reaction center (PSAB) and four light-harvesting proteins
(LHCA1-4). C) Immunoblot of selected ELIP family members, such as ELIP1 and OHP1. Samples were loaded on
an equal protein basis (15-20 µg).

The subunit A from the PSI reaction center (PSAB) was either not detected or its amount
strongly reduced in HM mutant plants grown at LL and VLL, respectively (Figure 6B). While
the amount of two light-harvesting antenna proteins from PSI, LHCA1 and LHCA3, was reduced
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to a different extent in HM mutant plants grown at LL and VLL conditions, a reduced amount of
LHCA2 and LHCB4 was detected only at LL but not at VLL (Figure 6B). Thus, the reduction of
the antenna protein level in HM mutants was stronger in plants grown at LL than at VLL. In
contrast, the amount of the Cyt b6 subunit from the Cyt b6f complex and the AtpB subunit of the
ATP synthase complex was comparable between WT, HT and HM mutant plants (data not
shown).
Moreover, we tested whether the deletion of OHP2 influences the expression of other
members from the ELIP family. Immunoblot analysis revealed that no ELIP1 was detected in
WT and HT mutant plants grown at LL or VLL conditions (Figure 6C). This is in agreement
with previous reports that ELIP1 was not detected under LL conditions and accumulated only in
response to light stress (Heddad and Adamska, 2000; Andersson et al., 2003; Heddad et al.,
2006). Interestingly, HM mutant plants accumulated significant amounts of ELIP1, and its
amount was higher at LL than at VLL conditions (Figure 6C). Comparable amounts of OHP1
were present in WT and HT mutant plants grown at LL and VLL conditions. However, in HM
mutant plants the amount of OHP1 was strongly reduced at both growth conditions (Figure 6C).
Furthermore, we assayed changes in the protein content for selected subunits of PSI, PSII
and ELIP family members in WT, HT and HM plants of different ages grown under different
light and temperature regimes (Figure 7). Immunoblot analysis using protein samples isolated
from developing 10-days-old WT and HM seedlings grown at a 12 h light/12 h dark cycle at
18°C and at LL or VLL conditions revealed that the amount of D1 protein and LHCA3 was
significantly reduced in HT mutant plants and compared to WT, both at LL and VLL conditions
(Figure 7A). The level of LHCA1 and LHCB4 was lower in HT mutants grown at LL conditions
but at VLL conditions the level of both proteins was comparable to their amounts present in WT
plants. A small amount of ELIP1 was present in WT plants under LL and VLL growth
conditions but its amount increased dramatically in HT mutant plants under both growth
conditions tested (Figure 7A). As expected no OHP2 was detected in ohp2 knock out mutant in
contrast to WT control.
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Figure 7. Protein analysis of ohp2 knock out mutants and WT plants of different ages grown at
different light and temperature conditions. Immunoblot analysis with antibodies against selected
photosynthetic proteins isolated from wild type (WT), heterozygous (HT) and homozygous (HM) mutant plants.
Antibodies against the D1 protein from PSII reaction center (D1), two selected light-harvesting proteins of PSII
(LHCB3 and LHCB4), three selected light-harvesting proteins of PSI (LHCA1-3) and a member from the ELIP
family (ELIP1), were used. As a control an immunoblot of OHP2 is included. A) Plants were grown for 10 days (50
seedlings were pooled for each sample) in a 12 h light/12 h dark cycle at 18°C at low light (LL, 50 µmol m-2 s-1) or
very low light (VLL, 10 µmol m-2 s-1) conditions. B) Plants were grown for one (left) or 2 months (right) at VLL
conditions at a 8 h light/16 h dark cycle and at 25°C. C) Plants were grown for one month at VLL conditions either
at 18°C and at a 12 h light/12 h dark cycle (left) or at 25°C and at a 8 h light/16 h dark cycle. Samples were loaded
on an equal protein basis (15-20 µg).

Immunoblot analysis using protein samples isolated from 1-month- (Figure 7B, left) or 2month-old (Figure 7B, right) WT, HT and HM mutant plants grown at a 8 h light/16 h dark cycle
at 25°C and at VLL conditions showed that the amount of LHCA1 and LHCB3 is strongly and
LHCA2 slightly reduced in HM mutants of both ages as compared to WT or HT plants.
Immunoblot analysis using protein samples isolated from 1-month-old plants grown at VLL
conditions either at 18°C and at a 12 h light/12 h dark cycle (Figure 7C, left) or at 25°C at a 8 h
light/16 h dark cycle (Figure 7C, right) demonstrated that the amount of LHCA1 and LHCB3 is
strongly and LHCA2 slightly reduced in HM mutants as compared to WT or HT plants and this
effect is more pronounced at 25°C than at 18°C.
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DISCUSSION
This study revealed that the OHP2 protein is essential for photosynthesis by stabilizing
and protecting PSI complexes from photooxidative stress. The depletion of the OHP2 protein in
A. thaliana resulted in a very low growth rate and a photobleached phenotype of HM plants that
led to lethality under standard light conditions. HT mutants, however, with 20% lower OHP2
content as compared to WT plants were not influenced in their phenotypes and photosynthetic
performance. This is the same major physiological malfunction as in the ohp1 knock out mutant
described in Chapter 4. Ohp2 knock out plants had to be grown on a culture medium
supplemented with sucrose under LL or VLL light intensities, and even under such conditions
they were pale green with fragile bodies, thin stems and petioles and always died at the latest
when reproductive shoots were being formed. The severeness of the bleached ohp2 mutant
phenotype was strongly dependend on the growth conditions, where the light intensity, length of
photoperiod and temperature played the major role. The most affecting parameter was the light
intensity. With increasing growth light intensity from VVL through LL to NL the severeness of
photobleaching was more pronounced. Furthermore, HM mutant plants growing at continuous
illumination were less photobleached than plants cultivated in a light/dark cycle. It seems that the
HM mutants suffer severe photooxidation under conditions where light intensity changes are
drastic, as it is the case when light is switched on at the beginning of the light phase. This might
result from a better photoacclimation of plants grown under continuous illumination than
exposed to daily light/dark cycle. The third parameter essential for the severeness of the
phenotype was the temperature in which the plants were grown. A temperature of 18°C resulted
in a less expressed HM mutant phenotype than 25°C.
The dependence of HM ohp2 mutants on an external carbon source, strongly suggests that
a severe defect in the photosynthetic performance is hindering photoautotrophic growth. This
assumption was experimentally supported by PAM measurements. WT, HT and HM mutant
plants revealed high Fo values while the photosynthetic apparatus was still assembling in
developing plants (Figure 3B) that corresponds to a low rate constant energy trapping by PSII
(Simpson and Wettstein, 1980; Croxdale and Omasa 1990; Havaux, 1993). While in WT and HT
mutant plants the Fo value decreased during the development in HM ohp2 mutant plants the Fo
value remained high during the whole cultivation period. Similar effects were found in some
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high Chl fluorescence mutants with strongly reduced levels of PSII polypeptides (Meurer et al.,
1996). The high basal level of Fo in the ohp2 mutant with no (or only minor) changes in Chl
fluorescence kinetics in actinic light clearly indicates low or no photochemistry in such plants.
This clearly points to defective photosynthetic machinery in HM ohp2 mutant plants.
To explain the loss of photosynthetic performance in HM ohp2 mutants two possibilities
can be discussed. One possibility is that the lack of photoprotective OHP2 results in increased
photodamage and degradation of photosynthetic proteins. Another possibility is that OHP2 might
be essential for the assembly of photosynthetic apparatus. However, the following data strongly
support a photoprotective role of OHP2: (i) developing HM ohp2 mutants were clearly less
damaged in their photosynthetic machinery than mature plants, (ii) mutants grown at higher light
intensities or in a light/dark cycle were stronger affected in their phenotype than mutants grown
at lower light intensities or continuous light, and (iii) WT plants had higher levels of OHP2 in LL
than in VLL. Measurement of Chl fluorescence kinetics in HM mutant revealed that an
impairment of photosynthetic performance occurred already in cotyledon leaves suggesting the
importance of OHP2 photoprotection early during chloroplast development. It was reported that
developing chloroplasts are especially vulnerable to light (Wu et al., 1999; Yamasato et al.,
2008). This is consistent with the presence of OHP2 transcripts in etiolated seedlings and their
increase during photomorphogenesis (data not shown). It was reported that OHP2 is located in
PSI (Anderson et al., 2003). Unfortunately, all information obtained by PAM measurements
reflected events occurring in PSII (Maxwell and Johnson, 2000) and no direct information about
the fitness or quantum efficiency of PSI was possible using our experimental setup. However, we
assumed that a possible impairment of PSI efficiency might also affect PSII [Tjus et al., 2001],
leading to altered fluorescence kinetics.
Western blot analysis of proteins involved in photosynthesis revealed that the majority of
LHCA and LHCB proteins were decreased in the ohp2 knock out mutant grown under LL or
VLL conditions. The only exceptions were LHCB2 and LHCB5, which amounts were
comparable with those present in WT plants. The most effected were the reaction center proteins,
the D1 protein (Figure 6A) and the PSAB (Figure 6B), which were reported to be main target of
photooxidative damage during photoinhibition of PSII (Barber and Andersson, 1992; Melis,
1999; Andersson and Aro, 2001) or PSI (Hihara and Sonoike, 2001; Scheller and Haldrup,
2005), respectively.
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The Chl/Car-binding proteins in plants are located either in the reaction centers or form
antenna systems around PSI and PSII. The low content of Chls and Car in the HM ohp2 knock
out mutants (Figure 5A and B), leading to the pale green appearance of such plants, correlates to
the reduced content of Chl-binding proteins, such as LHCA, LHCB and reaction center proteins,
D1 and PSAB. A similar bleached phenotype was reported for the quadruple hli mutant of the
cyanobacterium Synechocysis sp. PCC6803 (Havaux et al., 2003). In such a mutant the level of
PSI reaction center proteins PSAA and PSAB was notably reduced relative to WT, whereas the
abundance of the D1 protein was little affected.
It is not clear what is the primary event leading to this effect in HM ohp2 mutants: (i) the
disturbed pigment biosynthesis and thus a low stability of synthesized pigment-binding proteins,
or (ii) the disturbed synthesis or stable insertion of these proteins in the presence of normal
pigment synthesis. In favor of the first possibility speaks the fact that Chls and Car play an
important role in the stabilization and folding of Chl-binding proteins (Croce et al., 1999; Hobe
et al., 2000) and that cyanobacterial Scps regulate tetrapyrrole biosynthesis in the
cyanobacterium Synechocysis sp. PCC6803 (Xu et al., 2002). A role of ELIP2 as a regulator of
Chl biosynthesis in A. thaliana was also reported (Tzvetkova-Chevolleau et al., 2007).
One of the protective mechanisms against photodamage in higher plants is the xanthophyll cycle
(Niyogi, 1999). Under light stress conditions the xanthophyll violaxanthin is converted to
zeaxanthin through an intermediate antheraxanthin (Esklin et al., 1997). Zeaxanthin and
antheraxanthin interact with excited Chls (Holt et al., 2005) to safely dissipate excess energy as
heat (Niyogi, 1999). Analysis of the carotenoid pattern by HPLC revealed the presence of
xanthophyll cycle pigments zeaxanthin and antheraxanthin in HM ohp2 knock out mutants
grown at low light intensities. This clearly indicates that such mutants experience light stress
under conditions, which not affect WT plants. Experimental proof for this statement is the
induction of ELIP1 in the HM ohp2 mutants grown at LL or VLL, but not in WT or HT mutant
plants (Figure 6C). This is in agreement with previous findings that ELIP1 in A. thaliana is not
detected in the absence of light stress (Heddad and Adamska, 2000; Heddad et al., 2006). These
data strongly support the assumption that OHP2 plays a fundamental role in photoprotection.
We therefore propose that in the analyzed HM ohp2 mutant the PSI reaction centers are
damaged due to the absence of photoprotection. The loss of PSI reaction centers leads in turn to a
loss of linear photosynthetic electron flow and inhibits the cyclic electron transport via
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ferredoxin and the putative ferredoxin-plastoquinone reductase (Bendall and Manasse, 1995) as
well as of the water-water cycle (Asada, 1999). Two latter electron transport ways are known to
participate in photoprotection. With an almost completely blocked photosynthetic electron flow,
the energy absorbed by PSII can only be dissipated by conversion to heat or fluorescence, but
mostly leads to the production of reactive oxygen species (ROS), leading to the destruction of
cellular compounds, particularly proteins associated with the photosystems (Niyogi, 1999).
Further, with the damaged and degraded reaction centers and antenna proteins, the amount of
free Chls arises. Photosensitized free Chls might generate singlet oxygen, thus elevating the level
of ROS (Asada, 2006). One assumed function of ELIPs is to bind free Chls to prevent formation
of single oxygen (Adamska, 2001). A massive accumulation of ELIP1 in HT ohp2 mutant plants
grown at LL or VLL conditions (Figure 6C and Figure 7A) supports this concept.
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All life on earth depends on photosynthesis. It maintains the biosphere by release of
O2 and is the exclusive source for biomass production derived from fixation of CO2. This
process is driven by solar energy, the ultimate source of energy for our planet. Nevertheless,
as the title of Barber and Andersson (1992) brings it to the point: ‘Too much of a good thing:
light can be bad for photosynthesis’. The excess of absorbed sunlight that can not be
converted to chemical energy, leads to production of ROS which causes oxidative damage of
various cellular components (Krieger-Linszkay, 2004). This is predominantly the case when
plants exhibit various environmental stresses (Takahashi and Murata, 2008). In order to cope
with this antagonism between dependence and impairment/noxiousness, evolution has
equipped photoautotrophic organisms with a whole set of defence mechanisms to protect
them from the harmful side of light irradiance. These photoprotective mechanisms have been
the focus of extensive research during the past decades comprising anatomic and
morphological adaptation (Schurr et al., 2006), as well as diverse mechanisms on molecular
level, such as the rearrangement of the photosynthetic machinery (Walters, 2005),
acclimation mechanisms known as state transition (Dietzel, 2008), thermal dissipation by
xanthophylls (Demmig-Adams and Adams, 1992; Niyogi, 1999), altered photosynthetic
electron flow (Bendall and Manasse, 1995; Asada, 1999; Cruz et al., 2004) and scavenging of
reactive oxygen species by enzymes or antioxidant molecules (Mittler, 2002; Blokhina et al.,
2003). The focus of this work was to obtain more insight into some of these molecular
mechanisms of photoprotection by exploring aspects of isoprenoid biosynthesis and by
elucidating the physiological function of the light stress-induced ELIP protein family.
Comprising the isoprenoid metabolism, tobacco plants were genetically engineered to
express bacterial genes of early steps of the carotenoid biosynthetic pathway (GGDP synthase
and phytoene synthase). They showed enhanced biosynthetic capacities for the formation of
carotenoids and tocopherols and by combinatorial expression of both genes the bottleneck
(GGDP pool) for the metabolic flux of various isoprenoids could be overcome. The higher
tocopherol and/or carotenoid level in turn led to enhanced photoprotection, and moreover a
clear compensation between the two lipophilic antioxidants. Remarkably the stress tolerance
was more pronounced when plants were preadapted to low light intensities. It is known for
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long and is now a commonly accepted fact that plants acclimated to low light irradiances
(often termed as shade plants), are more susceptible for photoinhibition (Demmig-Adams et
al., 1989; Baroli and Melis, 1998; Krause et al., 2003), as they are adapted to absorb a
maximal amount of light by increasing their light harvesting antenna size (Allen, 2003;
Ballottari et al, 2007). With a sudden appearance of high light irradiances, most of the energy
cannot be utilized or dissipated, leading to extreme high levels of ROS (Mittler, 2002).
This same observation could also be made with the analyzed A. thaliana mutants with
the altered ELIP protein level. Only in plants exposed to extreme photoinhibitory conditions,
reached by preadaptation to low light and a long incubation in darkness preceding stress
application, a correlation between ELIP protein level and photoprotection could be detected.
Mutants lacking ELIP1 or ELIP2 were stronger, overexpressor mutants were less
photoinhibited than wild type plants. Although the possible compensatory effects, which
might exist in plants grown at ambient light conditions, were not elucidated, it seems feasible
that ELIPs are involved in photoprotection. Adamska et al., (1999) showed that ELIPs bind
pigments, but it is still not proven whether they are transiently binding free chlorophyll
molecules and so preventing the formation of free radicals or/and if they are binding
carotenoids and so acting as sinks for excitation energy. It is also not clear if this function is
the same during light stress and in assembly, rearrangement and degradation of the
photosynthetic machinery. The missing molecular role of ELIPs, might be solved with
pigment binding studies, disecting which pigments are bound under the different inducing
conditions.
Other findings were made for the OHP proteins. These proteins are the most pristine
members of the ELIP family (Heddad and Adamska, 2002) and showed to be associated with
PSI. Andersson et al. (2003) proved this for OHP2, while for OHP1 this could be revealed
during this work (Chapter 4). Furthermore, the disruption of either of the two OHP genes led
to a severe photobleached phenotype and lethality of mutant plants. Light stress conditions
and irreversible photoinhibition was reached even at low light conditions. The xanthophyll
cycle was activated in such mutants and the ELIP1 protein was induced. This allows the
statement that OHP proteins are essential for the photoprotection of PSI.
Despite the fact that the experimental proof is still missing we expect that OHP1 and
OHP2 are forming a heterodimer. Clear evidences support this hypothesis: (i) in knock out
mutants for either of the two genes both proteins are lacking (Chapter 4 and 5); (ii) an
increase in protein level is only achieved when both genes are overexpressed in one plant
(Chapter 2). Further it is proposed that all one helix proteins need to oligomerize in order to
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be able to bind pigments (Green and Kühlbrandt, 1995) and it has been proven for
cyanobacteria (He et al., 2001).
While PSI is reported to be quite stable and is photodamaged only at chilling
temperatures (Scheller and Haldrup, 2005), it is accepted that at ambient temperature the
main target of photooxidation is PSII (Aro et al., 1993; Melis, 1999). As all described ELIP
and SEP proteins have been localized in PSII (Adamska, 2001), it appears reasonable that
there might be a redundancy of ELIPs for the involvement in photoprotection of the more
sensible PSII. Expression studies of all ELIP and SEP genes in single and multiple knock out
mutants might help to clarify this question. Furthermore, the identification of the precise
interaction partners of the diverse ELIP and SEP proteins in the photosynthetic complex is of
major importance. Diverse tools to facilitate biochemical analyses were generated during this
work, and might be used in the future.
Besides, it would be interesting to create the link between the findings obtained by
alteration of the isoprenoid biosynthetic pathway and the ELIP protein family. Several A.
thaliana mutants were generated with additional carotenoid biosynthetic enzymes, which can
be used to analyze if enhanced photoprotection by higher or altered carotenoid level is
compensated by changes of the ELIP protein level. The analyzed tobacco plants were indeed
tested for their ELIP protein level, but the used antibodies (for pea and A. thaliana) did not
recognize the tobacco ELIP proteins. The mutants with an additional bacterial carotene
hydroxylase (crtZ), leading to enhanced xanthophyll cycle conversion rates (Götz et al.,
2002), would be the most interesting plants for this type of study.
Considering together, the presented studies clearly show that the growth condition and
adaptation state of a plant is essential to study single stress responses. However,
compensation between different stress defence mechanisms is always present. This is not
surprising in view of the fact that in nature plants exhibit several stresses at the same time,
making it necessary that the diverse defence mechanisms interact with each other. To
understand these defence mechanisms and acclimation capabilities of plants, both the single
stress response and the interplay between different stresses must be considered. However, the
attempt to compare the different stress responses analyzed by diverse researchers is often
hindered by the differences in growth and stress conditions and the variation in experimental
design. Hence more works are being done to study different stress conditions at the same time
(Wang et al., 2003; Niinemets and Valladares, 2004). As the era of the ‘nomics’ (gen-/proteo/metalobo-) has already began, the major task to comprehend the interplay between the
complexity of plant stress responses will surely soon lead to the identification of more
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general stress regulatory elements. These central interfaces are of major significance for the
improvements of crop plants, especially in the nowadays always more deteriorating
environment of our earth, to feed the rapid growing human population.
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