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 Summary 

The conditional flu mutant of Arabidopsis provides a unique model system to study the role of 

singlet oxygen (1O2) in plant stress signaling. In the dark, flu over-accumulates 

protochlorophyllide in plastids and after a dark to light shift (D/L) the protochlorophyllide acts as 

a photosensitizer and produces 1O2. As a consequence of the 1O2 burst after a dark to light shift, 

the etiolated flu seedlings die and mature plants show cell death and growth inhibition. In 

addition to the visible stress responses, flu also shows rapid upregulation of many nuclear genes 

after the release of 1O2.  

This study was conducted to investigate how the production of 1O2 in chloroplasts leads to the 

regulation of nuclear genes. In this study, a 1O2-specific promoter/reporter line was established 

in the flu background. The promoter of the 1O2-specific AAA Type ATPase gene was fused with 

the luciferase reporter gene and transferred into the flu mutant of Arabidopsis. In the flu 

AAA:LUC+ transgenic line the basal expression of the reporter gene under continuous light is 

negligible. The upregulation of the luciferase reporter gene was observed in the flu AAA:LUC+ 

line after a D/L shift as well as in plants grown under continuous light after  the application of 
1O2-producing photosensitizer Rose Bengal. In contrast, no upregulation of the reporter gene 

was observed after the application of paraquat (produces O2
• – /H2O2). The flu AAA:LUC+ reporter 

line was mutagenised in order to identify factors which may be involved in transcriptional 

regulation mediated by 1O2. The screening for mutants which show constitutive upregulation of 

AAA:LUC+ reporter gene under continuous light was completed successfully. In this study, 6 

Constitutively Activated AAA:LUC+ (caa) mutants were reported. These mutants show organ and 

developmental-specific expression of luciferase and also different levels of specificity to different 

ROS-specific marker genes. One of the constitutive mutants, dubbed caa13, was further 

characterized. Under continuous light, caa13 shows constitutive upregulation of the luciferase 

reporter gene in actively dividing apical regions. The 1O2-specific marker genes were 

upregulated in caa13 under continuous light, whereas the O2
• – /H2O2-specific marker genes were 

slightly downregulated. Map-based cloning revealed that caa13 is allelic to the PLEIOTROPIC 

REGULATORY LOCUS 1 (PRL1) gene. The PRL1 protein is highly conserved in plants and in 

other eukaryotes. The PRL1 protein was also shown to interact with AtCDC5 and be a part of 

the NTC complex associated with the spliceosome. The flu prl1-5 (caa13) mutant shows more 

tolerance to cell death after the release of 1O2 and to the combined stress of high light and cold 

than flu. The role of PRL1 in stress signaling as a modulator of transcription is discussed in this 

study.   
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Zusammenfassung 

 

Die konditionierbare flu Mutante stellt ein Modellsystem dar, mit dem die Rolle von Singulett 

Sauerstoff als Signalgeber bei pflanzlichem Stress untersucht werden kann. Im Dunkeln 

überakkumuliert die flu Mutante Protochlorophyllid in den Plastiden, und nach einem Dunkel-

/Licht-Wechsel wirkt das Protochlorophyllid als Photosensitizer und produziert Singulett 

Sauerstoff. Als Folge der erhöhten Singulett Sauerstoff Konzentration nach einem Dunkel-/Licht-

Wechsel sterben etiolierte flu Keimlinge und reife Pflanzen zeigen Zelltod und Wachstumsstop. 

Zusätzlich zu den sichtbaren Stressantworten zeigt die flu Mutante eine schnelle Hochregulation 

einer Vielzahl von Kerngenen nach der Freisetzung von Singulett Sauerstoff. 

 

Ziel der vorliegenden Untersuchung war es herauszufinden, wie die Freisetzung von Singulett 

Sauerstoff in Chloroplasten zur Regulation von Kerngenen führen kann. Dazu wurde im flu 

Hintergrund eine Singulett Sauerstoff-spezifische Promoter-/Reportergen Linie etabliert. Der 

Promoter des Singulett Sauerstoff-spezifischen AAA Typ ATPase Gens wurde mit dem 

Luciferase Reportergen fusioniert und in die flu Mutante von Arabidopsis übertragen. In der flu 

AAA:LUC transgenen Linie, die unter Dauerlicht angezogen wurde, ist die Basalexpression des 

Reportergens kaum nachweisbar. Dagegen wird das Luciferase Reportergen sehr stark 

hochreguliert in flu AAA:LUC Pflanzen nach einem Dunkel-/Licht-Shift sowie in transgenen 

Pflanzen, die im Dauerlicht angezogen wurden und mit dem Singulett Sauerstoff-spezifischen 

Photosensitizer Rose Bengal behandelt wurden. Im Gegensatz dazu wurde das Reportergen 

nicht hochreguliert nach Zugabe von Paraquat, das spezifisch Superoxid bzw. H2O2 produziert. 

Die flu AAA:LUC Reporterlinie wurde mutagenisiert, um Faktoren zu identifizieren, die bei der 

transkriptionellen Regulation durch Singulett Sauerstoff eingeschaltet sind. Es konnten mehrere 

Mutanten isoliert werden, bei denen das AAA:LUC Reportergen konstitutiv hochreguliert ist. In 

dieser Arbeit werden insgesamt 6 Constitutively Activated AAA:LUC (caa) Mutanten vorgestellt. 

Diese Mutanten zeigen eine organ- und entwicklungsspezifische Expression der Luciferase, und 

die Expression verschiedener ROS Markergene werden auf unterschiedliche Art und Weise 

durch die Mutationen beeinträchtigt. Eine der konstitutiv aktiven Mutanten, caa13, wurde weiter 

charakterisiert. Unter Dauerlicht angezogen zeigt die caa13 Mutante eine konstitutive 

Hochregulation des Luciferase Reportergens in sich aktiv teilenden meristematischen Regionen. 

Singulett Sauerstoff-spezifische Markergene wurden in der caa13 Mutante unter Dauerlicht 

hochreguliert, während Superoxid- und H2O2-spezifische Markergene leicht herunterreguliert 

wurden. Mit einer map-based cloning Strategie konnte gezeigt werden, dass caa13 ein Allel des 
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PLEIOTROPIC REGULATORY LOCUS 1 (PRL1) Gens darstellt. Das PRL1 Gen ist 

hochkonserviert in Pflanzen und in anderen Eukaryoten. Vom PRL1 Protein ist bekannt, dass es 

mit dem AtCDC5 Protein interagiert und Teil des NTC Komplexes ist, der mit Spliceosomen 

assoziert ist. Nach der Freisetzung von Singulett Sauerstoff zeigt die flu prl1-5 (caa13) Mutante 

gegenüber Zelltod sowie einem kombinierten Stress von Starklicht und Kälte eine höhere 

Toleranz als die flu Mutante. Die Rolle von PRL1 als Transkriptionsmodulator während der 

Uebertragung von Stresssignalen wird in dieser Arbeit diskutiert. 
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Abbreviations 

AAA  ATPase Associated with various cellular Activities 

AMPK  AMP-activated protein kinase 

AP1  activator protein-1 

ATF  activating transcription factor 

BAP1  bonzai association protein1  

BCAS2 Breast carcinoma amplified sequence 2 

bp  base pair 

BLAST  Basic Local Alignment Search Tool 

CAPS  Cleaved Amplified Polymorphic Sequences 

Chl  Chlorophyll 

cM  centimorgan 

Col  Columbia 

cDNA  complementary deoxyribonucleic acid 

dNTP  deoxyribonucleotide triphosphate 

DTT  dithiothreitol 

D/L  dark/light 

EDTA  ethylenediaminetetraacetic acid 

E. coli  Escherichia coli 

EMS  ethane methyl sulfonate 

GPXH  glutathione peroxidase homologous 

HOD  hydroxy octadecadienoic acid 

HOT  hydroxy octadecatrienoic acid 

HR   hypersensitive response 

Hsp  heat shock protein 

INDEL  insertion/deletion 

JA  Jasmonic acid 

LB  Luria-Bertrani 

Ler  Landsberg erecta  

LL  continuous light 

MS  Murashige and Skoog 

NCBI  National Center for Biotechnology Information 

OD   optical density 
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ORF  open reading frame 

PCR  polymerase chain reaction 

PCD  programmed cell death 

PSII  photosystem II 

PUFA  polyunsaturated fatty acid 

ROS  reactive oxygen species 

rpm  revolution per minute 

RT-PCR reverse transcriptase polymerase chain reaction 

SCF  Skp1-cullin-F-box 

Skp1  S-phase kinase-associated protein 1 

SSLP  simple sequence length polymorphism 

SNF1  sucrose nonfermenting 1 

SnRK  Snf1-related protein kinases 

SNP  single-nucleotide polymorphisms 

TAIR  The Arabidopsis Information Resource 

tAPX  thylakoid-bound ascorbate peroxidase 

UTR  untranslated region   

vs  versus 

WT  wild type 
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1 Introduction 

1.1 Plant stress signaling 

Land plants are sessile organisms in a continuously changing environment. Plants need to cope 

with unfavorable environmental factors like cold, heat, drought, strong light and salt etc. In 

addition, plants must deal with biotic stress factors, such as pathogens and herbivores as well as 

with competition from other plants. Plants have evolved sophisticated mechanisms to perceive 

external signals, allowing an optimal response to environmental conditions.  

Multiple signaling pathways control the stress responses of plants (Glazebrook, 2001; Knight 

and Knight, 2001). Signal transduction pathways leading to stress responses begin with the 

perception of the stress factor by the plant followed by the generation of second messengers, 

which amplify the original signal. These stress signaling pathways constitute a network where 

specificity and cross-talk occur at different levels to produce a complex stress response in plants 

(Knight and Knight 2001; Singh et al., 2002). Molecular and biochemical studies suggest that 

abiotic stress signaling in plants involves a receptor-coupled phosphorylation, phosphoinositiol-

induced Ca2+ changes, mitogen-activated protein kinase cascades and transcriptional activation 

of stress-responsive genes (Xiong et al., 2001).  

 

1.2  Reactive Oxygen Species (ROS) in plant stress signaling 

Molecular oxygen (O2) is necessary for aerobic life, but at the same time it is responsible for the 

formation of ROS. ROS are produced continuously as inevitable byproducts of reactions 

involving oxygen, like oxygenic photosynthesis or respiration. In contrast to O2, these derivatives 

of oxygen are highly reactive and toxic for the cell (Mittler, 2002). Production of ROS follows 

almost every environmental change that triggers a stress response in plants. Under normal 

growth and development, a finely tuned network of scavenging mechanisms keeps the levels of 

ROS in cells low (Alscher et al., 1997). However, nearly every environmental stress can unsettle 

the balance between ROS production and ROS scavenging, resulting in a marked increase of 

the ROS level (Malan et al., 1990; Tsugane et al., 1999). 

Activation of oxygen to generate reactive intermediates can occur by two different mechanisms: 

energy transfer or electron transfer reactions. In the former case it will form singlet oxygen (1O2), 

if sufficient energy is absorbed to reverse the spin of one of the unpaired electrons of O2. The 
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uptake of one, two or three electrons by O2 leads to the formation of superoxide radical (O2
.-), 

hydrogen peroxide (H2O2) or the hydroxyl radical (HO) respectively (Fig. 1-1) 

 

 

Fig. 1-1: Formation of ROS in cells. Atmospheric oxygen in its ground state is marked in blue and the most 
commonly produced ROS in red. Modified from Apel and Hirt, 2004. 

 

1.2.1 Mode of action of ROS in biological systems 

ROS may react with a large variety of bio-molecules and may cause irreversible damage (Girotti, 

2001). For example, lipid peroxidation may affect the plasma membrane and lead to cell leakage 

(Zimmermann and Zentgraf, 2005). Intracellular membranes can also be damaged by ROS, 

finally resulting in the impairment of essential cellular processes like respiration or 

photosynthesis. ROS are also responsible for the bleaching of leaves, caused by the oxidation of 

pigments (Dat et al., 2001). In contras to these irreversible damages, ROS may act as signaling 

molecules that activate and control various genetic stress-response programs (Dalton et al., 

1999). 

Typically, different ROS have different degrees of reactivity and can react with different 

molecular targets. HO is the most reactive among them and is potentially able to oxidize any 

biological molecule. There is no enzymatic mechanism to eliminate it, and the massive 

impairments to cell components caused by an excess of HO- production often result in cell death 

(Vranova et al., 2002). O2
- is a charged molecule and can oxidize specific amino acids, affecting 

the activity of certain enzymes. O2
- cannot cross biological membranes and is rapidly 

transformed into H2O2 by superoxide dismutase (SOD). Sub-cellular compartmentation of 

defense mechanisms is crucial for efficient removal of O2
- at their site of generation.  On the 

other hand, H2O2 which is formed as a result of SOD action, is capable of diffusing across 

membranes and has a relatively long half life compared to other ROS. H2O2 can inactivate 

enzymes by modifying their thiol groups (Charles and Halliwell, 1980). 
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1.2.2 ROS as signaling molecules 
The increase of ROS concentrations triggered by adverse environmental conditions has been 

regarded as an inevitable consequence of stress leading to oxidative damage. During the course 

of evolution, photosynthetic organisms have developed numerous protective mechanisms to 

detoxify ROS within the cell (Ledford and Niyogi, 2005). Cell death usually occurs when the 

amounts of ROS produced exceed the scavengeing capacity of the cell. However, several recent 

studies have revealed that ROS also function as regulators in several essential biological 

processes including responses to both biotic and abiotic stress, programmed cell death, 

hormone signaling, growth and morphogenesis (Vranova et al., 2002; Laloi et al., 2004). It has 

been suggested that the signaling role of ROS in plants evolved as a consequence of the high 

degree of control that suppresses ROS cytotoxicity in cells (Mittler et al., 2004). Sublethal ROS 

concentrations can act as a signal that triggers different stress responses to unfavorable 

conditions, preparing the plant for further stress. 

The first indications of a signaling role for ROS emerged in the field of pathogen-defence 

responses. Catalase was found to be a salicylic acid (SA)-binding protein, and H2O2 appeared to 

be a component in the signaling transduction pathway triggered by SA and leading to 

pathogenesis-related (PR-1) gene induction (Chen et al., 1993). Since then it has become an 

evident that changes in the concentration of H2O2 affect the expression of a large number of 

genes (Neill et al., 2002; Mittler et al., 2004). This gene network includes ROS-scavenging and 

ROS-producing proteins are seems to be involved in controlling the levels of ROS with a 

signaling purpose as well as protecting against oxidative damage (Mittler et al., 2004).  

It has been intensively studied during the last few years how ROS are sensed and used as 

signals that regulate gene expression. Up to now some components belonging to the ROS 

signaling network have been identified such as OXI1 which is a serine/threonine kinase (Rental 

et al., 2004). Plants seem to have evolved different strategies to transmit the signal from the site 

of ROS production to the nucleus, which ultimately results in changes in gene expression. Three 

different modes of action have been proposed to describe the signal transduction pathway 

triggered by ROS (Apel and Hirt, 2004): first, ROS might interact directly as a second messenger 

with e.g. a transcription factor, involved in gene regulation. As a second option, ROS might 

generate oxidation products that act as signaling molecules, as it is the case for oxylipins 

derived from lipid peroxidation (Przybyla et al., 2008). The third possibility is based on the 

regulatory role exerted by the redox status of chloroplasts (Pfannschmidt, 2003). A higher 

production of ROS in the chloroplast may have an indirect role, activating scavenging 
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mechanisms that ultimately lead to a shift in the redox balance of the organelle, known to be 

responsible for the modulation of gene expression and enzyme activity (Pfannschmidt et al., 

2003). 

 
1.2.3  ROS-mediated transcriptional regulation 
In response to ROS production, cells activate the expression of a number of genes, including 

those required for the detoxification of reactive molecules as well as for the repair and 

maintenance of cellular homeostasis. In many cases, these induced genes are regulated by 

transcription factors whose structure, subcellular localization, or affinity for DNA is directly or 

indirectly regulated by the level of oxidative stress.   

In case of bacteria, the SoxR and SoxS proteins have been demonstrated to orchestrate the 

bacterial response to superoxide, whereas the OxyR protein is involved in responding to 

hydrogen peroxide (Pomposiello and Demple, 2001). In both cases, the transcriptional 

machinery directly or indirectly senses the relevant oxidant species. Based on studies in yeast 

and mammalian systems, two major steps in the transcriptional activation of eukaryotic 

transcription factors seem to be influenced by redox balance: nuclear relocalization and DNA 

binding (Bauer et al., 1999) 

In plants, a response to changing environmental conditions is accomplished partly by activation 

of transcription factors or by preferential translation of pre-made mRNAs. How this stress 

response is controlled at the transcriptional level is still the subject of investigation. There is not 

a general rule regarding specific classes of transcriptional factors responsible for activation of 

specific stress responsive genes. As an example, many ABA-responsive genes have the ABA-

responsive element (ABRE) to impart ABA induction. Proteins binding to this ABA-responsive 

complex contain bZIP motifs. Besides bZIP proteins, other transcription factors can also activate 

ABA-responsive genes. The Arabidopsis ABI4 is an APETALA2 (AP2) domain-containing 

transcription factor. The drought and ABA-responsive RD22 promoter-binding protein RD22BP1 

of Arabidopsis is a MYC-like transcription factor (Abe et al., 1997). WRKY transcription factors 

are specific to plants and are induced by different stress and during senescence. They possess 

a redox-sensitive zing-finger DNA-binding domain (Arrigo, 1999).WRKY proteins bind to W 

boxes that are present in promoters of many defense genes. In addition, the zinc-finger protein 

Zat12 also has been proposed to play a central role in reactive oxygen and abiotic stress 

signaling in Arabidopsis (Davletova et al., 2005). Transcriptional profiling of Zat12-

overexpressing plants and wild-type plants subjected to H2O2 stress revealed that constitutive 
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expression of Zat12 in Arabidopsis results in the enhanced expression of oxidative- and light 

stress-response transcripts. 

 
 

1.2.4  The role of ROS during retrograde signaling 
The expression of nuclear genes is influenced by the functional state of plastids via a process 

known as retrograde signaling. Three independent plastid-to-nucleus retrograde signaling 

pathways have been described (Koussevitzky et al., 2007). In the first pathway, accumulation of 

Mg–protoporphyrin IX (Mg-protoPIX), a chlorophyll biosynthetic intermediate, leads to down-

regulation of hundreds of genes in Arabidopsis and has been shown to be involved in gene 

regulation in Chlamydomonas reinhardtii (Strand et al., 2003). Gene products of four Arabidopsis 

GENOMES UNCOUPLED (GUN) loci, GUN2, 3, 4, and 5, are involved in modulating Mg-protoP 

IX levels (Strand et al., 2003, Mochizuki et al., 2001). A second pathway represses Lhcb 

expression in response to inhibition of plastid gene expression (PGE) and requires GUN1 (Gray 

et al., 2003, Nott et al., 2006). The third signaling pathway mediates signals derived from the 

reduction/oxidation (redox) state of the photosynthetic electron transfer chain (PET) and affects 

both photosynthesis-related and stress-related genes (Gray et al., 2003, Nott et al., 2006). The 

redox state of the plastoquinone pool and other PET-components, as well as ROS produced by 

photochemical reactions in chloroplasts play a role in retrograde signaling. Changes in the redox 

state of the chloroplast electron transport chain or of pools of photosynthesis-coupled redox-

active compounds regulate the expression of both plastom and nuclear-encoded chloroplast 

proteins (Pfannschmid, 2003).  Many environmental variables such as light, temperature, water 

or nutrient availability affect the efficiency of PET and as a result lead to the production of ROS 

in chloroplasts (Fig.1-2). Under natural stress conditions, different ROS are generated 

simultaneously in chloroplasts; hence, it is difficult to study the possible biological activity and 

signaling role of individual ROS separately. In order to address this question, one would need to 

find conditions under which only one specific ROS is generated at a given time within a well-

defined subcellular compartment, and which also triggers a visible stress response. 
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Fig. 1-2: Generation of ROS within chloroplasts. Under light stress, the excited triplet chlorophyll 3P680* of the PSII 
reaction centre may transfer its excitation energy onto triplet ground state oxygen 3O2 giving rise to the highly reactive 
singlet oxygen (1O2). When the light-driven electron transport exceeds the consumption of electron by CO2 fixation, 
molecular oxygen can be reduced by PSI to superoxide O2

•– that is rapidly converted to hydrogen peroxide (H2O2) by 
superoxide dismutase (SOD). In the presence of transition metal like iron, O2

•– and H2O2 can give rise to the 
production of the highly reactive hydroxyl radical (OH•). (Adapted from Apel and Hirt, 2004) 

 

1.3 Photo-oxidative stress and singlet oxygen signaling 

Little is known about the highly reactive singlet oxygen (1O2), which is of particular concern to 

photosynthetic organisms. Singlet oxygen is an excited state molecule produced when a 

photosensitizer absorbs light energy and transfers it to ground-state oxygen. Since the main 

photosensitizers in plants are chlorophylls and their precursors, singlet oxygen is of special 

relevance to the chloroplast, which contains the photosynthetic apparatus, embedded in the 

thylakoid membranes. Almost any environmental change affects this highly organized system, 

optimized for light harvesting. The photosynthetic apparatus is a major site of damage under 

photo-oxidative stress conditions since it is exposed to a combination of an oxygen-rich 

environment and the formation of highly reactive oxygen intermediates (Karpinski et al., 2003; 

Ledford and Niyogi, 2005). 

Only a small portion of the total energy absorbed under full sunlight is finally used for CO2 

fixation (Asada, 1999). The excess of absorbed energy causes a permanent handicap for plants, 

because the energy that can not be used for photosynthetic metabolism is a potential source of 

photo-oxidative damage for plants, often evidenced as chlorosis or bleaching of leaves 

(Karpinski et al., 1999; Karpinska et al., 2000).  



                                                                                                                                       Introduction 
 

  - 16 - 
 

1.3.1 Singlet oxygen formation  
Singlet oxygen is produced in the antenna and reaction centers of the photosynthetic apparatus, 

where chlorophyll (Chl) is the main light-absorbing pigment. After absorbing light energy, Chl 

rapidly becomes an unstable, excited, singlet-state molecule (1Chl*) (Fig. 1-2). During 

photosynthesis, the excitation energy from 1Chl* is converted into an electrochemical potential 

via charge separation. Alternatively, energy can be released as heat or fluorescence.  

Unfavorable conditions can disturb the balance between light harvesting and light-driven 

electron transport. In this case 1Chl* may be converted to a lower excitation triplet-state molecule 

(3Chl*), which arises when an electron changes spontaneously its spin. The lifetime of the 3Chl* 

is greater than that of 1Chl* and it can react with molecular oxygen (3O2) to form singlet oxygen 

(Macpherson et al., 1993).There is general agreement that singlet oxygen is generated even in 

the absence of environmental stress. In the reaction center of PSII, singlet oxygen is 

continuously produced during illumination (Apel and Hirt, 2004). The α-tocopherols are 

specifically involved in the maintenance of the PSII function by scavenging singlet oxygen 

produced by the reaction center (Trebst et al., 2002; Havaux et al., 2005). However, tocopherol 

may not be the only singlet oxygen scavenger in the reaction center. Even under low light 

intensities rapid turnover of D1 protein occurs (Keren et al., 1995), which indicates that this 

active form of oxygen reacts also with the D1 protein. Controlled degradation of D1 could serve 

as a safety valve to quench singlet oxygen in the reaction center of PSII (Kruk et al., 2005). 

Under conditions that limit CO2 in the chloroplast, like high light intensities or drought, singlet 

oxygen generation is enhanced (Krieger-Liszkay, 2005). Indeed, singlet oxygen has been 

detected in higher amounts in leaves exposed to high light (Hideg et al., 1998; Fryer et al., 2002). 

In respones to photo-oxidative stress, plants have developed numerous photoprotective 

mechanisms (Niyogi, 2000). Besides collecting the light energy for photosynthesis, the antenna 

system of PSII is essential for the dissipation of excess excitation energy during illumination 

(Horton and Ruban, 2005). Carotenoids are very abundant in the antenna and act as the main 

scavengers of 3Chl* and singlet oxygen. In the antenna system, constitutive mechanisms as 

carotenoids are complemented by specific photoprotective processes activated exclusively 

under high levels of illumination (Horton and Ruban, 2005). Nevertheless, under circumstances 

where singlet oxygen generation is favored, the scavenging capacity of the chloroplast can be 

exceeded, resulting in photo-oxidative stress. In the PSII reaction center, an excess of excitation 

energy results in photoinhibition, when the rate of D1 damage exceeds the rate of repair (Aro et 

al., 1993). 
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1.3.2 Mode of action of singlet oxygen 
Singlet oxygen is highly reactive and may react with various bio-molecules. Ground state triplet 

molecular oxygen exists as a bi-radical where the two outermost valence electrons occupy 

separate orbitals with parallel spin (Fig. 1-3). When triplet oxygen absorbs sufficient energy to 

reverse the spin direction of one of its unpaired electrons, it forms the singlet state in which the 

two electrons have opposite spins. This activation overcomes the spin restriction of triplet 

oxygen and allows singlet oxygen to react as an electrophilic oxidant. Since paired electrons are 

common in organic molecules, singlet oxygen is very reactive towards them. Even though the 

exact half-life of singlet oxygen in vivo is difficult to determine (Ledford and Niyogi, 2005), there 

is general agreement that because of its short lifetime singlet oxygen reacts at the site of its 

origin (Moan, 1990).  

 

Fig. 1-3: Electronic states of organic molecules: triplet (3O2) and singlet (1O2) states. In the singlet state all 
electrons in the molecule are spin-paired, whereas in the triplet state one set of electron spins is unpaired. Electrons 
are shown as vertical arrows. 

 

Singlet Oxygen has been shown to modify lipids (Girotti and Kriska, 2004), nucleic acids 

(Martinez et al., 2003) and proteins (Davies, 2003). Furthermore, it has been suggested to play a 

key role in photoinhibition (Aro et al., 1993). Large amounts of singlet oxygen are produced in 

nonfunctional PSII of cyanobacteria (Nishiyama et al., 2004). In Chlamydomonas, singlet oxygen 

is responsible for the light-induced loss of PSII activity and degradation of D1 (Trebst et al., 

2002), and in higher plants there is also some evidence that singlet oxygen contributes to PSII-

photodamage processes (Mishra and Ghanotakis, 1994) and can even participate in the 

inhibition of D1 repair under strong photo-oxidative stress (Nishiyama et al., 2004). 
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1.3.3 Singlet oxygen signaling 
 
Singlet oxygen has a very short half life and can react with biological molecules at its site of 

production. Despite its short half-life, 1O2 plays a critical role in oxidative stress responses of 

plants and animals. It has been shown that singlet oxygen acts as signaling molecule in the 

apoptotic process induced by UV-A light and during photodynamic therapy (Tyrrell et al, 1991). 

Photochemically generated singlet oxygen was proposed to affect gene expression in cell 

cultures (Ryter and Tyrrell, 1998). Both the impairment and the activation of signaling processes 

by 1O2 result from the interaction of 1O2 with biomolecules and their oxidative modification (Klotz 

et al., 2003). It has been proposed that 1O2 may interact with either positive or negative 

regulators thereby stimulating or impairing a signaling pathway (Klotz et al., 2003). 

In plants, the chloroplast is the major source of different ROS. During photo-oxidative stress 

different ROS are produc simultaneously (Foyer and Noctor, 2000). So, it is difficult to study the 

role of a specific ROS under natural stress conditions. Experimentally it is possible to induce the 

formation of singlet oxygen through application of photosensitizers like Rose Bengal or 

methylene blue. Unfortunately, such photosensitizing dyes do not co-localize with Chl, therefore 

they do not provide precise information about how the stress response after the release of 

singlet oxygen in chloroplasts occurs. Inhibitors of photosynthetic electron transport such as the 

herbicides 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) or bromoxynil induce singlet oxygen 

formation in the chloroplast (Krieger-Liszkay and Rutherford, 1998; Fufezan et al., 2002). 

Similarly, inhibitors of Chl biosynthesis promote the accumulation of Chl precursors that are 

potent photosensitizers and are present in the chloroplasts. Leisinger et al., (2001) have shown 

the specific induction of the gluthathione peroxidase (Gpxh) gene in Chlamydomonas cells that 

overaccumulate protoporphyrin IX. In the same work, treatment with the photosensitizer neutral 

red, methylene blue and Rose Bengal also resulted in the induction of this protein.  

 

1.4 The flu mutant: a model system to study 1O2-mediated stress 
 signaling 

In higher plants, chlorophylls (Chl) are synthesized from glutamic acid. In the stage of Chl 

biosynthesis the reduction of protochlorophyllide (Pchl) to chlorophyllide is catalyzed by the 

enzyme POR (protochlorophyllide oxidoreductase), which is light-dependent (Apel et al., 1980). 

Higher plants have evolved highly efficient feedback mechanism to control chlorophyll 

biosynthesis in order to prevent the accumulation of free intermediates that potentially are 
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destructive when illuminated. In the dark, the Chl synthesis pathway leads only to the formation 

of Pchlide. Once a critical level of Pchlide has been reached, aminolevulinic acid (ALA) 

synthesis is inhibited by a metabolic feedback control (Fig. 1-4). The flu mutant is defective in 

this mechanism and cannot restrict the accumulation of Pchlide in the dark (Meskauskiene et al., 

2001). In flu, Pchlide over-accumulates in its free form, because the amounts of Pchlide 

produced in the mutant exceed the capacity of the POR enzyme to bind these pigment 

molecules (op den Camp et al., 2003). As a consequence of the overaccumulation of 

protochlorophyllide (Pchl) in the dark flu etiolated mutant seedlings emit red Pchlide 

fluorescence when exposed to blue light (Fig1-5 a). Pchlide can act as a potent photosensitizer 

(Boo et al., 2000). After shifting flu plants from the dark to the light, free Pchlide leads to the 

formation of singlet oxygen in the chloroplast (op den Camp et al., 2003). As a consequence of 
1O2 generation after a D/L shift, etiolated flu seedling show extensive damage and are not able 

to survive (Fig1-5 b). flu can be rescued by growing under continuous light. In continuous light 

protochlorophyllide is immediately converted to chlorophyllide by POR. flu grown under 

continuous light looks like wild type (Fig1-5c). Thus, flu offers an exceptional opportunity to study 

stress responses triggered by the release of singlet oxygen in a non-invasive and inducible 

manner. 

 
 

Fig. 1-4: FLU-Dependent Regulation of Pchlide Synthesis in Arabidopsis. (A) FLU is a membrane-bound plastid 
protein that mediates the feedback control of chlorophyll synthesis. It has been shown to interact with Glu-tRNA 
reductase, the enzyme catalyzing the first step in the tetrapyrrole biosynthesis pathway (Meskauskiene et al., 2001). 
The precise effector upstream of FLU feedback inhibition is not yet known as indicated by the question marks. ALA, -
aminolevulinic acid; Chlide, chlorophyllide (op den Camp et al., 2003) 

 
 
1.4.1 1O2-mediated stress responses of flu 
 
In flu, two major visible stress reactions were observed after the release of 1O2: cell death and 

rapid inhibition of growth (op den Camp, 2003). As shown in Fig. 1-5 (b), etiolated flu seedlings 

rapidly collapse after transferring them to light. In contrast, when grown under continuous light, 

flu plants develop like wt (Fig. 1-5 c). Mature flu plants stop growing and develop necrotic lesions 
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and cell death after dark-to-light shift (Fig. 1-6 A). The growth inhibition is maintained as long as 

plants are kept under light/dark cycles. However, the inhibition is reversible, when the plant is 

returned to continuous light (Fig. 1-6 B). Therefore, the flu mutant offers the possibility to study 

the impact of singlet oxygen at different development stages of Arabidopsis.  

 

 

Fig. 1-5: Phenotype of the conditional flu mutant. (a) flu and wt seedlings were grown in the dark and fluorescence 
was recorded after exposure to blue light. (b) Etiolated seedlings were transferred to white light for 12hr. (c) Seedlings 
were grown under permissive continuous light. (Meskauskiene et al., 2001). 

  

 
  

A.                                                                                                     B. 

 

 

 

 

 

 

 

 

 

 

                                                                                                             Time of treatment (days) 

Fig. 1-6: Stress reaction of flu plants after Dark/Light shift.  (A) Trypan blue staining showing cell death in flu after 
DL shift. (B) Light -induced grown inhibition of flu plants which is reversible. (op den Camp et al., 2003). 
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1.4.2 1O2-induced transcriptional regulation in flu 
In addition to the above mentioned visible stress responses, flu also shows a rapid and transient 

up-regulation of many nuclear genes after the release of singlet oxygen (op den Camp et al., 

2003) (Fig. 1-7). 

  

 

 

 

 

 

 

 

Fig. 1-7:  Singlet oxygen-induced changes in nuclear gene expression in flu 30 min after a D/L shift. Transcript 
levels of genes are shown in scatter plots of flu versus wild type. Plants were grown for 21 days under continuous light, 
shifted to the dark for 8 h, and reexposed to light for 30 min. Global changes in transcript levels were determined by 
using Affymetrix gene chips. 

 
The expression of nuclear genes in flu after a dark to light shift were compared with expression 

changes in paraquat-treated flu grown under continuous light. The herbicide paraquat acts as a 

terminal oxidant of photosystem I and in the light reduces oxygen to O2
• – which subsequently 

dismutates to H2O2. The expression patterns reveal distinct responses of the genome to these 

different ROS (op den Camp et al., 2003; Laloi et al., 2006). The changes of nuclear gene 

expression occur rapidly and transiently. Generation of 1O2 and O2
• – /H2O2 takes place within the 

plastid compartment; hence, these changes in nuclear gene activities imply a rapid exchange of 

signals between the chloroplast and nucleus. 1O2 has a short half life and it is unlikely that it 

leaves the plastid compartment and directly controls nuclear gene activities. Instead, 1O2 may 

generate a more stable second messenger within the plastid that could disseminate to other 

sub-cellular areas, including the nucleus, and trigger changes in nuclear gene expression. 

Nothing is known yet about the identity of components mediating this 1O2-induced nuclear gene 

expression changes.  
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1.5 Promoter : reporter based mutational screen 

Molecular genetics approach is becoming indispensable for dissecting complex signal 

transduction networks in higher plants. This approach involves the isolation of mutants based on 

reporter gene expression driven by an inducible promoter. The luciferase reporter has some 

advantages over other reporter systems such as non-invasiveness and a short half life of the 

luciferase enzyme which allows successive experiments (Xiong et al., 1999, Van Leeuwen et al., 

2000). The luciferase reaction emits light which can be measured by a photon counter. 

The success of a reporter-based genetic screen depends on the promoter used to drive the 

reporter. In general, the transcriptional regulation of genes is directly controlled by a network of 

transcription factors and transcription factor-binding sites (TFBS). TFBS are DNA elements that 

are often located in the regions directly upstream of protein coding sequences, but may also be 

located at more distant sites or even in introns (Aarts and Tievs et al., 2003). Binding of 

transcription factors to TFBS can be facilitated by activator proteins that either promote 

conformational changes or secondary modifications to activate transcription factors or promote 

the accessibility of TFBS. On the other hand suppressor proteins can compete with transcription 

factors for the binding sites or inactivate the transcription factors. The presence or absence of 

transcription factors, activators and suppressors regulating transcription of targeted genes often 

involves a whole cascade of signaling events determined by tissue type, developmental stage or 

environmental conditions (Wyrick and Young 2002). To dissect environmental stress signaling, 

Ishitani et al., (1997) chose the dehydration responsive (RD29A) promoter and luciferase 

reporter (RD29A:LUC) in Arabidopsis. The RD29A:LUC has been extensively used for genetic 

screening to isolate mutants involved in osmotic and cold stress signaling (Ishitani et al., 1997, 

Lee et al., 2006). Ball et al., (2004) presented evidence for a direct link between glutathione 

biosynthesis and stress defense gene expression in Arabidopsis using an APX2:LUC line which 

is induced by H2O2 under high light condition. In another screen using the APX2:LUC line Rossel 

et al., (2006) reported the isolation of a gain-of-function mutant alx8 involved in abiotic stress 

signaling in Arabidopsis. Using the cold induced RCI2A:LUC reporter, Medina et al., (2005) 

reported isolation of different Arabidopsis mutants involved in abiotic stress signaling pathways.  

Recently it has been reported that different ROS evoke different responses with respect to the 

expression of nuclear genes. A reporter system using various HSP70A promoter segments from 

Chlamydomonas reinhardtii fused with the luciferase has been used for the detection of either 

H2O2 or 1O2 -mediated signaling in vivo (Shao et al., 2007). 
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1.6 Objectives of the present work 
 
In photosynthetic organisms chloroplasts are the major source of different ROS. ROS play an 

important role as signals which plants use to modulate their gene regulation according to 

environmental clues. In recent years several models have been proposed to explain the role of 

ROS in retrograde signaling from the chloroplast to the nucleus. Despite these efforts, ROS 

signaling components are poorly understood. The flu mutant of Arabidopsis provides a unique 

opportunity to study the role of 1O2-mediated signaling. Previous attempts to identify signaling 

components from chloroplast to nucleus were reported to be localized in chloroplasts (Strand et 

al., 2003; Mochizuki et al., 2001). The EXECUTER1 which has been shown to mediate 1O2-

signaling in flu is also a chloroplastic protein (Lee et al., 2007).  While there is substantial 

evidence for the signaling roles of individual ROS, real time non-invasive measurements are still 

very limited. Keeping this in mind, the following objectives have been set for this study 

• To construct a reporter line to visualize and measure the production of 1O2. 

• High throughput screening for mutants using this reporter line to identify 1O2-mediated 

signaling components involved in chloroplast to nucleus signaling. 
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2 Material and Methods 

 

2.1 Chemicals 
Unless mentioned otherwise, chemicals used in this work were purchased from Sigma-Aldrich 

Chemie GmbH (Buchs, Switzerland). 

2.2 Primers 
Primers were synthesized by Microsynth (Switzerland) and SIGMA-GENOSYS (Germany). 

Lyophilized primers were dissolved in water to a final concentration of 100 µM (stock solution). 

 

Table2-1: List of Primers and markers used in this study 

a) Gene -specific primers used for expression study 

Name Forward primer 5’to3’ Reverse primer 5’to3’ 

At3g28580F/R TGAGCATCCAGCTACGTTTG TCGCTGCGATCATTGTAGAC 

At3g28580F6/R6 TGAAGAAATCAAGATGACACCGGCGGATG CTCTGCTTCTCTTCCTCCTCTTCCTCGACC 

At3g09870F/R GCTGCATCAATGATTCCAAG AAACCCGAATTCCTCTCTCG 

At2g35715F/R AGAGGCTTTGTGTTCTTGTCTTTG CTTCAAACCTCGATCTTGAACC 

Actin2 (At3g18780) ATTCTTGCTTCCCTCAGCAC CCCCAGCTTTTTAAGCCTTT 

Prof1(At2g19760) AGAGCGCCAAATTTCCTCAG CCTCCAGGTCCCTTCTTCC 

Ferritin1(At5g01600) CGTTCACAAAGTGGCCTCAG CAAACTCCGTGGCCTTTGC 

BAP1 GTGGGATCGTCAATCTTTCG GGCCACCGTATCCATCAATC 

LUC TTACACGAAATTGCTTCTGGTG CCTCGGGTGTAATCAGAATAGC 

b) Primers used for promoter cloning and sequencing 

Name Forward primer 5’to3’ Reverse primer 5’to3’ 

pAAAF/R AGGAATTCGCGATGCTCTGTAAAGTTG 
       EcoRI 

AAAGATCTCTTGAAGCTTTTGGCTTAGG 
        BglII 

At3g28580_PrLuc_L/Luc_R1 ACTGTATGAGTAACAGTCGCCCTAC TCTCTTCATAGCCTTATGCAGTTG 

Vector_L/Luc_R1 TACTTTCACCAGCGTTTCTGG TCTCTTCATAGCCTTATGCAGTTG 

35S_PrLuc_L/Luc_R1 CCACTATCCTTCGCAAGACC TCTCTTCATAGCCTTATGCAGTTG 

c) Primers used for  the identification of AAA:LUC+ insertion 

EcoR I Cassette 5' HO GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGAGAG 3' 
3' CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCTCTTAA OH 5' 

Hind III Cassette 5' HO GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGAGA 3' 
3' CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCT TCGA OH 5' 

Xba I Cassette 5' HO GTACATATTGTCGTTAGAACGCGTAATACGACTCACTATAGGGAGAT 3' 
3' CATGTATAACAGCAATCTTGCGCATTATGCTGAGTGATATCCCTCTAGATC OH 5' 

Cassette Primer C1 5' GTACATATTGTCGTTAGAACGCGTAATACGACTCA 3' 

Cassette Primer C2 5' CGTTAGAACGCGTAATACGACTCACTATAGGGAGA 3' 

LB3 CGCCTATAAATACGACGGATCGTAATTTGTCGT 

LB4 CTCCATATTGACCATCATACTC 

T22A6_F/R GCTCTACATAGATTTGTAATCAAACAC TCTCTTAATCTGCTAACACATGTCATC 

At3g55170_F1/R1 CTTCTCTCGTTCTGTCTTCAGCGACGC GTGTTGAAATGGATCCGTGAACAGCGAG 
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d) Primers used for Crud Mapping 

Chr Possition 
bp Name Forward primer 5’to3’ Reverse primer 5’to3’ 

3551 nga63 ACCCAAGTGATCGCCACC AACCAAGGCACAGAAGCG 

9621344  ciw12 AGGTTTTATTGCTTTTCACA CTTTCAAAAGCACATCACA 

20877364 nga280 GGCTCCATAAAAAGTGCACC CTGATCTCACGGACAATAGTGC 
I 

28185746 ATH ATPase GTTCACAGAGAGACTCATAAACCA CTGGGAACGGTTCGATTCGAGC 

1078851 F19B11 CCAAAGCTTTTGCTCTTGC TGGGTTTTGATGTTTTTCCTTT 

13875000 T21L14 TTCAAAGTTTCCACCTCATGC TATGTGTGAGGCCAAGAACC II 

16885036 T3G21 CTCGTGTTCGTGCGTAGC AAGCCAAGCAAACGCATC 

178000 F4P13 CAAGCCAAAAGGTCTTCACC TAATCCAGGCCTCGCAAC 

9775545 ciw11 CCCCGAGTTGAGGTATT GAAGAAATTCCTAAAGCATTC 

18901818 ciw4 GTTCATTAAACTTGCGTGTGT TACGGTCAGATTGAGTGATTC 
III 

22309429 T8B10 AGTGCTATTTTGTAATCGCT TCAACATTTCATTTTTTCCA 

1096000 T10P11 TCATGATAACACAGGGCGTAA TTCGCATATCTCATGCCATC 

737954 ciw5 GGTTAAAAATTAGGGTTACGA AGATTTACGTGGAAGCAAT 

7892620 ciw6 CTCGTAGTGCACTTTCATCA CACATGGTTAGGGAAACAATA 

8979890 FCA4 ATGTGTTGGAGACAGATTGAT AGTCACATACCCTTAATACTC 

IV 

11524362 ciw7 AATTTGGAGATTAGCTGGAAT CCATGTTGATGATAAGCACAA 

980000 MED24 TGCCTCCTTGGGAAAGTG GGCCCAAGCACACCTACA 
V 

19493000 K20J1 TGGGAAGACGATGATGGA CCGCATGATGCATAGCAA 

e) Markers used for fine mapping 

Chr Position Name Forward primer 5’to3’ Reverse primer 5’to3’ 

7892620 ciw6 CTCGTAGTGCACTTTCATCA CACATGGTTAGGGAAACAATA 

8608696 FCA2 AGCTGCATCTGGATCTACGG AAGCTCCCTCGGTCTACCAT 

8650083 FCA3a AGGAGATTTATGCAGATCTGG ATGCAAGAATGGTCTCTTCAATC 

8864826 FCA4a AGACTCATAAATTGTGGCAATTACG TGATCAAATGATGGTTATCTCACC 

8979890 FCA4 ATGTGTTGGAGACAGATTGAT AGTCACATACCCTTAATACTC 

9017468 FCA4b CTGTAACCTGAAACTTGAACGC CTTTGACATGTGCATCGACCTGTC 

9057478 FCA5a TGCGAAGAGGATCCAACGGTC CAAATGGAATCTTCCGAAGATACTC 

9850891 FCA9 CCATACATCGACAGATAATGT TGTCTTATGCATCGTCGGT 

IV 

11524362 ciw7 AATTTGGAGATTAGCTGGAAT CCATGTTGATGATAAGCACAA 

f) Primers used for sequencing of the candidate genes 
Gene 
name Primers name Forward primer 5’to3’ Reverse primer 5’to3’ 

At4g15900F1/R1 GCTTAAAAAGAAGATTTGTAGCCAG TCAATTAGCATTCAGATCAACGAAACC 

At4g15900F2/R2 CTGACCGCATCAATGAGCAGCCAGGAC ACCCAACCCAAGTGCCCCTGAATGAC 

At4g15900F3/R3 CTCAGCATTGTTGCTGCATCATACGGA CACAGATCAAAGTGAGTTCCAGTTAC 

At4g15900F4/R4 GTCCATGTTTACTTATTTGCAGGTG CATACCGAGACTTCTACATCTTACC 

PRL1 

At4g15900F5/R5 TGGGTGAGACATAATCATTTTCAACTG GTTGATCAAATACTTAGATTCGTCC 

ESD4_5UTR_F/R TCTCTTGGTCAAACTCTACGTTAG GTCTAAGAGGAGCTTTAGCATCAG 

At4g15880_F1/R1 GATTACTCAATCTCTAGGGTTTAGTG ATATCAACAACACAACAAACATAGTG 

At4g15880_F2/R2 ATCTTAGCGTTGAGATCGTTAGTGTG ACATGCGTAATATTAACAAGAGAATC 

At4g15880_F3/R3 TGACATGGTAATTTTGTCGAAGAACC GAGTGCTTCACTGCCTAAAAGGAGTG 

ESD4 

ESD4_3UTR_F/R GAACACATGCCATACTTCCGACTCAG TGTCAACATTTGTACTCACAAACAGC 
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g) Primers used for genotyping PRL1 T_DNA insertion 
SALK_096289 

T-DNA LBb1/ At4g15900 R1 GCGTGGACCGCTTGCTGCAACT TCAATTAGCATTCAGATCAACGAAACC 

WT copy At4g15900 F1/ R1 GCTTAAAAAGAAGATTTGTAGCCAG TCAATTAGCATTCAGATCAACGAAACC 

SALK_008466   

T-DNA LBb1/ At4g15900 F2 GCGTGGACCGCTTGCTGCAACT CTGACCGCATCAATGAGCAGCCAGGAC 

WT copy  At4g15900 F2/ R2 CTGACCGCATCAATGAGCAGCCAGGAC ACCCAACCCAAGTGCCCCTGAATGAC 

 

2.3 Growth of Arabidopsis 

All experiments were performed with Arabidopsis thaliana plants ecotypes Landsberg erecta 

(Ler) and Columbia (Col-0). 

2.3.1 Growth on MS plate 

Seeds were surface-sterilized by resuspending them in bleach solution (50% (v/v) sodium 

hypochlorite, 0.01% (w/v) Triton X-100). After 10 min the seeds were washed 4 times in sterile 

water. 

Sterilized seeds were plated on MS-agar plates. MS medium (Murashige and Skoog, 1962) was 

prepared with 2.5 g/l of MS including vitamins and MES buffer (Duchefa, Haarlem, Nederlands), 

0.8% (w/v) agar (Sigma®, St. Louis, USA) and supplemented with 5 g/l of sucrose. After 

adjusting the pH to 5.7 the medium was autoclaved and pored into 90 mm Ø petri dishes (~30 

ml/plate). 

Sown seeds were vernalized at 4°C for 4 days in the dark and then transferred to continuous 

light (80-100 µmol photons m-2 s-1, Philips Master TDL 36W, Philips Electronics N.V., Eindhoven, 

Netherlands and Sylvania Gro Lux F36W SLI Lichtsysteme GmbH, Erlangen, Germany) and 

controlled temperature (21°C) and humidity (65%). In case the settings of the experiment 

required other conditions, the specific treatment is mentioned. 

2.3.2 Growth on soil 

Seeds were sown on common rich soil (85% peat, 10% sand and 5% perlite) with low soluble 

fertilizer and after 10 days singled out in separate pots containing Klasmann Substrate No.2 

(Klasmann-Deilmann GmbH, Geeste-Gross Hesepe, Germany), which contains 100% peat and 

soluble compound fertilizer. The plants were grown under continuous light until the rosette leaf 

stage and after bolting they were either transferred to long-day condition (16 h light/8 h dark) to 

test the growth inhibition or kept in continuous light for transformation and/or seed collection. 
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2.4 DNA techniques 

2.4.1 Isolation of genomic DNA 

One cauline leaf was frozen in liquid nitrogen and 500 µl of Shorty buffer were added (0.2 M 

Tris-HCl pH 9.0; 0.4 M LiCl; 25 mM EDTA pH 8; 1% (w/v) SDS) and ground with an electric 

micropestle. After centrifugation 5 min at top speed and room temperature (RT), the supernatant 

was transferred to a fresh Eppendorf tube containing 350 µl of isopropanol. After centrifugation 

10 min at top speed and RT, the supernatant was discarded. The pellet was air-dried and 

dissolved in 400 µl of TE buffer (0.01 M Tris-HCl pH 8; 1 mM EDTA) by shaking at RT for 30 min. 

DNA was stored at -20°C. 

2.4.2 Isolation of plasmid DNA from E.coli 

The DNA was obtained from an overnight 3 ml E.coli liquid LB culture using a QIAprep® Spin 

Miniprep Kit (Qiagen GmbH, Hilden, Germany). Four ml were used for the isolation, according to 

protocol provided by the manufacturer, yielding 50 µl of DNA (100-200 ng DNA/µl). 

2.4.3 Polymerase Chain Reation (PCR) 

This in vitro technique allows the fast amplification of a specific DNA fragment. The PCR mix 

was prepared by adding to an Eppendorf tube 2 µl of DNA solution, 2 µl of BioTherm™ Mix 

Buffer, 1.5 units of BioTherm™ DNA Polymerase (Genecraft GmbH, Lüdinghausen, Germany), 

25 pmol dNTP (Fermentas GmbH, St. Leon-Rot, Germany), 20 pmol specific forward and 

reverse primers and water to a final volume of 20 µl. 

The reaction was performed in an iCycler Thermocycler (Bio-Rad AG, Reinach, Switzerland) 

using the following program: 5 min initial denaturation at 94°C; 45 cycles including: 15 s 

denaturation at 94°C, 30 s annealing at 55-60°C (temperature depending on the melting 

temperature of the primers) and elongation at 72°C (time depending on length of the DNA 

fragment, 1 Kb/min); 10 min final elongation at 72°C. The samples were run on an agarose gel 

or stored at 4°C. 

2.4.4 Purification of PCR products 

In order to purify PCR products (≥ 200 bp) Quantum Prep® PCR Kleen Spin Columns (Bio-Rad 

AG, Reinach, Switzerland) were used. The yield obtained ranged between 90-150 ng/µl. To 
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assess the quantity and quality of the purified DNA, OD260 and 280 were measured and the 

sample was loaded on an1% agarose DNA gel. 

 

2.5 RNA techniques 

 
2.5.1 Isolation of total RNA 
Seedlings grown on agar plates were frozen in liquid nitrogen and ground to a fine powder with 

mortar and pestle. Around 50-100 mg of powder were transferred to a 2 ml Eppendorf tube and 

1 ml of TRIZOL
® Reagent (Invitrogen AG, Basel, Switzerland) was added. The tubes were 

centrifuged at 11.400 rpm 15 min at 4°C (Eppendorf 5402) and the supernatants were 

transferred to a new tube. Chloroform was added (300 µl) and vortex was applied for 15 s. The 

samples were centrifuged again at 11,400 rpm for 15 min at 4°C and the aqueous phase was 

transferred to a new tube. After the addition of 750 µl of isopropanol, the samples were 

incubated 10 min at RT and centrifuged at 11,400 rpm for 10 min at 4°C. After washing the pellet 

with 1 ml of 75% ethanol, the samples were centrifuged at 9,000 rpm for 5 min at 4°C. The pellet 

was air-dried and dissolved in 150 µl of RNase-free water with a pipette tip. To increase the 

solubility, the samples were incubated for 5 min at 55°C. For quantification, 100 µl of a 1:100 

dilution from each sample were placed in a quartz cuvette and OD260 and OD280 were measured 

in a spectrophotometer (DU®640 Beckman Coulter, USA). The concentration was calculated 

according to Sambrook et al (1989). To assess the quality of RNA, an aliquot containing 2 µg 

was loaded on a 2% agarose gel. The RNA was stored at -80°C. 

 
2.5.2 Reverse transcription  
cDNA was synthesized from total RNA by means of reverse transcription. The cDNA was then 

amplified using standard PCR protocols. 

DNase treatment 
DNase treatment was performed in order to eliminate the remaining genomic DNA. For each 3 

µg of RNA 1 unit of RQ1 RNase-Free DNase and 1µl of RQ1 RNase-Free DNase 10x Reaction 

Buffer (Promega, Madison, USA) were mixed and water was added to a final volume of 10 µl. 

The reaction was incubated for 1h at 37°C and afterwards the enzyme was inactivated by adding 

1 µl of a stop solution and incubating it at 65°C for 10 min. 
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 cDNA synthesis 
To synthesize the cDNA from the RNA samples, the SuperScript™ II Reverse Transcriptase 

system (Invitrogen AG, Basel, Switzerland) was used. 350µM of Random Primers (Invitrogen AG, 

Basel, Switzerland) and 1 µl of 10 mM dNTP mix were added to the DNAase treated RNA 

samples. After incubation at 65°C for 5 min, the samples were allowed to cool down at room 

temperature for 10 min. To perform the synthesis, 4 µl of 5x First-Strand Buffer, 2 µl of 0.1 M 

DTT, 40 units of RNaseOUT™ Recombinant Ribonuclease Inhibitor and 200 units of 

SuperScript™ II Reverse Transcriptase were added to the tubes. The contents were mixed 

gently and the samples were incubated at 42°C for 50 min. The reaction was stopped by heating 

at 70°C for 15 min. The samples were then diluted by adding 80 µl of water. These samples 

were used for subsequent PCR reaction as template. 

2.5.3 Real-Time PCR 

Real-time PCR was used to quantify gene expression. In contrast to the traditional PCR, this 

method detects the amount of template during the early phases of the reaction. This provides 

more specific, sensitive and reproducible results than other forms of quantitative/semi-

quantitative PCR that detect the amount of final amplified product at the end-point. Data are 

collected during the course of the reaction, avoiding post-PCR processing. 

The equipment used was ABI Prism® 7700 Sequence Detection System together with 

SYBR®Green PCR Master Mix (Applied Biosystems, Foster City, USA). This mix contains the 

dye SYBR Green, which emits fluorescence upon binding to a double-stranded DNA. A 

sequence detector reads the changes in fluorescence emission, which are a direct consequence 

of DNA amplification during PCR.  

Samples containing cDNA, specific primers and PCR master mix were prepared according to the 

manufacturer’s instructions and adjusted to a final volume of 25 µl. A standard PCR program 

was used and the relative mRNA abundance was calculated using the comparative ΔCt method. 

The ΔCt value is determined by normalizing the Ct (cycle threshold) of the gene tested (Ctt) with 

the Ct of an endogenous control (Cte): 

ΔCt = Ctt - Cte  

Subsequently, the following formula can be used which provides the normalized relative 

transcript abundance per sample: 

1/2 ΔCt 
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As an endogenous control we used ACTIN2 (At3g18780) and PROFILIN1 (At2g19760). The 

efficiencies of the probes and the control used were comparable. 

Different samples (for example mutant vs. wt) were compared using the formula: 

2(ΔCt wt – ΔCt mutant) 

, which allowed us to determine fold changes in transcript abundance between them. 

 

2.6 Development of a 1O2-specific reporter system 

2.6.1 The selection of a 1O2-specific promoter 

Three candidate genes, At3g28580 (AAA Type ATPase), At3g09870 (auxin-responsive family 

protein), At2g35710 (glycogenin glucosyltransferase (gycogenin)-related) were chosen based on 

their 1O2-specific upregulation in flu after a D/L shift (op den Camp et al, 2003 and Laloi et al, 

2006). These candidate genes were not upregulated by O2˙¯ / H2O2 (paraquat treatment). The 

summary of the expression of the candidate genes were shown in Table 2-2.  

 

Table2-2: Micro-array expression data of the candidate genes after the release of 1O2 and H2O2.  

flu vs Ler after D/L (fold change) 
 

Paraquat treated flu vs 
untreated (fold change) Gene name 

 0 10min 30min 1hr 2hr 1hr 2hr 4hr 
At3g28580 

(AAAType ATPase) 
0.15 

 
5.50 

 
10.20 

 
7.46 

 
9.19 

 
1.3 

 
0.7 

 
0.6 

 
At3g09870 

(auxin-responsive family protein) 
8.00 

 
1.05 

 
17.75 

 
294.07 

 
55.72 

 
0.6 

 
2.6 

 
0.7 

 
At2g35715 

(Glycogenin related) 
1.41 

 
0.58 

 
16.56 

 
84.45 

 
10.56 

 

 

0.8 
 

0.6 
 

0.6 
 

 

2.6.2 The 1O2-specific expression of candidate genes  

The WT Landsberg and flu were grown in MS plates under continuous light for 8 days. The 

plants were subjected to 8hr D/L shift. The plant material was harvested from both WT and the 

flu under continuous light, dark, 15 min, 30 min, 1 hr, and 2 hr after reilluminations. The RNA 

was isolated and cDNA were synthesized as describe above. Real time PCR was performed 

using gene specific primers shown in Table 2-1 a. The expression levels of the candidate genes 

were measured in flu vs Wt by the comparative Δ-Ct method and normalization to the 

corresponding PROFILING1 transcript levels. 
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2.6.3 The 1O2-specific induction of the AAA Type ATPase gene 

The specificity of expression of the three candidate genes was investigated by exposing the 

Arabidopsis plants to different ROS. The different ROS producing substances such as Rose 

Bengal (RB), paraquat and H2O2 were sprayed on to the plants. Rose Bengal (RB) is a potent 

photosynsitizer and produces 1O2 under light. Paraquat is a herbicide which produces O2
• – /H2O2 

in chloroplasts. The solutions of RB, paraquat and H2O2 were prepared in 0.1% Tween20. These 

solutions were sprayed homogeneously on the 8 day-old Arabidopsis plants grown on MS plates 

with a fine mist sprayer. The specific concentration of substances (RB 500 µM, paraquat 50 µM 

and H2O2 2mM) were standardized based on the same visible stress response shown by the 

plants after 48 hrs.  The plant materials were harvested 30 min, 1hr and 2hr after the treatments. 

The expression levels of the candidate genes were compared by real time PCR relative to 0.1% 

Tween 20 control treatment. 

2.6.4 The construction of the AAA type ATPase promoter: LUC+ reporter 
(AAA:LUC+) 

Amplification of the AAA Type ATPase Promoter: 
Specific primers covering -2405 bp to - 4 bp upstream from the start codon of the AAA Type 

ATPase gene sequences were designed (pAAAF/R; Table2-1b). The primer pAAAF contains 

EcoRI and pAAAR contains BglII restriction sites respectively to be inserted into the 

LUC+NOSpPCV binary vector. The Expand High FidelityPLUS PCR System (Roche, Rotkreuz, 

Switzerland) was used for PCR amplification on Col-0 genomic DNA. The PCR product obtained 

was purified and quantified as described. The PCR product was sequenced and it was 

confirmed that no mutation had occurred during PCR. 

Digestion with restriction enzymes: 
The LUC+NOSpPCV binary vector which contains the luciferase gene was transformed into 

E.coli cells as described. The vector has an ampicillin resistance marker for bacterial selection 

and hygromicin resistance for plant transformant selection. The vector was isolated, purified and 

quantified.  

Ten µg of the purified PCR product and 5 µg of plasmid DNA were double-digested overnight at 

37°C with EcoRI and BglII enzymes and dephosphorylated with CIP (New England BioLabs, 

Ipswich, USA). The fragments were purified using the QUIAEX® II agarose gel extraction 

protocol (Qiagen GmbH, Hilden, Germany) and the DNA amount was quantified. 
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Ligation: 
The DNA fragment and the plasmid DNA were mixed in the reaction tube in a ratio of 1:3 and 

400 units of T4 DNA ligase (New England BioLabs, Ipswich, USA) were added. The ligation was 

carried out at RT for 2 h and the enzyme was inactivated at 65°C for 10 min. 

2.6.5 The construction of the 35S:LUC+ : 

The 35S promoter sequence from the psh9 vector was excised using the restriction enzymes 

Hind III and BamHI and ligated into the LUC+NOSpPCV binary vector in the same way as 

describe above. 

 

2.7 Transformation techniques 

2.7.1 Transformation of Escherichia coli by heat shock 

Preparation of competent E.coli cells: 
An LB-agar plate was streaked with E.coli DH5α and incubated at 37°C overnight. One isolated 

colony was used to inoculate 2 ml of SOB medium (0.5% yeast extract, 2% tryptone, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2 , 10 mM MgSO4) and grown overnight at 37°C on a shaker 

(250 rpm). The culture was transferred to 250 ml of fresh SOB and grown in the same conditions 

until an OD600 of 0.6 was reached. The bacteria were then sedimented by centrifugation at 2,500 

rpm for 10 min at 4°C (Sorvall RC-5B) and resuspended in 80 ml of TB medium (10 mM Pipes, 

15 mM CaCl2, 250 mM KCl, 55 mM MnCl2, pH 6.7 with KOH). After 10 min incubation on ice, the 

bacterial suspension was again centrifuged as mentioned. The pellet was gently resuspended in 

20 ml of TB and DMSO was added to a final concentration of 7%. The cells were aliquoted, 

immediately frozen in liquid nitrogen and stored at -80°C. 

Transformation of E.coli DH5α competent cells with the AAA:LUC+ and 35S:LUC+ 
constructs: 
An aliquot of E.coli DH5α competent cells was defrosted on ice. 50 µl of competent cells were 

mixed with 10 µl of the ligation product. After 10 min of incubation on ice, a heat shock was 

applied (40 s at 42°C). The tube was transferred back to ice and 400 ml of LB were added. After 

1 h of incubation at 37°C in the shaker (200-250 rpm), the liquid culture was spread on LB-agar 

plates containing ampicilline (100ug/l). The LB plates were incubated at 37°C overnight and 

transformants were selected. 
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Verification of the transformation: 
The transformant colonies were grown in 5 ml LB ampicilline media overnight in the shaker at 

37°C. The plasmid was isolated using the QIAprep® Spin Miniprep Kit as mentioned above. The 

insert of the AAA Type ATPase promoter was confirmed by digestion using the restriction 

enzymes EcoRI and BglII.  The correct orientations and sequence of the promoter was 

reconfirmed by sequencing the plasmid construct using primers one in the promoter 

(At3g28580_PrLuc_L) and the other in the luciferase gene (Luc_R1) (Table 2-1 b). In the same 

way the 35S promoter insertion was confirmed by digestion of the plasmid construct with the 

restriction enzymes HindIII and BamHI and sequencing. 

2.7.2 Transformation of Agrobacterium tumefaciens by electroporation 

Preparation of Agrobacterium electrocompetent cells: 
A stock culture of Agrobacterium strain GV3101 (pMP90RK) was thawed on ice and 10 µl were 

used to inoculate 2 ml of LB containing 50 µg/ml kenamycin and 100 µg/ml rifampicin. After 

overnight culture in a shaker (200 rpm) at 28°C, the cells were transferred to 500 ml of fresh LB 

medium containing the antibiotics and were grown to an OD600 of 0.5. To harvest, the culture 

was centrifuged for 15 min at 4°C and 5,000 rpm (Sorvall RC-5B), and the pellet was 

resuspended in 500 ml of 1 mM Hepes buffer pH 7.4. The cells were again centrifuged as 

mentioned above and the pellet was resuspended in 500 ml of the same buffer. After one more 

centrifugation step, the pelleted cells were resuspended in 10 ml of 1 mM Hepes buffer pH 7.4 

and centrifuged again. The pellet was finally resuspended in 2 ml ice-cold 10% glycerol and 

aliquoted. This bacterial stock was immediately frozen in liquid nitrogen and stored at -80°C.  

Transformation of Agrobacterium with the AAA:LUC+  and 35S:LUC+ reporter construct by 
electroporation: 
An 80 µl aliquot of the electrocompetent Agrobacterium stock was thawed on ice and approx. 1 

µg of the construct was added. After incubation for 3 min on ice, the mix was transferred to a 

pre-cooled electroporation cuvette (0.2 cm electrode gap) and the following electroporation 

conditions were set on the Gene Pulser (Bio-Rad, AG, Reinach, Switzerland): 2.4 kV, 400 Ω and 

30 µF. After electroporation the cuvette was immediately removed from the chamber and 1 ml of 

LB media was added. The suspension was transferred to an Eppendorf tube and incubated 2 h 

in a shaker at 28°C. The culture was spread on selective LB-agar plates containg ampicillin 

(100µg/ml), kanamycin (50µg/ml) and rifampicin (100 µg/ml). After 48 h at 28°C colonies started 

to appear. 
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2.7.3 Agrobacterium-mediated transformation of Arabidopsis by floral dip 

(modified from Clough and Bent, 1998) 

Plant material: 
Arabidopsis plants of Col-0 and the flu mutants were grown on soil under continuous light for five 

weeks until bolting. The first emerging bolt was cut back to allow the proliferation of many 

secondary bolts. Four to six days after clipping, the plants were used for transformation. 

Agrobacterium growth: 
After 24 h growing in the shaker (200 rpm) at 28°C, the liquid pre-culture was transferred to 50 

ml of the LB-medium containing antibiotics and incubated for 12hr under the same conditions. 

For the last subculture step, the 50 ml bacterial culture was poured on 1L of the selective LB 

medium and grown until it reached an OD600 of 2. After 10 min of centrifugation at 5,000 rpm and 

4°C, the supernatant was discarded. The pellet was re-suspended in infiltration medium (4.9 g of 

MS with vitamins; 10% sucrose; 4 µl of 6-benzylaminopurine (10 mg/ml) and adjusted to an 

OD600 of 0.8 (approx. 2 L of medium). 

Transformation of Arabidopsis by floral dip: 
The Agrobacterium infiltration solution was supplemented with 500 µl of the detergent Silwet L-

77 and the above-ground parts of Arabidopsis were dipped for 2-3 seconds with gentle agitation. 

The plants (T0 plants) were then placed under a transparent plastic wrap film for 24 hr to 

maintain high humidity. The T1 seeds were collected after approx. 10 weeks. 

Selection of positive transformants: 
T1 seeds (seeds from T0 plants) were vernalized and sown on MS plates supplemented with 25 

µg/ml of hygromycin B. The seedlings were grown for 10 days under continuous light and 

resistant seedlings were selected and transferred to soil for seed collection. Vernalized T2 seeds 

were sown as described above and the percentage of resistance on MS-Hygromycin medium 

per transgenic line was calculated (lines with 75% of resistant plants correspond to 1 copy of the 

transgene inserted). In the T3 generation, homozygous lines with 100% resistance in MS-

Hygromycin were selected for farther luciferase imaging. The number of different lines from this 

selection is shown in the Table 2-3. 
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Table2-3: Primary transformant and homozygous insert. 

Construct 
Primary 

Transformant in 
flu background 

Homozygous line 
with single insertion 

in flu 

Primary Transformant in 
Colombia background 

Homozygous line 
with single insertion 

in Col. 

AAA:LUC+ 13 9 4 2 
35S:LUC+ 3 1 3 1 

 

2.8 Luciferase imaging 

Luciferin: 
The 100mM luciferin stock solution was prepared by dissolving D-Luciferin sodium salt 

monohydrate (ACROS ORGANICS) in sterile water and stored at -20°C. The 1mM luciferin 

working solution was made by diluting stock solution by 0.1% Tween20 just before use. 

Luciferin sprayer: 
It is important that the luciferin substrate be uniformly sprayed on plant samples. A fine misting 

sprayer was used for spraying.  

Luciferase imaging system: 

Intensified CCD camera system from Hamamatsu Photonic Systems (MODEL XC-77, C2400) 

was used for in vivo imaging of plant. Images were viewed as photon counting using ARGUS-50 

image processing software. The images were acquired with sensitivity level 5 using slice/gravity 

mode.  

Luciferase imaging of the primary transformant lines of promoter reporter: 
The primary transformants described in the Table 2-3 were grown in soil individually till rosette 

leaf stage under continuous light. Luciferin was sprayed uniformly to each plant and images 

were taken after ten minutes.  

Luciferase imaging of Arabidopsis seedlings on plates after a dark/light shift:  
The flu AAA:LUC+, Col AAA:LUC+ and flu 35S:LUC+ were sowed on MS plates. Two sets of 

plates were prepared. Plants were grown for 8 days under continuous light and one set of plates 

was subjected to eight hours dark. After 30min of re-illumination, luciferin was sprayed. 

Luciferase images were taken at 30min and after 1hr. The images were acquired for 2min in 

above describe specification.  
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Luciferase imaging of Arabidopsis plants in rosette leaf stage on soil after a dark/light shift:  
The flu AAA:LUC+ plants were grown on soil till rosette leaf state under continuous light. These 

plants were subjected to an 8 hr D/L shift. After 30min of illumination luciferin was sprayed and 

an image was taken at 1hr. The images were acquired for 2min. 

Luciferase imaging of plants after treatments with ROS producing substances: 
Plants were grown on MS medium under continuous light. The plants were treated with different 

ROS producing substances as described above. After 2hr of treatment luciferin was sprayed and 

images were acquired for 2min. To check whether the luciferase induction is systemic or local, 

RB was applied to a leaf in a twenty-day old plant by a fine brash and the image was taken after 

24hr. 

Luciferase imaging of etiolated seedlings: 
The expression of the luciferase was compared between 5 day-old seedlings of flu prl1-5 grown 

under continuous light and 5 day-old etiolated flu prl1-5 seedlings. Luciferase images were taken 

under complete darkness and flu prl1-5 was never exposed to light during the imaging.  

 

2.9 The screen for Constitutively Activated AAA:LUC+ (caa) 
 mutants 

2.9.1 The selection of the flu AAA:LUC+ reporter line for mutant screen: 

A homozygote line (flu AAA:LUC+, No.3_5) based on hygromycin selection which showed less 

basal expression and strong transgene up-regulation after a dark/ light shift was chosen for EMS 

mutagenesis. Around 150 mg seeds were mutagenised with EMS for 10hr. The mutagenised 

seeds (M1) were shown on soil. The seeds from M1 were harvested in 80 different pools. These 

M2 seeds were used for mutant screening. 

The transgene insertion in the selected flu AAA:LUC+ (3_5) line was determined by LA PCR in 

vitro Cloning Kit from TaKaRa (Cat: RR015). The genomic DNA from flu AAA:LUC+ was digested 

with EcoRI, HindIII and XbaI individually. Ligation was performed with corresponding EcoRI, 

HindIII and XbaI cassette. First PCR was performed with the cassette primers C1 and LB3. The 

second PCR was performed with the diluted product from the first PCR with the cassette primers 

C2 and LB4. The cassette sequences, cassette primer C1, C2, LB3 and LB4 primer sequences 
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are shown in Table 2-1 c. The second PCR products were sequenced. The sequence analysis 

revealed that the flu AAA:LUC+  No.3_5 line had two insertions. A full-length insert with the 

hygromycin selection marker was localized in the second intron of At3g55170. In addition, a 

partial insertion without the hygromycin selection marker was found in the first exon of 

At4g24400. 

2.9.2 Screened for caa mutants: 

The M2 seeds were grown on MS plates for 8 days under continuous light. As a control, the flu 

AAA:LUC+ parental line and the 35S:LUC+ line were also grown on the same plate.  One mM 

luciferin was sprayed homogenously and a luciferase image was acquired for 2 min at sensitivity 

level 5. The plants having high luminescence were selected and transferred to soil. These 

mutants were named caa (Constitutively Activated AAA:LUC+ mutants). Around 16,000 plants 

were screened and 43 putative mutants (M3) could be rescued in the first round. These selected 

mutants were screened again for confirmation, and 6 mutants (caa4, caa5, caa12, caa13, caa33 

and caa39) were chosen for further study. 

2.9.3 The luciferase activity of caa mutants: 

The caa mutants were characterized based on their visible phenotype, luciferase expression 

pattern and expression of ROS-specific signature marker genes in these mutants. The luciferase 

images of the selected mutants were taken at 5, 10 and 25 days. The AAA:LUC+ parental line 

and the flu 35S:LUC+  line served as a control. The ROS specific marker genes were analyzed in 

the selected mutants. The mutants were grown on MS media for 10 days under continuous light. 

The expression of the endogenous AAA Type ATPase gene and the LUC+ reporter gene were 

quantified by real time PCR in cotyledons of 10 day-old caa mutants and expressed relative to 

the AAA:LUC+ parental line. The expression of another 1O2-specific marker gene, BON 

Association Protein 1 (BAP1), and a O2
. - /H2O2-specific marker gene Ferritin1 were also checked 

in these caa mutants. 

2.9.4 The genetic analysis of caa mutants: 

All the six selected caa mutants (caa4, caa5, caa12, caa13, caa33 and caa39) containing 

AAA:LUC+ in Col-0 ecotype were back-crossed to the flu AAA:LUC+ parental line and  flu 

Landsberg (Ler). The luciferase activities of the F1 plants from the cross were observed. In case 

of the recessive mutant there will be no constitutive expression of luciferase in F1 heterozygote 

plants. The F1 plants containing the mutation and AAA:LUC+ in heterozygote condition were 
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allowed to self-pollinate resulting in a F2 population. In the F2 population the mutation and 

luciferase insertion will segregate. In case of a recessive mutation, three out of sixteen plants will 

show constitutive luciferase expression.  The genetic analysis of caa mutant crossed with the flu 

Ler are explained in the Fig. 2-1.  

                                     

 Lm -M LM -m 

Lm LLmm L-Mm LLMm L-mm 

-M L-Mm - -MM L-MM - -Mm 

LM LLMm L-MM LLMM L-Mm 

-m L-mm - -Mm L -Mm - -mm 

 

Fig 2-1: The Genetic analysis of caa mutants. (L) AAA:LUC+, (-) Without luciferase insertion, (m) mutated gene, 
(M) Wild type copy. The F1 will look like the parental line in the recessive mutant. In the F2 population three out of 
sixteen plants will show constitutive luciferase expression with mutant phenotype (the plants with bold letters). 

 

2.10 The mapping of caa13 

The caa13 mutant which was in Col-0 background was crossed with flu Ler. The F2 population 

from this cross was used for mapping. Seeds of the F2 population were plated on MS plate and 

the plants were allowed to grow under continuous light. The luciferase image was taken at 5 and 

10-day-old seedling stage. From the segregating F2 population, caa13 mutant seedlings were 
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identified by their high luminescence. DNA was isolated from these plants and used for further 

PCR based molecular mapping. 

2.10.1 Crude mapping of caa13 

The chromosomal map position of caa13 was determined by using PCR-based molecular 

markers described in the Table2-1 d. These markers are distributed across the five 

chromosomes of the Arabidopsis.  

2.10.2 Fine mapping and sequencing 

The fine mapping of caa13 was performed in six hundred selected F2 plants. Several PCR based 

markers were developed around the FCA region (Table2-1 e). Fine mapping with these markers 

restrict caa13 between the markers FCA4 and FCA5a. There were two known mutants in this 

region. Considering the similarity of visible phenotype of caa13 with these two mutants primers 

were designed covering these two genes for sequencing (Table2-1 f).  

2.10.3 The allelism test for caa13 

Allelism test was performed between caa13 and the prl1 mutant. The SALK_096289 and the 

SALK_008466 lines were reported to have insertions in the 2nd intron and the 5th exon of the 

PRL1 gene. The homozygous T-DNA insertion lines from SALK_096289 and SALK_008466 

were isolated by PCR genotyping using primer pairs listed in the Table 2-1 g. The homozygous 

allelic mutants of SALK_008466 and SALK_096289 were designated as prl1-2 and prl1-3 

respectively. For allelism tests, caa13 was crossed with prl1-3. The plant phenotype and the 

luciferase activity of F1 plants were observed.  

 

2.11 High light and cold stress 

Seeds of the flu AAA:LUC+ parental line, flu prl1-5 and Wt Col were sown on MS plate. The 

plants were grown for 6 days under continuous low light (20 µmol m-2 s-1) at 22˚C in a growth 

chamber (CLF Plant Climatics, Percival Scientific, E-66HO/2). These low light grown plants were 

transferred to high light and cold stress (300 µmol m-2 s-1 at 12˚C). The ratios of variable to 

maximum fluorescence (Fv / Fm) were measured before and after 1, 3 and 7-days of high light 

treatment with a FluorCham system (Photon Systems Instruments, Brno, Czech Republic). 
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3 Results 
 
ROS play an important role in mediating stress responses according to environmental clues. 

Under natural conditions several ROS which are chemically distinct from each other are 

produced simultaneously which makes it difficult to study the role of individual ROS in plant 

stress responses. Moreover, their detection in planta in real time and via non-invasive methods 

is still very difficult. The flu mutant of Arabidopsis can help to overcome these limitations. The flu 

mutant accumulates excess amounts of protochlorophyllide in the dark. Upon illumination 

protochlorophyllide acts as photosensitizer and produces 1O2 in chloroplasts. As a consequence 

of 1O2 production, the flu mutant shows cell death and growth inhibition after a D/L shift. 

Furthermore, after the release of 1O2 many genes are rapidly up-regulated. When grown under 

continuous light, the flu mutant is indistinguishable from WT.  

In this study a luciferase reporter line has been developed by fusion of the1O2-specific AAA Type 

ATPase promoter with the luciferase reporter gene. Using this construct, a 1O2-specific reporter 

line has been established in the flu background.  The flu AAA:LUC+ reporter line has been used 

to document the production of 1O2 after a D/L shift. Using this reporter line, a mutant screen was 

performed. The aim of this screen was to isolate mutants that either constitutively activate the 

reporter under continuous light or have lost the ability to activate the reporter gene expression 

after a D/L shift. The screening for Constitutive Activator of AAA:LUC+ (caa) has been completed 

successfully.  One of the mutant, dubbed caa13, has been shown by map-based cloning to be 

allelic to the PRL1 gene. The caa13 mutant has been characterized genetically and the role of 

PRL1 protein during stress signaling has been investigated. 

 

3.1 The development of a 1O2-specific reporter system 

3.1.1 The selection of a 1O2-specific promoter 
 
1O2-specific marker genes in Arabidopsis were selected by comparing two different micro-array 

gene expression data sets.  First, the gene expression in flu vs WT after a D/L shift was 

compared and second, flu plants grown under continuous light and treated with paraquat were 

compared with non-treated controls (op den Camp et al., 2003; Laloi et al., 2006). Paraquat is a 

herbicide that produces O2
• – / H2O2

 in chloroplasts. The aim of this comparison was to select a 

marker gene which is specific for 1O2 produced in chloroplasts but is not influenced by other 
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ROS such as   O2
• – / H2O2.  The selected marker gene should be up-regulated in flu after a D/L 

shift but not by paraquat. The basal expression of the gene should be low. Three candidate 

genes, At3g28580 (AAA Type ATPase), At3g09870 (auxin-responsive family protein), 

At2g35710 (glycogenin glucosyltransferase (gycogenin)-related) were initially chosen based on 

their 1O2-specific up-regulation in flu after a D/L shift. The induction of these candidate genes in 

flu after a D/L shift was confirmed by real-time PCR (Fig. 3-1). The auxin-responsive gene 

(At3g09870) was also induced in WT Ler after a D/L shift (Fig. 3-2) and was therefore excluded. 

The other candidate gene, the glycogenin-related (At2g35710) showed a higher basal 

expression compared to the AAA Type ATPase (At3g28580). After the release of 1O2 in flu the 

AAA Type ATPase gene was up-regulated about 40-fold within 30min and its transcript level 

remained high during the next 2hr (Fig. 3-1). 

 

 

 

Fig. 3-1: The expression level of 1O2-specific candidate genes after a D/L shift in flu vs WT Ler. Plant material 
from 8 day-old WT Ler and flu seedlings was harvested at 0, 15, 30, 60 and 120 min after a 8hr dark-to-light shift. The 
expression of the candidate genes At3g28580 (AAA Type ATPase), At3g09870 (auxin-responsive family protein) and 
At2g35710 (glycogenin-like) in flu vs WT Ler was determined by quantitative real-time PCR using the comparative 
delta-Ct method and normalization to the corresponding profilin1 transcript levels. The ferritin1 is a H2O2-specific 
marker gene.  
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Fig. 3-2: The influence of light on the selected 1O2-specific candidate genes. WT Ler was grown under 
continuous light for 8 days and subjected to a 8hr D/L shift. Plant material was harvested at 0, 15, 30, 60 and 120 min 
after the D/L shift. The relative expression of the candidate genes was measured by real time PCR relative to the dark 
sample.  
 

3.1.2 The 1O2-specific induction of the AAA Type ATPase gene 
 
The specificity of expression of the three candidate genes was investigated by exposing the 

Arabidopsis plants to different ROS. Rose Bengal (RB) and paraquat were applied to seedlings 

as described in Materials and Methods. RB is a potent photosensitizer and produces 1O2 in the 

presence of light. Paraquat is a herbicide which produces O2
• – in chloroplasts. The expression of 

the candidate genes was determined by real time PCR relative to control (mock treatment). In 

RB-treated plants the AAA Type ATPase gene was found to be up-regulated approximately 5-

fold after 1hr and 20 -fold after 2hr. The other two candidate genes were also up-regulated by 

RB but to a lower extent. The expression level of the candidade genes after RB treatment is 

shown in Fig. 3-3 A. During paraquat treatment the AAA Type ATPase was up-regulated about 3 

fold during 30 min and then down-regulated after 1hr. The expression level of the other two 

candidate genes did not change during 30 min. Afterwards there was a weak up-regulation of 

these two genes (Fig. 3-3 B). The Ferritin1 gene which is a marker for O2
• – / H2O2 was up-

regulated by paraquat treatment but not by RB which produces 1O2. This expression study 

shows that the AAA Type ATPase (At3g28580) which was found to be up-regulated after the 

release of 1O2 in flu, is also up-regulated by RB which produces 1O2 in the presence of light. 

Based on these expression studies the AAA Type ATPase (At3g28580) was found to be the 

most suitable gene for the isolation of a 1O2-specific promoter. 
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A.                                                                                     B.     

Fig. 3-3: Expression of 1O2-specific candidate genes during Rose Bengal and Paraquat treatment. A) 
Expression of 1O2 -specific candidate genes during Rose Bengal treatment relative to control. The expression of AAA 
Type ATPase gene was induced during Rose Bengal treatment. B) The expression of 1O2 -specific candidate genes 
during Paraquat treatment relative to control. The ferritin1 gene which is a marker gene for O2

.-/H2O2 was induced 
during paraquat treatment. 

 

3.1.3 The construction of the AAA Type ATPase Promoter:LUC+ reporter line  
 (AAA:LUC+) 

 
The -2405 to -4 bp fragment up-stream of the start codon of the AAA Type ATPase gene was 

obtained by PCR using specific primers (Table 2-1 b). The fragment was inserted into the binary 

vector NOSpPCV containing the luciferase (LUC+) gene (Koncz et al., 1994). A schematic 

presentation of the AAA Type ATPase promoter and the LUC+ reporter gene construct is shown 

in Fig. 3-4. Arabidopsis thaliana WT plants ecotype Col-0, and flu Col-0 were transformed with 

the AAA:LUC+ construct via Agrobacterium. The flu Col plants had been obtained by 

backcrossing flu Ler five times to Col-0. Initially 13 primary transformants were obtained in the flu 

background and 4 in the WT Col background. All these primary transformants were transferred 

to soil. The luciferase expression of the primary transformants was checked at the rosette leaf 

stage by luciferase imaging. The independent transformant lines showed different levels of 

luciferase expression. Out of 13 primary transformants in the flu background, 12 plants showed 

detectable levels of luciferase expression and one plant did not show luciferase expression. The 

seeds from these primary transformants were harvested. In T2 out of 12 independently selected 

transformants in the flu background, 10 lines showed a 3:1 segregation on hygromycin, 
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indicating a single AAA:LUC+ insertion in the genome. Plants homozygous for the AAA:LUC+ 

construct were selected from T3. The flu AAA:LUC+ No. 3_5  was selected for further 

experiments because it showed a low basal expression of luciferase and a high induction after 

the release of 1O2. This line is referred to as the parental line for subsequent experiments.  

 

A.                                                                                                          C. 

 
 

B. 

 

 
 

Fig. 3-4: Schematic representation of (A) the AAA Type ATPase promoter and luciferase reporter (AAA:LUC+) 
construct, (B) the 35S:LUC+ control and (C) the LUC+-NOSpPCV vector map 

 

3.1.4 The expression of the endogenous AAA Type ATPase gene and the 
 luciferase reporter gene in the flu AAA:LUC+ line 

 
The expression of the luciferase reporter gene under the control of the AAA Type ATPase 

promoter was verified after a D/L shift. Luciferase imaging after a D/L shift was recorded in 8 

day-old seedlings (Fig. 3-5 A), and in 25 day-old plants (Fig. 3-5 B). Quantitative measurement 

of transcripts of the endogenous AAA Type ATPase gene (AAA) and the luciferase reporter 

gene (LUC) were performed by real time PCR after a D/L shift.  The flu AAA:LUC+  plants  were 

grown under continuous light for 8 days and then transferred to the dark  for 8 hr. Plant material 

was harvested at 0, 15, 30, 60 and 120min after a D/L shift. The expression of the endogenous 

AAA type ATPase and the luciferase gene was measured relative to the dark control sample. 

The endogenous AAA Type ATPase and the luciferase reporter gene were induced as early as 

15min after onset of illumination and reached maximum about 30-fold at 1 hr after the D/L shift in 

the flu AAA:LUC+ line (Fig. 3-5 C). This result shows that in the flu AAA:LUC+ reporter line the 

luciferase reporter gene follows the expression of the endogenous AAA Type ATPase gene after 

the release of 1O2 . 
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C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3-5: Induction of the luciferase reporter gene and of the endogenous AAA Type ATPase gene in the flu 
AAA:LUC+ reporter line after a dark to light (D/L) shift. The luciferase images of (A) 8 day-old seedlings and (B) 
mature plants at the rosette leaf stage of flu AAA:LUC+ after a 8hr dark and 1 hr light (D/L) treatment or under 
continuous light (LL). flu 35S:LUC+ and Col AAA:LUC+ served as controls. (C) Quantative measurement of 
endogenous AAA Type ATPase (AAA) and luciferase (LUC+) reporter transcripts by real time PCR after a D/L shift in 
the flu AAA:LUC+ reporter line. The luciferase activity in the reporter line correlates with the endogenous AAA Type 
ATPase expression. 

 
 

3.1.5 1O2-specific induction of the luciferase in the AAA:LUC+ reporter line 
 
The specificity of the AAA:LUC+ reporter gene expression in response to different ROS was 

investigated. The AAA:LUC+ line along with the 35S:LUC+ line as a control were grown on plates 

under continuous light for 8 days. Different ROS-producing substances (RB, paraquat and H2O2) 

were applied exogenously to the seedlings as described in Materials and Methods. After 2hr of 

treatment luciferase images were taken. The induction of the AAA:LUC+ reporter gene was 

observed after the RB treatment, but not after the paraquat and  H2O2 treatments (Fig. 3-6 A). 

This result is in agreement with the previous observation of the endogenous AAA type ATPase 

gene induction after RB treatment. RB leads to a local induction of AAA:LUC+ at the site of 
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application. When RB was applied to a leaf of the AAA:LUC+ reporter plant, the induction of the 

luciferase was confined to the site of application (Fig. 3-6 B).  

 

 

 

 

 

 

 

 

 

Fig. 3-6: (A) Induction of the luciferase in the AAA:LUC+ reporter line by Rose Bengal (RB) but not by paraquat 
and H2O2. The luciferase images were taken after 2hr of treatment. (B) The local induction of luciferase at the site of 
Rose Bengal (RB) application.  

 

3.2 The screen for Constitutively Activated AAA:LUC+ (caa) 

 mutants 

3.2.1 Screening of caa mutants 
 
Seeds of the selected flu AAA:LUC+ No. 3_5 reporter line were mutagenised with EMS as 

described in Materials and Methods. The EMS-mutagenised M1 plants of flu AAA:LUC+  were 

planted on soil. M2 seeds were harvested in 80 different batches. Around two-hundred seeds 

from each seed batch were plated on MS media. Seedlings were grown under continuous light 

for 10 days and screened for constitutive high luciferase expression (Fig. 3-7). Mutants showing 

the phenotype were named Constitutively Activated AAA:LUC+ (caa). After the first round of 

screening 43 putative caa mutants could be isolated. The M3 seeds of putative caa mutants were 

collected and subjected to a second screen for confirmation.  After the second screening, 23 

mutants were selected which showed constitutive luciferase activities under continuous light. 

From the selected 23 mutants, 6 mutants (named caa4, caa5, caa12, caa13, caa33 and caa39) 
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which showed robust and reproducible high constitutive luciferase expression were chosen for 

further studies. These 6 mutants were backcrossed to Col-0 and Ler WT for further mapping.  

                                        

             

 

Fig. 3-7: Screening of caa mutants. The light picture and the corresponding luciferase image of a plate showing 
establishment of caa mutant screen. The plants were grown under continuous light and the screening was done at the 
seedling stage. (A) The flu AAA:LUC+ parental line, (B) the M2 population of EMS-mutagenised flu AAA:LUC+  and (C) 
the 35S:LUC+ line as a control. A putative caa mutant is marked by the circle in (B) 

 

3.2.2 The characterization of caa mutants 

3.2.2.1 The luciferase activity of caa mutants 

The level of luciferase activity in different caa mutants was checked. The caa12, caa13, caa33 

and caa39 mutants showed strong luciferase activity in 10 day-old seedlings (Fig 3-8 A). The 

other two mutants caa4 and caa5 had a weaker constitutive activity of luciferase. Different caa 

mutants also showed organ-and development-specific luciferase expression. In 10 day-old 

seedlings of caa4, caa12, caa33 and caa39, stronger luciferase activity was detected in 

cotyledons than in the apical region and in emerging leaves (Fig 3-8 A and B). In contrast, the 

other two mutants caa5 and caa13 showed luciferase activity in emerging leaves and the apical 

region (Fig 3-8 A and B). The luciferase activity in caa13 could be observed from the very 

beginning after germination, whereas the expression level of luciferase activity in caa39 was 

weak during 5 days after germination, but it gradually increased in cotyledons in the following 

days (Table 3-1). The luciferase activity of caa12 and caa33 could be observed from the 

beginning of germination and gradually increased and remained high throughout the late 

development of the plants (Table 3-1).  The overall expression pattern of luciferase in different 

caa mutants during their development is summarized in Table 3-1. 
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3.2.2.2 The visible phenotype of caa mutants 

The different caa mutants display distinct visible phenotypes. The visible phenotypes of 10 day-

old seedlings of caa4, caa5, caa12, caa13, caa33 and caa39 are shown in Fig. 3-8 A and B.  

The caa4, caa12 and caa33 mutants are pale in color throughout their development. This 

suggests that the function of chloroplasts in these mutants may be affected. The caa13 mutant is 

darker in color in cotyledons and leaves. The cotyledons of the caa39 mutants look similar to WT 

after germination but gradually develop chlorotic regions which are very clearly visible in 10 day-

old cotyledons. In the rosette leaf stage the caa2, caa4, caa12, caa13 and caa33 mutants are 

smaller in size than WT. The visible phenotype of caa5 is very similar to WT. 

 

A. 

 

 

 

 

 

 

 

 

 

 

 
B.  

 

 

 

 

 

 
 

 

Fig. 3-8: The visible and luciferase images of 10 day-old selected panels of caa mutants grown under 
continuous light. (A)The upper panels show the light picture and the lower panels shows the corresponding 
luciferase images of the caa mutants and the flu AAA:LUC+ parental line. The 35S:LUC+ line served as a control. (B) 
Developmental and organ-specific luciferase expression in caa13, caa33 and caa39 mutant. The light pictures and 
luciferase images merged (m) to show the co-localization of the luciferase activity and the plant organ. 
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Table 3-1: A representation of the luciferase reporter expression at different developmental stages of caa 
mutants grown under continuous light.  The colour code represents the intensity of the luciferase expression. 

 

 

 

 

 

 

 

 

3.2.2.3 The molecular signatures of caa mutants 

The caa mutants were selected based on their high constitutive AAA:LUC+ reporter gene activity 

under continuous light. This change in the reporter gene activity can be due to a mutation in a 

trans-acting element or in the promoter of the reporter gene itself (cis-acting). In case of trans-

acting mutations both the endogenous AAA Type ATPase and the AAA:LUC+ reporter are 

expected to show a high constitutive expression. In case of cis-acting mutations the endogenous 

AAA Type ATPase gene will not be affected. Since we were interested in identifying factors 

involved in 1O2-signaling we looked only for trans-acting mutations.  To distinguish between cis-

acting and trans-acting mutation, the expression of the endogenous AAA Type ATPase gene 

was checked in various caa mutants.  

The expression of the endogenous AAA Type ATPase and the LUC+ reporter gene, respectively 

were quantified by real time PCR in cotyledons of 10 day-old caa mutants and expressed 

relative to the AAA:LUC+ parental line. The expression of another 1O2-specific marker gene, 

BON Association Protein 1 (BAP1), and a O2
.-/ H2O2-specific marker gene Ferritin1 were also 

checked in these caa mutants. The results of this experiment are shown in Fig. 3-9. In all 

selected caa mutants the expression of the endogenous AAA type ATPase was similar to that of 

the luciferase reporter gene expression. This high expression of the endogenous AAA Type 

ATPase gene demonstrates that the constitutive activation of the luciferase reporter in the 
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selected caa mutants is due to trans-acting mutations. The endogenous AAA Type ATPase, 

AAA:LUC+, BAP1 and Ferritin1 genes showed differences in their expression level in different 

caa mutants. Based on their different expression levels, the caa mutants could be subdivided 

into different groups. In group I, caa13 and caa39 show a constitutive expression of the 1O2-

specific marker genes and a down-regulation of the H2O2-specific marker gene. In group II which 

contains caa12 and caa33, the 1O2-and H2O2-specific marker genes are all expressed 

constitutively. Finally in the third group, caa4 and caa5 show a more complex expression pattern 

of ROS-specific marker genes with the endogenous AAA Type ATPase, the LUC+ reporter gene 

and also the Ferritin1 gene being up-regulated, but not the 1O2-specific BAP1. 

 

 

 
Fig. 3-9: The molecular signatures of caa mutants showing the ROS-specific marker gene expression. 
Quantative expression of ROS-specific marker genes in the caa mutants relative to the flu AAA:LUC+ parental line in 
cotyledons of 10 day-old seedlings under continuous light. The AAA Type ATPase (AAA), luciferase (LUC) and BON 
association protein 1(BAP1) genes are 1O2 –inducible, whereas Ferritin1 (Fer1) is a H2O2 -inducible marker gene. 

 

0 

1 

10 

100 

1000 

10000 

caa39 caa13 caa12 caa33 caa4 caa5 

re
la

tiv
e 

am
ou

nt
 o

f m
R

N
A 

co
m

pa
ire

d 
to

 p
ar

en
t (

ln
) 

  AAA 
( 

1 O 2 )
  

  
LUC 
( 

1 O 2 )   
BAP1 
( 

1 O 2 ) 
Fer1 
(H 

2 O 2 ) 



                                                                                                                                              Results 

  - 51 - 
 

3.2.4.4 Genetic analysis of caa mutants 

The selected six caa mutants were backcrossed to the flu AAA:LUC+ (Col-0) parental line to find 

out whether the mutation is recessive or dominant . The F1 progeny of the back cross looked like 

the parental line. This revealed that all 6 selected mutants were recessive.  

The six caa mutants were also back-crossed to flu Ler to prepare mapping populations. The F1 

plants from the respective cross were allowed to self-pollinate and F2 seeds were harvested. The 

segregating F2 population was checked for constitutive luciferase expression. In case of 

recessive mutants, one out of four is expected to show high constitutive luciferase activity.  

The caa12 and caa13 mutant were selected for map-based cloning to identify the mutated gene.  

Crude mapping has been performed for these two mutants and caa12 was found to be close to 

flu originally descended from Ler.  Hence, it was not possible to do further mapping in this 

mutant. The fine mapping and characterization of caa13 mutant is described below. 

 

3.3 The mapping of caa13 

The caa13 mutant was further characterized by map-based cloning. With this technique the 

interval containing the mutation is narrowed down by successively excluding all other parts of 

the genome. For this purpose, genetic markers were used that are based on natural 

polymorphisms between different ecotypes. Once the position of these markers is determined in 

the genome, they provide the information necessary to determine whether they are genetically 

linked to the mutation or not. 

3.3.1 The establishment of mapping population 

Since many polymorphic markers are known for Ler and Col-0 ecotypes that facilitate the 

localization of a gene of interest, the cross Ler x Col is the most commonly used combination for 

mapping in Arabidopsis. In order to obtain a mapping population, the caa13 mutant containing 

AAA:LUC+ in Columbia (Col-0) ecotype was crossed with flu  Landsberg  (Ler) background. The 

F1 plants were allowed to self-pollinate resulting in a F2 population. The F2 seeds were plated on 

MS and allowed to grow under continuous light. The luciferase image was taken after 7 days. 

From this segregating F2 population, the homozygous caa13 mutants were selected based on 

high constitutive luciferase expression (Fig. 3-10). DNA was extracted from these plants and 

analyzed by different markers across the genome.   
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Fig. 3-10: The F2 segregating mapping population of caa13. caa13 was crossed with flu Ler and the F2 population 
was raised. Plants with a constitutive high luciferase expression were chosen for the mapping.  

 

3.3.2 The crude mapping of caa13 

For the crude mapping SSLP (simple sequence length polymorphism) markers were used 

across the 5 chromosomes of the Arabidopsis genome.  

The following formula was used to calculate the genetic distance between each particular 

marker and the mutation: 

 
The standard unit for genetic distances is the centimorgan (cM), which corresponds to a 1% 

probability of recombination between two loci. A set of chromosome-specific markers was tested. 

The first round of crude mapping was performed for caa13 with a population of forty F2 plants. 

With the crude mapping the caa13 mutation could be located on chromosome-IV closely linked 

to the marker FCA4 (Fig. 3-11).  
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Fig. 3-11: The chromosomal map of caa12 and caa13 showing the positions of different markers and the 
genetic distances. The caa13 mutation could be localized in the chromosome-IV and linked to the marker FCA4. The 
nearest linkage for the caa12 mutation was found in chromosome-III closed to the marker MSA6 in the flu Ler region. 

 

3.3.3 The fine mapping of caa13 

The fine mapping of caa13 was performed with the increased mapping population of six hundred 

plants. New primers were designed covering the whole FCA region of chromosome-IV. The 

position of the new primers and the sequences are shown in the Materials and Methods section 

(Table 2-1 e). Mapping with newly designed markers around the FCA region restricted the caa13 

mutation to an approximately 80-kb region between the markers FCA4 and FCA5a. The position 

of markers and the number of recombinants found is shown in Fig. 3-12 A. This region contained 

twenty three open reading frames (ORF), according to the annotated Arabidopsis sequence 

available at the TIGR database (http://www.tigr.org). There were two known mutants in this 

region, early in short days 4 (esd4), (At4g15880) (Murtas et al., 2002) and pleiotropic regulatory 

locus (prl1), (At4g15900) (Nemeth et al., 1998). The floral phenotype described for esd4 had 

similarity with caa13. On the other hand, the dark-green cotyledon phenotype described for prl1 

was very similar to the caa13 mutant. Primers covering these two genes (Table 2-1 f) were 

designed for sequencing. Genomic DNA of WT Col and the caa13 mutant were isolated and 

PCR amplified products were sequenced. The sequence analysis revealed a single nucleotide 

substitution from G to A in the PRL1 locus at AGI sequence position 9,026,377bp that leads to 

an amino acid exchange from glycine to glutamic acid at position 278 within the third WD motif 

(Fig. 3-12 A, B and C). There was no mutation found in esd4. 
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Fig. 3-12: Map-based cloning of CAA13 gene. (A) The position of markers and the number of recombinants are 
shown in the FCAALL region of Ch-IV. A single nucleotide substitution from G to A was found in the PRL1 locus after 
sequencing. (B) The predicted PRL1 protein sequence showing the amino acid exchange from glycine (G) to glutamic 
acid (E) in the caa13 mutant.  (C) The PRL1 protein has seven WD 40 repeats. The mutation in caa13 is in the 3third 
WD repeat motif. 
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3.4 caa13 is an allele of prl1 
 
3.4.1 The T-DNA insertion lines of prl1-2 SALK_008466 and prl1-3 SALK_096289 
 
The first prl1-1 mutant allele was identified by Nemeth et al., 1998.  For our study two prl1 

mutant lines were obtained from the SALK T-DNA insertion collection. SALK_096289 and 

SALK_008466 lines were reported to have insertions in the second intron and the fifth exon of 

the PRL1 gene, respectively (Fig. 3-13 A). The homozygous T-DNA insertion lines from 

SALK_096289 and SALK_008466 were identified by PCR genotyping. Two pairs of primers 

were used for each sample. The first pair were gene-specific primers flanking the T-DNA 

insertion position reported. The second pair was the T-DNA left border primer LBb1 and one of 

the gene-specific primers. The homozygous T-DNA insertion line from SALK_008466 was 

isolated using the primer pair At4g15900F2:At4g15900R2 and LBb1:At4g15900F2 (Fig. 3-13 B). 

Homozygous T-DNA insertion mutants from SALK_096289 were isolated using the primer pair 

At4g15900F1:At4g15900R1 and LBb1:At4g15900R1 (Fig.3-13 B). The homozygous allelic 

mutants of SALK_008466 and SALK_096289 were designated prl1-2 and prl1-3, respectively. 

The allelic mutants prl1-2 and prl1-3 showed a phenotype similar to that of caa13 (Fig. 3-13 C). 

There is another possible allelic line prl1-4 (SALK_039427) which was not analyzed in this study.  

3.4.2 Allelism tests for caa13 (prl1-5) 

Allelism tests were performed to confirm that caa13 is allelic to prl1. For allelism tests, the caa13 

was crossed with prl1-3. The F1 progeny from this cross showed constitutive high luciferase like 

caa13 (Fig. 3-14 A). The visible phenotype of the F1 plants was also identical to that of caa13. It 

was demonstrated earlier that the caa13 mutation is recessive, hence the luciferase and visible 

phenotype of F1 plants confirmed that caa13 is allelic to prl1.  The new allele of prl1 in caa13 

mutant was designated as prl1-5 

The prl1-2 mutant was crossed with the flu AAA:LUC+ parental line. The F1 plants from this cross 

were grown and the F2 population was raised. Among the segregating F2 population the 

homozygous prl1 mutant plants showed constitutive high luciferase (Fig. 3-14 B).  
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A. 

 

 

 

B.  

     

C. 

 

Fig. 3-13: Isolation of prl1 allelic mutants. (A) The position of T-DNA insertions in the PRL1 gene is shown by 
triangles. The position of the G to A substitution in the caa13 mutant is indicated in the picture by an arrow. (B) 
Identification of T-DNA homozygous insertion (+/+) lines of prl1. The individual plant samples are indicated as S1, S2 
etc. The homozygous (-/-), heterozygous (+/-) and wild type (+/+) plants are indicated below the gel picture.  (C) 35 
day-old plants of caa13, PRL1 T-DNA insertion line and the flu AAA:LUC+ parental line.  
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A.                                                                                                     B. 

 

C.  

 

 

 

 

 

 

 

 

 

Fig. 3-14: (A) Allelism test with caa13. The prl1-3 mutant was crossed with the caa13 mutant and the F1 was raised. 
The visible phenotypes and luciferase images of a caa13, prl1-3 and a F1 plant are shown in the picture. (B) prl1-2 
was crossed with the flu AAA:LUC+ parental line and the F2 population was raised. Luciferase images of 8 day-old 
seedlings of (1) the flu AAA:LUC+ parental line, (2) prl1-2, (3) caa13 and (4) the F2 segregating population of the cross 
between prl1-2 and flu AAA:LUC+ parental line are shown. Three out of sixteen plants show a constitutive expression 
of luciferase. (C)The expression of endogenous AAA Type ATPase (AAA), Luciferase (LUC), BAP1 and Ferritin1 
(Fer1) genes in 5 day-old seedlings of the caa13 (prl1-5) and prl1 allelic mutants grown under continuous light relative 
to the parental line  

 

3.4.3 The molecular phenotypes of prl1-5 (caa13) and the allelic mutant lines 

The visible phenotypes of prl1-2/ flu AAA:LUC+ and prl1-3/ flu AAA:LUC+ were identical to the 

prl1-5/ flu AAA:LUC+ (caa13) mutant. The molecular phenotypes of these lines were investigated 

by determining the expression levels of marker genes. prl1-2/ flu AAA:LUC+, prl1-3/ flu 
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AAA:LUC+ and prl1-5/ flu AAA:LUC+ were grown under continuous light for 5 days. The 

expression of the endogenous AAA Type ATPase, BAP1, Ferritin1 and the Luciferase reporter 

gene were analyzed in the 5 day-old stage by real time PCR. The expression levels of the 

marker genes were identical between prl1-5 and the other two prl1 allelic lines (Fig. 3-14 C). The 

endogenous AAA Type ATPase gene expression was approximately 5 times higher than in the 

flu AAA:LUC+  parental line. The other two marker genes BAP1 and Fer1 also behaved similar in 

the prl1 allelic lines. They confirmed that not only the visible phenotype but also the molecular 

phenotype of prl1-5/ flu AAA:LUC+ is the same as that of the other two allelic lines prl1-2/ flu 

AAA:LUC+ and prl1-3/ flu AAA:LUC+ 

 

3.4.4 The Arabidopsis PRL1 gene and PRL1 homologs 

The PRL1 gene encodes a protein of 54 kDa carrying seven WD40 repeats in its C-terminal 

region. PRL1 is an evolutionarily conserved protein present in many organisms including simple 

eukaryotic organisms such as yeast up to humans and plants. The PRL1 gene has one 

homologue in the Arabidopsis genome, PRL2 (At3g16650), which shows an 80% amino acid 

identity with PRL1. The PRL1 homolog in rice (Oryza sativa) shows 72% identity at the amino 

acid level. The single-celled plankton algae Ostreococcus tauri, which is at the base of the 

evolutionary tree of today’s higher plants, has also a PRL1 homologus with a 67% amino acid 

identity. The alignment of amino acid sequences of PRL1 and PRL2 from Arabidopsis, the PRL1 

homologues in rice, Ostreococcus, human and fission yeast (Schizosaccharomyces pombe) is 

shown in Fig. 3-15. The amino acid mutated in prl1-5 (shown in box) is conserved in plants and 

also in Ostreococcus tauri. 
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Arabidopsis_PRL1          -MPAPTTEIEPIEAQSLKKLSLKS-LKRSLELFSPVHGQFPPPD---PEAKQIRLSHKMK 55 
Arabidopsis_PRL2          -MTMIALNRE-VETQSLKKLSLKS-VRRAREIFSPVHGQFPQPD---PESKRIRLCHKIQ 54 
Rice_ABF95840             -----MATAEPVEPQSLKKLSLKS-LKRSHDLFAPTHSLLFTPD---PESKQVRVGCKVN 51 
Ostreococcus              MTDVTTARARALAASALRNADVMFGADRALDRGGGSNWRARDGSDGSAEAARTSLRVKIA 60 
Human_PLRG1_AAH20786      ----MVEEV---QKHSVHTLVFRS-LKRTHDMFVADNGKPVPLDE---ESHKRKMAIKLR 49 
Schizosaccharomyces       ----MTEAKNISDDTDVLSLTTNS-LRTSKTLFGAEFGSVTSFDDT--VAQNLKRTYKEH 53 
                                          : .         :              .     : .     *   
 
Arabidopsis_PRL1          VAFGGVEPVVSQPPRQPDRINE--------QPGPSN--------ALSLAAPEGSKSTQKG 99 
Arabidopsis_PRL2          VAFGGVEP-ASKPTRIADHNSE--------KTAPLK--------ALALPGPKGSKELRKS 97 
Rice_ABF95840             AEYSAVKNLPTDQGR--GQVKS--------AAAPST--------ALALPGTQDVKDADNK 93 
Ostreococcus              NEYASVRTLARENELAGSKGEDGG----RGRSGRGS--------AAAAEAPVKAERKRKK 108 
Human_PLRG1_AAH20786      NEYGPVLHMPTSKENLKEKGPQNATDSYVHKQYPANQGQEVEYFVAGVALTADTKIQRMP 109 
Schizosaccharomyces       LEYGSVLGGTVGKR--------------KNRHYEED------------TIGSNALTVRAD 87 
                            :. *                                                       
 
Arabidopsis_PRL1          ATESAIVVGPTLLRPILPKGLNYTGSSGKSTTIIPANVSSYQRNLSTAAL---------- 149 
Arabidopsis_PRL2          ATEKALVVGPTLP----PRDLNNTGNPGKSTAILPAPGSFSERNLSTAAL---------- 143 
Rice_ABF95840             GSSTAIVPAPHML----PKAPDST-IPGKNTTITIP--GSSDR-FSTSAL---------- 135 
Ostreococcus              EPSDIASMIDSIDE---QDVRDGGAGAGPSTALAPFRGEDAKKNLPVSIFGRHANANTGA 165 
Human_PLRG1_AAH20786      SESAAQSLAVALPL---QTKADANRTAPSGSEYRHPGASDRPQPTAMNSIVMETGNTKNS 166 
Schizosaccharomyces       SENPSSQVITKFSD---PNKKIAGQVSMQSLEKIKG------VPEAAHRIAGES----QA 134 
                            .        :              .  .               .   :           
 
Arabidopsis_PRL1          --MERIPSRWPRPEWHAPWKNYRVIQGHLGWVRSVAFDPSNEWFCTGSADRTIKIWDVAT 207 
Arabidopsis_PRL2          --MERMPSRWPRPEWHAPWKNYRVLQGHLGWVRSVAFDPSNEWFCTGSADRTIKIWDVAT 201 
Rice_ABF95840             --MERIPSRWPRPVWHAPWKNYRVISGHLGWVRSIAFDPSNEWFCTGSADRTIKIWDLAS 193 
Ostreococcus              NIAKRLASEWPEPEWRAPWKLYRVISGHQGWVRSVAVDPENKWFVTGSADRTIKVWDLAS 225 
Human_PLRG1_AAH20786      ALMAKKAPTMPKPQWHPPWKLYRVISGHLGWVRCIAVEPGNQWFVTGSADRTIKIWDLAS 226 
Schizosaccharomyces       SLVKRTLAEQIRPEWHAPWTLMRVISGHLGWVRCVDVEPGNQWFCTGAGDRTIKIWDLAS 194 
                              :  .   .* *:.**.  **:.** ****.: .:* *:** **:.*****:**:*: 
 
Arabidopsis_PRL1          GVLKLTLTGHIEQVRGLAVSNRHTYMFSAGDDKQVKCWDLEQNKVIRSYHGHLSGVYCLA 267 
Arabidopsis_PRL2          GVLKLTLTGHIGQVRGLAVSNRHTYMFSAGDDKQVKCWDLEQNKVIRSYHGHLHGVYCLA 261 
Rice_ABF95840             GTLKLTLTGHIEQIRGLAVSQRHTYLFSAGDDKQVKCWDLEQNKVIRSYHGHLSGVYCLA 253 
Ostreococcus              GGLKLTLTGHIEQVTGLVVSPRHPYMFSCGLDKKVKCWDLEYNKVIRNYHGHLSGVYSIA 285 
Human_PLRG1_AAH20786      GKLKLSLTGHISTVRGVIVSTRSPYLFSCGEDKQVKCWDLEYNKVIRHYHGHLSAVYGLD 286 
Schizosaccharomyces       GVLKLTLTGHIATVRGLAVSPRHPYLFSCGEDKMVKCWDLETNKVIRHYHGHLSGVYALK 254 
                          * ***:*****  : *: ** * .*:**.* ** ******* ***** ***** .** :  
 
Arabidopsis_PRL1          LHPTLDVLLTGGRDSVCRVWDIRTKMQIFALSGHDNTVCSVFTRPTDPQVVTGSHDTTIK 327 
Arabidopsis_PRL2          LHPTLDVVLTGGRDSVCRVWDIRTKMQIFVLP-HDSDVFSVLARPTDPQVITGSHDSTIK 320 
Rice_ABF95840             LHPTIDILLTGGRDSVCRVWDIRTKAHVSALTGHDNTVCSVFARPTDPQVVTGSHDSTIK 313 
Ostreococcus              MHPTLDLLFTGGRDSACRVWDIRTKQQVYCLTGHDNTVGSILAQDENPQLVTGSYDGTIR 345 
Human_PLRG1_AAH20786      LHPTIDVLVTCSRDSTARIWDVRTKASVHTLSGHTNAVATVRCQAAEPQIITGSHDTTIR 346 
Schizosaccharomyces       LHPTLDVLVTAGRDAVARVWDMRTRQNVHVLSGHKSTVASLAVQEFDPQVVTGSMDSTIR 314 
                          :***:*::.* .**:..*:**:**:  :  *. * . * ::  :  :**::*** * **: 
 
Arabidopsis_PRL1          FWDLRYGKTMSTLTHHKKSVRAMTLHPKENAFASASADNTKKFSLPKGEFCHNMLSQQKT 387 
Arabidopsis_PRL2          FWDLRYGKSMATITNHKKTVRAMALHPKENDFVSASADNIKKFSLPKGEFCHNMLSLQRD 380 
Rice_ABF95840             FWDLVAGRTMCTLTHHKKSVRAMALHPKEKSFASASADNIKKFSLPKGEFLHNMLSQQKT 373 
Ostreococcus              MWDLAMGKSINTLTHHKKGVRAMVMHKKEFAFVSASADNIKKFSC-HGDFMHNMLSQQKA 404 
Human_PLRG1_AAH20786      LWDLVAGKTRVTLTNHKKSVRAVVLHPRHYTFASGSPDNIKQWKFPDGSFIQNLSG-HNA 405 
Schizosaccharomyces       LWDLAAGKTLTTLTHHKKTVRALSLHPDEFTFASGSSDNIKHWKFPEGAFMGNFEG-HNA 373 
                          :***  *::  *:*:*** ***: :*  .  *.*.*.** *::.  .* *  *: . :.  
 
Arabidopsis_PRL1          IINAMAVNEDGVMVTGGDNGSIWFWDWKSGHSFQQSETIVQPGSLESEAGIYAACYDNTG 447 
Arabidopsis_PRL2          IINAVAVNEDGVMVTGGDKGGLWFWDWKSGHNFQRAETIVQPGSLESEAGIYAACYDQTG 440 
Rice_ABF95840             IINSMAVNEDGVLATGGDNGSLWFWDWKSGHNFQQDQTIVQPGSLESEACIYALSYDVSG 433 
Ostreococcus              IVNTLSMNDDDVIFSGGDNGSMCFWDYKSGHCFQQEKALVQPGSLEAECGIYASTFDLTG 464 
Human_PLRG1_AAH20786      IINTLTVNSDGVLVSGADNGTMHLWDWRTGYNFQRVHAAVQPGSLDSESGIFACAFDQSE 465 
Schizosaccharomyces       IVNTLSINSDNVMFSGADNGSMCFWDWKSGHKYQELQSVVQPGSLDSEAGIFASSFDKTG 433 
                          *:*::::*.*.*: :*.*:* : :**:::*: :*. .: ******::*. *:*  :* :  
 
Arabidopsis_PRL1          SRLVTCEADKTIKMWKEDENATPETHPIN-FKPPKEIRRF-- 486 
Arabidopsis_PRL2          SRLVTCEGDKTIKMWKEDEDATPETHPLN-FKPPKEIRRF-- 479 
Rice_ABF95840             SRLVTCEADKTIKMWKEDLSATPETHPIN-FKPPKDIRRY-- 472 
Ostreococcus              SRLITCEADKTIKMWKEDVNATPESNPILPFEPPKNVRRGGG 506 
Human_PLRG1_AAH20786      SRLLTAEADKTIKVYREDDTATEETHP-VSWKPEIIKRKRF- 505 
Schizosaccharomyces       LRLITCEADKSVKIYKQVDNATPETHPNLPWTPSNLRRRY-- 473 
                           **:*.*.**::*::::   ** *::*   : *    *:    
Fig. 3-15: Conservation of PRL1 homologues in eukaryotes. The amino acid sequence alignment of PRL1 and 
PRL2 from Arabidopsis, PRL1 homologous in rice (ABF95840), Ostreococcus tauri (CAL54946), human (PLRG1) and 
Schizosaccharomyces pombe (BAA21403). The position of the amino acid substitution in prl1-5 is shown in the box. 
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3.5 The characterization of flu prl1-5 (caa13) 

3.5.1 The visible phenotype and the luciferase activity of flu prl1-5 

flu prl1-5 and the flu AAA:LUC+ parental line were grown under continuous light. The flu prl1-5 

double mutant has a distinct visible phenotype throughout its life cycle. The visible phenotype 

and the luciferase activities of flu prl1-5 at 4, 10 and 20 days are shown in Fig. 3-16. The flu prl1-

5 plants are dark green and smaller in size. The leaf margins are serrated. The dark color of the 

leaves may be due to the accumulation of anthocyanins. The luciferase activity of flu prl1-5 in 

seedling stage could be observed from the very beginning of germination and was mainly 

concentrated in the apical region (Fig. 3-16). The mature plant of flu prl1-5 had only a slightly 

higher luciferase activity than the parental line.   

 
 

 
 
Fig. 3-16: The visible phenotypes (A) and the luciferase activity images (B) of flu prl1-5 and flu AAA:LUC+ 
parental lines after 4, 10 and 20 days under continuous light. 
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3.5.2 1O2-mediated stress responses of flu prl1-5 

The 1O2-mediated stress response of flu prl1-5 was investigated. The flu prl1-5 and flu mutants 

were grown on MS plate under continuous light for 6 days and then subjected to a D/L shift. 

After 16hr of darkness and subsequent illumination, flu prl1-5 showed less necrotic lession than 

flu (Fig. 3-17 A). At the rosette leaf stage (28days), following a 16 hr D/L shift there was no 

striking difference of lesion formations between flu prl1-5 and flu (Fig. 3-17 B and C).  

The expression of the endogenous AAA type ATPase and of the Luciferase genes were 

quantified in 6 day-old seedlings after the release of 1O2 in flu prl1-5 and compared to the flu 

AAA:LUC+ parental line. Plants were grown under continuous light and then subjected to a 16 hr 

D/L shift. The plant materials from flu prl1-5 and the parental line were harvested before dark, 15 

and 60 min after the D/L shift. Under continuous light, the flu prl1-5 mutant shows approximately 

an 8 times higher expression of the endogenous AAA Type ATPase gene and a 10 times higher 

expression of the Luciferase reporter gene than flu AAA:LUC+ (Fig. 3-17 D). After a dark to light 

shift, the expression of the endogenous AAA type ATPase and the Luciferase genes in flu prl1-5 

were further enhanced. One hour after the D/L shift the endogenous AAA Type ATPase and the 

Luciferase reporter gene expression were approximately 20 times higher than in the flu 

AAA:LUC+  parental line kept under continuous light (Fig. 3-17 D). This indicates that flu prl1-5 is 

still responsive to 1O2 by changing the AAA Type ATPase gene expression. 

 

3.5.3 The interaction between sucrose and 1O2-mediated stress responses 

The prl1-1 mutant has been previously described as hypersensitive to sucrose (Nemeth et al., 

1998). It was suggested that PRL1 may act as a negative regulator of sucrose-responsive genes 

(Nemeth et al., 1998). The interaction between sucrose signaling and 1O2-mediated signaling in 

flu and flu prl1-5 was tested. flu and flu prl1-5 were grown on MS media and MS supplemented 

with 2% sucrose. Plants were kept under continuous light for 6 days and then subjected to a 16 

hr D/L shift. After the D/L shift, the flu mutant on sucrose medium showed more extensive 

damage as compared to flu on MS. This enhancing effect of sucrose on 1O2-mediated stress 

responses is more visible in flu prl1-5. After the 16hr D/L shift, flu prl1-5 plants grown on sucrose 

medium were bleached, whereas flu prl1-5 plants grown on MS medium were less damaged. 

These results suggest that sucrose exerts a synergistic effect on 1O2-mediated cell death (Fig. 3-

17 A). The effect of sucrose on 1O2-mediated gene expression changes was also investigated. 

The expression of the AAA Type ATPase and the Luciferase reporter gene after a D/L shift in flu 
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AAA:LUC+ and flu prl1-5 grown on MS media and MS media supplemented with 2% sucrose 

were compared. The AAA Type ATPase and Luciferase genes were more rapidly up-regulated 

in flu AAA:LUC+ on sucrose medium. Within 15 min after a D/L shift, an approximately 2-fold 

induction of AAA Type ATPase and Luciferase could be observed in flu AAA:LUC+  grown on 

sucrose medium, whereas in flu AAA:LUC+ grown on MS medium there was no induction of the 

AAA Type ATPase and the Luciferase gene. This rapid induction was also observed in flu prl1-5. 

The results of this expression study are shown in Fig.3-17 D and E. They indicate that sucrose 

enhances 1O2-mediated gene expression.  

 

 

D.                                                                                                             E. 

                                                                   

 

 

 

 

 

 

Fig. 3-17: 1O2-mediated stress response of flu prl1-5. (A) Visible stress responses of seedlings of flu prl1-5 and the 
flu AAA:LUC+ parental line after a D/L shift on MS medium and sucrose medium. Six day-old plants were kept for 16hr 
dark and then re-illuminated. The picture was taken 3 days after the D/L shift. (B) 1O2-mediated stress responses of 
mature rosette plants of flu prl1-5. Plants were grown under continuous light for 28 days. The picture was taken 
after 16hr of darkness and one day of light exposure. (C) Plants were grown under continuous light for 28 days and 
then transferred to  D/L cycles for 7 days (8hr dark and 16hr light ) (1) flu AAA:LUC+ under continuous light, (2) Col 
plr1-5  after the D/L shift (3) flu prl1-5 after the D/L shift and 4) flu AAA:LUC+ after the D/L shift. Quantitative 
measurement of the endogenous AAA Type ATPase (AAA) and the Luciferase (LUC) expression in flu prl1-5 and the 
parental line grown on MS medium (D) and on sucrose medium (E) after a D/L shift. The expression is shown relative 
to the parent line under continuous light on MS medium. On sucrose medium the induction of the AAA and the LUC 
was rapid and could be observed within 15 min after the D/L shift in the parental line.  
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3.5.4 Protochlorophyllide accumulation in flu prl1-5 

The 1O2-mediated stress responses and the over-accumulation of protochlorophyllide in flu prl1-

5 was investigated. Four day-old etiolated seedlings of WT Col, flu, flu AAA:LUC+, flu prl1-5 and 

Col prl1-5 were exposed to blue light (400- 450 nm). Etiolated flu shows an increased red 

fluorescence emitted by excited free protochlorophyllide. flu prl1-5 showed a similar increase of 

red fluorescence as flu under blue light (Fig. 3-18 A). In WT Col and Col prl1-5 this bright red 

fluorescence was absent. This observation suggests that 4 day-old etiolated flu prl1-5 seedlings 

accumulate similar excess amounts of protochlorophyllide similar to flu. Etiolated seedlings of flu 

and flu prl1-5 bleached and died after re-illumination, whereas WT Col and Col prl1-5 started to 

green (Fig. 3-18 B). 

 

A.                                                                                         

 
 
 
 
B. 

 
 
 
 
 
 
 
 
Fig. 3-18: Etiolated seedlings of flu prl1-5 show an enhanced red fluorescence as flu due to the 
overaccumulation of free protochlorophyllide. (A) The fluorescence pictures of 4 day-old etiolated seedlings of Col, 
Col prl1-5, flu prl1-5, flu AAA:LUC+ and flu  (B) The phenotype of etiolated seedlings exposed for 3 days to continuous 
light. 
 

3.5.5 The Luciferase activity in etiolated flu prl1-5 seedlings 

The constitutive expression of the luciferase reporter in the flu prl1-5 mutant was also checked in 

etiolated seedlings to see whether the expression of the reporter gene is light-dependent. The 

expression of the luciferase was compared between 5 day-old seedlings of flu prl1-5 grown 

under continuous light and 5 day-old etiolated flu prl1-5 seedlings. Luciferase images were taken 

under complete darkness and flu prl1-5 was never exposed to light during the imaging. The 

luciferase images from this experiment are shown in Fig. 3-19. The result demonstrates that flu 
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prl1-5 etiolated seedlings show a similar constitutive luciferase expression as continuous-light-

grown flu prl1-5 seedlings. The constitutive expression of AAA:LUC+ reporter in flu prl1-5 does 

not seem to be light dependent. 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 3-19: The luciferase activity of flu prl1-5 seedlings grown in continuous light and dark. The visible 
phenotypes and the corresponding luciferase images of 5 day-old etiolated seedlings and seedlings grown under 
continuous light (LL) of flu prl1-5 and the flu AAA:LUC+ parental line.The luciferase image of etiolated seedlings was 
taken under complete dark condition. The 35S:LUC+  line served as a control. 

 

3.5.6 The response of prl1-5 to high light and cold stress 

High light and low temperature have been shown to enhance the production of 1O2 and H2O2 in 

plants (Hideg et al., 1998; Fryer et al., 2002; Karpinski et. al., 1999). The response of prl1-5 to 

high light was investigated. WT Col., the flu AAA:LUC+ parental line and prl1-5  were grown for 6 

days under continuous low light (20 µmol photons m-2 s-1 at 22oC) and then transferred to a 

combination of high light and low temperature (300 µmol photons m-2 s-1at 12oC). The ratios of 

variable to maximum fluorescence (Fv / Fm) were measured before and after 1, 3 and 7 days of 

high light treatment (Fig. 3-20 A). The Fv / Fm parameter indicates the state of PSII and the 

extent of photoinhibition.  Before high light treatment, the Fv / Fm value of prl1-5 was 0.86. This 

was slightly less than WT Col (0.88) and the flu AAA:LUC+ parental line (0.88) (Fig. 3-20 B). After 

3 days of high light/low temperature treatment the reduction of the Fv / Fm value in the prl1-5 

mutant (0.58) was less pronounced compared to wild type (0.42) (Fig. 3-20 B). After 7 days of 

treatment, the WT Col. and the parental line were completely bleached and died, whereas the flu 

prl1-5 were able to survive  this stress (Fig. 3-20 C). The number of bleached plants was 

calculated after 7 days of high light for WT Col, the flu AAA:LUC+ parental line and  prl1-5. The 

percentage of death and survival are shown in Fig. 3-20 D. 
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Fig. 3-20: The enhanced tolerance of prl1-5 to the combined stress of high light and cold. (A) Plants were 
grown under low light for 6 days and then transferred to high light.  (B) Fv / Fm values were measured before high 
light (HL) treatment and 1, 3, 7 days after HL treatment. (C) The plant phenotype after 7days of stress. (D) The 
number of bleached plants was calculated after 7 days of HL treatment. The graphical representation of the 
percentage of dead and surviving seedling of flu prl1-5 and the flu AAA:LUC+ parental line is shown. 
 

 

3.5.7 The response of prl1-5 to O2
• – / H2O2 

In flu prl1-5 grown under continuous light, the 1O2-specific marker genes AAA Type ATPase, 

BAP1 and AAA:LUC+ reporter were up-regulated, while the H2O2-specific marker genes Ferritin1 

and APX1 were slightly down-regulated relative to the flu AAA:LUC+ parental line (Fig. 3-21 A). 

The expression of these marker genes was investigated in flu prl1-5 after paraquat application to 

know whether the response of O2
• – /H2O2-specific marker genes is affected by the prl1 mutation. 

The flu prl1-5 mutant together with flu AAA:LUC+ and WT Col were grown under continuous light 

for 6 days. Paraquat (50µM) was sprayed and plant material was harvested 2 and 4hr after the 

treatment. The expression pattern of 1O2- and H2O2-specific marker genes was examined after 
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4hr of paraquat treatment relative to the control (0.1% Tween 20) by real time PCR. The result of 

the experiment shows that after paraquat treatment the O2
• – /H2O2-specific marker genes 

Ferritin1 and APX1 in flu prl1-5 were both upregulated as in the AAA:LUC+ parental line (Fig. 3-

21 B). 

 

      A.                                                                                          B.        

                                                                             

Fig. 3-21: The response of prl1-5 to O2
• – /H2O2. (A) Quantative measurement of the AAA, LUC, Ferritin1 and APX1 

gene expression in 6 day-old seedlings grown under continuous light of flu prl1-5 relative to the flu AAA:LUC+ parental 
line. (B) The expression of the ROS-specific marker genes after 4hr of treatment with 50µM paraquat in the flu 
AAA:LUC+ parental line and flu prl1-5  relative to the control treatment. 

 

3.5.8 PRL1 and its interacting partner AtCDC5 

It has been shown previously that PRL1 interacts with AtCDC5 (At1g09770) which is an atypical 

R2R3 Myb transcription factor (Palma et al., 2007). The phenotype of the Atcdc5 mutant is very 

similar to that of the prl1 mutant (Fig. 3-22 B). The Atcdc5 mutant is smaller in size and leaves 

are darker in color than WT. The expression of 1O2-and H2O2-specific marker genes was 

measured quantatively in the Atcdc5 mutant. The flu AAA:LUC+ parental line, Atcdc5 and prl1-5 

were grown under continuous light for 6 days. The expression of the endogenous AAA Type 

ATPase, BAP1, Ferritin1, APX1 and Luciferase reporter genes were measured by real time PCR 

relative to the parental line. In Atcdc5 and flu prl1-5, the endogenous AAA Type ATPase was up-

regulated approximately 8 times relative to the flu AAA:LUC+ parental line. The H2O2-specific 

marker genes were also up-regulated in Atcdc5 unlike their down-regulation in flu prl1-5 (Fig. 3-
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22 C). The ROS- specific marker gene expression in the prl1 and Atcdc5 mutant is not fully 

identical. 

 
A.                                                                                                 

 
 
B. 

 
 
C. 

 
 
 
 
Fig. 3-22: (A) The PRL1 protein structure and its interacting partner AtCDC5. The mutation in prl1-5 is in the third WD 
repeat domain. (B) The phenotypes of mutant plants of Atcdc5 and prl1-5 at the rosette leaf stage. (C) The expression 
of the marker genes AAA, LUC, BAP1, Fer1 and APX1 in prl1-5 and Atcdc5 in 6 day-old seedlings. 
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4 Discussion 

4.1 The role of 1O2, signaling vs cytotoxicity 

ROS have been proposed to affect stress responses in two different ways. ROS may react with 

a large variety of biomolecules and may cause irreversible damages that can lead to tissue 

necrosis and ultimately may kill the plants (Girotti, 2001). On the other hand, ROS may act as 

signaling components that activate and control various genetic stress response programs 

(Dalton et al., 1999). During unfavorable environmental conditions, different ROS are produced 

simultaneously which makes it difficult to study the role of individual ROS in plant stress 

responses. To understand the biological role of ROS during stress responses of plants, one 

would need to find conditions under which only one specific ROS is generated at a given time, 

within a well defined subcellular compartment. The conditional flu mutant of Arabidopsis thaliana 

fulfills these requirements. 

Generation of singlet oxygen rapidly occurs in the chloroplasts of the flu mutant after a dark-to-

light shift due to the overaccumulation of the photosensitizer protochlorophyllide in the dark (op 

den Camp et al., 2003). This causes visible stress responses in the mutant. After a dark / light 

shift mature plants stop growing and etiolated seedlings collapse within a few hours and die (op 

den Camp et al., 2003). In addition to the visible stress response, massive changes in gene 

expression were shown to occur in flu shortly after the release of 1O2. 

These stress responses triggered by 1O2 could be due to the cytotoxicity or the signaling role of 

this ROS. The cytotoxicity or the signaling role of 1O2 in the flu mutant has been addressed 

recently (op den Camp et al., 2003; Wagner et al., 2004; Przybyla et al., 2008). As most of the 

free protochlorophyllide is found to be associated with thylakoid membranes in the flu mutant, 

polyunsaturated fatty acids (PUFA) may be the primary target of 1O2. In etiolated seedlings an 

approximately 4 to 5-fold higher amount of protochlorophyllide accumulates than in seedlings 

grown under continuous light and then transferred to an 8 hr dark/ light shift. It was reported that 

during illumination of etiolated flu seedlings toxic effects of 1O2 prevail and non-enzymatic lipid 

peroxidation proceeds rapidly. In contrast, in light-grown flu plants that were subjected to an 8 h 

dark / light treatment, lipid peroxidation happened almost exclusively enzymatically (op den 

Camp et al., 2003). The resulting oxidation product, 13-hydroperoxy octadecatrienoic acid (13-

HPOT) serves as a substrate for the synthesis of 12-oxo phytodienoic acid (OPDA) and 

jasmonic acid (JA) both known to control various metabolic and developmental processes in 
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plants. It was shown that 1O2 produced in flu protoplasts triggers cell death-activating pathways 

controlled by salicylic acid, ethylene and oxylipins (Danon et al., 2005). 

A genetic approach was used to identify genetic components involved in 1O2-mediated stress 

responses. flu plants were mutagenised with EMS and second-site mutants, that no longer 

showed the bleaching of seedlings or the growth inhibition of mature plants when grown under 

non-permissive L/D conditions, were identified. During this screen, the executer 1 mutant was 

identified. The flu / executer1 double mutant accumulates the same amounts of 

protochlorophyllide during dark incubation as flu, but upon illumination does not show any cell 

death in seedlings and growth inhibition at the rosette leaves stage (Wagner et al., 2004). The 

identification of EXECUTER1, which is a nuclear encoded chloroplast protein, clearly 

demonstrates that the severe growth inhibition in mature plants and the bleaching of seedlings 

after the release of 1O2 results from the activation of genetically controlled stress programs in the 

flu mutant rather than from direct damage caused by 1O2. Despite this genetic evidence it is still 

an open question how the EXECUTER1 is involved in the perception of 1O2 or if it forms a further 

down-stream element of the ROS signaling cascade. On the other hand, most of the gene 

expression changes in flu following a D/L shift are not completely suppressed by the executer1 

mutation. This indicates that other signaling pathways may exist that respond to 1O2 in an 

EXECUTER1- independent manner. 

Mutant screens aimed at identifying signaling components involved in the transmission and 

modulation of plastid-derived signals have had only limited success so far. Previous screens of 

plastid-to-nucleus signaling identified only plastid localized components (Susek et al., 1993; 

Mochizuki et al., 2001; Larkin et al., 2003; Koussevitzky et al., 2007). One reason to explain the 

failure to identify signaling constituents that act outside the plastid could be that signals, after 

leaving the plastid compartment merge in a complex signaling network that modulates and 

integrates various environmental cues and relays these to the nuclear compartment. The 

stability and robustness of such a complex signaling network has been ascribed to the 

interaction of numerous and redundant signaling routes with partially overlapping specificities. In 

order to dissect this complexity of a signaling network we have exploited the unique properties of 

the flu system. In our study a genetic screen has been performed to identify signaling 

components responsible for the transmission and integration of 1O2-dependent signals. 
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4.2 1O2-mediated signaling, specificity and cross-talk with other ROS 

In this study a 1O2-responsive and -specific promoter was identified and fused with a luciferase 

reporter gene. This construct was transformed into the flu background to monitor 1O2-dependent 

activation of nuclear genes. Previously, several global gene chip expression studies had been 

carried out in our group with wild-type and flu mutant plants that led to the identification of a 

large number of nuclear genes that were up- or down-regulated in response to 1O2 (op den 

Camp et al., 2003; Laloi  et al., 2006). Among the 1O2-responsive genes, a core set was 

identified, whose activity seems to be controlled rather selectively by singlet oxygen. A 

transgenic line in flu background carrying the 1O2 specific AAA Type ATPase gene promoter 

fused to the luciferase reporter gene shows induction of the reporter after the release of 1O2. The 

flu AAA:LUC+ reporter line allow us to monitor the release of 1O2 in a defined signaling context in 

the flu mutant of Arabidopsis.  

One of the major challenges in understanding ROS-mediated signaling networks is to elucidate 

how signaling specificity is achieved. The response to oxidative stress and transcriptional 

regulation has been extensively studied and characterized in E. coli and Salmonella typhimurium. 

Exposure to H2O2 leads to the activation of OxyR, a transcriptional factor that regulates the 

expression of genes required for the protection against oxidative stress (Storz et al., 1997; 

Greenberg and Demple, 1998), whereas the superoxide anion induces SoxR, needed for the 

induction of SoxS that regulates a set of genes including superoxide dismutase and DNA repair 

enzymes (Pomposiello and Demple, 2001). These data shows how individual ROS can trigger 

specific stress responses in bacteria. The induction of the expression of specific sets of genes 

by 1O2 was also observed in photosynthetic bacteria and green algae (Anthony et al., 2005; 

Fischer et al., 2006). It was reported that the phototrophic bacterium Rhodobacter sphaeroides 

initiates a transcriptional response to 1O2 that requires the alternative σ factor σE (Anthony et al., 

2005). Using a rpoE P1:lacZ reporter construct it was reported that other ROS such as O2
• – 

/H2O2 do not cause any increase in σE-dependent gene expression.  Induction of the GPXH gene 

by 1O2 was reported previously in Chlamydomonas in response to extreme high light (3000 µmol 

m-2 sec-1) (Fischer et al., 2006). It was shown recently that H2O2 and 1O2 evoke different 

responses with respect to the expression of nuclear-encoded genes in Chlamydomonas. Using 

various HSP70A promoter segments fused to a luciferase reporter gene system, the individual 

detection of H2O2 and 1O2 in Chlamydomonas reinhardtii was reported (Shao et al., 2007). This 

study shows that different and specific HSP70A promoter regions mediate the upregulation in 

response to H2O2 and 1O2. In a recent study, using Rose Bengal as a photosensitizer, 1O2-
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mediated acclimation in Chlamydomonas reinhardtii was reported (Ledford et al., 2007). 

Interestingly, there was no cross-acclimation between superoxide and 1O2 which also shows the 

specificity of individual ROS in signaling. 

Gene expression in response to oxidative stress seems to be coordinated via the interaction of 

transcription factors with specific oxidative stress-sensitive cis-elements in the promoter region 

of these genes (Desikan et al., 2001). Work on yeast cells has shown that homologous of the 

mammalian ATF and AP-1 transcription factors function as key mediators of diverse stress 

signals and bind to conserved cis-regions of stress-inducible promoters (Chen et al., 2003; Eisen 

et al., 2000). A recent study using transcriptomic data generated from ROS-related microarray 

experiments to assess the specificity of ROS-driven transcript expression has shown that in 

addition to general oxidative stress response genes many of the genes were also specifically 

regulated by O2
• – , H2O2 or 1O2 (Desikan et al., 2001; Gadjev et al., 2006). Studies of H2O2-

induced gene expression in Arabidopsis indicate potential H2O2-responsive cis-elements in 

genes regulated by H2O2 (Desikan et al., 2001). One of these elements, as-1 has high homology 

with the redox-sensitive mammalian AP-1 cis-element. The specificity and cross talk of O2
• – / 

H2O2 and 1O2 was addressed by modulating non-invasively the level of H2O2 in plastids by means 

of a transgenic line that overexpresses the thylakoid-bound ascorbate peroxidase (tAPX) (Laloi 

et al., 2007). The overexpression of the H2O2-specific scavenger strongly reduced the activation 

of nuclear genes in plants treated with the herbicide paraquat that in the light leads to the 

enhanced generation of O2
• – / H2O2. In the flu mutant, overexpression of tAPX further enhanced 

the intensity of 1O2-mediated cell death and growth inhibition compared to the flu parental line. 

Also, the expression of most of the nuclear genes that were rapidly activated after the release of 
1O2 was significantly higher in flu plants overexpressing tAPX, whereas in wild-type plants 

overexpression of tAPX did not lead to visible stress responses and had only a very minor 

impact on nuclear gene expression. The results suggest that H2O2 antagonizes the 1O2-mediated 

signaling of stress responses as seen in the flu mutant. 

It is not clear how the AAA Type ATPase gene used in this study is specifically activated 

following the production of 1O2 in the flu mutant after a D/L shift and by RB under continuous 

light. The AAA Type ATPase gene promoter does not have any well characterized stress-

sensitive cis-elements. A functional characterization of this promoter will allow the identification 

of  novel stress-sensitive cis-elements. 
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4.3 Screen for caa mutants 

Forward genetic approaches provide powerful tools for the identification of genes involved in 

biochemical or developmental pathways (Koornneef et al, 1991). Moreover, mutant isolation 

allows further characterization of potential genetic interactions. In recent years, many stress- 

responsive promoters (e.g. RD29A, APX2, RCI2A) fused to reporter genes have been used to 

dissect the complex stress signaling pathways (Ishitani et al., 1997; Gong et al., 2002; Ball et al., 

2004; Medina et al., 2005; Lee et al., 2006). The luciferase reporter gene provides the 

advantages of high sensitivity, noninvasiveness and high throughput. The success of a reporter-

based genetic screen depends on the efficiency of the promoter used to drive the expression of 

the reporter gene. A promoter which contains the transcription factor binding sites (TFBS) and is 

able to drive gene expression to a specific stimulus is referred to as an efficient promoter (Aarts 

et al., 2003).   

EMS mutagenesis generates randomly distributed point mutations throughout the genome of 

Arabidopsis. As a result, chemical mutagenesis can be used not only to search for loss-or gain-

of-function mutants, but also to understand the role of specific amino acid residues in protein 

function. Results of many studies suggest that the use of chemically induced mutants can also 

provide useful information for understanding the function of essential genes by generating weak 

non-lethal alleles (Kim et al., 2006). 

In this study a genetic screen was performed to understand the 1O2-mediated stress signaling in 

Arabidopsis. The 1O2-responsive flu AAA:LUC+ reporter line was mutagenised with EMS. Based 

on their constitutive expression of the luciferase reporter under continuous light, several caa 

mutants were identified. Six of these mutants caa4, caa5, caa12, caa13, caa33 and caa39 were 

selected for subsequent characterization in this study. The extent of constitutive up-regulation of 

the reporter gene in different caa mutants varied largely. Different caa mutants showed 

developmental and organ / tissue specific expression of the luciferase reporter. Except for caa5, 

the other mutations additionally affected the shape of the rosette leaves and the growth habit of 

the plants. These results suggest that the mutated genes may act pleiotropically. 

The caa mutations may cause a constitutive up-regulation of the reporter gene either by 

modifying its promoter (cis-acting mutations) or by altering a different gene, whose product is 

normally required for the 1O2-dependent control of the AAA:LUC+ reporter gene (trans-acting 

mutations). Cis- and trans-acting mutations can be distinguished by determining the effect of the 

mutation on the expression of the endogenous AAA Type ATPase gene. The result shows that 

all selected mutants acted in trans: Not only the reporter gene, but also the endogenous AAA 
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Type ATPase gene, carrying the same promoter, were constitutively up-regulated. Besides the 

reporter gene and the endogenous AAA Type ATPase gene, also another singlet oxygen-

responsive (BAP1) and a hydrogen peroxide-specific gene (Ferritin1) have been analyzed in the 

caa mutants. Interestingly, the mutations greatly differed with respect to their effects on the 

expression of the two other marker genes. For instance, caa13 and caa39 showed specific 

upregulation of 1O2-specific marker genes, but H2O2 -specific marker genes were either 

downregulated or not affected in these mutants. On the other hand, caa12 and caa33 showed 

upregulation of both 1O2- and H2O2-specific marker genes. 

The identification of different mutants suggested a high level of complexity in the regulatory 

cascades that control the expression of the 1O2-responsive AAA type ATPase gene. The 

identification of caa mutants should allow us to identify factors such as transcriptional activators 

and repressors that interact, directly or indirectly, with cis-acting regulatory motives involved in 

plant responses to 1O2- and other ROS. Another screen using the flu AAA:LUC+ reporter aimed 

at isolating loss of function mutants which will not show upregulations of the luciferase reporter 

after the release of 1O2 may also help to identify factors which are more directly involved in 1O2-

mediated signaling. 

 

4.4 Mapping of caa13, an allele of prl1 

In this study one of the mutants, dubbed caa13, was selected for mapping and map-based 

cloning. Fine mapping and sequencing revealed a single nucleotide substitution from G to A in 

the PLEIOTROPIC REGULATORY LOCUS 1 (PRL1). In the majority (99%) of cases, EMS 

induces C-to-T changes resulting in C/G to T/A substitutions (Greene et al., 2003). The 

nucleotide substitution from G to A in the PRL1 locus of caa13 leads to an amino acid exchange 

from glycine to glutamic acid at position 278 within the third WD repeat. 

The prl1 mutant was described for the first time in a mutant screen aimed at identifying novel 

factors in the sugar signaling pathway (Nemeth et al., 1998). The recessive T-DNA mutant (prl1-

1) was reported as hypersensitive to glucose and sucrose. The life cycle of the prl1-1 mutant 

was arrested on medium containing 5 to 6% glucose, and mutant plants died subsequently 

under these conditions while Wt can survive. It was reported that the prl1 mutation results in 

transcriptional derepression of glucose responsive genes. The prl1 mutation also enhanced the 

sensitivity of plants to growth hormones including cytokinin, ethylene, abscisic acid and auxin. 

Soil-grown mutant plants were smaller than wild type plants and leaves were smaller with shorter 
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petioles and had serrated margins. There was an enhanced accumulation of chlorophyll and 

anthocyanin in the mutant; hence these plants were darker than wild type. It was reported that 

the contents of glucose, fructose, sucrose and starch in the leaves of the prl1 mutant were 2- to 

5-fold higher in comparison to the WT. The root elongation of the prl1 mutant was reported to be 

reduced 2-to 3-fold both under light and dark conditions with side roots developing early and 

showing ectopic root hair formation. In addition, it was also reported that the elongation of 

epidermal cells in the prl1 mutant was inhibited and their numbers in the hypocotyls were 

duplicated. 

A potential ortholog of PRL1, Prp5, was identified in a mutant screen for pre-mRNA splicing 

defects in fission yeast (Schizosaccharomyces pombe, Potashkin et al., 1998). The temperature 

sensitive prp5-1 (precursor mRNA processing 5-1) mutant was shown to accumulate unspliced 

U6 snRNA precursor. The phenotype of prp5-1 yeast cells was analyzed under restrictive 

conditions. The mutant displays a conventional cell division cycle (cdc) phenotype: the yeast 

cells are elongated and the chromatin is condensed into thin U-shaped structures. Flow-

cytometry analysis revealed that the cells were arrested with a 2C DNA content. This result 

indicated that the life cycle of the prp5-1 mutant proceeds through the S phase of the cell cycle 

and stops in G2. The Prp46p, ortholog of PRL1 in Saccharomyces cerevisiae, was identified in 

an extensive two-hybrid screen designed for isolation of mutations in new splicing factors that 

show interaction with the Prp22p DEAH-box RNA helicase (Albers et al., 2003). Subsequently, 

Prp46p was found to interact with Prp45p, a direct binding partner of Prp22p. Deletion of the 

PRP46 gene results in non-viable haploid spores. Construction of a conditional mutant strain 

demonstrated that PRP46 is essential in budding yeast. 

The transcribed region of the PRL1 gene is approximately 3.9 kb large. The PRL1 cDNA of 1731 

bp encodes a 54 kDa protein carrying seven WD40 repeats in its C-terminal region. The PRL 

gene family is small; only one homolog of PRL1 was identified in the Arabidopsis genome. PRL2 

(At3g16650) shows 83% amino acid identity with PRL1. The N-terminal region of PRL2 differs 

from PRL1 (65% identity) relative to the high conservation between the C-terminal domains of 

these proteins (89% identity). PRL1-related proteins are highly conserved in plants and in other 

eukaryotes. The PRL1 homolog in rice (Oryza sativa) shows 72% identity at the amino acid level. 

The single-celled plankton algae Ostreococcus tauri, which is at the base of the evolutionary tree 

of today’s higher plants, has a PRL1 homolog with a significantly high amino acid identity (67%). 

Fission yeast Prp5p shares 69% identity with Arabidopsis PRL1, whereas budding yeast Prp46p 

shares 63% amino acid identity with PRL1. PRL1 of Arabidopsis shows a sequence identity of 

62% with C. elegans PRL1 homologue and 59% with the human homolog PLRG1 (Nemeth et al., 
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1998). The alignment of amino acid sequences of PRL1 and PRL2 from Arabidopsis, the PRL1 

homolog in rice, Ostreococcus, human and yeast (Schizosaccharomyces pombe) is shown in 

Fig. 3-15. The position of the mutated amino acid in the prl1-5 mutant is conserved in plants and 

also in Ostreococcus tauri. The conservation of the amino acid residue in the homologous 

system reveals the importance of this particular amino acid in the protein structure and its 

function.  

The PRL1 protein was reported to be localized in the nucleus (Nemeth et al., 1998). In a recent 

study low amounts of PRL1 were shown by immunodetection to be present in the cytoplasmic 

fractions (Dora Szakonyi, PhD thesis, Cologne 2006). It was also reported that the highest 

activity of PRL1 was present in shoot and root apical meristems and emerging lateral meristems 

using a PRL1:GUS reporter line. This observation was also supported by the high level of 

expression of PRL1-GFP in meristematic tissues and leaf primordial (Szakonyi, 2006). These 

expression data indicate a potential role for PRL1 in the regulation of cell cycle and / or cell 

elongation. By comparing the PRL1 mRNA and protein levels in different plant organs it was 

shown that the amount of PRL1 mRNA is relatively constant in plant organs, but the protein level 

varies remarkably (Szakonyi, 2006). The micro array expression data of flu after a D/L shift also 

show no change of PRL1 transcripts. These data suggest that the PRL1 protein level may be 

differently regulated by a posttranscriptional or posttranslational mechanism.  

 

4.5 PRL1 and its associated protein complex 

Based on yeast two-hybrid screens and in vitro protein-protein interaction studies, PRL1 was 

shown to interact with and inhibit the activity of the Arabidopsis SnRK1 proteins AKIN10 and 

AKIN11, which are structurally and functionally related to the yeast SNF1 and mammalian AMPK 

regulatory kinases (Bhalerao et al., 1999). The yeast SNF1 and mammalian AMPK are 

considered to be metabolic sensors that monitor cellular glucose and/or AMP and ATP levels 

(Hardie, 2004). The mammalian AMPK is activated by stresses that cause ATP depletion. In 

general, activation of AMPK downregulates biosynthetic pathways and switches on catabolic 

pathways that generate ATP (Hardie, 2004). SnRK1 was reported to be involved in plant stress 

responses (Baena-Gonzalez et al., 2007; Polge et al, 2007). Plant SnRK1 kinases are regulated 

by AMP in a manner similar to their mammalian counterparts (Sugden et al., 1999). SnRKs were 

found in stable complexes with the ASK1/SKP1 subunit of SCF ubiquitin ligases that are 

recruited to the proteasome by the interaction of SnRK and ASK1/SKP1 proteins with the alpha 
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4/PAD1 subunit of the proteasome catalytic cylinder (Farras et al., 2001). The model (Fig. 4-1) 

predicts that the activity of SnRKs is inhibited by PRL1, which competes with the alpha 4/PAD1 

and ASK1/SKP1 proteins for binding to the regulatory domains of the kinase catalytic subunits. 

 

 

Fig. 4-1: Schematic model showing protein interactions in the proteasomal–SCF complex. (A)The α4/PAD1 
proteasome subunit interacts with Snf1-related Arabidopsis protein kinases AKIN10 and AKIN11 in the yeast two-
hybrid system and in vitro. SnRK protein kinase is detected in association with purified 26S proteasomes. (B) Epitope-
tagged SKP1/ASK1 co-purifies and co-immunoprecipitates with SnRK, cullin and 20S proteasome -subunits. SnRKs 
interact with the C-terminus of the α4/PAD1 proteasome subunit, which carries characteristic KEKE motifs present in 
several other -subunits. The α4/PAD1 and SKP1/ASK1 proteins interact with each other and bind to the C-terminal 
regulatory domains of SnRKs. The activity and interaction of SnRKs with SKP1/ASK1 are inhibited by the PRL1 WD-
protein. (Farras et al., 2001)  

 

In humans the PRL1 homolog, PLRG1, was shown to interact with at least two other proteins: 

CDC5L implicated in cell cycle control (Ajuh et al., 2001) and Breast Cancer Amplified Sequence 

2 (BCAS2) (Qi et al., 2005). CDC5 has been identified as a Myb-related putative transcription 

factor capable of sequence-specific binding to double stranded DNA (Lei et al, 2000; Hirayama 

and Shinozaki, 1996). BCAS2 has been associated with cancer malignancy and estrogen 

receptor-mediated transcription (Qi et al., 2005). All three proteins form part of the PRP Nineteen 

Complex (NTC) that has been shown to be associated with the spliceosome (McDonald et al., 

1999; Neubauer et al., 1998). A similar NTC-like complex containing PRL1, AtCDC5 and a plant 

homolog of BCAS2, Modifier Of Scn1-4 (MOS4), has recently been shown to be also present in 

plants (Palma et al., 2007). Inactivation of each of the three interacting partners did not visibly 

impede the correct splicing of pre-mRNA or interfere with differential splicing, but affected greatly 

the plant’s innate immunity against fungal and bacterial pathogens (Palma et al., 2007). It was 

proposed that the Prp19/Ntc spliceosome complex is also associated with components of the 

proteasome pathway (Szakonyi, 2006). 
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4.6 The characterization of flu prl1-5 

The visible plant phenotype of flu prl1-5 under continuous light is very similar to the phenotype 

previously described for the prl1-1 mutant (Nemeth et al., 1998). The higher luciferase 

expression in the actively growing apical region in flu prl1-5 is in agreement with the previously 

reported higher expression of PRL1 in meristematic tissue (Szakonyi, 2006). This result supports 

the hypothesis that the function of PRL1 may be more restricted during regulation of cell cycle or 

cell division in actively dividing tissues. It was suggested that PRL1 acts as a negative regulator 

of transcription (Nemeth et al., 1998). Our study indicates a possible role of PRL1 in 1O2-

mediated transcriptional regulation in flu. It was observed that the AAA:LUC+ activity in etiolated 

seedlings of flu prl1-5 was similar to that of the continuous light-grown seedlings. The AAA:LUC+ 

activity in etiolated seedlings supports the theory that PRL1 acts as a negative regulator of 1O2-

responsive AAA Type ATPase gene expression. The question arises how PRL1 may be involved 

in the regulation of the AAA Type ATPase gene expression. 

The constitutive upregulation of the AAA Type ATPase gene in flu prl1-5 may be due to the fact 

that the expression of the AAA Type ATPase gene requires proteolysis of a hypothetical 

repressor (negative regulator). The PRL1 may decrease or prevent proteolysis of a hypothetical 

repressor by inhibiting the interaction of SCF with SnRK. In the prl1 mutant this inhibition would 

be abolished, so there would be an increased turnover of the hypothetical repressor. This 

increased turnover of a repressor would lead to the constitutive expression of the AAA Type 

ATPase. A similar function of PRL1 in regulating a repressor involved in auxin signaling has 

previously been mentioned (von Arnim, 2001). The question arises, how the AAA Type ATPase 

is induced in flu after the release of 1O2 and where PRL1 would stand in such a signaling 

cascade. Under 1O2 release there are two possibilities. First, a hypothetical repressor may 

undergo oxidative modifications and may become more prone to proteolysis. This could lead to 

the upregulation of the AAA Type ATPase gene expression. A second possibility is that the 

PRL1 itself undergoes modification in the presence of 1O2 which could lead to increased 

proteolysis of a hypothetical repressor. This way, the AAA Type ATPase gene expression could 

also be enhanced. The possible direct modification of the PRL1 protein by 1O2 in flu after a D/L 

shift will be addressed in future experiments using the PRL1 antibody. The role of the 

proteasome in the AAA Type ATPase gene regulation will be addressed in future by using a 

proteasome inhibitor (e.g. MG132). In a recent study it was shown that degradation of PRL1 was 

inhibited by the proteasome inhibitor MG132. This suggests that PRL1 itself is a potential 

substrate for proteasome-dependent degradation in vivo (Szakonyi, 2006).  
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The mutation in flu prl1-5 was found in the third WD motif. The WD domain of PRL1 was 

implicated as the interaction site of the CDC5 protein (Ajuh et. al., 2001). In prl1-5, this 

interaction may be affected. PRL1 and CDC5 represent conserved subunits of the NTC 

spliceosome-activating complex. Inactivation of CDC5 results in a prl1-like mutant phenotype 

suggesting functional interdependence of these two proteins. The expression of ROS-specific 

marker genes was analyzed in the Atcdc5 mutant. The result indicates that even though gene 

expression between prl1 and Atcdc5 mutant differed to some extent, the constitutive expression 

of the AAA Type ATPase was also observed in the Atcdc5 mutant. Defective or altered splicing 

also may affect the expression of the AAA Type ATPase gene expression in a similar way by 

affecting transcription factors. DNA-binding activity of AtCDC5 also raised the possibility that it 

may act as a transcription factor and thereby may controll gene expression. It was reported that 

a R2R3 type MYB transcription factor is involved in the cold–dependent regulation of C-repeat-

binding factor (CBF) genes and in acquired freezing tolerance (Agarwal et al., 2006).  

After a D/L shift the expression of the AAA Type ATPase was further upregulated in flu prl1-5 

seedlings which indicates an additional PRL1-independent regulation of the AAA Type ATPase 

gene expression after the release of 1O2. Interactions between SnRK1 kinases and the PRL1-

CDC5 spliceosome activating complex suggest the existence of a yet unexplored stress 

signaling pathways. SnRK1 has been suggested to act as a central integrator of transcription 

networks in plant stress and energy signaling (Baena-Gonzalez et al., 2007). A proposed model 

for the regulation of 1O2 responsive AAA Type ATPase gene expression is shown in Fig. 4-2. 

As PRL1 may act as a negative regulator of transcription, many stress responsive genes may be 

constitutively activated in the flu prl1-5 mutant that leads to enhanced tolerance to 1O2 and also 

to high light and cold stress of flu prl1-5 compared to flu. Accumulation of anthocyanin, free 

glucose, fructose, sucrose and starch content in the leaves of the prl1 mutant (Nemeth et al., 

1998) may be the consequences of pleiotropic effects due to the derepression of transcriptional 

regulation. These pleiotropic effects of the prl1 mutation may also lead to enhanced tolerance of 

flu prl1-5 against stress. It was reported that free carbohydrate, such as sugars and polyols can 

react with HO˙ (Smirnoff and Cumbes, 1989). Transgenic tobacco accumulating mannitol in their 

chloroplasts show increased resistance to oxidative stress, possibly because mannitol removes 

ROS before it reacts with more vital cellular components (Shen et al, 1997). Though there are no 

reports available about 1O2 reactions with carbohydrates, it was reported that HO˙ acts as a cell 

wall loosening agent during cell extension mediated by auxin, which promotes apoplastic ROS 

production (Moller et al., 2007). Recently it was suggested that PRL1 is involved in the 

regulation of stress responses caused by cell wall defects (Li et al., 2007).   
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Fig. 4-2: A proposed model for the regulation of 1O2 responsive AAA Type ATPase gene expression. A 
negative regulator may block the transcription of AAA Type ATPase gene. In the prl1 mutant this negative regulator is 
inactivated either due to mis-splicing or due to increased degradation by the proteasome. As a consequence, in prl1 
the AAA type ATPase gene is constitutively expressed. 1O2 may enhance the expression of the AAA Type ATPase 
gene in PRL1 dependent and independent manner. In flu prl1, expression of the AAA Type ATPase gene is still 
induced after the release of 1O2, indicating that additional PRL1-independent signaling pathways are also involved in 
the regulation of the AAA Type ATPase gene expression. 

 

The enhanced tolerance of flu prl1-5 which was observed after a D/L shift on MS media was not 

seen on sucrose containing media. The enhance sensitivity of flu and flu prl1-5 to 1O2 on sucrose 

media indicates that sucrose endorses 1O2-mediated cell death. Using Arabidopsis carrying the 

luciferase reporter gene fused to the plastocyanin and chlorophyll a/b-binding protein-2 gene 

promoters (PC:LUC and CAB:LUC), it was reported that sugar-sensing and chloroplast-derived 

signals modulate the rate of gene transcription (Oswald et al., 2001). Recently it was reported 

that the interacting partner of PRL1, the SnRK1s (AKIN10 and AKIN11), are inactivated by 

sugars and share central roles with the orthologous yeast Snf1 and mammalian AMPK in energy 
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signaling (Baena-Gonzalez et al., 2007, Lu and Legerski, 2007). The AKIN10 and AKIN11 are 

involved in controlling and reprogramming of transcription in response to sugar and stress 

conditions.  It was reported that PRL1 functions as a receptor for activated human protein kinase 

C in vitro (Ron and Mochy-Rosen, 1995). It was also reported that protein kinase C inhibits 

singlet oxygen-induced apoptosis in HeLa cells by decreasing caspase-8 activation (Zhuang et 

al., 2001). PKCs play an important role in glucose transport by translocation of glucose 

transporter 4 (GLUT4) to plasma membrane (Liu et al., 2006).  

 

4.7 Future prospect 

The nuclear-localized WD protein PRL1 may be involved in regulating gene expression 

according to environmental clues. The regulation of gene expression is probably executed 

through PRL1 and its associated proteins. The nature of this complex and its function is still not 

clear. Inactivation of PRL1 may affect the expression of 1O2-responsive genes in a flu line by 

modulating the incoming 1O2-dependent signaling upstream of the target genes, such that all 
1O2-responsive genes are uniformly up-regulated in a similar way. Alternatively, inactivation of 

PRL1 may evoke the constitutive up-regulation of only a subset of 1O2-responsive genes. It will 

be important to identify these genes and at the same time to determine whether the transcript 

levels of the remaining 1O2 -responsive genes are unaffected or even further down-regulated in 

flu prl1-5 relative to flu. In this latter case, PRL1 would act as a modulator that differentially alters 

the expression pattern of 1O2-responsive genes and may also impact subsequent physiological 

responses that in flu have been attributed to the release of singlet oxygen. This problem will be 

addressed by determining the gene expression signatures in flu and flu prl1-5 plants either 

grown under continuous light or subjected to a dark/light transition that gives rise to 1O2 

production. In case PRL1 acts as an integral part of the NTC complex, differences between gene 

expression patterns seen in flu and flu prl1-5 before and after the release of 1O2 may also be 

expected to occur between flu and flu Atcdc5 double mutants. The expression of the 

transcription factors in flu after a D/L shift will be compared with flu prl1-5 and flu Atcdc5 under 

continuous light and also after a D/L shift. This study will lead to a more clear understanding of 

the role of PRL1 and its associated protein complex in 1O2-mediated transcriptional regulation. 
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