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1.  INTRODUCTION 

1.1. Secondary metabolism 

 

All groups of living organisms exhibit similar reactions of primary metabolism (e.g. the 

production and destruction of nucleic acids, proteins and the precursors of certain 

carbohydrates and carboxylic acids). Primary compounds can be defined as those 

compounds that act directly in the primary biochemical activities that support the 

growth, development and reproduction of the organism in which they occur. Such 

compounds are ubiquitous in nature. On the other hand, secondary compounds are 

those that are not involved in primary processes such as growth and development. 

One of the most conspicuous features of secondary metabolites is that their 

occurrence is often restricted to individual species or related groups of species, 

rather than being extensively distributed within the plant kingdom. Some of the 

secondary compounds in plants have an ecological role (Bell, 1981). The wide 

chemical diversity and the intraspecific variability of secondary metabolism are 

suggested to be the result of processes of natural selection acting upon highly 

variable chemical structures (Hartmann and Witte, 1995). 

 

Secondary metabolism can conveniently be studied by means of tracer techniques, 

which can be defined as the treatment of organisms, which produce secondary 

products, with putative precursors labelled with isotopes at one or more specific 

positions on the precursors, the isolation of the secondary compounds at suitable 

times and the determination of the isotope-enriched compounds. Tracer techniques 

have enriched our knowledge regarding the biosynthetic pathways of secondary 

compounds biosynthesis (Luckner, 1990). One example of a class of interesting 

secondary compounds is the pyrrolizidine alkaloids (PAs), which are synthesized via 

the so called “rare polyamine” homospermidine (hspd) (Hamana et al., 1983). 

 

1.2. Polyamines 

 

The diamine putrescine (put) and the polyamines spermidine (spd) and spermine 

(spm) are ubiquitously found in all plants. The concentrations of polyamines are 

higher than those of plant hormones (Evans and Malmberg, 1989; Rodriguez-Garay 

et al., 1989). They are found in every plant cell in titers ranging from approximately 
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10 µM up to the millimolar range (Galston and Kaur-Sawehney, 1990). The 

polyamine hspd has been found in small amounts in several angiosperm plant 

families (Ober et al., 2003 a) (see chapter 1.4). Further polyamines include nor-

spermidine and nor-spermine and those in thermophilic and halophilic bacteria and in 

higher plants, e.g. Medicago sativa. A diamine homologous to put is cadaverine 

(cad), which is the decarboxylation product of lysine and which acts as a precursor 

for many piperidine and quinolizidine alkaloids (Wink, 1987). Diaminopropane is 

formed as a by-product of spd and spm oxidation, which has been shown to occur in 

both monocotyledons and dicotyledons (Rodriguez-Garay et al., 1989).  

 

Diamines and polyamines are simple aliphatic structures that are basic, nitrogenous, 

and of low molecular weight (Fig 1-1). They are present in the plant as polycations at 

physiological pH values (Evans and Malmberg, 1989; Pandey et al., 2000; Bais and 

Ravishankar, 2002). Because of these properties, polyamines represent important 

organic cations that interact with negatively charged compounds such as acidic 

polysaccharides, nucleic acids and proteins (Kaur-Sawehney et al., 1978; Srivatava 

and Smith, 1982; Pandey et al., 2000; Gemperlova et al., 2005). The influence of 

polyamines on physiological processes in the plant is remarkable; their stimulation of 

DNA, RNA and protein synthesis is regarded as a substantial influence on plant 

growth and also directly affects the development and morphogenesis of the plant 

(Kaur-Sawehney et al., 1978; Torrigiani et al., 1987; Evans and Malmberg, 1989; 

Galston and Kaur-Sawehney, 1990). The only established specific function of the 

polyamine spd that may directly lead to growth stimulation is the modification of the 

unusual amino acid hypusine (Park et al., 1993). The hypusination of eukaryotic 

initiation factor 5A (eIF5A) is highly conserved within eukaryotes and archaea, 

indicating an essential role in cell life. Activated eIF5A appears to be essential for cell 

proliferation. Intervention at any of the four major steps in its biogenesis, i.e. 

synthesis of its substrate spd, expression of eIF5A precursor protein, deoxyhypusine 

synthesis and deoxyhypusine hydroxylation, results in the growth arrest of eukaryotic 

cells (Kang and Hershey, 1994; Park et al., 1997; Caraglia et al., 2001; Caraglia et 

al., 2003). Polyamines support proliferation by the inhibition of ethylene synthesis, 

hence suppressing the senescence process (Fuhrer et al., 1982; Shih et al., 1982; 

Kar and Choudhuri, 1986; Pandey et al., 2000; Sood and Nagar, 2003); they also act 

against lysis and deleterious morphological changes by the stabilization of plasma 
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membrane charge (Altman et al., 1977). On the other hand, polyamines (especially 

spd) may have an indirect influence on the onset of senescence of the plant as spd is 

involved in the activation of eIF5A with the help of deoxyhypusine synthase (DHS). 

eIF5A mRNA shows an increase in abundance during the senescence of plant 

organs, e.g. flowers, fruits and leaves (Wang et al., 2001). Some polyamines are 

induced only by dryness and heat stress, e.g. nor-spermidine and nor-spermine 

(Rodriguez-Garay et al., 1989). Put, the precursor of spd is formed in most animal 

tissues, in higher plants and in many bacteria, not only via ornithine, but preferentially 

from arginine (Slocum et al., 1984; Bais and Ravishankar, 2002). It was reviewed by 

Hartmann and Ober (2000) that in Senecio root the formation of put proceeds via the 

arginine-agmatine path and not directly from ornithine. Spd is synthesized uniformly 

in prokaryotic and eukaryotic organisms in two closely coupled reactions from SAM 

(S-adenosyl methionine) and put (Fig 1-2) (Imanishi et al., 1998; Graser and 

Hartmann, 2000; Bais and Ravishankar, 2002). Polyamines are subjected to a 

dynamic turnover through oxidation by diaminooxidases and polyaminooxidases in 

most plants (Bais and Ravishankar, 2002).    
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                           Fig 1-1 Molecular structures of selected polyamines. 
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Fig 1-2 Interrelation between the pathways of polyamines and ethylene biosynthesis 
ADC, arginine decarboxylase; ACC, 1-aminocyclopropane-1-carboxylic acid; SAM, S-
adenosyl-L-methionine 
 

1.3. Pyrrolizidine alkaloids (PAs) 

 

Alkaloids in the strict sense of the word are compounds that contain a basic complex 

structure with heterocyclic bound nitrogen. Usually, they are of plant origin and have 

pharmacological activity (Robinson, 1968; De Luca and St Pierre, 2000). Within 

secondary metabolites, alkaloids represent a diverse group with more than 12000 

structures (Wink, 1998; De Luca and St Pierre, 2000). PAs are one group of alkaloids 

that are found scattered within angiosperm species and exist in a great diversity of 

some 360 structures (Hartmann and Witte, 1995). About 95% of the known PA-

producing species belong to the plant families Asteraceae, Boraginaceae, Fabaceae 

and Orchidaceae. The remaining PA-producing species occur sporadically in isolated 

taxa of the families Celastraceae, Convolvulaceae, Ranunculaceae, 

Rhizophoraceae, Santalaceae and Sapotaceae (Hartmann and Witte, 1995).  

 

PAs are strong feeding deterrents for most herbivores. They are liver-toxic for 

vertebrates (Mattocks, 1986; Huxtable, 1989) and mutagenic for insects (Frei et al., 
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1992). They are toxic after ingestion, as they are bioactivated in the liver of humans 

and domestic animals and cause serious diseases such as pneumonia and liver 

damage (Mattocks et al., 1986; Huxtable, 1989). The PAs per se are non-toxic to 

mammals. Their toxicity has been attributed to the production of toxic pyrrolic 

metabolites formed through the action of the mixed-function oxidase enzymes 

present in liver microsomes. Cytochrome P-450 monooxygenases are assumed to 

play the major role in pyrrole formation (Mori et al., 1985). Pyrroles are unstable and 

highly reactive alkylating agents. The toxicity of unstable pyrroles is presumed to 

occur through covalent binding and subsequent inactivation of essential biological 

nucleophiles, such as proteins or nucleic acids; this could alter cell function and lead 

to cell damage and cell death and may even initiate cancer formation (Mori et al., 

1985; Mattocks, 1986; Hartmann, 1994; Hartmann and Witte, 1995). 

 

The site of the biosynthesis of PAs within the Asteraceae (e.g. Senecio and 

Eupatorium spp.) lies in the roots (Toppel et al., 1987; Hartmann, 1994). In 

Orchidaceae, aerial roots, especially the root tips, have been identified as the site of 

PA biosynthesis (Frölich, 1996).  Within the Boraginaceae, PA biosynthesis takes 

place within shoots and roots, whereas within the Fabaceae, they are thought to be 

synthesized exclusively in the shoots (Hartmann and Witte, 1995). 

 

In almost all PA-containing plant species so far studied, PAs are synthesized mainly 

as polar salt-like N-oxides. PA N-oxides are the specific forms for alkaloid transport 

and vacuolar storage (Hartmann et al., 1999). In this respect PAs are unique. 

Although N-oxides are frequently found among the diverse classes of alkaloids, they 

never represent the exclusive alkaloidal structures. PA N-oxides are unstable, being 

easily converted into tertiary amines in the presence of weak reducing agents 

(Hartmann and Toppel, 1987). Most early studies of PAs have reported mixtures of 

tertiary amines and their N-oxides. In almost all of these cases, the tertiary amine 

must be regarded as an artefact produced from the respective N-oxide during sample 

preparation. The only exception so far known is the seeds of the legume Crotalaria 

scassellatii; these store PAs as lipophilic tertiary amines that are assumed to be a 

better-suited storage form than the polar N-oxides in the desiccated storage tissue. 

At the onset of germination, the tertiary PAs are rapidly N-oxidized (Toppel et al., 

1988). Hence, PAs have a unique feature in that they are present in two 
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interchangeable forms: the pro-toxic free base and the non-toxic N-oxide (Hartmann 

and Ober, 2000). PA N-oxides are hydrophilic, salt-like, unable passively to permeate 

membranes, non-toxic and metabolically safe. On the other hand, tertiary PAs are 

lipophilic, able passively to permeate membranes and toxic after bioactivation 

(Hartmann, 1999). Therefore, PA N-oxides are safe for sequestering organisms and 

are excreted directly in urine, although some parts of them are reduced in the gut of 

humans and mammalian to lipophelic tertiary alkaloids, which in turn are passively 

taken up into blood and hence into the liver. 

 

1.4. Hspd and the evolutionary origin of HSS from DHS 

 

PAs are esters of a necine base (amino alcohol) with one or more necic acids 

(Hartmann and Witte, 1995b). The necine base is derived from arginine via put and 

hspd. The first specific intermediate of PA biosynthesis is hspd (Böttcher et al., 

1993). Hspd is a polyamine that was originally thought to occur rarely in nature 

(Hamana et al., 1983). Recently, hspd has been shown to occur in small amounts 

ubiquitously in the plant as a side–activity of universal DHS (Ober et al., 2003 a). 

Hspd represents the main intermediate in PA biosynthesis and is synthesized by 

hspd synthase (HSS). HSS, the first pathway-specific enzyme of PA biosynthesis, 

evolved from DHS (Ober and Hartmann, 1999 b). 

DHS is involved in the posttranslational activation of the eIF5A. It catalyzes the first 

of two modification steps of a specific lysine residue in eIF5A (lys) forming the rare 

amino acid hypusine. DHS catalyzes, in an NAD+-dependent reaction, the transfer of 

the 4-aminobutyl unit of a spd molecule to the ε-amino group of a specific lysine 

residue of the eIF5A (lys) protein, thereby releasing diaminopropane. In the second 

activation step the resulting deoxyhypusine residue is hydroxylated by a 

deoxyhypusine monooxygenase to the protein-bound hypusine (Fig 1.3) (Murphey 

and Gerner, 1987; Park et al., 1993; Chen and Liu, 1997). Activated eIF5A has been 

shown to be essential for the growth and proliferation of eukaryotic cells but its mode 

of action is not understood in detail (Park et al., 1997). In yeast cells (Saccharomyces 

cerevisiae), the depletion of the factor eIF5A leads to an immediate stop of cell 

growth (Park et al., 1998).  

Hss, encoding the first specific enzyme (HSS) of PA biosynthesis is an example of 

gene duplication with a complete change of function. DHS is the phylogenetic origin 
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of the plant HSS (Ober and Hartmann, 1999 b; Ober and Hartmann, 2000). HSS, in 

contrast to DHS, has been shown to have lost the ability to bind eIF5A (lys). Instead, 

it binds put as acceptor of the aminobutyl moiety of spd, yielding the polyamine hspd, 

an essential precursor in PA biosynthesis. 
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Fig 1-3 Deoxyhypusine synthase catalyzes the post-translational activation of eIF5A 
(lys). Homospermidine synthase catalyzes the formation of homospermidine as the first 
specific step in PA biosynthesis (Ober et al., 2003 b). 
 
HSS and DHS share a high degree of sequence identity. The identity between the 

coding cDNA for HSS and DHS from S. vernalis, for example, is 79% and 83% at the 

nucleic acid and amino acid levels, respectively. Furthermore both enzymes share 

similarities concerning their genomic structure and the identity of many biochemical 

properties, such as a pH optimum of about 9.5, molecule organization as a 

homotetramer with a subunit size of approximately 45 kDa and a nearly identical 

reaction mechanism. Both enzymes catalyze similar reactions, as they transfer, in an 

NAD+-dependent reaction, the aminobutyl moiety of spd to an acceptor substrate. 

Diaminopropane is released (Fig 1-3). This acceptor substrate is put in the case of 

HSS or the protein-bound lysine residue of eIF5A (lys) in the case of DHS. 

Remarkable, DHS is also able to accept put as acceptor of the aminobutyl moiety of 
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spd, thereby catalyzing the formation of hspd. Thus, both enzymes share the same 

reaction kinetics and substrate specificities with one exception: HSS is unable to bind 

and modify the eIF5A (lys) protein (Ober et al., 2003 b). These similarities suggest 

that the gene coding for HSS was recruited by duplication of the gene coding for 

DHS. Most probably under the selection pressure of herbivory, the resulting gene 

copy was established as the first specific step in the biosynthesis of PAs. Recent 

data suggests that the recruitment of the hss gene, within PA-producing plants, from 

the dhs gene of primary metabolism occurred several times independently during 

angiosperm evolution, resulting in the sporadic occurrence of PAs in the various 

angiosperm taxa (Ober and Hartmann, 1999 b; Ober and Hartmann, 2000; Reimann 

et al., 2004).  

1.5. Plant genetic engineering 

 

Recent advances in plant biotechnology provide a powerful tool for the construction 

of genetically improved transgenic plants (Krügel et al., 2002). Foreign gene 

constructs can be stably introduced into plant genomes by various techniques, such 

as electroporation, biolistics and protoplast fusion (Walden and Schell, 1990). 

Genetic manipulation is becoming important, as it introduces a powerful tool for 

silencing or overexpressing individual genes for the determination and study of gene 

function. It also opens the field for functional genomic analysis of the plant (Pereira, 

2000; Krügel et al., 2002).  

 

The discovery that, in crown gall tumours, the Agrobacterium Ti-plasmid (tumour-

inducing) is covalently integrated into the plant genome has been the key to modern 

plant genetic engineering. Agrobacterium tumefaciens is a gram-negative soil 

bacterium that infects wound sites of plants, especially dicotyledons. The portion of 

the Ti-plasmid known as transfer DNA (T-DNA) is incorporated into the plant genome 

(Zaenen et al., 1974; Montoya et al., 1977). Thus, the Ti-plasmid has proven to be a 

useful vector for the incorporation of foreign DNA into a plant genome (Budar et al., 

1986; Hellens et al., 2000b). The nopaline (one of the amino acid derivatives 

specifically produced by infected plant tissues and used by Agrobacterium as a sole 

source of carbon/nitrogen) synthase gene (NOS) promoter found on the T-DNA was 

one of the first promoters used to drive expression of foreign proteins in plant cells 

(Bevan et al., 1983; Herrera-Estrella et al., 1983). Thus, for many plant species, the 
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easiest method for foreign gene transformation into plant cell is Agrobacterium-

mediated gene transfer.  

When Agrobacterium infects a host plant, a part of the Ti plasmid of the bacterium is 

transferred from the bacterium to the plant (Binns and Guifoyle, 1988; Watson et al., 

1992). The normal T-DNA contains genes that encode plant growth hormones and 

cause the production of a plant tumour called a crown gall. None of the T-DNA genes 

are necessary for T-DNA transfer from the bacterium to the plant cell. Other genes 

(the virulence or vir genes) on the Ti-plasmid are necessary for transfer 

(Hernalsteens et al., 1980; Shaw, 1995). Vir genes are not normally transferred to the 

plant but encode proteins needed for the processing of the T-DNA from the Ti-

plasmid. These proteins form the channels in bacterial walls through which T-DNA 

exits to the plant; they accompany the T-DNA to the plant cell, target it to the 

nucleus, protect it from nuclease digestion and perhaps aid in the integration of the 

T-DNA into the plant chromosome. Any DNA within the T-DNA will be transferred to 

the plant and integrated into the nuclear DNA of the plant. By using recombinant 

DNA methods, the tumour-causing genes have been deleted from the T-DNA and 

any DNA of interest can be inserted. In addition to the gene of interest, the gene for a 

selectable marker is positioned between the T-DNA borders. This allows the 

selection of plant cells that have been genetically transformed. Selectable markers 

used include antibiotic-resistance genes and herbicide-resistance genes. The 

modified T-DNA within the modified Ti-plasmid is placed back into Agrobacterium 

and is transferred to the plant by the normal infection processes. 

 

Several studies and experiments on the regulation of gene expression and plant 

promoters have been made possible by the use of reporter genes (Gurineau, 1995). 

Reporter gene systems have developed into sophisticated tools for studying plant 

physiology. Modern reporter gene systems are based on a tripartite concept. The first 

part of the system is based on the discovery that the Ti-plasmids in A. tumefaciens 

are the causative agents responsible for crown gall tumorigenisis (Montoya et al., 

1977; Hernalsteens et al., 1980). The second part of the system involves the use of 

an antibiotic-resistant gene that acts as a dominant selectable marker (Herrera-

Estrella et al., 1983). The third part of the system involves the use of a gene that 

produces a signal that can be used to study plant physiology. Genes that had been 

inserted into Ti-plasmids were the first coding sequences used as reporter genes 

(Herrera-Estrella et al., 1983; Jefferson, 1987). A reporter gene encodes an enzyme 
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with an easily assayable activity and is used to report the transcriptional activity of a 

gene of interest. By using recombinant DNA methods, the original promoter of the 

reporter gene is removed and replaced by the promoter of the gene to be studied. 

The new gene is introduced into an organism and the expression of the gene of 

interest is monitored by assaying for the reporter gene product. A reporter gene 

allows the study of expression of a gene for which the gene product is not known or 

is not easy to identify. To determine the patterns of expression of environmentally or 

developmentally regulated genes, reporter genes are placed under the transcriptional 

regulation of promoters that show interesting developmental and/or stress responses. 

In bacteria, the lacZ gene that encodes β-galactosidase in Escherichia coli (E. coli) is 

a reporter of gene activity. LacZ can be used as a reporter in bacteria that are 

naturally lac- or that are lac- because of mutation. Other reporter genes often used in 

transformation include cat (encoding the enzyme chloramphenicol acetyl 

transferase), gfp (encoding the jellyfish green fluorescent protein) and lux (encoding 

the enzyme luciferase). Plants contain endogenous β-galactosidase activity and so 

lacZ is not generally a useful reporter gene for plants. A more widely used reporter 

gene in plants is the gusA gene that encodes the enzyme β-glucuronidase (GUS). 

This enzyme can cleave the chromogenic (colour-generating) substrate X-gluc (5-

bromo-4-chloro-3-indolyl β-D-glucuronic acid) resulting in the production of an 

insoluble blue colour in those plant cells displaying GUS activity. Plant cells 

themselves do not contain any GUS activity and so the production of a blue colour, in 

particular cells, when stained with X-gluc indicates the activity of the promoter that 

drives the transcription of the gusA-chimeric gene in that particular cell. The GUS 

assay is easy to perform, sensitive, relatively inexpensive, highly reliable, safe, 

requires no specialized equipment and is readily visible (Casadaban et al., 1980; 

Jefferson, 1987; Jefferson et al., 1987; Koncz et al., 1987; Jefferson and Wilson, 

1991; Chiu et al., 1996). Thus, the E. coli-originated gusA gene encoding for β-

glucuronidase is a widely used marker gene and has been engineered for expression 

in a variety of organisms (Jefferson et al., 1986). The sensitivity of this assay system, 

i.e. GUS colouring test, makes this marker useful for the verification of 

transformation. The expression of gusA gene depends on the promoter used being 

detectable by the activity of the GUS enzyme that efficiently employs the 

chromogenic substrate X-gluc (5-bromo-4-chloro-3-indolyl-β-glucuronic acid) and 

converts it to a blue precipitate at the site of enzyme activity. Therefore, GUS activity 
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can be easily detected within plant tissues and has been developed as a reporter 

gene system (Jefferson, 1987; Somleva et al., 2002). 

1.6. Objectives of this work 
 

1- A phylogenetic analysis of 23 sequences of cDNA encoding DHS or HSS has 

revealed at least four independent recruitments of HSS from DHS: once early 

in the evolution of Boraginaceae, once within the monocots and twice within 

Asteraceae (Reimann et al., 2004). Hence, we have tried to identify the cDNA 

encoding DHS in Tagetes (family Asteraceae) as further support for the two 

independent recruitments of HSS from DHS within the family Asteraceae 

during angiosperm evolution. 

2- We have striven to establish a protocol for tissue culture and transformation of 

a PA-producing plant in order to have a tool to investigate the following:  

A- Ecology: selective shut down of PA biosynthesis to study the ecological 

importance of these alkaloids. 

B- Promoter analysis: analysis of the putative promoter regions of PA-

specific genes to identify specific regulatory elements. 

3- A further aim has been the phytochemical analysis of a PA-free plant that 

expresses only the first specific enzyme of PA biosynthesis (HSS) in order to 

observe whether the recruitment of only the first enzyme is sufficient to explain 

the pathway evolution. For this, we attempted to transform tobacco with hss-

coding cDNA. 

4- We have analysed factors that enhance promoter specificity between tobacco 

and Senecio. The hss-promoter of Senecio is not recognized with the same 

specificity in tobacco when it is transformed by the fusion of the putative hss-

promoter and the gfp/gusA reporter genes. We have therefore analysed the 

influence of genomic DNA within the hss gene on promoter activity in order to 

test for further regulatory elements. 
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2. MATERIAL AND METHODS 

2.1. Plant materials 

2.1.1 Nicotiana tabacum 

 
Sterile Nicotiana tabacum cultivar Samsung NN (SNN) plants from in vitro culture 

were used to obtain the starting leaf material required for the tobacco transformation. 

Plants were grown in solid Murashige Skoog (MS) medium containing 2% sucrose as 

carbon source without any phytohormones under controlled condition at 25°C and 16 

h light/8 h dark cycle. The medium was refreshed at 4-weeks intervals.  

 

2.1.2 Senecio jacobaea 

 
Sterile plants of Senecio jacobaea were grown in solid MS containing 2% sucrose 

medium without any phytohormones. The sterile plants were incubated at a 16 h 

light/ 8 h dark cycle and at 25°C. To obtain sterile seedlings, seeds of Senecio 

jacobaea were collected from the garden of our institute. Following sterilization (2.7), 

the seeds were inoculated in sucrose 8%/water/Agar 0.8% medium. 10 days old 

seedlings were collected and used as explants for tissue culture and transformation 

protocol of Senecio jacobaea. 

 

2.1.3 Senecio vernalis and Eupatorium cannabinum 

 
The root organ cultures of Senecio vernalis and Eupatorium cannabinum were 

permanently shaken (100 rpm) in the culture area at 25°C in the dark. Those cultures 

were kindly obtained from Mrs. Loretta Heise (Institute of Pharmaceutical Biology, 

Technical University, Braunschweig, Germany). They were grown in MS10 liquid 

medium (2.5.1). 

2.1.4 Tagetes erecta 

 
The fresh leaves of Tagetes erecta were harvested from the garden of the Institute of 

Pharmaceutical Biology, Technical University, Braunschweig, Germany. The 

harvested leaves were preserved at -80°C. These leaves were used for identification 

of the cDNA encoding DHS enzyme in Tagetes erecta. 
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2.2. Chemicals 

 

2.2.1 Medium and constituents  

  

Agar-agar Bernd Euler, Frankfurt 

Glycerol anhydrous AppliChem 

IPTG (Isopropyl-1-thio- β-D-galactoside) Roth 

Kanamycin sulphate Duchefa, Netherlands 

Tryptone Roth 

Yeast Extract Roth 

X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) Roth 

Phosphinothricin Duchefa (Netherlands) 

Ampicillin-sodium salt Roth 

Hygromycin Duchefa (Netherlands) 

Paromomycin Duchefa (Netherlands) 

Ticarcillin/Clavulanic acid Duchefa (Netherlands) 

Gentamycin sulphate Fluka 

Chloramphenicol Sigma-Aldrich 

Rifampicin-sodium salt Grünenthal Gmbh 

Acetosyringone Roth 

Naphthyl acetic acid (NAA) Serva 

Benzyl aminopurine (BAP) Sigma 

Giberellic acid potassium salt A3 (GA3) Sigma 

Dichlorophenoxy acetic acid (2.4-D) Fluka 

 

2.2.2 Gel electrophoresis  

  
Acrylamide/bis-acrylamide, Rotriphorese Gel 30 Roth 

Agarose, NEE Ultra Quality Roth  

Low Melt Agarose Helena BioSciences 

Ammonium persulfate (APS) Serva 

Bromphenolblue Merck 

Coomassie Brilliant Blue G250 Serva 

DNA Molecular Weight Marker, 1kb and 100 bp Invitrogen 
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Ethidium bromide, 10 mg/ml Roth 

Sodium dodecyl sulfate (SDS), 99% Biomol 

Protein Molecular Weight Ladder, 10 kDa Invitrogen, Promega 

TEMED (N,N,N’,N’,-tetramethylethylenediamine) Biomol 

  

2.2.2.1 Enzyme assays 
 

  
Dithio-D, L threitol (DTT) Gerbu 

NADH Sigma 

Glycine Roth 

[1,4-14C] Putrescine dihydrochloride, 118 µCi/mmol Amersham-Pharmacia 

[1,4-14C] Spermidine trihydrochloride, 115 µCi/mmol Amersham-Pharmacia 

Putrescine, Spermidine Sigma 

Hydrophile Aquasafe®- Scintillation-cocktail  Zenker 

 

2.2.2.2  Western blotting 
 

        Milk powder Roth 

        Tween®   20 Fluka 

 

2.2.3 Enzymes  

2.2.3.1 Reverse transcription 
 

  
First Aid – RNase H- reverse transcriptase Fermentas 

SuperScriptTM II RNase H- reverse transcriptase Invitrogen 

SuperScriptTM III RNase H- reverse transcriptase Invitrogen 

RNase free DNase II 

 

Invitrogen 

2.2.3.2 Polymerase chain reaction (PCR) 
 

  
Taq DNA polymerase, recombinant  Invitrogen, Promega 

Pfu DNA polymerase Promega 

Platinum® Pfx DNA polymerase Invitrogen 
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2.2.3.3 Endonucleases 
 

  
BamHI, Eco72I, EcoRI, EcoRV, HincII, HindIII, 

NdeI, XhoI, XbaI, NcoI 

Invitrogen, New England Biolabs 

(NEB), Roche Diagnostics 

(Mannheim) 

  

2.2.3.4 Plasmid and genomic DNA preparation 
 

  
DNase free-RNase Invitrogen 

RNase H Invitrogen 

RNase T2 Invitrogen 

2.2.3.5 Ligation 
 

  
T4 DNA ligase  Invitrogen 

 

2.2.4 Primers 

 

All primers were synthesized in HPSF quality at MWG-Biotech AG (Ebersberg). 

Primers were dissolved in 10 mM Tris-HCl, pH 8 treated with DMPC to a 

concentration of 100 µM and stored at 4°C as stock solution. The primers were used 

at working concentrations of 1 µM and 10 µM, which were prepared by diluting the 

stock solution in 10 mM Tris-HCl, pH 8. 

 

2.2.5 Others 

 
A. Chromatography material  

  
Extrelute® NT3 Merck Darmstadt 

PD10-Cartridge Sepharose G-25 Amersham Pharmacia Biotech 

TLC-silica gel G 60 F245 Merck Darmstadt 

  

B. Autoradiography material  

  
X-Ray Film, X-Omat (Kodak) Sigma 
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X-Ray Film Developer and Fixer (Kodak) Sigma 

  

C. Disposable plastic ware Sarstedt, Renner, Biozym 

Diagnostik GmbH 

  

D. Blotting materials  

PVDF blotting membrane (Immobilon-P) Millipore 

Nitrocellulose membrane Amersham Biosciences 

Blotting filter paper Schleicher & Schuell 

  

E. Blotting Detection material  

ECLTM Western Blotting Detection Reagents Amersham Biosciences 

 

2.3. Kits 

 

2.3.1 Isolation of nucleic acids 

 

A. Isolation of RNA  

RNeasy Plant Mini Kit Qiagen 

 

 

2.3.2 Purification of DNA 

 

A. Purification of PCR or restriction products  

  
NucleoSpin® Extract   Macherey&Nagel 

  

B. Purification of DNA from gel  

  
QIAEX II Agarose Gel Extraction Kit   Qiagen 

QIAquick Gel Extraction Kit Qiagen 
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2.3.3 Isolation of plasmid DNA 

 

ConcertTM Rapid Plasmid Miniprep System Invitrogen 

ConcertTM High Purity Plasmid Midiprep System Invitrogen 

NucleoSpin® Plasmid  Kit    Macherey&Nagel 

 

2.3.4 Cloning of DNA fragments 

 

TOPO-TA Cloning® Kit Invitrogen 

TOPO®-XL PCR Cloning Kit Invitrogen 

 

2.4. Cloning materials 

 

2.4.1 Plasmids 

 

2.4.1.1 pCR2.1®-TOPO®-Vector (Invitrogen) 

 

This vector is supplied with the TOPO-TA cloning® kit as a 3.9 kb linearized plasmid 

for subcloning of Taq-DNA polymerase amplified PCR products. This linearized 

vector has 3´-deoxythymidine (dT) sticky ends, on the other hand, Taq-DNA 

polymerase has a nontemplate-dependent terminal transferase activity that adds a 

single deoxyadenosine (dA) to the 3’ ends of PCR products (Clarke, 1988). A 

topoisomerase that is covalently bound to the vector can ligate those 3´-

deoxyadenine (dA) PCR products directly into the vector carrying a single 3’-

deoxythymidine (dT). 

 

The cloning site in the vector is actually within the LacZα gene fragment. LacZα is a 

bacterial gene that encodes the enzyme ß-galactosidase, that can cleave the 

disaccharide lactose into glucose and galactose. ß-galactosidase also cleaves the 

colourless substrate X-gal (5-bromo-4-chloro-3-indolyl-ß-galactopyranoside) into 

galactose and a blue insoluble product. The insertion site is part of the multicloning 

site (i.e. a site with different restriction cleavage sites that allow the cloning of a gene 

or gene fragment in that site), which is embedded in the LacZα gene fragment for 

blue/white screen selection. pCR2.1®-TOPO®-vector has the respective resistance 
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genes such as bla and nptII genes for selection on ampicillin and kanamycin 

containing media, respectively. Blue/white colony selection is based on the ability of 

β-galactosidase to produce a blue cleavage product from an artificial chromogeneic 

substrate X-gal added on selective LB-plates. The ß-galactosidase can cleave X-gal 

into an insoluble blue dye. Thus, blue coloration of the developing colonies means a 

functional ß-galactosidase enzyme is present which is not disrupted by a gene 

fragment within the cloning site. No color indicates LacZα was interrupted with a 

foreign DNA fragment i.e. the inserted PCR products. 

 

2.4.1.2 pCR®-XL-TOPO®-Vector (Invitrogen) 

 

This vector is supplied with the TOPO®-XL PCR Cloning Kit as a 3.5 kb linearized 

plasmid. It is designed for cloning long PCR products. Similar to pCR 2.1® TOPO® 

vector the cloning strategy of this plasmid is based on the TA cloning by using 

topoisomerase. This vector contains the ccdB (ccdB is a so called killer gene and 

blocks bacterial growth) gene (Bahassi et al., 1995) fused to the C-terminus of the 

LacZα fragment. Insertion of a long PCR product will disrupt expression of the fused 

LacZα-ccdB gene and allows only the growth of positive recombinants upon 

transformation. Cells that contain non-recombinant vector die upon platting. 

Therefore, blue/white screen selection is not required. 

 

2.4.1.3 pET3a Vector (Novagen) and pET3a-XhoI 

 

Studier and his co-workers (Studier and Moffatt, 1986; Rosenberg et al., 1987; 

Studier et al., 1990) designed the 4.6 kb vector for cloning and expression of 

recombinant protein in E. coli. The plasmid pET3a carries the bla gene encoding for 

ß-lactamase for selection in ampicillin containing LB medium. Target genes are 

cloned in this plasmid under the control of strong bacteriophage T7 transcription and 

translation signals and expression is induced by T7 RNA polymerase provided in the 

host cells. The pET3a vector carries NdeI and BamHI cloning sites. NdeI is the most 

conveniently used endonuclease since its restriction site contains the start codon 

ATG. However, the use of this vector was impossible if the target DNA contained 

recognition sites of one of these endonucleases. For this reason, a modified pET3a 

(pET3a-XhoI) was established in our institute if the target cDNA contained NdeI 
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restriction site(s). The pET3a-XhoI vector was modified by site-directed mutagenesis 

(2.6.5.5) so that the restriction site for NdeI was replaced by that for XhoI. It is 

important to note that using this vector the start ATG has to be introducded with the 

primer. 

 

2.4.1.4 pET-22b (Novagen) 

 

The 3.6 kb vector has an optional C-terminal His Tag®. His tag influence the strength 

with which expressed protein binds to a specific metal ion (like Ni ion) and 

consequently its purification. The pET-22b vector was used in cases where the target 

cDNA contains either BamHI or both, BamHI and NdeI restriction sites, and hence, 

the pET-3a vector or pET3a-XhoI could not be used. A multicloning site offers 

several restriction sites for cloning. 

 

2.4.1.5 pGEM@-T and pGEM@-T Easy vectors (Promega) 

 
The pGEM@-T Easy cloning kit was developed especially for subcloning of Taq DNA-

polymerase amplified PCR products. It contains a 3 kb linearized plasmid, prepared 

by cutting the vectors with EcoRV and adding a 3´terminal thymidine to both ends. 

Similar to PCR2.1®TOPO® vector the cloning strategy of this plasmid is based on the 

TA cloning by using the T4 DNA ligase supplied with the kit.  

2.4.1.6 pCAMBIA vectors 

 
The pCAMBIA vectors are derived from pPZP vectors constructed by Hajdukiewicz, 

Svab & Maliga (Hajdukiewicz et al., 1994), in which the company CAMBIA (Australia) 

improved upon the reporter genes and selection methods for more complete freedom 

to operate. 

The pCAMBIA vectors offer: 

1- High copy number in E. coli for high DNA yields 

2- High stability in Agrobacterium due to pVS1 replicon 

3- Small size: 7-12 kb 

4- Multiclonal restriction site for introduction of a DNA of interest. 

5- Bacterial selection with kanamycin or chloramphenicol 
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6- Plant selection with hygromycin or kanamycin or paromomycin. Plant selection 

genes in the pCAMBIA vectors are driven by a double- enhancer version of 

the CaMV 35S promoter and terminated by the CaMV 35S poly A signal. 

7- Simple means to construct translational fusions to gusA reporter genes. 

2.4.1.6.1 Binary vector pCAMBIA 1304 

Binary vector pCAMBIA 1304 is a plasmid with size of 12361 bp. T-DNA regions 

contain CaMV 35S promoter upstream the gfp/gusA fusion gene encoding the 

GFP/GUS protein (1.5). It includes the gene encoding hygromycin 

phosphotransferase (hpt), that confers hygromycin resistance gene (hygromycin 

phosphotransferase) used for plant selection with hygromycin as additive in the plant 

growth medium. Additionally, pCAMBIA 1304 contains a bacterial kanamycin 

resistance marker (nptII) for growth in E. coli and Agrobacterium tumefaciens with 

kanamycin as antibiotic. 

2.4.1.6.2 Binary vector pCAMBIA 1305.2       

This plasmid has a size of 11921 bp. The T-DNA region contains a CaMV 35S 

promoter upstream the gusA gene encoding the GUS protein (1.5). It included also 

hpt, hygromycin resistance gene (hygromycin phosphotransferase) used for plant 

selection with hygromycin as additive in the plant growth medium. pCAMBIA 1305.2 

contains a bacterial kanamycin resistance marker (nptII) for growth in E. coli and 

Agrobacterium tumefaciens with kanamycin as antibiotic. 

2.4.1.6.3 Binary vector pCAMBIA 1304K 

pCAMBIA 1304K is a modified pCAMBIA 1304 in which the hygromycin resistance 

gene (Hygromycin phosphotransferase) was replaced by nptII resistance gene 

(aminoglycoside phosphotransferase). This modification enabled us to use 

kanamycin or paromomycin as selective materials for plants that harbour the T-DNA 

of pCAMBIA 1304K. It contains a bacterial kanamycin resistance marker (nptII) for 

growth in E. coli and Agrobacterium tumefaciens with kanamycin as antibiotic. 

 

2.4.1.7 Binary vectors pGPTV-BAR and pGPTV-BARB 

 
pGPTV-BAR is one from the pGPTV vectors (Becker et al., 1992). This binary vector 

had been constructed to have the following features: 
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pGPTV-BAR vector has the plant selectable marker phosphinothricin acetyl 

transferase (bar) that confers a resistance against phosphinothricin (herbicide). The 

selectable marker is located near the T-DNA left border. The selectable marker and 

ß-glucuronidase (gusA) reporter genes are divergently organized for efficient 

expression. Those can be easily removed or replaced by a gene/DNA of interest. It 

contains a bacterial kanamycin resistance marker for growth in E. coli and 

Agrobacterium tumefaciens. pGPTV-BARB is a derivative from pGPTV-BAR. 

pGPTV-BARB has all the features of pGPTV-BAR apart gusA gene is not present in 

the T-DNA region of the plasmid, and the 35S promoter is followed directly with the 

multicloning site in which the foreign gene can be cloned.  

 

 
2.4.2 Escherichia coli strains 

 

2.4.2.1 E. coli TOP10 Cells (Invitrogen) 

 

This strain of E. coli was used for TOPO-TA Cloning (2.4.1.1 and 2.4.1.2). The cells 

contain the coding information for the carboxy-terminal portion of ß-galactosidase 

(LacZ) that, in association with the corresponding vector, allows blue/white colony 

selection. 

 

2.4.2.2 E. coli  DH5αTM (Invitrogen) and E. coli  XL1 Blue (Stratagene) 

 

These strains of E. coli were used for the initial cloning of target DNA into pET 

vectors and also for plasmid maintenance, since they are recA- and endA- mutants 

that allow high transformation efficiency and high plasmid yields. They were also  

used as donor for the T-DNA vector for Agrobacterium in triple mating technique 

(2.8.1). 

 

2.4.2.3 E. coli  BL21(DE3) (Invitrogen) 

 

This E. coli strain was used for protein expression. The strain is a lysogen of 

bacteriophage DE3 and carries a DNA fragment containing the lacI gene, the lacUV5 

promoter and the gene for T7 RNA polymerase. The lacUV5 promoter is inducible by 

isopropyl-ß-D-thiogalactopyranoside (IPTG) for the transcription of T7 RNA 
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polymerase, which is in turn required for the transcription of the target gene cloned in 

the pET vectors. 

2.4.2.4 E. coli  JM109 (Promega) 

 

High efficiency competent cells are provided with the pGEM@-T and pGEM@-T 

Easy vectors (Promega) kits, used for pGEM cloning. The JM109 strain is recA- and 

endA- and is appropriate for routine cloning application. 

2.4.2.5 E. coli  HB101  

 

HB101 is an E. coli strain that includes the plasmid pRK 2013, which acts as a helper 

plasmid in providing the transfer functions to mobilize a wide range of plasmids from 

E. coli to Agrobacterium tumefaciens (Shaw, 1995). This plasmid contains nptII gene, 

as kanamycin resistance gene. 

 

2.4.3 Agrobacterium tumefaciens strains 

Agrobacterium was used as a biological vector to create transgenic plants 

2.4.3.1 A. tumefaciens GV3101/MP90 

 
The GV3101/MP90 strain of A. tumefaciens, harbours the pMP90 (pTiC58 ∆T-DNA) 

plasmid, i.e. contains the disarmed T-DNA pTiC58 plasmid. GV3101/MP90 is a 

derivative of A. tumefaciens strain C58 (wild type strain). Its marker gene present in 

the genome of the A. tumefaciens is the rifampicin resistance gene (used for 

selection in a concentration of 50 µg/ml) (Koncz and Schell, 1986). The pMP90 

plasmid harbours gentamycin resistance gene (used for selection in a concentration 

of 20 µg/ml). 

2.4.3.2 A. tumefaciens AGL1 

 

This strain is also a derivative of the wild type strain C58. AGL1 carries the 

hypervirulent, tumor-inducing plasmid pTiBo542 from which the T-region DNA 

sequences have been precisely deleted, allowing it to optimally DNA-transform many 

dicotyledons plants. Its marker gene present in the genome of the A. tumefaciens is 

the rifampicin resistance gene (can be used for selection in a concentration of 50 
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µg/ml). Agrobacterium AGL1 also carries an insertion mutation in its recA, general 

recombination gene, which stabilizes the recombinant plasmids. Its marker gene is 

chloramphenicol resistance gene within the T-DNA region plasmid of this 

Agrobacterium strain (used for selection in a concentration of 100 µg/ml) (Lazo et al., 

1991). 

2.4.3.3 A. tumefaciens EHA105 

 
A. tumefaciens EHA105 strain is also a derivative of the wild type strains C58 and 

A281. Its marker gene present in the genome of the A. tumefaciens is the rifampicin 

resistance gene which can be used for selection in a concentration of 50 µg/ml. 

EHA105 is a supervirulent strain that harbouring the plasmid pEHA105. This plasmid 

is derived from pTiBo542 in which the T-DNA is replaced with the nptII gene to give 

resistance against kanamycin. Its marker gene is chloramphenicol resistance gene 

within the T-DNA region plasmid of this Agrobacterium strain (used for selection in a 

chloramphenicol of concentration of 25 µg/ml) (Hood et al., 1986; Hood et al., 1993). 

 

2.5. Medium 

2.5.1  Murashige skoog (MS) medium (Murashige and Skoog, 1962) 

The MS medium is used as artificial medium for tissue culture within in vitro culture. 

Stock solutions of 20 fold were prepared for microelements, vitamins and 

macroelements, which were diluted 20 times to give the final concentrations as 

mentioned in the following:  

Microelements 

material company Concentration [mg/l] 

H3BO3 Roth 6.2 

MnSO4 
.  H2O Fluka 16.9 

ZnSO4 
.  7H2O E.Merck, Darmstadt 10.6 

KI Sigma 0.83 

Na2MoO4 
.  2H2O Merck 0.25 

CuSO4 
.  5H2O Merck 0.025 

CoCl2 
.  6H2O E.Merck, Darmstadt 0.025 

Na2EDTA 
.  2H2O Roth 37.2 

FeSO4 
.  7H2O Merk 27.5 
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Vitamins 

material company Concentration  [mg/l] 

Nicotinic acid Merck 0.5 

Pyridoxin HCl E.Merck 0.5 

Thiamin HCl Serva 0.1 

Glycin Roth 2.0 

Myo-Inositol Sigma 0.1 

 

Macro elements 

material company Concentration [g/l] 

NH4NO3 Merck 1.65 

KNO3 Fluka 1.9 

CaCl2 
.  2H2O Merck 0.44 

MgSO4 
.  7H2O Merck 0.37 

KH2PO4 Merck 0.17 

  

Carbohydrates 

Sucrose   Serva 20 g/l 

Agar- agar Bernd Euler 8 g/l 

Deionized water was added to approximately to less than 1 liter and The pH was 

adjusted to 5.8 with 5 N NaOH. The final volume of the medium was adjusted to 1 

liter. The medium was autoclaved for sterilization. 

Glucose (Merck) may be added at a concentration of 1.6% instead of sucrose as a 

carbon source. 

**) MS10 medium has the same constituents of MS medium but MS10 has 1/10 

concentration of NH4NO3. 

 

Phytohormones  Storage solution 

1-Naphthyl acetic acid (NAA) Serva 0.5 mg/ml 

6-Benzyl aminopurine (BAP) Sigma 1 mg/ml 

Giberellic acid potassium salt A3 (GA3) Sigma 1 mg/ml 

Dichlorophenoxy acetic acid (2.4-D) Fluka 1 mg/ml 

The phytohormone stock solutions were filter sterilised and added to the MS medium 

after autoclaving and cooling to approximately 50°C. 
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2.5.2 Luria-Bertani (LB) Medium 

 
LB medium was used as an incubation medium for growth of bacteria especially E. 

coli at 37°C. It contains the following components: 

 Tryptone/Peptone from Casein  10 g (1.%) 

 Yeast Extract   5 g (0.5 %) 

 Sodium chloride  10 mg (1.%) 

 H2O                                    up to 1000 ml  

 pH was adjusted to 7.5 with NaOH   

 
Deionized water was added to approximately less than 1 liter and the pH was 

adjusted to 7.5 with 1 N NaOH. The final volume was adjusted to 1 liter. Solid LB 

medium was prepared by dissolving 16 g agar/liter. The medium was sterilized by 

autoclaving. Filter-sterilized antibiotic was added to agar plates or into liquid medium 

just before use from the following stock solutions to give a final concentration of 50 – 

100 µg/ml: 

 Ampicillin 50 mg/ml in H2O 

 Kanamycin 10 mg/ml in H2O 

 
For blue/white colony selection, 80 µg/ml artificial chromogenic substrate X-gal was 

added to the agar plate just before use from a stock solution of 40 mg/ml that was 

prepared by diluting an appropriate amount of X-gal in dimethylformamide. The stock 

solution was filter-sterilized into a 2 ml sterile vial wrapped with aluminium foil to 

protect it from light and stored at -20°C.  

2.5.3 SOC Medium 

This is a rich medium which widely used for transformation of E. coli competent cells 

to maximize the transformation efficiency. 

 Tryptone/Peptone from Casein  4.00 g (2.%) 

 Yeast Extract  1.00 g (0.5 %) 

 Sodium chloride  116.90 mg (10 mM) 

 Glucose  37.28 g (20 mM) 
 1 M MgCl2 (sterile filtrated) 2.00 ml (10 mM) 

 1 M MgSO4 (sterile filtrated) 2.00 ml (10 mM) 

 H2O                                      up to  200.00 ml  

 pH was adjusted to 7.5 with NaOH   
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2.5.4 YEB medium  

 

Used for growth of Agrobacterium at 25-28°C.  

 Bovine extract 5 gm/l DIFCO 

 Yeast Extract  1gm/l Roth 

 Peptone 5 gm/l Roth 

 Sucrose 5 gm/l  

 MgSO4 0.493 gm/l  

 pH was adjusted to 7.0 with NaOH.  

Deionized water was added to approximately  less than 1 liter. The pH was adjusted 

to 7.0 with 1N NaOH. The final volume was adjusted to 1 liter. Solid YEB medium 

was prepared by dissolving 15 g agar in liter and was sterilized by autoclaving. Filter-

sterilized antibiotic was added to agar plate or into liquid medium just before use from 

the following stock solutions to give a final concentration of 20 µg-100 µg/ml. 

 Antibiotic Stock solution Conc. in the medium 

 Chloramphenicol 34.5 mg/ml in ethanol 25-100 µg/ml 

 Gentamycin 10    mg/ml in H2O 20 µg/ml 

 Rifampicin 50    mg/ml in H2O 50 µg/ml 

 Kanamycin 100    mg/ml in H2O 50 µg/ml 

 

2.5.5 Storage culture preparation 

 

For preparation of storage culture, 750 µl of grown bacterium culture is mixed with 

250 µl of autoclaved solution of LB-Glycerin liquid medium for E. coli culture or YEB-

Glycerin liquid medium for Agrobacterium culture. The mixture is stored at 80°C till 

used. 

LB-Glycerin  YEB-Glycerin  

Tryptone/Peptone from Casein  1 g YEB medium (2.5.4) 40 ml 

Yeast Extract   0.5 g Glycerin  60 ml 

Sodium chloride  1 g   

H2O                               Up to 40 ml 

pH 7.5 

  

Glycerin  60 ml   
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2.6. General Methods of Molecular Biology 

 

2.6.1 Isolation of Nucleic Acids 

 

2.6.1.1 Isolation of Total RNA (Standard Preparation Using Kit) 

 

The RNeasy Plant Minikit (Qiagen) was used for the isolation of total RNA from 

different plant organs. RNA molecules of a length more than 200 nucleotides can be 

isolated by the kit. Freshly harvested plant tissues or -80°C frozen samples were 

homogenized with liquid nitrogen. Pulverized plant material was transferred 

immediately in lysis buffer containing a strong denaturing agent, guanidine 

isothiocyanate, to inactivate possible intracellular RNases. Following cell lysis, the 

suspension was centrifuged through QIAshredderTM column. QIAshredder is used for 

simple and rapid homogenization of cell and tissue lysates. The cleared lysat was 

transferred to the RNeasy Mini Spin columns. In the presence of ethanol, the RNA 

binds to the silica-gel-based membrane of these columns from which the purified 

RNA was eluted with RNease-free water. RNA was stored at -80°C untill further 

used. The RNA concentration was determined as described in 2.6.2. 

2.6.1.1.1 RNA treatment with DNase 

 
Before the reverse transcription reaction, DNaseI (Fermentas) was added in some 

cases to the purified RNA sample to remove any contamination with genomic DNA:  

Purified RNA  X µl 

Reaction buffer  10% v/v from the total solution reaction 

DNase 1 unit per 1 µg RNA 

The reaction was incubated at 37°C for 30 minutes. Subsequently, 10% (v/v) EDTA 

with final concentration of 25 mM was added to protect RNA strands from 

degradation while heating the mixture at 65°C for 10 min to inactivate DNase. 

 

2.6.1.2 Isolation of genomic DNA with DNAzol (Invitrogen) 

 
The plant DNAzol procedure is based on the use of a special guanidine-detergent. 

The lysis solution hydrolyzes RNA and allows the selective preciptation of DNA from 

the lysate. About 100 mg fresh plant material were homogenized with pestle and 
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mortar with liquid nitrogen, and then transferred to a reaction tube. 300 µl DNAzol 

with 2 µl RNase (20 mg/ml) extraction buffer were added. The mixture was mixed 

vigorously and incubated for 5 min at 25°C. During the incubation the tube was 

inverted several times, 300 µl chloroform were added. The mixture was mixed and 

incubated again for 5 min at 25°C, the tube inverted several time in between, then 

centrifuged for 10 min at 12000 g at room temperature. The aqueous phase was 

transferred to a new reaction tube and 225 µl absolute ethanol were added and 

mixed thoroughly by inverting the tube several times. After another 5 min incubation 

at room temperature, the tube was centrifuged for 4 min at 5000 g. The pellet was 

washed with mixture of 200 µl DNasol + 150 µl absolute ethanol ,vortexed and stored 

at room temperature for 5 min then centrifuged at 5000 g for 4 min. The residue was 

washed again with 300 µl 70% ethanol and left 5 min at room temperature. After 

centrifugaton for 4 min at 5000 g the pellet was air dried for about 10-15 min and 

then redissolved in 70 µl 10 mM Tris/HCl pH 8. Finally, the DNA concentration was 

determined. 

 

2.6.1.3 Isolation of plasmid DNA by minipreparation 

 

Mini preparation of plasmid DNA was carried out either by a modification of the 

alkaline lysis method developed by Birnboim and Doly (1979) and Horowicz and 

Burke (1981) or by a spin minipreparation with ready-to-use kit according to the 

manufacturer’s protocol.  

 

Plasmid DNA extraction by hand (alkaline lysis method) was treated as follows: 

 

• A bacterial colony was picked up from a growing plate using a sterile toothpick 

to inoculate 7 ml liquid LB medium containing the appropriate antibiotic. The 

bacterial culture was allowed to grow over night with shaking at 225 rpm at 

37°C. 

• Cells from 1.5 ml of the bacterial culture were harvested by centrifugation at 

6000 rpm for 3 min. 

• The bacterial pellet was then resuspended in 200 µl solution I with vigorous 

vortexing until the bacterial pellet was completely dispersed. The tube was 

then placed on ice. 
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• For lysis of the bacteria, 400 µl solution II was added to the bacterial 

suspension and mixed by inverting the tube rapidly five times (no vortex). The 

tube was placed on ice for exactly 5 min. 

• After 5 minutes incubation on ice, 300 µl solution III was added to the bacterial 

lysate, which was immediately mixed by gentle vortexing. The tube was 

placed on ice for 10 min followed by centrifugation at room temperature at 

15000 rpm for 10 min to precipitate protein and large fragments of genomic 

DNA.  

• The clear supernatant was transferred to a fresh tube followed by the addition 

of isopropanol at a ratio of 1:0.6 and mixed gently by inverting the capped tube 

to precipitate plasmid DNA. After 10 min incubation at room temperature, 

plasmid DNA was then pelleted by centrifugation at 15000 rpm for 10 min 

followed by removal of the supernatant. 

• The plasmid DNA pellet was washed with 70% ethanol followed by 

centrifugation at 15000 rpm for 3 min. 

• The pellet was allowed to dry at room temperature and then dissolved in 50 µl 

10 mM Tris-HCl buffer pH 8 containing 0.5 µg/ml DNase free-RNase (Roche 

Diagnostics). The mixture was incubated at 37°C for 30 min to digest RNA. 

• The isolated plasmid DNA was stored at -18°C until further use. 

This purified plasmid DNA could be used for transformation (2.6.8.2), as template for 

PCR (see 2.2.3.2), or for restriction analysis (2.6.9.3). The spin mini-preparation was 

used especially to isolate plasmid DNA of high purity for sequencing. 

 

Solution I 

 Glucose (Merck) 99 mg (50 mM) 

 Trisaminomethane (Roth)  30 mg (25 mM) 

 EDTA (Roth) 37 mg (10 mM) 

 H2O                             up to  100 .ml  

The pH was adjusted to 8.0 with 1 N HCl before the solution was sterilized by 

autoclaving. 
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Solution II 

Solution II was prepared freshly by diluting volume of 10x concentrated stock solution 

of NaOH and of SDS 1:10 (wt/v) in sterile H2O. 

 

 

10X Stock Solution II 

 NaOH (Roth)  8 g/100 ml H2O (2 N) 

 SDS (Biomol) 10 g/100 ml H2O (10%) 

 

Solution III 

Solution III was prepared by dissolving 57.81 g of ammonium acetate (Roth) in 100 

ml H2O to make a 7.5 M solution that was then autoclaved.  

 

10 mM Tris-HCl Buffer pH 8 

The 10 mM Tris buffer was prepared by dissolving 12.11 g of trisaminomethane 

(Roth) in 100 ml H2O. The buffer was sterilized by autoclaving after adjusting the pH 

to 8 with 1 N HCl. 

2.6.1.4 Purification of DNA from agarose gels 

 

After gel electrophoresis (2.6.6), DNA fragments had to be eluted from gel for further 

applications such as restriction or ligation. Purification of DNA fragments was 

performed by using QIAEX II or QIAQuick (both Qiagen) to obtain clean DNA 

fragments. DNA was adsorbed to silica gel beads (QIEX II) or silica membrane 

(QIAQuick) in the presence of a high concentration of chaotropic salts. Contaminants 

were washed away and the DNA was eluted in 10 mM Tris-HCl pH 8.0. To ensure 

optimal conditions for some enzymatic reactions, PCR products and restriction 

products were purified by using ConcertTM Rapid PCR Purification System or 

NucleoSpin Extract prior to further applications such as digestion with further 

restriction enzymes or ligation. After the addition of binding solution to the PCR 

mixture or to the digestion reaction, the mixture was applied to a silica-based 

membrane where double-stranded DNA was selectively adsorbed, while the 

contaminents and other proteins washed away. 
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2.6.2 Determination of the concentration of nucleic Acids 

 

2.6.2.1 Quantification of RNA and DNA concentration 

 

The concentration of nucleic acids was determined by measuring the absorbance 

value of the DNA or RNA samples at wavelengths of 260 and 280 nm. An A260 value 

of 1 corresponds to 40 µg/ml and 50 µg/ml single-stranded RNA and double-stranded 

DNA, respectively (Sambrook et al., 1989).  

 

An UV/Visible spectrophotometer (Ultraspec 3100 pro, Amersham Pharmacia 

Biotech) was used to determine the concentration of 1:100 diluted RNA or DNA 

samples in a volume of 0.5 ml in a 10 mm Light Path Quartz cuvette (Hellma). Care 

was taken that the A260/A280 value was not less than 1.8 to ensure the appropriate 

quality. Contaminations with proteins or phenolics would reduce this value due to 

their absorbance at 280 nm. 

 

2.6.2.2  Determination of relative DNA concentrations on agarose gels 

 

This method is an easy method for approximate determination of the relative 

concentration of two DNA samples, for example to estimate the relative amount of 

DNA of a restricted PCR product and of a restricted vector before ligation. The DNA 

amount is estimated by their relative optical intensity and according to the molecular 

weight of the DNA molecules. For example if 1 µl of a restricted vector of unknown 

concentration and a molecular weight of 10000 bp is compared to 1 µl of restricted 

DNA unknown concentration with a molecular weight of 1000 bp on an agarose gel. 

In this case if the relative approximate optical intensity of the two DNA bands is 1:2 

for restricted vector to restricted DNA respictevely, the approximate molar relation of 

DNA molecules is 1:20, respectively. 
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2.6.3 Primer design 

 

2.6.3.1 Degenerate primers design 

 
The degenerate primer can be used in PCR procedures in order to amplify a variety 

of similar sequences or to identify novel members of gene families. Degenerate 

primers are mixtures of oligonucleotide that contain in some positions of their 

nucleotide sequence different bases. Its design is based on amino acid sequence 

alignments of homologous proteins that can be retrieved from a data base such as 

GeneBank. To design at least forward and reverse PCR primers, two blocks of 

conserved amino acid residues should be present. Primer degeneracy (i.e. the 

number of the homologous primers in the degenerate primers solution) is the result of 

degeneracy of the genetic code. The concentration of the primer that exactly fits the 

cDNA decreases when the degeneracy of the primers increases. To decrease that 

effect inosine can be used in the design of degenerate primers. Inosine is a purine 

that can form base pairs with cytidine, thymidine and adenosine. 

 

2.6.3.2 Design of gene-specific primer (GSP) 

 

Gene-specific primers are primers with a sequence that is identical to the sequence 

of a certain stretch in the nucleic acid alignment. Primers should contain at the 

minimum 18 nucleotides complementary to the sequence of interest. They should 

have a GC content of approximately 50% and the number of C and G at the 3´end of 

the primer should not exceed 2 to avoid strong attachment with any unspecific DNA. 

For introduction of a restriction site at the 5`-end of the primer it should be flanked 

with additional 2 to 10 nucleotides (depending on the restriction enzyme) at the 5´end 

of the primer to allow an efficient digestion at the end of the cDNA fragment. 
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2.6.4 Synthesis of first strand cDNA  

 
Reverse transcriptase is an RNA dependent DNA polymerase and is used to 

catalyze the oligo-dT (Table 2-1) primed synthesis of first strand cDNA (DNA 

complementary to the appropriate mRNA) from total RNA.  

 
1 µg total RNA  x.0 µl 

 
1 µM oligo dT primer 2.5 µl 

 
DMPC-H2O                        up to  30 µl  

 Denaturation of RNA at 70°C for 10 min followed by briefly cooling on 
ice and addition of the following reagent 

 
   

 
5x 1st strand buffer 5. µl  (supplied with the enzyme)  

 
0.1 M DTT 2.5 µl 

 
10 mM dNTP mix (each 2 mM) 1.25 µl 

 The mixture was pre warmed at 42°C for 2 min, followed by addition of: 

 
200 U/µl Superscript II  1.25 µl 

 
Total volume 25. µl 

The reaction mixture was incubated at 42°C for 60 min, followed by heat 

inactivation of the enzyme at 70°C for 15 min.  

The cDNA sample was stored at -20°C until used. 

 

2.6.5 Polymerase chain reaction (PCR) 

 
The polymerase chain reaction (PCR) is an in vitro method of nucleic acid synthesis 

by which a particular segment of DNA can be specifically replicated by means of 

thermostable DNA polymerase (Saiki et al., 1985). 

The following terms with respect to PCR are used in this work: 

Standard PCR This PCR is typically carried out by using two oligonucleotide primers 

that flank the DNA fragment to be amplified. 

DOP-PCR (Degenerate Oligonucleotide Primed - PCR), RT-PCR with degenerate 

primer 

RACE-PCR (Rapid Amplification cDNA End - PCR), RT-PCR with gene-specific 

primer (GSP) to identify the 5’ and 3’ ends of cDNA. 
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Full-length PCR, RT-PCR with unique GSPs to amplify the protein-coding region of 

cDNA (GSPs often contain appropriate restriction sites for subsequent cloning 

into expression vectors)  

Colony Screen PCR, PCR of E. coli colonies as template to identify successful 

transformants. The primers usually used in this PCR were the GSPs for full-

length PCR.  

EXACT RT-PCR (Exclusive Amplification of cDNA Template RT-PCR), RT-PCR with 

unique primers to exclude possible amplification of contaminating genomic DNA 

related to the investigated cDNA. 

SDM-PCR (Site-Directed Mutagenesis-PCR), PCR with modified GSP to introduce 

mutations into plasmid DNA. 

 

2.6.5.1 Standard-PCR 

 

This PCR is carried out by using two oligonucleotide primers that flank the DNA 

fragment to be amplified. These primers hybridize to the opposite strands of the 

target sequence and are oriented so that DNA synthesis proceeds by the polymerase 

across the region between the primers. This segment of DNA is doubled in every 

cycle of the PCR resulting in an exponential accumulation of the specific fragment 

(approx. 2n, where n is the number of PCR cycles performed). 

 

Each cycle of PCR contains the following steps, in which the duration of each step 

depends on the kind and the size of template to be amplified:  

1. Denaturation of the double strands DNA at 94°C for 45 sec, but only for 15 – 30 

sec if genomic DNA was used as template. 

2. Annealing of the primers to their complementary sequence of the DNA template at 

a temperature that is dependent on the primer melting temperature, for 1 min. The 

primer melting temperature depends on the size of the primer and the type of its 

nucleotides. 

3. Elongation of annealed primers with DNA polymerase at 72°C for 2 min or up to 10 

min, but at 68°C for genomic DNA. 

 



2 Material and Methods______________________________________________________  35 

Generally, amplification in this study was achieved through 25–35 repeated cycles. 

These cycles started with an initial denaturation step at 95°C of 3-5 min or at 94°C of 

1 min for cDNA and genomic DNA, respectively, to ensure complete denaturation of 

all double-stranded DNA. The denaturation step was followed by the annealing step, 

in which the temperature was decreased to reach the melting temperature of the 

primer to enable the hybridization of the primer to its specific position on the DNA 

sequence. Finally, an elongation step of x min at 72 or 68°C allowed the Taq DNA-

polymerase to amplify the fragment of interest. After 25 or 35 cycles, a 2-10 min final 

elongation phase at 72°C or 68°C for cDNA or genomic DNA, respectively, ensured 

the completion of all PCR products and was followed by cooling of the PCR products 

at 15°C. In some cases in which the melting temperature (Tm) of the two primers was 

markedly different between each other, a ”Touch Down” (Don et al., 1991) 

temperature program could be used to compensate for the difference of Tm. Touch 

down temperature program proved also useful when degenerate primers were used 

in the PCR technique. Two standard temperature programs are presented below: 

  Touch Down   Standard 

          

 95°C 5 min    95°C 5 min   

          
 95°C 45 sec   95°C 45 sec  

 60-45°C *) 1 min 20 x  60°C **) 1 min 33 - 35 x 

 72°C 2 min 

 

  72°C 2 min 

 

 

 95°C 45 sec   72°C 10 min   

 45-55°C 1 min 20 x  15°C ∞   

 72°C 2 min 

 

 72°C 10 min  

 15°C ∞  

*) Annealing temperature was gradually decreased 

by 0.5°C/cycle.  

**) Annealing temperature was kept constant with 

respect  to the Tm of the primers. 

The following were standard conditions used for setting up PCRs with Taq DNA-

polymerase and proof-reading DNA polymerase (Pfu DNA-polymerase).  
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Primer mix A B C 

 10 µM Forward Primer 1.0 µl  2.0 µl  1.0 µl  

 10 µM Reverse Primer 1.0 µl 2.0 µl  1.0 µl  

 Template : cDNA  1.0 µl 2.0 µl  1.0 µl  

 H2O                                  up to 15.0 µl 40.0 µl 15.0 µl  

    

Buffer mix     

 10 x PCR Buffer*) 2.50 5.0 µl 2.5 µl 

 50 mM MgCl2  0.75 1.0 µl   

 50 mM MgSO4    

 10 mM dNTPmix 0.50 1.5 µl 0.75 µl 

 5 U/µl Taq DNA Polymerase 0.125   

 3 U/µl Pfu-DNA Polymerase   0.25 µl 

 H2O                                   up to 10.0 µl 10 µl  10 µl 

 Total volume 25.0 µl 50.0 µl  25.0 µl  

 *) PCR buffer is provided by manufacture and delivered with the corresponding 

DNA polymerase. 

 

For multiple reactions, a master mixture of ‘buffer mix’ was prepared separately in a 

1.5 ml reaction tube sitting on ice to ensure consistency and to enable accurate 

pipetting. To increase the specificity of the products being synthesized, all PCRs with 

Taq DNA-polymerase were started according to the ‘Hot-Start’-protocol, in which the 

addition of polymerase was withheld until the reaction temperature reached 94°C. 

The Hot-Start protocol was conducted by adding 10 µl buffer mix containing Taq-

DNA-polymerase into a 0.2 ml PCR-tube containing 15 µl ‘primer mix’ in a 

thermocycler after 3–5 min initial denaturation at 94°C.  

 

2.6.5.2  DOP-PCR (Degenerate oligonucleotide primed-PCR) 

 

Several combinations of degenerate primers pairs were used to search for cDNA 

sequences in various plant tissues. These primers were designed on the basis of an 

alignment of known sequences homologous to the gene of interest. Because of the 

degeneracy, the degenerate oligonucleotides contain only a limited number of 
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primers that are complementary to the template. Thus, the concentrations of 

degenerate primers are increased by 2.5 fold in comparison with standard PCR 

conditions (2.6.5.1). The melting temperature of the degenerate primers may vary 

significantly. To overcome this problem, the PCR amplification is performed mainly 

by “Touch down” temperature program (2.6.5.1). 

 

2.6.5.3 Rapid amplification of cDNA ends (RACE), 3´- and 5´RACE 

 

RACE is a polymerase chain reaction based technique developed to facilitate the 

cloning of 3´- or 5´-ends of the cDNA to obtain the full length cDNA (Frohman et al., 

1988). RACE technique allows the identification of cDNA from a messenger RNA 

template between a defined internal site and unknown sequences at either the 3’ or 

the 5’ end of the mRNA. 

 

The mRNA is characterized by a poly A-tail at its 3´-end. 3’RACE-PCR exploits the 

poly A-tail as a generic priming site for PCR amplification. The first strand cDNA 

synthesized as described in 2.6.4 was used as template to be amplified by PCR with 

a gene specific primer (GSP) that anneals to a region of known sequence and an 

oligo-d(T) primer (see Table 2-1) that targets the poly(A) tail region. 

 

To permit the amplification of cDNA by 5´ RACE in a similar manner as 3´RACE, an 

artificial homopolymeric tail had to be added first to the 3´end of the 1st strand cDNA. 

First, cDNA synthesis was primed with the GSP1 in a reverse direction. 

Subsequently, all remanining RNA was degraded by an RNase mix (RNase H and 

RNase T2, 1:1, Invitrogen). RNase H is an endoribonuclease that specifically 

hydrolyzes the 5´-phosphodiester bonds of RNA, which is hybridized to DNA. 

Ribonuclease T2 is a nonspecific endoribonuclease which hydrolyzes RNA chains 

and shows a preference for phosphodiester bonds on the 3`side of A residues. After 

RNA degradation, cDNA was purified with Nucleospin Extract Kit (Macherey&Nagel) 

and subsequently tailed with dCTP in a reaction catalyzed by terminal 

deoxynucleotidyl transferase (rTdT, recombinant). This step resulted in a poly-d(C)-

tailed cDNA that could be amplified by using GSP2, which annealed upstream of 

GSP1 and a complementary poly-d(G)-containing anchor primer (AAP, Abridge 

Anchor Primer, see Table 2-1). 
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Table 2-1 Universal primers used for 5´ and 3´ RACE-PCR. 

Oligonucleotide Sequence Tm (°C) 

Forward Primer  

oligo-dT 5’-GTC GAC TCG AGA ATT CTT TTT TTT TTT TTT TTT -3’ 59.5 

AAP 5’-GGC CAC GCG TCG ACT AGT ACG GGI IGG GII GGG IIG-3’ 77.4 

AUAP 5’-GGC CAC GCG TCG ACT AGT AC -3’ 65.7 

 

A = Adenine  T = Thymine 

G = Guanine Purine  C = Cytosine 
 Pyrimidine 

I = Inosine 

 

      

 

 

2.6.5.4 Exact RT-PCR 

 
Several technical approaches have been developed to overcome the problem of the 

contamination with genomic DNA or Agrobacterium´s plasmid in RT-PCR (Folz and 

Nepluev, 2000; Smith et al., 2001).  This method was used to avoid amplification of 

any contamination of DNA during preparation of RT-PCR of transgenic plants, that 

were transformed with Agrobacterium. Like standard RT-PCR, EXACT RT-PCR 

exploits the polyadenylation tail of mRNA but instead of employing the universal 

oligo-dT primer (see Table 2-1) that was used to prime the mRNA in reverse 

transcription, a 5’ unique long primer (5’ULP see Table 2-2) was utilized for PCR 

amplification to anneal at the adapter sequence of the oligo-dT that was incorporated 

at the 5’ end of the cDNA by reverse transcription. Thus, the 5’ unique primer binds 

only to products derived from cDNA. The oligo-dT adapter is a unique sequence that 

should not be present in genomic DNA. A second (semi-nested) PCR was carried out 

with the 5’ unique short primer (5’USP see Table 2-2) that anneals to the second 

adapter introduced by the 5’ULP to perform a ‘step out’ PCR as shown in (Fig 2.1). 

The PCRs were prepared in 25 µl containing PCR buffer mixture as described in 

2.6.5.1 with a primer mixture as follows: 
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     EXACT RT-PCR preparation  

 1. PCR  

 10 µM (GSP1) 1.0 µl 

 1 µM 5’ULP 0.5 µl 

 1 µM 5’USP 1.0 µl 

 cDNA 1.0 µl 

 H2O      up to 15.0 µl 

 

 2. PCR  

 10 µM (GSP2) 1.0 µl 

 1 µM 5’NP 0.5 µl 

 Product of 1. PCR 1.0 µl 

 H2O             up to 15.0 µl 

   

Buffer mix     

 10 x PCR Buffer*) 2.5 µl0 5.0 µl 2.5 µl 

 50 mM MgCl2  0.75 µl 1.0 µl   

 10 mM dNTPmix 0.50 µl 1.5 µl 0.75 µl 

 5 U/µl Taq DNA Polymerase 0.125 µl   

 3 U/µl Pfu-DNA Polymerase   0.25 µl 

 H2O                               up to 10.0 µl 10 µl  10 µl 

 Total volume 25.0 µl 50.0 µl  25.0 µl  

     
     Table 2-2 Unique reverse primers used for EXACT RT-PCR. 

 Oligonucleotide Sequence Tm (°C) 

Reverse Primer  

5’ULP 5’-CTA ATA CGA CTC ACT ATA GGG CGT CGA CTC GAG AAT-3’ 70.6 

5’USP 5’-CTA ATA CGA CTC ACT ATA GGG C-3’ 58.4 

5’NP 5’- CTA TAG GGC GTC GAC TCG AGA AT-3’ 62.4 
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GSP forward primers 5’ Unique reverse primers 

    

    

    

    

    

 
 
 
Fig 2-1 Diagrammatic representation of Exact RT-PCR (Smith et al., 2001) taken from 
Nurhayati (2004). 
 

2.6.5.5 Site-directed mutagenesis PCR (SDM-PCR) 

 

To introduce site-directed mutations into a plasmid sequence, two complementary 

primers were synthesized that contain the site to be mutated. They contained the 

desired mutation in the middle of the primer sequence and annealed to the same 

sequence on opposite strands of the plasmid. SDM-PCR was performed with those 

primers. During extension of the mutagenic primers in PCR-cycles, which was 

catalyzed by Pfu-DNA polymerase, a mutated plasmid containing nicked circular 

strands was generated.  

 

 

 

 

AAAAAAA 

AAAAAAA 

TTTTTTT 

TTTTTTT 

AAAAAAA 

Reverse transcription 
with oligo-dT primer 

Unique reverse primer 
binds only to products 
derived from oligo-dT 
primed cDNA 

1st round PCR with 
GSP forward 

1st round with “step 
out” PCR 

2nd round nested 
PCR  

5’ Unique Long Primer (5’ULP) 
5’ Nested Primer (5’NP) 
5’ Unique Short Primer (5’USP) 

GSP1 
GSP2 
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SDM-PCR mix    

 10 µM Mutagenic Primer Forward 1.25 µl  

 10 µM Mutagenic Primer Reverse 1.25 µl  

 Template : diluted plasmid prepration 1-2.50 ng  

 10 x Pfu Buffer 5.00 µl  

 10 mM dNTPmix 1.50 µl  

 3 U/µl Pfu DNA Polymerase (Invitrogen) 1.00 µl  

 H2O                                                   up to 500.0 µl  

  

SDM-PCR Temperature Program  

     

 94°C 2 min   

 94°C 30 sec  

 58°C (primer specific) 30 sec 12-18 x 

 68C 12 min 

 

 

     

 68°C 4 min   

 15°C ∞   

 

The parental DNA template used for SDM-PCR was isolated from E. coli. To select 

mutation-containing synthesized DNA in the SDM-PCR the parental DNA template 

had to be destructed. The DpnI endonuclease is specific for methylated and 

hemimetylated DNA. DNA isolated from almost all E. coli strains is dam methylated 

and therefore susceptible to DpnI digestion, whereas the unmethylated PCR product 

is no substrate for DpnI. (AuCoin et al., 2002). Accordingly, the SDM-PCR product 

was treated wih DpnI to digest the parental DNA template as the following: 

 

The PCR was incubated with 8 µl DpnI at 37°C for 1 h. 8 µl DpnI-treated DNA were 

used to transform E. coli DH5α or XL1 Blue competent cells as described in 2.6.8.2. 

Later, the DNA isolated from successful transformants (2.6.1.3) was sequenced by 

MWG to confirm the successful mutation.  
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2.6.6 Agarose gel electrophoresis 

 

Agarose gel electrophoresis is a method used in molecular biology to separate DNA 

strands by size, and to determine the size of the separated strands by comparison to 

strands of known length. Agarose-gels were prepared at concentrations of 0.8-2% 

agarose in electrophoresis buffer (1xTBE). The mixture was boiled in a microwave 

oven to dissolve the agarose. After cooling down of the agarose solution to 60°C, 

ethidium bromide (0.5 µg/ml) was added and the solution was poured into the gel 

tray. Ethidium bromide is an intercalating dye that fluoresces under UV light. Since 

ethidium bromide is suspected to cause cancer, all steps involving ethidium bromide 

were performed very carefully and under the fume hood. The agarose gel solution 

solidified at room temperature. For electrophoresis a horizontal electrophoresis 

apparatus (BioRad) was used. Before loading on the gel, samples were mixed with 

DNA loading buffer (see below).  Electrophoresis was run at a voltage of 80 mV, 

supplied by Consort E815 (LTF) power supply. To estimate the size of nucleic acids, 

a 1 kb or a 100 bp DNA marker was run parallel to the samples in the same gel. A 

multiimageTM light cabinet (Biozyme) was used to analyse photograph the gel under 

UV-light. 

 

10x TBE Buffer 

    

 Trisaminomethane (Roth) 108.0 g 

 Boric Acid (Roth)  55.0 g 

 EDTA (Roth) 7.3 g 

 H2O                                  up to 100.0 ml 

 

DNA-Loading Buffer 

 Xylencyanol (Sigma) 0.25 g 

 Bromophenol blue 0.25 g 

 Ficoll 400 (Sigma) 25.00 g 

 EDTA (Roth) 1.46 g 

 H2O                                  up to 100.00 ml 

The solution was filtered and sterilized by autoclaving. 
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2.6.7 Cloning of PCR product 

 

2.6.7.1 Cloning in TOPO vector 

 

Taq DNA-polymerase amplified PCR products were directly cloned into pCR2.1®-

TOPO®-vector. However, PCR products that were stored in the freezer or those that 

were amplified by using Pfu or ACCU Taq DNA-polymerase had to be incubated first 

with Taq DNA-polymerase at 72°C for 10 min in order to create a single dATP 

overhang at the 3`ends of PCR products before cloning. Cloning started with 

electrophoretic separation of an appropriate amount of PCR reaction on a 1.5% low-

melting-point agarose gel. The intended DNA-band was excised from the gel, melted 

at 65°C for 3-5 min and kept molten at 37°C. 

 

TA Cloning reaction 

 melted agarose gel DNA-Band 2.0 µl 

 Salt solution  0.5 µl 

 pCR2.1®-TOPO®-vector 0.5 µl 

 Reaction was incubated at 37°C for 10 min, followed by addition of 5 µl sterile H2O 

(preheated at 37°C) prior to transform it in TOP 10 cells (see 2.6.8.2).  

 

 

2.6.7.2 Cloning into the pET expression vectors 

 

During this project two types of pET vectors were used, pET3a-XhoI and pET22b. 

For cloning in pET3a-XhoI vector, PCR was performed for the target DNA with 

attention that it contained a start codon ATG in front of the XhoI restriction site. The 

restriction sites XhoI and BamHI were introduced in the PCR product by the primers 

which were used in the PCR reaction. The PCR product was then digested with 

XhoI/BamHI and ligated into the XhoI/BamHI-linearized pET3a-XhoI vector, in a 

defined orientation. While in the case of pET22b vector, the same is done like cloning 

in pET3a-XhoI apart the introduction of NdeI in the PCR product instead of BamHI as 

restriction site. For effective digestion, it was necessary to purify the DNA prior to the 

digestion. The purification was carried out by using the purification method described 

in 2.6.1.4. Sequential digestion was preferred over a double digestion because of the 
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different reaction buffers especially when use XhoI with BamHI. A typical double-

digestion reaction was set up as follows: 

 

Digestion of DNA-insert or vector pET3a-XhoI 

 1 µg purified DNA-insert or pET3a-XhoI vector X.0        µl 

 10x Buffer React 2 (invitrogen) 2–30     µl 

 10 U/µl XhoI(NEB) 0.5        µl 

 H2O                                                     up to 20–30 .0µl 

   Reaction was incubated at 37°C for 1.5 h  

Deactivation for 10 min at 65°C was followed by the second digestion 

 The total XhoI digestion  20–30 .µl 

 10x Buffer React 3 (invitrogen) 3-4       µl 

 10 U/µl BamHI (Invitrogen) 1.0       µl 

 H2O                                                     up to 30-40   µl  

   Reaction was incubated at 37°C for 1.5 h  

 

Here in that work digestion of DNA insert or vector pET22b was performed as the 

following: 

 

1µg purified DNA-insert or pET22b vector x    µl 

10 x R+ buffer (Fermentas) 2-5 µl 

10 U/µl XhoI 1    µl 

20 U/µl NdeI 0.5     µl 

H2O                                                              up to 20-50 µl 

The reaction was incubated at 37°C for 2 h. 

 
Following digestion, it was usually worthwhile to gel-purify the vector prior to the 

ligation to remove uncut, residual nicked and supercoiled plasmid, which was 

transformed very efficiently relative to the desired ligation product. The following was 

a typical ligation reaction: 
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Ligation of DNA-insert with pET3a-XhoI vector 

 Digested vector (10 fmol) x.0 µl  

 Digested insert (30-90 fmol) y.0 µl  

 5 x Ligation Buffer 2.0 µl  

 2 U/µl T4 DNA-ligase 0.5 µl  

 H2O                                      up to       10   µl  

 Reaction was incubated at 25°C for 1 h, then ligation product was kept on 

ice or frozen at -20°C until used for transformation in host cells as 

described bellow (2.6.8). 

The following is the formula to estimate the mass of 1 fmol DNA molecules. 

1 fmol = bp molecule x 308 x10-6 ng. 

 

2.6.8 Preparation and transformation of competent cells 

 

E. coli cells treated with calcium ions can take in the foreign DNA (e.g plasmid) and 

are called “competent” cells. Competent cells are used in the recombinant DNA 

experiments for transformation.  

 

2.6.8.1 Preparation of competent cells 

 

To enable the E. coli cells for the admission of foreign DNA plasmids, competent 

cells were prepared according to a modified method developed by Cohen et al. 

(1972). Cells were grown in 50 ml liquid LB medium at 37°C with shaking at 225 rpm 

for 6–8 h. When the bacteria culture reached an optical density of 0.4–1.2 at 600 nm, 

cells were cooled on ice for 10 min and centrifuged at 4°C and 3000 rpm (Beckmann 

GS-6R; Rotor GH 3.8) for 10 min. The bacterial pellet was resuspended carefully in 

25 ml ice-cooled 0.1 M CaCl2. After 10 min incubation on ice, the cells were 

recovered by centrifugation at 4°C and 3000 rpm for 10 min. The supernatant was  

discarded. The pellet was resuspended carefully in 5 ml 0.1 M CaCl2 containing 15 % 

glycerin. Then the cell suspension was kept at 4°C for 19–24 h to achieve high 

competency. Afterwards the competent cells were stored at -80°C as 100 µl or 200 µl 

aliquots until further use. 
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2.6.8.2 Transformation of competent cells  

 

Frozen competent cells were taken from the -80°C freezer and were placed on ice 

before transformation was performed as described: 

1. Incubation of the 5 µl ligation product (see 2.6.7.1, 2.6.7.2) or 1-2 µl plasmid 

preparation (2.6.1.3) together with 100 µl of the competent cells on ice for 

approximately 20 min. 

2. Heat shock of the cells at 42°C for 60 s without shaking. 

3. Outgrowing the cells in 400 µl SOC medium at 37°C with shaking at 225 rpm for  

30-60 min, to maximize the transformation efficiency and at the same time to give 

a chance for the bacterium to produce the resistance material aginst the selective 

antibiotic. 

4. Plating the cells on selective LB agar medium containing 50–100 µg/ml antibiotic 

followed by incubation at 37°C over night. 

Transformation of plasmid-containing DNA for heterologous protein expression (see 

2.6.7.2) was first conducted in a non-expression host such as E. coli DH5α or XL1 

Blue for a higher transformation efficiency (see 2.4.2.2). Following colony screening 

(see 2.6.9), plasmid DNA was extracted from positive clones (2.6.1.3) and then used 

to repeat the transformation procedure with the expression host E. coli BL21 (DE3) 

cells. 

 

2.6.9 Selection of positive recombinants 

 

Depending on the vector that was used, the presence of the appropriate cloned DNA 

was determined by using one of the selection methods described as the following:  

 

2.6.9.1 Blue/white colony selection 

 

Blue/white cloning selection method was mainly used for cloning of DNA fragments 

into pCR2.1®-TOPO®-vector and pGEMeasy vector (see 2.4.1). Blue/white colony 

selection is based on the ability of ß-galactosidase to produce a blue cleavage 

product from an artificial chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-D-

galactoside (X-gal) added on selective LB-plates (see 2.5.2). ß-Galactosidase is 
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generated by α complementation of the amino-terminal fragment of ß-galactosidase 

encoded by the vector carrying the LacZα gene and the carboxy-terminal portion of 

ß-galactosidase encoded by the genome of the host cell. introduction of a cloned 

DNA fragment into the multicloning site of the vector, which is embedded in the 

coding region of the LacZα gene, disrupts the amino-terminal fragment of ß-

galactosidase, which is no longer capable of producing active β-glucosidase after a 

complementation. That allows the differentiation between the white cell colonies 

which contain a DNA fragment in the cloning site of the plasmid from the blue cells 

colonies which contain the original plasmid without interruption of LacZα gene by 

foreign DNA. 

 

2.6.9.2 PCR colony screening 

 

This method was used for E. coli colonies which were transformed with vectors that 

lack the LacZα gene for blue/white selection, like the expression vector pET3a-XhoI. 

To test for the presence of foreign DNA within the vector several colonies were 

picked using 200 µl pipette tips and suspended with 20 µl sterile H2O in a microtiter 

plate. 5 µl from each bacterial suspension were transferred into PCR tubes and the 

remaining 15 µl suspension were kept at 4°C to use it later. By using a thermocycler 

the cells were lysed while simultaneously released DNase was denatured by 5 min 

incubation at 95°C. The lysed bacteria were then screened for the presence of the 

desired construct with the same primers and PCR conditions as used for 

amplification of the cloned sequence fragment. From positively selected colonies the 

remaining 15 µl cell suspension were used to inoculate an overnight liquid culture for 

plasmid purification (see 2.6.1.3).  

2.6.9.3  Restriction analysis 

 

Also this method was used for E. coli colonies which were transformed with vectors 

that lack the LacZα gene for blue/white selection. Plasmid DNA preparations 

obtained from a normal or a spin minipreparation (see 2.6.1.3) were digested with an 

appropriate restriction enzyme at the optimal temperature suggested by the 

manufacturer. The choice of that enzyme depends on the knwoledge of restriction 

sites within the DNA sequence of interest and the vector used for cloning. The 
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restriction analysis was performed in a volume of 5 µl. Three µl plasmid DNA were 

mixed in Eppendorf tubes with 2 µl of the following restriction mixture:  

 

 10x Restriction buffer 0.4 µl  (1x) 

 Restriction Enzyme x µl (1 unit) 

 H2O                           up to   2.0 µl  

 

When two enzymes were used in a restriction analysis, a double digestion could be 

performed simultaneously if both enzymes worked at the same optimum temperature 

and in the same reaction buffer. Otherwise, the two restrictions were performed 

successively, beginning with the enzyme that worked optimally at a lower salt 

concentration. For the second incubation the higher salt concentrated buffer was 

added before addition of the second restriction enzyme. 

 

2.6.10 Expression of cloned genes in E.coli cells 

 

E. coli BL21(DE3) cells were used for production of biologically active proteins 

encoded by cDNA that were cloned into pET expression vectors to study the function 

of the encoded proteins. The pET3a vector construct carrying the DNA of interest 

was transformed (see, 2.6.8.2) into BL21(DE3) cells. Expression of the target DNA 

was induced by the addition of IPTG to a growing culture as described 2.6.10.1. 

 

2.6.10.1 Growing and induction of E. coli BL21  

 

A colony from a freshly transformed E. coli BL21 (DE3) was picked and inoculated 

into 7 ml LB medium containing an appropriate antibiotic. Inoculated LB medium was 

incubated on a shaker (225 rpm) at 37°C for 6-8 h or until OD600 reached 0.6–1.0. 

500 µl culture were transferred into an Eppendorf tube. IPTG was added from a 100 

mM stock solution to give a final concentration of 1 mM and incubation was 

continued for a further 4–5 h. The rest of the uninduced culture was kept as an 

uninduced as negative control. Induced and uninduced cultures were then analysed 

for the expression of the recombinant protein. For this purpose, the cell culture was 

applied to SDS-polyacrylamide gel followed by Coomassie blue staining as described 

in 2.9.5. Following successful protein expression of the target sequence, the catalytic 
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activity of the recombinant protein was biochemically analysed (2.9.10). For this 

purpose, large-scale protein production was performed by growing the bacteria 

culture in 50 ml LB medium. After the culture had been induced with IPTG (final 

concentration of 1 mM in the medium), the culture was harvested by centrifugation at 

3500 rpm (GH-3,8 Rotor, Beckman) for 10 min at 4°C. For the activity assays of HSS 

and DHS the bacterial pellet was stored at -80°C until used. 

2.7. Preparation of sterile Senecio jacobaea plants 

 

Seeds were collected from the garden of our institute. After a first sterilization step for 

3 minutes in 70% ethanol followed by centrifugation the seeds were incubated for 6 

minutes in 6 % sodium hypochlorite/0.1% Tween 20. The seeds were washed twice 

with sterile water and were spread as a suspension with sterile solution of 8% 

sucrose in water with 0.8% agar in Petri dishes. Seeds of herbaceous plants often 

exhibit dormancy that can be overcome by exposure to low temperature for a certain 

time (Raghavan, 1976). For seeds of S. jacobaea, it requires incubation at 4°C for 

two days to overcome dormancy. After exposure to the cold, the seeds were 

incubated in the dark at 25°C for 48 hours, afterwards with light-dark regime of 16 h 

light/8 h dark at 25°C. 10 days old seedlings were transferred to MS medium (without 

phytohormones). After 5 to 6 weeks the plants were completely developed. 

 

2.8. Plant transformation technique 

2.8.1 Transformation of Agrobacterium tumefaciens by triple mating 
technique   

 

 According to Shaw (1995) Agrobacterium was streaked on YEB medium (2.5.4) and 

grown for 48 h at 25°C with rifampicin (50 µg/ml) and gentamycin (20 µg/ml) for 

GV3101/MP90 strain and chloramphenicol 100 µg/ml or 25 µg/ml for the AGL1 and 

the EHA105 strains, respectively. One clone from each was picked up from the plate 

and inoculated into 7 ml YEB medium with the same selective antibiotics and grown 

for 48 h at 25°C with shaking at 225 rpm. Next day, both of E. coli DH5α (contains 

the T-DNA region plasmid) and a E. coli  HB101 helper strain were inoculated in 7 ml 

LB (2.5.2) medium and grown overnight at 37°C. One day later, 0.5 ml E. coli  DH5α 

cell, 0.5 ml E. coli HB101 helper strain cell culture, and 1 ml recipient cell culture (one 

from Agrobacterium strains GV3101/MP90, AGL1, or EHA105) were mixed into the 
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same tube. The mixed cells were centrifuged for 5 min at 2000 rpm (Beckman CS-6R 

centrifuge) and the supernatant was removed. The pellet was re-suspended in 0.5 ml 

YEB, then plated on YEB agar plate without antibiotic and incubated at 25°C for 48 h. 

The thin layer of bacterial cells was inoculated in 0.5 ml YEB and subsequent 

dilutions made in YEB medium until 10-6. Of this mating mixture, 100 µl of the 10-4 

and 10-6 dilutions were spread on YEB agar plates containing the selective antibiotics 

for the respective Agrobacterium strain and the selective antibiotics for the binary 

vector and grown for 48 h at 25°C. One clone was taken and incubated in 50 ml YEB 

medium with the same previous selective antibiotics.  

 

2.8.2 Tobacco plant transformation  

 

Nicotiana tabacum SNN leaves obtained from 4 to 6 week old plants grown in the in 

vitro culture were used for the leaf disc transformation protocol. The leaves, from 

which the midrib and the edges had been removed, were cut into discs of 1 cm x 1 

cm. Two days before the inoculation, ca. 25 ml of YEB medium (with 20 µg/ml 

gentamycin, 50 µg/ml rifampicin and 50µg/ml kanamycin) culture of the 

GV3101/MP90 strain harbouring the different T-DNA constructs was set up. It was 

allowed to incubate for 48 h at 25°C, with shaking. 

 

Tobacco leaf discs were inoculated in Agrobacterium suspension for 5 min. Leaf 

discs were co-cultivated with the bacteria in Petri dishes containing MS medium, they 

incubated in the dark for 2 days at 25°C. Then the infected leaf discs were 

transferred to new MS medium which contained ticarcillin/clavulanic acid (500 mg/l), 

in order to eliminate the bacteria and kanamycin (100 mg/l), phosphinothricin (25 

mg/l) or hygromycin (50 mg/l) for pCAMBIA 1304K, pGPTV-BARB and pCAMBIA 

1305.2 respectively as selectors for transgenic plants. Furthermore, phytohormones 

(1 mg/l BAP and 0.2 mg/l NAA) were added to induce callus formation. Leaf discs 

were incubated at 25°C with light cycle of 16/8 h of light/dark, respectively. Petri 

dishes were checked daily for presence of bacteria or possible contamination. 

Leaves discs were transferred every week to fresh MS medium. After approximately 

four weeks resistant calli could be obtained. These were further transferred to new 

MS medium that contained hormones (0.1 mg/l NAA and 1 mg/l BAP) for the 

induction of shoot regeneration in addition to the selective antibiotics that were used 
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in the previous medium. Cultivation conditions were not changed. When shoots were 

developing from the primordial usually at 8-10 weeks after transformation, these 

shoots were transferred to MS rooting medium in glasses, which contained NAA (0.1 

mg/l), in addition to the corresponding antibiotics. Shoots had developed roots after 

ca. 14-16 weeks after transformation. 

 

Once the plantlets had developed roots and had three to four pairs of leaves, they 

were transferred into pots with soil. For this purpose, the agar was carefully removed 

from the roots with warm water and plants were planted. In the first few days after 

planting the plantlets were well watered and covered with a plastic bag to avoid 

desiccation due to an underdeveloped cuticle. After one week, plastics bags were 

opened to allow a better air exchange. They were completely removed after keeping 

plants for ca. 2 to 3 weeks in the plastic bag. Plants were kept under day light for 12 

h and 12 h in the night. 

 

2.8.3 Senecio plant transformation 

 

2.8.3.1 Preparation of an Agrobacterium culture for S. jacobaea explants 

infection 

 

Agrobacterium can be activated by phenolic compounds such as acetosyringone. 

Acetosyringone activates vir genes on the Ti-plasmids, so acetosyringone is used to 

increase the virulence of Agrobacterium (Hiei et al., 1997; Trieu et al., 2000; 

Mahmoudian et al., 2002; Cardoza and Stewart JR, 2004; Moghaieb et al., 2004; 

Zaragozá et al., 2004). The Agrobacterium harbouring the binary vector was left to 

grow overnight in YEB liquid medium of pH 7 at 25°C in the dark. The Agrobacterium 

culture was centrifuged at 5000 rpm for 10 min. Then, the Agrobacterium pellet was 

resuspended in 50 ml YEB liquid medium of pH 5.2 or 5.8 containing 100 µM 

acetosyringone (for activation the vir gene) and incubated in the dark at 25°C with 

shaking by 220 rpm for 2 hours. The activated Agrobacterium was centrifuged to 

collect the pellet. The pellet was resuspended in 10-20 ml of half or full-concentrated 

MS (2.5.1) liquid medium at pH 5.2 or 5.8, it is optional to be supplemented with 100 

µM acetosyringone. 

Now the “aggressive” Agrobacterium was ready to transfer the T-DNA into the plant 

cells by infection. Infection with Agrobacterium was performed for the injured 
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explants as described by Zhang et al. (1999) with modifications as described in the 

next chapter. 

 

2.8.3.2 Infection of S. jacobaea explants and its culture conditions 

 

Sterilized seeds (2.7) were germinated and cultured at 25°C. 10 days old seedlings 

were used as explants for transformation. The long roots were removed from the 

seedlings then preconditioned before infection by culturing on MS solid medium 

without selection for 3 days. Afterwards cotyledons were excised 5 mm below the 

junction of the cotyledons and the hypocotyls (i.e. approximately 5 mm below the 

cotyledonary node) and a longitudinal cut across the remaining hypoctotyl was done 

to separate the two cotyledonary explants. Wounding of the explants was achieved 

by injuring the cotyledons with a scalpel longitudinally from the apex of the cotyledon 

till the middle point of it. In parallel 1 cm long pieces of petioles were injured 

longitudinally by scalpel from one end till the 1/3 of the petiole piece. Explants were 

inoculated with one from Agrobacterium cultures (GV3101/PM90, AGL1 or EHA105 

which transformed by triple mating technique [2.8.1] with one of the binary vectors 

e.g. pGPTV-BAR, pCAMBIA 1304 or pCAMBIA 1304K) in half or full-concentrated 

MS liquid medium at pH 5.8 supplemented with 100 µM acetosyringone for 30 min. 

The virulence gene of Agrobacterium was pre-activated before as described in 

2.8.3.1. Then the infected explants were cocultured over sterile filter paper on 

solidified 0.8% agar medium of half-concentrated or fully-concentrated MS containing 

100 µM acetosyringone without any selection. 8-10 explants were cultured per 

100X15 mm Petri dish and the explants were positioned with the adaxial side (upper 

surface of the cotyledon, or petioles) to the top. The cocultivation plates were 

incubated in the dark for two days at 25°C. Afterwards some of the plates were 

transferred to 16 h light / 8 h dark room at 25°C for 3 days and the rest were 

remained in the dark room at 25°C for 3 days to compare the effect of the light on 

transformation efficiency. After cocultivation the all explants were transferred to solid 

callus induction medium (i.e. MS medium supplemented with 0.1 mg/l NAA and 1 

mg/l BAP), containing additives for selection of transgenic callus, such as 

phosphinothricin 25 mg/l, hygromycin 50 mg/l or paromomycin 100 mg/l in the case 

of the pGPTV-BAR, pCAMBIA 1304, and pCAMBIA 1304K, respectively. 

Ticarcillin/clavulanic acid 400 mg/l was added to the selection medium to stop the 

growth of Agrobacterium. Explants were subcultured to fresh medium of the same 
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composition every 1-2 weeks. Primary shoots (sprouts) that might have developed 

from the callus were cut and transferred to a root induction medium to regenerate the 

whole plant. The root induction medium contained MS (Murashige and Skoog, 1962), 

supplemented with 0.1 mg/l NAA to induce root development plus ticarcillin/clavulanic 

acid 250 mg/l to inhibit any growth of Agrobacterium. 

 

2.9. General biochemical methods 

2.9.1 Extraction of expressed proteins from E. coli cells 

 

Heterologously expressed proteins were extracted from E. coli cells to determine 

their biochemical activity. The cell pellet that was stored at -80 °C (see 2.6.7.2) was 

resuspended in 3 ml ice-cold standard buffer pH 9.5; before cells were disrupted by 

sonification for 5 min. The sample was centrifuged at 4°C/15000 rpm (SS34-Rotor-

Sorvall) for 15 min to remove cell debris. 2.5 ml of the supernatant were applied onto 

a PD10 column (Pharmacia), which was preequilibrated by 25 ml standard buffer. 

Proteins were eluted with 3.5 ml standard buffer. 

 

Standard Buffer (freshly prepared) 

 Glycine 100 mM 1.88 g 

 DTT 1 mM 38.6 mg 

 EDTA 0.1 mM 7.3 mg 

 Water up to 250 ml and the pH was adjusted to 9.5 with NaOH 

 

2.9.2 Preparation of protein crude extract from plant organs 

 
About 100-200 mg fresh or at -80°C stored leaves or roots were homogenized with 

pestle and mortar with liquid nitrogen. The powder was transferred to 2 ml of PBS 

buffer supplemented with 5% (w/v) polyclar® AT (antagonise the action of oxidation 

by chelating and connecting with the polyphenolic substances) and 2.5% (w/v) 

sodium ascorbat (as an antioxidant substances). The mixture was incubated on ice 

with stirring for 45 min, followed by centrifugation for 30 min at 15300 rpm (Sigma, 

1K15) and 4°C. The precipitates with plant debris were thrown away. The 

supernatant contained the soluble protein fraction and was stored in -20°C. 
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Solution used for protein extraction 

10x PBS                     50.0 ml 

Polyclar® AT                5% w/v 

Na-ascorbat                2.5% w/v 

Water                     ad 500 ml 

 

2.9.3 Protein quantification 

 

The concentration of the proteins were estimated using the Bradford photometric 

assay (Bradford, 1976) photometric assay. The assay depends on the binding ability 

of the proteins to the dye Commassie Brilliant Blue G250. The binding of the protein 

to the dye results in a shift of absorption from 465 nm to 595 nm. For quantification, 

20 µl from the sample was mixed with 980 µl Bradford-reagent. The measurment was 

performed in microcuvete of 1 cm width at 595 nm in an UV/VIS-Spectrometer 

(Ultraspec 3100 pro, Amersham Pharmacia). A calibration curve was prepared for 

each determination using 0.1 to 1 g/ml bovine serum albumin (BSA) as reference 

protein. 

 

Bradford-Reagent: 

100 mg Serva Blue G were dissolved in 50 ml ethanol. 100 ml 85% phosphoric acid 

(v/v) was added and the solution was filled up to 1 liter using distilled water. The 

reagent was pathed through a filter and was stored at 4°C. 

 

2.9.4 Precipitation of protein by DOC and trichloroacetic acid 

 
For precipitation of proteins from very diluted samples (to concentrate the protein 

samples) 

1) To one volume of protein solution (approximately 20 µg) 1/10 volume of 0.1% 

DOC solution was added. DOC forms complexes with proteins to enhance 

precipitation by low pH. 

2) Then to one volume of the previous solution 1/10 volume of 55% trichloroacetic 

acid (TCA) was added. TCA is used for precipitation of DOC-protein complexes. 

3) The solution was vortexed and incubated overnight at 4°C. 



2 Material and Methods______________________________________________________  55 

4) Afterwards the precipitated solution was centrifuged for 30 min at 4°C in 

centrifuge apparatus at 15000 g. 

5) The supernatant was carefully removed. 

6) The pellet resuspended in 10 µl Tris HCl pH 8.5. 

 

DOC solution  

0.1% (w/v) sodium deoxycholic acid Aldrich 

0.02% (w/v) sodium azide Serva 

 

Trichloroacetic acid 55% (w/v) Fluka 

 

2.9.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

 

SDS-PAGE was used as a preceding step for western blot analysis (2.9.6) and also 

to confirm the successful protein expression of cloned cDNAs in heterologous 

expression systems (2.6.7.2). Protein extracts were denatured by heating them at 

95°C for 5 min in the presence of the anionic detergent SDS and a reducing agent 

(ß-mercaptoethanol). In this step the proteins were bound to the SDS and became 

negatively charged, thereby disrupting their subunits. By gel electrophoresis the 

proteins were separated according to their molecular weight while migrating towards 

the anode (Laemmli, 1970). 

 Polyacrylamide gels are formed by polymerization of the acrylamide monomer by 

cross-linking with N’-methylene bisacrylamide promoted by the addition of 

ammoniumpersulfate (APS) and TEMED (N,N,N’,N’-tetramethylethylenediamine). 

TEMED acts also as stabilizing agent for the SDS gel. First, the applied protein 

mixture is concentrated in a highly porous collecting gel and is then separated in the 

resolving gel. The concentration of acrylamide and bisacrylamide in the resolving gel 

was 12% which allowed highest resolution of separation of proteins between 12 and 

70 kDa. The following composition of the gel mixture was used for preparing a 12% 

resolving gel. After the addition of APS and TEMED, the mixture for the resolving gel 

was immediately poured between two vertically oriented glass plates in a gel-casting 

stand to make a gel of 0.75 mm thickness. This was followed by addition of the 

collecting gel layer on top of the resolving gel. Protein samples to be analysed were 

mixed with protein loading buffer (ratio 1:1 respectively) and denatured at 95°C for 5 
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min, followed by loading the samples into the wells of the collecting gel. To estimate 

the molecular weight of the separated proteins, a 10 kDa protein marker was loaded 

in parallel with the samples. Electrophoresis was carried out for approximately 45 min 

on a Mini Protean II Electrophoresis System (BioRad) and was run in 1x SDS 

electrode buffer at 200 V, 75 mA and 15 W supplied by a Multidrive XL-Power supply 

(Pharmacia). 

 

  12% Resolving gel   Collecting gel  

 H2O  3.350ml  3.050ml 

 30% Acrylamide solution 4.000ml  0.650ml 

 1.5 M Tris pH 8.8 2.700ml  - 

 0.5 M Tris pH 6.8 -  1.250ml 

 10% (w/v) SDS solution 0.100ml  0.100ml 

 10% (w/v) APS solution 0.100ml  0.100ml 

 TEMED 0.050ml  0.050ml 

 

Acrylamide Solution: 

Rotiphorese Gel 30 (Roth) (30% (w/v) Acrylamide and 0.8% (w/v) Bisacrylamide 

with ratio 37.5 : 1 respectively) 

 

For western blot the proteins separated within the SDS gel were transferred 

immediately to an immunoblot membrane (see chapter 2.9.6). To check for 

successful protein expressions, the gel was incubated in Coomassie Blue staining 

solution for 30–60 min, followed by de-staining the gel in de-staining solutions I for 30 

min then solution II for 60 min. 

 

 2x Protein Loading Buffer   10x SDS-Electrode Buffer 

 H2O  2.7 ml  Tris Base 30 g0 

 0.5 M Tris Base (pH6.8) 1.0 ml  Glycine 144 g0 

 Glycerine 2.0 ml  SDS 10 g0  

 10% (w/v) SDS solution 3.3 ml  H2O   up to 1000 ml 

 2-ß-Mercaptoethanol 0.5 ml  pH was not adjusted 

 0.5% (w/v) Bromphenolblue 0.5 ml  
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 Staining Solution   Destaining Solutions I and II 

 Coomassie Blue R-250, 1% 25 ml   I  II  

 Methanol 100 ml  Methanol 100 ml 10 ml 

 Acetic Acid glacial 20 ml  Acetic Acid  20 ml 14 ml 

 H2O                               up to 200 ml  H2O    up to 200 ml 200 ml 

 

The SDS was documented and photographed with visible light in a Multiimage Light 

Cabinet (Biozym) and was stored in sealed plastic bags at 4°C. 

2.9.6 Western blot 

 

Western blots were accomplished in order to prove and examine the strength of 

protein expression in different plant tissues. For detection of the protein of interest a 

polyclonal antibody raised in rabbits against this protein was used. The western blot 

was performed in the following steps: 

1- Isolation of soluble total protein 

Fresh or frozen plant samples were homogenized with liquid nitrogen with mortar and 

pestle to a fine powder and extracted in 1xPBS buffer that contained 5% (w/v) 

Polyclar® AT and 2.5% (w/v) sodium ascorbat following the method which was 

described in 2.9.2. The extract contains the soluble proteins, whose concentration is 

determined as described in 2.9.3. The storage of that soluble protein takes place at -

20°C up to the further use. 

      2- Semi dry electro blot 

After separation of the proteins via SDS-PAGE (2.9.5), the proteins were transferred 

to a polyvenylidene fluoride (PVDF) membrane (Immobilon P, Millipore). The 

membrane (6 cm height and 9 cm width) was moistened firstly with methanol and 

equilibrated afterwards together with 4x Whatman papers 3 MM paper of the same 

size in 1x blot buffer. The transfer of the protein from the gel was achieved by 

applying 120 mA for one and 160 mA for two gels. The voltage increased from 5 to 

15 V during one hour. The transference of the protein from the gel to the PVDF 

membrane takes place by an electric current supplied with the electrophoresis 

apparatus (Pharmacia LKB-MultiDrive XL) which is connected to the western blot 

apparatus (Pharmacia LKB Multiphor II).  
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Cathode (minus-pol, under graphite plate) 

2 laminate whatman-paper 3 MM 

SDS-Gel 

Immobilon-P-Membrane 

2 laminate whatman-paper 3 MM 

Anode (plus-pol, upper graphite plate) 

 

  

 

 

The order of the semi dry 

electro blot in the apparatus 

 

 

 

The applied current for one gel was 120 mA, for two gels 160 mA for one hour. 

 

10x Blot buffer 1x Blot buffer 

Tris- base                58.0 g 10x Blot buffer             10.0 ml 

Glycin                      29.0 g  Methanol                      20.0 ml 

SDS                         3.7 g Water                     ad  100 ml 

Water                   ad 1000 ml  

 

    3- Immunodetection and exposition 

The membrane was incubated for 1 h with TBS-T + 5% milk powder with shaking to 

block the empty areas on the membrane. The blocking solution was replaced with 

new one containing affinity-purified antibody (specific to the protein of interest) by 

1:5000 to 1:10000 dilutions for one hour under regular shaking. This followed by 3x 

10 min washing with 1xTBS-T then the membrane was incubated with 1:3300 diluted 

Goat anti-Rabbit anti-body (2nd antibody), which was conjugated with horseradish 

peroxidase (Dianova). The membrane was washed 3x 7 min again with 1xTBS-T 

then for 5 minutes in 1xPBS. The development and detection of the membrane took 

place with “ECL western blotting detection reagent”- kit (Amerscham Biosciences), 

which contains the substrate luminol. The conjugated horseradish peroxidase 

catalyzes the oxidation of luminol. Immediately following the oxidation, the luminal is 

in an excited state (intermediate reaction product), which decay to the ground state 

by emitting light. The emitted light was detected by a radiographic film (Kodak). So 

the membrane was incubated in 1:1 mixture of the two supplemented solutions in the 

ECL kit for one minute. The membrane was put between two transparent plastic 

sheets and exposed to radiographic film X-Omat (Kodak) between 30 s to 2 min. The 

films were developed with RPX-DMAT Developer/Replenisher (Kodak) then fixed 
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with RPX-DMATLO Fixer/Replenisher (Kodak). After detection, the proteins on the 

membrane were coloured with Indian ink solution as well as the gel was coloured 

with commassie blue solution (2.9.5). Both control served whether an efficient protein 

transfer had taken place during the blotting or not. The stained SDS gel confirmed 

the good separation of the proteins, while the stained membrane confirmed the 

successful transformation of the separated proteins from the SDS gel to the 

membrane. 

10x TBS (Tris-buffered saline) 1x TBS-T 

NaCl                          80 g 10x TBS                    50.0 ml 

Tris-base                   30 g Tween20                    0.5g 

KCl                             2 g Water                     ad 500 ml 

Water                     ad 1000 ml  

pH 8.0  

 

10x PBS (Phosphate-buffered saline) 1x PBS 

NaCl                           80 g 10x PBS                     50.0 ml 

KCl                             2.0 g Tween20                     0.5 g 

Na2HPO4                  14.4 g Water                     ad 500 ml 

KH2PO4                     2.4 g  

Water                     ad 1000 ml  

pH 7.2  

 

Indian-Ink- solution (Hancock and Tsang, 1983) 

 

1x TBS-T                            100.0 ml 

Acetic acid                          1.0 ml 

Fount India-Tinte (Pelikan) 0.1 ml 

                                        Filtration the solution 

2.9.7 Dot blot  

 

This is an easy and fast method for detection of certain protein expression with 

specific antibody. In dot blot, hydrophilic membrane (nitrocellulose membrane) is 

used instead of hydrophobic membrane (PVDF), so there was no need for pre 
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immersion in methanol. From protein extracts 1-10 µg of proteins were precipitated 

by DOC 0.1% and TCA 55% (2.9.4) for 10 min at room temperature. The solution 

was centrifuged at 15300 rpm for 20 min. The pellets were left in air for drying. These 

pellets were resuspended in 4 µl 1.5 M Tris-HCl of pH 8.8. The suspension was 

directly dropped onto a nitrocellulose membrane (Hybond-C extra, Amersham Bio-

sciences). The membrane was left in air for drying. Then the procedure was 

preceded as described before in 2.9.6. 

2.9.8 GUS colouring test 

 
The gusA gene from the bacterium E. coli codes for the enzyme ß-glucuronidase 

(GUS) (1.5). The plant tissues were immersed in the GUS solution (Urao et al., 1999) 

which contained the chromogenic substrate X-gluc (Roth) (see below). The solution 

with in the reaction tube was put under vacuum (-0.3 bar) for 20 minutes at room 

temperature to remove any air bubbles within the sample, that will enhance the 

penetration of the GUS solution into the tissues of the plant. Afterwards the tube was 

incubated at 37°C for 18 h to produce a blue colour in the tissues that express GUS. 

Subsequently, the chlorophyll was removed from the plant tissues with 70% ethanol. 

The blue colour of the samples was examined under a binocular (M8, Wild 

Heerbrugg). Photos were taken with the digital camera AxioCam HRc (Zeiss), which 

was documented with the software Axiovision 3,0 (Zeiss). Besides, the blue coloured 

root tissues were fixed for cell-specific investigation (2.9.9).  

 

GUS- buffer  X- Glucuronid- stock solution 

50 mM Na2HPO4 100 mM X-Gluc solubilized in DMF freshly prepared  

10 mM EDTA  

0.5 mM K4Fe(CN)6  

0.1 % Triton X-100 (m/v) GUS-colouring solution 

2% DMSO (m/v) GUS- buffer                  15 ml 

2 mg/ml X-Gluc ß-Mercaptoethanol        7.5 µl 

pH   7.0  
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2.9.9  System for the embedding and cutting of histological specimens for 
light and dark field microscopy 

 
Technovit®7100 (Heraeus Kulzer Gmbh&Co.KG) offers a particularly suited method 

for obtaining very thin transverse sections. The procedure to obtain thin transverse 

sections of plant tissues described as the following. Formaldehyde and 

glutaraldehyde were used for fixation of plant tissues, both of the two reagents cause 

transverse cross-linking of proteins. 2% p-formaldehyde and 0.1% glutaraldehyde 

were used in 0.05 M phosphate buffers (KH2PO4 and Na2HPO4, pH 7.2). The 

formaldehyde was freshly prepared as the following: 4 g p-formaldehyde were heated 

up to 70°C in 40 ml bidest water, 10 N NaOH was added subsequently to the solution 

till the solution became clear. After cooling 10 ml 10x PBS was added to the solution, 

pH was adjusted to the value 7.5 and filled up to 100 ml with water. The solution 

stored at 4°C in ambient glass in the dark. So the imbedding took place for the 

tissues with fixation buffer in ice for 2 hours under vacuum 0.3 mbar. Then the 

tissues were washed twice for 10 min with 1x PBS to remove any remains of the 

fixation buffer. The next step was imbedding in the fixation solution. Firstly, water 

should be removed from the tissues of the plant parts for complete and good 

penetration of the fixation solution. So water was gradually removed by 30, 50, 70, 90 

and 2x 100 % ethanol in water, in each of them plant tissue will be incubated for 30 

min at room temperature subsequently, then transferred for pre-infiltration into a 

mixture of Technovit 7100+ ethanol (100%) for 30 min., subsequently infiltrated in 

Technovit 7100 (100%) for 1 hour, afterwards incubated over night in mixture of 

Technovit 7100 hardener I (0.05 g hardener 1 in 5 ml Technovit 7100). At the end the 

parts of the tissues embedded in mixture of 0.05 g Hardener I+ 5 ml T7100+ 333 µl 

HardenerII leaving it at room temperature till hardness, and then an upper layer of 

Technovit 3040 was added, which is a hard layer that the sample could be caught 

from it. The fixed tissues could be incubated at room temperature (in exicator) till 

cutting by Microtome and examined by light microscope for photographation. 

 

 

 



     _________________________________________________ ___2 Material and Methods 62 

2.9.10 Assays of enzymes 

 

Extracted proteins were subjected to the following assays: 

 

2.9.10.1 HSS assay 

 

 HSS catalyzes the synthesis of hspd using put and spd as substrates. HSS activity 

was determined by detecting the radioactive labelled product hspd, that resulted from 

the aminobutylation of the radioactively labelled substrate put. The donor of the 

unlabelled aminobutyl moiety was spd. The standard 25 µl assay for homospermidine 

synthase activity is described bellow. 

 

HSS Assay Preparation  

 [14C]Putrescine (0.125 mM) 2 µl 10  µM (0.05 µCi) 

 [12C]Putrescine (5 mM) 1.95 µl 390 µM 

 Spermidine (5 mM) 2 µl 400 µM 

 NAD+ (25 mM) 2 µl 2 mM 

 Standard buffer pH 9.5 (2.9.1) 2.1 µl  

 Desalted enzyme preparation (2.9.1) 15 µl  

 

The reaction mixture was pre-incubated at 30°C for 5 min. The enzyme reaction was 

started by the addition of the desalted enzyme preparation. After 5-30 min incubation, 

the reaction was stopped by pippeting 8 µl aliquots of the reaction mixture directly 

onto a TLC silica gel 60 F254 plate (Merck). Labelled substrate and product were 

separated in a mobile phase of Acetone : Methanol : Ammonia (25% v/v) in a ratio of 

40 : 30 : 20 (v/v/v) (Toppel et al., 1987). The ratio of the product hspd and the 

substrate put was then detected quantitatively by using a Rapid Intelligence TLC 

Analyzer (RITA). 

 

2.9.10.2 DHS assay 

 

DHS was characterized by its catalytic activity in modifying the lysine residue of 

eIF5A precursor protein to deoxyhypusine in DHS assay reaction. DHS activity was 

measured by detecting radioactively labelled protein enzymatically formed by the 
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transfer of the radioactively labelled aminobutyl moiety of spd to a specific lysine 

residue of the eIF5A precursor protein. The standard 50 µl assay for deoxyhypusine 

synthase activity was conducted as follow: 

 

      DHS Assay preparation 

 [14C]spermidine (0.125 mM) 4.0 µl 10 µM  (0.05 µCi)  

 [12C]spermidine (0.5 mM) 3.0 µl 30 µM 

 eif-Sv *) (7.5 mg/ml) 4.6 µl  

 NAD+ (25 mM) 4.0 µl 2 mM 

 Standard buffer pH 9.5 (2.9.1) 4.4 µl  

 Desalted enzyme preparation (2.9.1) 30.0 µl  

*) eif-Sv = eIF5A precursor protein isolated from Senecio vernalis (Ober and 

Hartmann, 1999 b). 

 

After incubation of the reaction mixtures at 30°C for 5 minutes, reactions were started 

by the addition of the desalted enzyme preparation. Reactions were stopped after 1.5 

h incubation at 30°C by adding 10 µl of 1 M potassiumphosphate buffer 

supplemented with 60 mM spd (pH 6.3) to decrease the pH of the assay to 

approximately 6.7, a pH at which spd shows its lowest unspecific binding to proteins 

and nucleic acids (Tao et al., 1994). The sample was absorbed completely with 

Whatman 3 MM paper disc and then the protein was precipitated by incubation of the 

sample in 250 µl of 10% trichloroacetic acid containing 10 mM spd at 95°C for 10 

min. To remove excess  noncovalently bound [14C]spermidine, the samples were 

washed 4 x 10 min with 3 ml 0.2 N HCl followed by 2 x 10 min with 3 ml 70% ethanol. 

After being dried, the paper disc was transferred into plastic scintillation tubes that 

were then filled with 3 ml hydrophile Aquasafe®-Scintillation-cocktail (Zenker) to 

estimate the remaining radioactivity covalently bound to the eIF5A, in a scintillation 

counter (Phillips PW 4700). 

2.9.11 Tracer feeding experiments 

 

Using the tracer technique various plant organs were incubated with putative 

radioactively labeled precursors of polyamine and PA biosynthesis. After isolation of 

the secondary compounds at suitable time the compounds were analyzed that 

enriched the tracer. Tracer technique is an important tool to understand biosynthetic 
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pathways of secondary metabolism. They are also used to produce radiolabelled 

intermediates for biosynthetic studies. In this project tracer feeding experiments were 

used to analyze metabolic differences between wild-type plants and transgenic plants 

that were transformed with foreign genes.  

2.9.11.1 Feeding of tobacco roots with [14C]-labbelled putrescine 

 

Roots were cut from sterile tobacco plants and incubated in MS liquid medium for 3 

days in the dark under continuous gyratory shaking (200 rpm). Then the roots (about 

1 g fresh weight, FW) were collected and incubated in 5 ml MS medium 

supplemented with 100 µM put containing 2.5 µCi [14
C]-labelled putrescine. After 2-

24 h the roots were harvested, washed with tap water, blotted carefully between 

sheets of filter paper, weighed and were then homogenized in 5-10 ml 1% HCl in 

methanol. The suspension was centrifuged at 10000 rpm (Sigma 101) for 3 min. After 

centrifugation the acidic methanol extract was evaporated and the residue dissolved 

in 1 ml methanol (crude methanol extract). The crude extracts were kept at -20°C to 

prevent any hydrolysis of sensitive compounds. The crude methanol extract was 

analyzed either by thin-layer chromatograph (TLC) which detected by a Rapid 

Intelligence TLC Analyzer (RITA) or by high-performance liquid chromatography 

(HPLC) (Hartmann and Toppel, 1987; Hartmann et al., 1988). 

 

2.9.11.2 Feeding of tobacco leaves with [14C]-labbeled putrescine 

 

Leaves of four weeks old plants (from wild type tobacco and from transgenic tobacco 

line B see chapter 3.4.1.5.1) were cut off just from the node and were placed in 2 ml 

cups, containing 400 µl water supplemented with 100 µM put (5 µCi of 

[
14

C]putrescine). To avoid wilting, the cups were placed in a plastic tray with a 

transparent cover. The leaves were incubated under day light. After 5 days the tracer 

was taken up completely and the leaves were transferred to new 2 ml cups with fresh 

tap-water. Leaves were harvested at 3-6-12-24 h intervals transfer to tap-water. The 

harvested leaf was immediately immersed in 1% HCl/methanol to stop the 

experiment. Using mortar and pestle it was homogenized in the presence of 1% 

HCl/methanol. The suspension was centrifuged at 10000 rpm (Sigma 101) for 3 min. 

After centrifugation the acidic methanol extract was evaporated and the residue 

dissolved in 1 ml methanol (crude methanol extract). The crude extracts were kept at 
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-20°C to prevent any hydrolysis of sensitive compounds. The 1% HCl/methanol 

extract was used for TLC/RITA and HPLC analysis. 

 

2.9.12 Analysis of alkaloids 

 

2.9.12.1 GC/NPD-FID analysis 

Following the standard method developed by Witte et al. (1993) lyophilized plant 

material was pulverized by pestle and mortar under liquid nitrogen. 1 g of the powder 

was extracted twice with 20 ml 1 N HCl at 37°C with shaking for 1 h, followed by 

centrifugation at maximum speed (15000 rpm). The acidic supernatant was extracted 

twice with 20 ml CH2Cl2 before the pH was adjusted to 1 and an excess of zinc dust  

was added for reduction. This reduction step is an essential step to convert the N-

oxide forms of pyrrolizidine alkaloids into the GC-volatile tertiary bases. The mixture 

was stirred at room temperature for 3 h. The acidic pH should be maintained to keep 

the reduction power of the zinc powder. Hence, each 30 min (from the 3 h) the pH of 

the reaction solution was measured with indicator paper. If the acidity of the solution 

decreased, 0.5 ml 12 N HCl were added. After this reduction step, the solution was 

turned basic by the addition of 25% v/v NH4OH followed by centrifugation at 15000 

for 10 min to remove excess zinc dust. The basic solution containing the total plant 

alkaloids (the original tertiary PAs and the PA N-oxides that are now also in their 

tertiary form) were applied to an Extrelut® NT (Merck) column (1.4 ml aqueous 

solution per 1 g Extrelut). The total alkaloids were eluted with distilled CH2Cl2 (6 ml/g 

Extrelut). The eluents were then concentrated by using a vacuum-evaporator 

(Heidolph) and the residues were redissolved in absolute methanol. The methanol 

extracts were then subjected to gas chromatography (GC) analysis under the 

conditions described by Witte et al. (1993). A fused silica column (WCOT, 15 m X 

0.25 mm; DB-1, J&W scientific Technically Advanced GC Columns) was used for 

optimum performance. 

 

Conditions: injector 300°C; temperature program: 60°C isothermal for 1min 

increasing to 300°C (6°C/min), isothermal at 300°C for 10 min; split ratio 1:20; 

injection volume 1-2 µl (methanol); carrier gas He 0.75 bar; detectors: FID and NPD. 
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2.9.12.2 GC-EI-MS analysis 

 

Gas chromatography-electron impact ionization-mass spectrum (GC-EI-MS) was 

used for identification of a compound based on its mass spectrum. This method is 

based on the fact that every compound has a unique fragmentation pattern. The 

same procedure used for preparation of the sample in 2.9.12.1 was used here. After 

the GC separation the molecules were ionized by Electron Impact (EI) ionization for 

mass spectrum analyses. For this purpose the molecules exiting the GC are 

bombarded by a high-energy electron beam (70 eV). The EI ionization produces 

singly charged particles. (C8-C40) standard alkanes (Fluka) were used as internal 

standards for determination of retention indices (RI) (Wehrli and Kovats, 1955). The 

mass of the positive charged fragments and of the molecular ion (M+) give good 

information for the identification of the compound of interest. A Hewlett Packard 

5890A gas chromatograph was equipped with a 30 m analytical column (ZB1, 

Phenomenex, 30 m x 0.32 mm ID, tf =0.25 µm).  

 

Conditions: injector 250°C; temperature program: 100°C isothermal for 3 min 

increasing to 310°C (6°C/min), isothermal 310°C for 3 min; split ratio: 1:20; carrier 

gas: He (1.6 ml min-1); injection volume: 1 µl. The capillary column was directly 

coupled to a triple quadrupole mass spectrometer Finnigan TSQ 700 (transfer line 

was set at 250°C, ion source temperature was set at 150°C and ionization voltage 70 

eV). This work of GC-EI-MS was kindly performed by Dr. Till Beuerle (Institute of 

Pharmaceutical Biology, Technical University of Braunschweig, Germany). 

 

2.9.13 Thin layer chromatography (TLC) 

 

Separation of radioactive extracts was achieved on Silica 60 F254-TLC plates (20x20 

cm, Merck, thickness 0.25 mm) at room temperature. The following three mobile 

phases with different polarities were used in this study for comparison between 

transgenic tobacco lines and wild type tobacco as described later in 3.4.1: 

 Polyamine mobile phase (Toppel, 1987) for separation of polyamines 

   Aceton   40 

  Methanol   30  

  Ammonia 25% (v/v)  20 
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 Pyrrolizidine alkaloid mobile phase (Frölich, 1996) for separation of PAs 

  Dichloromethan  82  

  Methanol   15 

  Ammonia 25% (v/v)   3 

 Tropane mobile phase (Phillipson and Handa, 1976) for separation of necine  

           bases     

            Ethylacetate   45  

  2-propanol   35 

  Ammonia 25% (v/v)  20 

Then the TLC was detected by Rapid Intelligence TLC Analyzer (RITA). 

 

2.9.14 Qualitative and quantitative determination of the polyamines by HPLC 
analysis 

 
Polyamines occur in plants in three forms: free soluble polyamines, soluble 

conjugated polyamines and non-soluble conjugated polyamines. The conjugated 

polyamines have to be converted to the free soluble form before determination by 

HPLC. For this purpose the conjugated polyamines were hydrolyzed according to 

Torrigiani et al. (1997) and Gemperlova et al. (2005). 125 mg powder of lyophilized 

plant material was incubated in 4.5 ml 5% perchloric acid for 2 h at 4°C. After 

centrifugation at 15000 rpm the supernatant contained the free polyamines and the 

soluble conjugated polyamines, while the residue contained the non-soluble 

conjugated polyamines. The half amount (about 2.25 ml) of the supernatant was 

taken, dried under air flow and stored in -20°C till used for the determination of the 

free polyamines. To the other half of the previous supernatant (about 2.25 ml) an 

equal amount of 12 N HCl (i.e. about 2.25 ml) was added. Parallel to that, the 

precipitate was suspended in 2 ml 1N NaOH before 2 ml 12 N HCl were added. Both 

acidic solutions were incubated at 110°C for 18 h for hydrolysis of the conjugated 

polyamines (i.e. the conjugated soluble in the supernatant and the conjugated non-

soluble in the resuspended residue). After hydrolysis, the supernatant contained not 

only the originally free polyamines but also the hydrolyzed soluble conjugated 

polyamines. The hydrolyzed solution of the resuspended residue contained now the 

free polyamines which resulted from hydrolysis of non-soluble conjugated 

polyamines. All acidic solutions were dried under air flow.  
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Free polyamines were benzoylated according to a method of Remond and Tseng 

(1979), in order to be able to detect polyamines under the UV detector at 230 nm. 

The dried acidic samples or up to 0.5 ml acidic solution were alkalized with 0.5 ml 2 

N NaOH, mixed with 20 µl benzoylchloride and strongly shacken for 60 seconds. The 

solution was incubated for 20 min at room temperature. The reaction was stopped by 

addition of 1 ml saturated NaCl solution. 2 ml diethyl ether were added to the solution 

followed by shaking thoroughly for 20 seconds. Then the sample was centrifuged for 

10 min (10000 rpm, Sigma centrifuge 101-M) to achieve separation of the two 

phases. 1 ml from the ether phase was taken, dried under the air flow, and stored at -

20°C. For HPLC analysis the samples were dissolved in 50-100 µl methanol. The 

HPLC analysis was accomplished by a Merck/Hitachi L-6200 intelligent pump and L-

4200 UV/Visible detector (the same company). The sample was loaded to the HPLC 

column by a Rheodyne 7125 injection system (sample loop volume 20 µl). For 

separation a Rp 18, Nucleosil 20-Column (5 µm grain size, 250 mm of length, 4 mm 

id, Macherey&Nagel) was used.  As isocratic solvent system a mobile phase mixture 

of acetonitrile/1.5% phosphoric acid (40:60 v/v) (Shih et al., 1982; Graser, 1997) was 

used with a flow rate of 1.0 ml/min. The detection of benzamides took place at 230 

nm (Sander, 1991) with the Chromato-integrator L-4200 (Merck/Hitachi) with the 

software Winflow. UV/radioactivity detection for radioactive polyamines took place by 

Radioflow Detector LB508. Quantification took place with the help of the internal 

standard cadaverine. Hence, cadaverine 125 nmol was added for each sample 

directly before benzoylation. Quantification of polyamines such as spd, hspd and spm 

with the diamine cadaverine as internal standard was achieved using a correction 

factor. 
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3. RESULTS 

3.1. Identification of a cDNA encoding DHS in Tagetes 

 

DHS catalyzes the first step of the post-translational activation of the eukaryotic 

initiation factor 5A (eIF5A) regulatory protein by modifying a specific protein-bound 

Lys residue (Park et al., 1997) and, as a side-reaction, catalyzes the formation of 

homospermidine (hspd) (Ober et al., 2003 a). High sequence conservation related to 

strongly preserved biochemical function is a characteristic feature of the DHS system 

(Gordon et al., 1987; Bartig et al., 1992). Not only is the sequence within this system 

conserved but also the mode of action. Hence, the eIF5A substrate protein of a given 

eukaryotic species can be accepted as a substrate by the DHS proteins of many 

different eukaryotes. For example, the eIF5A substrate of the fungi Neurospora 

crassa is accepted by human DHS (Yan et al., 1996), and yeast DHS is active with 

the eIF5A substrate protein of humans (Schwelberger et al., 1993; Magdolen et al., 

1994; Kang et al., 1995) and of Dictyostelium discoideum or Medicago sativa 

(Magdolen et al., 1994).  

Species of several unrelated families within the angiosperms are able to 

constitutively produce pyrrolizidine alkaloids (PAs). This provokes the question about 

the evolutionary origin of PA biosynthesis: Was the ability to synthesize PAs invented 

only once early in the evolution of the angiosperms or was this ability invented 

several times independently? Though this question cannot be answered for the 

whole biosynthetic pathway leading to PAs yet, a comparison of the sequences 

coding for HSS, as the first specific enzyme of PA biosynthesis, and its ancestor, 

DHS, should allow some conclusions concerning the evolutionary origin of the first 

committed step in PA biosynthesis. Plant homospermidine synthase is assumed to 

be phylogenetically derived from DHS and represents a DHS having lost its intrinsic 

activity (Ober et al., 2003 a) (1.4). Twenty three sequences of cDNAs encoding DHS 

or HSS have been identified of angiosperm species in our group. A phylogenetic 

analysis of these DHS/HSS-cDNAs revealed at least four independent recruitments 

of HSS from DHS; once early in the evolution of Boraginaceae, once within the 

monocots and twice within the Asteraceae (tribe Senecioneae and Eupatorieae) 

(Reimann et al., 2004). It would interesting to study the DHS of Tagetes (family 

Asteraceae) and compare it with HSS of Senecio vernalis as further support of the 

two independent recruitments of HSS from DHS within the family Asteraceae during 
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angiosperm evolution. Here in this work, we have been able to show that, as 

expected, the eIF5A substrate protein of S. vernalis is modified by the DHS of 

Tagetes as we will see later (3.1.2.2). 

3.1.1 Tagetes ( Asteraceae) 

 

These ornamental annuals are natives of Mexico, South America, and South Africa. 

Tagetes erecta, the African Marigold, can grow up to 1-3 feet in heigh and produce 

large, mostly double flowers coloured yellow or orange. The petals of African 

marigold are used as natural pigments with a high economic value (Gilman and 

Howe, 1999; Bosma et al., 2003).  DHS is an enzyme involved in primary metabolism 

and should be found in all plant organs as has been shown for S. vernalis and N. 

tabacum (Moll et al., 2002). Hence the efforts to identify the cDNA encoding DHS 

from Tagetes erecta was focused on the leaves. Several DHS degenerate primers 

(Table 3-1) that were previously used to identify cDNAs encoding DHS of various 

plants (Ober and Hartmann, 1999 a, 1999 b). These primers have been used to 

search for cDNA sequence of DHS of Tagetes. The primers were designed according 

to the highly conserved regions of an amino acid alignment of DHS and HSS from 

various organisms. 

3.1.1.1 Extraction of total RNA 

 

Total RNA was extracted from 100 mg fresh leaves of Tagetes as described in 

2.6.1.1. 1 µg total RNA was used for reverse transcription (2.6.4). The obtained 

cDNA from reverse transcription was used as template for PCR. 

                                                    
           Fig 3-1 Total RNA extract from Tagetes leaves,  M, is a 100 bp ladder. 

 

  M          RNA 
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3.1.1.2 Identification of a cDNA encoding putative DHS of Tagetes 

3.1.1.2.1 Identification of an internal fragment from cDNA using degenerate 
primers 

 

Degenerate primers are designed according to an amino acid sequence. Due to the 

degeneracy of the genetic code, these primers are mixtures of oligonucleotides that 

have different bases at various positions of their sequence. Theoretically, degenerate 

primer mixtures should contain only a limited number of oligonucleotides that are 

complementary to the cDNA  of interest. 

 
Table 3-1 Degenerate primers used for the identification of the  cDNA encoding DHS of 
Tagetes.  

 Oligonucleotide Sequence Tm (°C) 

Forward Primer  

D1 5’-YAA RTT YGR RRA YTG GAT HAT-3’ 51.7 

D2 5’-TTH YTD GGI TTY ACD TCI AAY CT-3’ 54.4 

D3 5’-GGI RTD GAR GAR GAY YWI AT-3’ 52.9 

Reverse Primer  

D4 5’-GCC CAR TAH ARR WAI GAR GC-3’ 53.1 

D5 5’-CAT RTC ICC NAD HGA ICC RTC-3’ 58.2 

D6 5’-ATY TTI CCC CAN GAI AYN GCY TC-3’ 59.8 

A= Adenine C= Cytosine G= Guanine I= Inosine T= Thymine 

   The following  bases are IUB code for mixed bases. 
B = C,G,T  D = A,G,T  H = A,C,T  K = G,T  M = A,C  N = A,C,G,T 

R = A,G  S = G,C  V = G,A,C  W = A,T  Y = C,T     
 

  
Combination of pairs of degenerate primers, one forward and one reverse (Table 3-1) 

were used to search for the cDNA sequence of DHS in leaves of Tagetes. The 

annealing temperature chosen for PCR was a critical factor because of the 

degeneracy of the degenerate primers. Thus, to optimize the DOP-PCR, the 

amplification was performed by a “Touch Down” PCR protocol (2.6.5.1), in which the 

annealing temperature was gradually decreased (0.5°C/cycle) from 60°C to 45°C in 

the first 30 cycles followed by a further 10 cycles at a constant annealing temperature 

of 45°C. A cDNA fragment of 696 bp was amplified by using the primer pair D2/D6. 

This fragment was cloned into the pCR2.1 TOPO vector (2.4.1.1) to be transformed 
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and amplified in E. coli  Top10 cells (2.4.2.1). Plasmid DNA was isolated from E. coli 

cells by minipreparation as described in 2.6.1.3 followed by restriction analysis with 

EcoRI (2.6.9.3) to select a clone for sequence determination. EcoRI is a restriction 

enzyme that cuts at two sites, in the pCR2.1 TOPO vector, in front and behind the 

inserted PCR product, to enable us identify a clone that contains the PCR product 

within the multicloning site. The resulting nucleotide sequence termed ifTL (internal 

fragment of Tagetes leaves) was analysed by using the GCG program package. 

Sequence of ifTL fragment was compared with the corresponding Senecio vernalis 

DHS and HSS sequences (Ober and Hartmann, 1999 b), revealed an identity of 

86.7% and 79.3% at the nucleic acid (na) level and 95.2% and 89.0% at the  amino 

acid (aa) level, respectively. The nucleotide sequence of the internal fragment of 

Tagetes, was used to design gene-specific primers, to identify the cDNA ends by 

3´and 5´RACE. 

3.1.1.2.2 Identification of the full-length cDNA sequence  

 
The sequence of the  IfTL fragment  was used to design gene-specific primers, GSP 

P1-P4 listed in Table 3-1.  

Table 3-2 Gene-specific primers used for 5’ and 3’ RACE-PCR of cDNA encoding DHS 
from Tagetes. 

 Oligonucleotide Sequence Tm (°C) 

   Forward Primer  

GSP P1 5’-TCC TGG AGG TGC TTT GCG GGC TAA A -3’ 66.3 

   Reverse Primer  

GSP P2 5’-CAT ATT TGC ATT GCA TAT A-3’ 45.9 

GSP P3 5’-GCC TCA CCG TTC ATT GCC CGA ATA T-3’ 64.6 

 GSP P4 5´-GCA GAA GAC GGG AAT ATC GTT CTT ATA A-3` 62.2 

 

The 3’-RACE-PCR (2.6.5.3) was performed with primer GSP P1 as forward primer 

and oligo-dT Primer (2.6.4) as reverse primer with oligo-dT-primed cDNA under the 

same PCR conditions as described in 2.6.5.1. A “Touch Down” temperature program 

was used as described in DOP-PCR (2.6.5.2) with a decreasing annealing 

temperature from 70°C to 60°C by decreasing 0.5°C/cycle for 20 cycles followed by a 

further 15 cycles at constant annealing temperature of 60°C. The 3´-RACE-PCR 

resulted in the amplification of a 820 bp fragment that was cloned into the  pCR2.1 
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TOPO vector for sequencing. The 3’Tagetes fragment covered the region from GSP 

P1 downstream to the poly dA tail. 

 

In order to identify the 5’-end of the ifTL cDNA fragment, the reverse transcription 

was performed using GSP P3 with total RNA as template. The resulting 1st strand 

ifTL-specific cDNA was dCTP-tailed as described in chapter 2.6.5.3. A first PCR for 

amplification of dC-tailed cDNA was carried out by using GSP P3 and an anchor 

primer AAP in a standard PCR as described in chapter 2.6.5.1 with an annealing 

temperature of 55°C for one cycle, followed by 34 cycles at a constant temperature 

60°C. The second PCR was carried out using 1 µl from the 1:50 diluted previous 

PCR reaction using the AUAP primer and GSP P4 primer with a constant annealing 

temperature of 60°C for 35 cycles. The 5´-RACE-PCR resulted in amplification of 

742-bp fragment that was cloned into pCR2.1 TOPO vector for sequencing by MWG. 

Sequence analysis revealed that the 5’-end of the Tagetes cDNA fragment spanned 

the region from the GSP P3 upstream to the oligo-dC tail of the cDNA.  

 

The 5’-RACE  and 3´-RACE products of the Tagetes cDNA shared an overlap of 400 

and 273 bp with the 5’ and 3’ ends of the ifTL fragment, respectively. These three 

overlaping sequences were combined by using the GCG software to construct the 

complete hypothetical full-length cDNA. 1538 bp sequence resulted from the 

combination of the 3 fragments which contained a 5´UTR of 48 bp, a 3´UTR of 434 

bp and an open reading frame (ORF) composed of 1056 bp (Fig 3-4) encoding 351 

amino acids. The calculated size of that 351 amino acids protein has molecular mass 

of 39.1 kDa. 

 

3.1.2 Protein Overexpression and Characterization 

3.1.2.1 Protein Overexpression 

 

Nucleotide sequence information obtained from the complete hypothetical full-length 

cDNA allowed  the design of a new pair of specific PCR primers to amplify the whole 

ORF from the start codon ATG until the stop codon of Tagetes cDNA. The primers 

were designed so that the forward primer, E1, contained an XhoI restriction site and 

integrates the start codon ATG, whereas the reverse primer, E2, contained a BamHI 

restriction site directly behind the stop codon TAA (Table 3-3). The restriction sites 
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were introduced into the sequence to allow cloning of the resulting PCR product in 

the  expression vector pET3a-XhoI. 

 

 

                                                     

Fig 3-2 Full length PCR amplification of Tagetes cDNA encoding DHS using gene 
specific primers E1 and E2 (Table 3-3); M, is a 100 bp marker. 
 
Table 3-3 Gene-specific primers used for amplification of the full-length cDNA encoding 
DHS  from Tagetes. 

 Oligonucleotide Sequence*) Tm (°C) 

Forward Primer  

E1 5’-ACT CGA GAT GGG GGA AGC CAC TAA ACA AGC AG-3’ 
         XhoI 

70.8 

Reverse Primer  

E2 5’-AGG ATC CTC AGT TAC TTT TTG GCT TGG CTG TCT T-3’ 

        BamHI 

68.3 

*) The restriction sites are underlined. 

Pfu-DNA polymerase was used to amplify the whole ORF in a standard PCR of 25 µl 

reaction volume as described in 2.6.5.1 with  an annealing temperature of 55°C. The 

PCR product of the expected size of 1056 bp (Fig 3-2) was cloned into the expression 

vector pET3a-XhoI. After digestion of the PCR product and of the vector by using 

BamHI and XhoI (2.6.7.2), the resulting sticky ends were used for ligation, followed 

by transformation of the insert-vector construct into E. coli DH5α. Transformants 

selected by the appropriate antibiotic (ampicillin) were checked for correct inserts by 

PCR colony screening (2.6.9.2). Recombinant plasmid DNA was then isolated from a 

1056 bp 

      M                  PCR 

1000 bp 
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positive transformant using the DNA minipreparation method as described in 2.6.1.3. 

The isolated plasmid was transformed into E. coli BL21 (DE3) cells (2.6.8.2). A single 

colony was cultured for overexpression of the Tagetes recombinant protein by 

induction with IPTG as described in 2.6.10. Overexpression of the Tagetes DHS 

recombinant protein was confirmed by means of SDS-PAGE analysis (2.9.5) of the 

induced E. coli BL21 cell culture. The analysis showed the expression of a 

recombinant protein of an expected size of approximately 40 kDa (Fig 3-3). 

 

                                    

                                          1           M           2             3 

Fig 3-3 SDS-PAGE gel showing the overexpression of the DHS of Tagetes in E. coli 
BL21(DE3). Lane 1, E. coli BL21(DE3)  transformed with an empty pET3a-XhoI; 2, E. 

coli BL21(DE3) containing the Tagetes DHS expression construct after incubation 
without IPTG;  3, E. coli BL21(DE3) containing the Tagetes DHS expression construct 
after induction  with IPTG; M, is a 10 kDa protein marker (Fermentas). 
 
 
 

3.1.2.2 Biochemical Characterization 

 

The protein was produced in a large-scale E. coli BL21 culture  as described in 

2.6.10.1, in order to test the catalytic properties of the Tagetes DHS recombinant 

protein. Total protein was extracted by sonification of the preciptated bacterial cells 

using DHS buffer (standard buffer pH 9.5). The extracted soluble Total Cell Protein 

(TCP) was desalted using a PD10 column as described in 2.9.1. Afterwards, the 

      45kDa 

 

      35kDa 
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desalted enzyme preparation of the  recombinant Tagetes DHS was subjected to 

HSS and DHS activity tests following the radio-assay methods described in 2.9.10. 

The enzyme assays (HSS/DHS) indicated that the Tagetes recombinant protein 

catalyzed the formation of both hspd and protein-bound deoxyhypusine (dhps). Thus, 

this protein was able to transfer the aminobutyl moiety of spermidine (spd) to  

putrescine (put) and the protein factor eif-Sv, an eIF5A-precursor protein isolated 

from Senecio vernalis (Ober and Hartmann, 1999 b). Overexpressed HSS from 

Heliotropium indicum  was included in the same test as a negative  control for the 

DHS activity to have an enzyme for comparison that is definetly unable to accept the 

eIF5A (lys) as substrate. Table 3-4 shows comparison between Heliotropium and the 

Tagetes protein activities, illustrating that the enzyme of DHS of Tagetes has a 

catalytic activity in DHS assay, and HSS assay while HSS protein from Heliotropium 

had no DHS activity. These results provided evidence that the cloned Tagetes cDNA 

sequence indeed encodes a deoxyhypusine synthase and not a homospermidine  

synthase.  

 

Table 3-4 DHS and HSS activities of overexpressed DHS  from Tagetes recombinant 
proteins and of HSS from Heliotropim.  

Clone 
Produced homospermidine (in % of 
total radioactivity found in put and 

hspd after incubation) 

Amount of radioactivity 
incorporated into eIF5A (dhps) 

[cpm] 

 7.5 min 15 min 30 min 90 min 

Tagetes 25.77 38.71 48.63 5219.5 

HSS-Hi *) 14.69 21.10 27.56 173.5**) 
*) HSS from Heliotropium indicum as a negative control (obtained kindly from Daniel 
Niemueller). 
**) 100 – 150 CPM is background noise of the assay. 
 
Fig 3-4 shows  the 5´UTR of 48 bp, a 3´UTR of 434 bp and 1056 bp represents the 

complete proof reading cDNA sequence of Tagetes deoxhypusine synthase.  
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       1 TAATTGTAATTGTAATTGGATCGATCTCTGTAAGTTACAGTAATAGTAATGGGGGAAGCC 60 
                                                         M  G  E  A   4 
 
      61 ACTAAACAAGCAGACGTGATTAACAATCTCAGATCAGTAGTGTTCAAGGAATCAGAGAGT 120 

         T  K  Q  A  D  V  I  N  N  L  R  S  V  V  F  K  E  S  E  S   24 
         
     121 TTAGAAGGCACCTGCGATAAAATCCATGGCTACGATTTCAATCAAGGCCTTAATTACTCA 180 
         L  E  G  T  C  D  K  I  H  G  Y  D  F  N  Q  G  L  N  Y  S   44 
 
     181 CTCCTCCTTAAATCTCTAGCTTCCACCGGCTTTCAAGCTTCTAATCTCGGTGACGCTATT 240 
         L  L  L  K  S  L  A  S  T  G  F  Q  A  S  N  L  G  D  A  I   64 
          
     241 CAAACCGTTAATCAAATGCTTGAATGGAGGCTTTCTCATGAGGAATTGACAGATGATTGC 300 

         Q  T  V  N  Q  M  L  E  W  R  L  S  H  E  E  L  T  D  D  C   84 
          
     301 AGCGAAGAAGAAAAAAACCCTAGTTACAGAGAGTCTGTGAAATGCAAAATCTTTTTAGGG 360 
         S  E  E  E  K  N  P  S  Y  R  E  S  V  K  C  K  I  F  L  G   104 
          
     361 TTTACTTCAAATCTTGTTTCCTCTGGTGTTCGAAATATAATTCGGTATCTTGTTCAACAT 420 
         F  T  S  N  L  V  S  S  G  V  R  N  I  I  R  Y  L  V  Q  H   124 
         
     421 CATATGGTTGAAGTGATTGTGACAACAACTGGTGGAATTGAGAAAGATATTATCAAATGC 480 

         H  M  V  E  V  I  V  T  T  T  G  G  I  E  K  D  I  I  K  C   144 
          
     481 CTTGCAGACACATACAGGGGTGATTTTTCTCTTCCTGGAGGTGCTTTGCGGGCTAAAGGA 540 
         L  A  D  T  Y  R  G  D  F  S  L  P  G  G  A  L  R  A  K  G   164 
          
     541 TTGAATCGGATTGGTAACTTGTTGGTGCCTAATGAGAACTATTGTAAGTTTGAAGATTGG 600 
         L  N  R  I  G  N  L  L  V  P  N  E  N  Y  C  K  F  E  D  W   184 
          
     601 ATCATTCCGATATTTGACCAAATGTTGGAAGAACAAAATACACAGCGTGTATTATGGACA 660 

         I  I  P  I  F  D  Q  M  L  E  E  Q  N  T  Q  R  V  L  W  T   204 
          
     661 CCGTCAAAACTAATAGCACGTTTGGGGAAGGAGATTAATAATGAAAGTTCTTATCTTTAT 720 
         P  S  K  L  I  A  R  L  G  K  E  I  N  N  E  S  S  Y  L  Y   224 
          
     721 TGGGCTTATAAGAACGATATTCCCGTCTTCTGCCCTGGCTTGACTGATGGGTCTCTTGGA 780 
         W  A  Y  K  N  D  I  P  V  F  C  P  G  L  T  D  G  S  L  G   244 
          
     781 GACATGTTATATTTCCATTCCTTTCGCAATCCCGGTCTTGTTATCGACGTAGTACAAGAT 840 

         D  M  L  Y  F  H  S  F  R  N  P  G  L  V  I  D  V  V  Q  D   264 
          
     841 ATTCGGGCAATGAACGGTGAGGCTGTGCATGCAAACCCTAGGAAGACAGGGATGATCATT 900 
         I  R  A  M  N  G  E  A  V  H  A  N  P  R  K  T  G  M  I  I   284 
          
     901 TTAGGAGGAGGGCTGCCAAAACATCATATATGCAATGCAAATATGATGCGTAACGGTGCA 960 
         L  G  G  G  L  P  K  H  H  I  C  N  A  N  M  M  R  N  G  A   304 
          
     961 GATGAAGCTGTCTCTTGGGGCAAAATACGTGCTTCTGCTAAATCTGTTAAGGTCCACTGT 1020 

         D  E  A  V  S  W  G  K  I  R  A  S  A  K  S  V  K  V  H  C   324 
          
    1021 GATGCCACAATTGCATTCCCGTTACTTGTTGCTGAAACGTTTGTTGCGATGAAGGAGAAG 1080 
         D  A  T  I  A  F  P  L  L  V  A  E  T  F  V  A  M  K  E  K   344 
          
    1081 ACAGCCAAGCCAAAAAGTAACTGAAACGTTTGCTGCAATGAGAGAGAACAACCAAGCCAA 1140 
         T  A  K  P  K  S  N  *                                       351 
          
    1141 AAAGTAACTGAAAGGTTTGCTGCGGTGAGAGGGAAAACAACCAAGCCAAAACCAAGTTCC 1200 
          
    1201 TTGATAAATTCAAATTAAAGCCTGCTTGGATAAGGGCAAGTTTATCCCATTCATGTAACA 1260 
          
    1261 ATTGATTGATGTGCACTTCACACTTATTTTGGTGAGCATAGAATGTAGTTTGGTTGAAGT 1320 
      
    1321 CTGACTGCTTAGAGAGATCAATGGCCTGTGATCTTTTAATTTGTAGGTTTGAGTATTCAG 1380 
          
    1381 TGACAGTGAAACTCACCAGAGCTATTTACACATCTATTCGTTCTTAGTACTCGGATGATT 1440 
     
    1441 GAGTCAATTTAAGTGAGTTCATAAATTGTACACTTCAACATAAGTCAGTTACTTTTTCTA 1500 
           
    1501 CGCTTTGGATTTAGTGTGTCATCGTTAAAAAAAAAAAA                       1538 
  

 

Fig 3-4 Nucleotide and deduced amino acid sequences of Tagetes deoxyhypusine 
synthase (single-letter amino acid code). The open reading frame is defined by the 
initiation codon ATG at position 48 (which position was set 1 for the amino acid 
sequence) and the translation stop at position 1102 (marked with an asterisk). 
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3.2. Establishment of tissue culture for Senecio jacobaea 

 

The genus Senecio (Asteraceae) has about 2000 species and is considered to be 

one of the largest genera of the plant kingdom (Hartmann, 1994). Pyrrolizidine 

alkaloids (PAs) are the most characteristic natural compounds found in Senecio 

species. Sometimes the term Senecio alkaloid is still used instead of PAs to account 

for their predominance in Senecio species. The high toxicity of most Senecio species 

is due to the presence of PAs in high concentrations (Hartmann, 1994). Plants 

containing PAs are among the most important sources for animal and human 

exposure to plant toxins and carcinogens. Various Senecio species are involved in 

livestock poisoning and pneumonia (Cheeke, 1988). 

 

Senecio species produce PAs to serve as protective chemicals. Herbivores avoid 

PA-producing plants; even PA-contaminated food is rejected by taste. A number of 

specialized insects have evolved adaptations not only to cope with PAs but also to 

use them as protective chemicals for their own benefit. Tyria jacobaeae, for example, 

sequesters PAs from Senecio jacobaea (Hartmann, 1999). It takes PA N-oxide from 

S. jacobaea and reduces it in the gut to the lipophilic tertiary alkaloids, which is 

passively taken up into the hemolymph where it is rapidly re-N-oxidized (Hartmann 

and Witte, 1995). The important biological and pharmacological activities of PAs 

draw the attention to establish a suitable plant tissue culture as an in vitro system for 

detailed biosynthetic and metabolic pathway studies of this fascinating class of 

alkaloids. A trial for establishment of tissue culture of S. jacobaea was earlier done in 

our institute by testing 0.1 mg/l NAA and 1 mg/l BAP to induce callus in the medium 

followed by 0.02 mg/l 2,4-D in combination with 1 mg/l BAP for shoot induction. We 

detected that combination of phytohormones for shoot induction was not appropriate 

for induction of shoots, as we observed that the callus browned and died by the 

usage of this medium. Hence, the need to optimize a protocol for regeneration of S. 

jacobaea was provoked. 
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3.2.1 Optimization of a regeneration protocol for Senecio jacobaea from 
callus 

 

Eloma and Teeri (2001) described a successful shoot regeneration protocol obtained 

from petioles as explants from Gerbera plants (family Asteraceae). The hormonal 

combination of NAA 0.1 mg/l, BAP 1 mg/l and zeatin 1 mg/l was used for shoot 

regeneration from petiole explants. We tried here to simulate the same 

circumferences of Gerbera regeneration and applied similar conditions with some 

modifications to optimize the regeneration of S. jacobaea from callus. Different 

concentrations of various phytohormones with different combinations were tested 

(Table 3-5). The use of lamina explants was limited due to the small size of the lamina 

of leaves of S. jacobaea and due to fact that the lamina rolled and lost contact with 

the solid medium. Hence, the lamina quickly became necrotic and died. However, the 

long petioles could be manipulated. Petioles explants of 1 cm length were excised 

from 5-6 weeks old plants under sterile conditions. Explants were then placed in a 

15x100 mm Petri dishes containing about 25 ml of solid callus induction medium (MS 

medium) supplemented with different concentrations of phytohormones (Table 3-5). 

The dishes were sealed with Parafilm and kept in the dark for the first week at 25°C 

then under 16 h light / 8 h dark at 25°C for 2-3 weeks to induce callus formation. 

 

Table 3-5 Different concentrations of phytohormones used for the induction of callus 
cultures and regeneration of shoot of S. jacobaea. 

 NAA mg/l BAP mg/l 2.4-D mg/l GA3 mg/l 

M0 - - - - 

M1 0.1 - - - 

M2 - 1 - - 

M3 0.1 - - 0.05 

M4 0.1 1 - - 

M5 0.05 0.5 - - 

M6 0.2 1 - - 

M7 1 2.5 - - 

M8 - 2.5 0.02 - 

M9 - 1 0.05 - 

M10 - 1 0.5 - 

M11 - 0.1 - 0.02 
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M12 - 2.5 - 0.05 

M13 - 0.5 - 0.05 

M14 0.1 1 - 0.02 

M15 0.2 2 - 0.05 

M16 0.05 0.5 - 0.02 

M17 - - 0.02 - 

M18 - - 0.02 0.05 

 

Callus from explants of S. jacobaea petioles was obtained 2-3 weeks after the 

explant was brought into contact with sterile solid nutrient medium for induction. The 

growth of callus tissue was visible at excision and injured sites (Fig 3-5). Numerous 

shoot primordia emerged from the callus within the next three weeks (Fig 3-5). Two to 

three weeks later, an average of 9 fully developed regenerated shoots of an average 

length of 1 cm were produced from each explant in certain media (Fig 3-5) as 

illustrated in Table 3-6. 

 
Table 3-6 Effect of different concentrations of phytohormones on callus induction and 
shoot regeneration of S. jacobaea explants.   
Medium Regeneration of callus and 

shoots (16 explants were 

used for each medium) 

No. of 

shoots per 

explant 

Shoot 

length 

(cm) 

General observations 

M0 - - - Browning and died 

M1 - - - Browning and died 

M2 Green callus with primordia 

in 4 from 16 

- - Green callus with 

primordia with brown 

explants  

M3 - - - Browning and died 

M4 Green callus with shoots 

100% 

13 ± 2.9 0.6 ± 0.24 Green callus with 

moderate growth rate 

M5 Green callus with shoots 

100%  

9.4± 5.45 1.26±0.62 Green callus with 

moderate growth rate 

M6 Green callus with primordia 

11 from 16 

- - Green callus with 

primordia with slow 

growth rate 

M7 - - - - 
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M8 - - - - 

M9 Green callus with primordia 

10 from 16 

- - Green callus with 

primordia with slow 

growth rate 

M10 - - - - 

M11 Green callus only in 4 

explants and green callus 

with shoots in 12 from 16 

7.25±3 0.75±0.17 Green callus with 

primordia in 25% and 

shoots in 75% with 

slow growth rate  

M12 - - - - 

M13 Green callus 9 from 16 with 

primordia and brown 

explants 

-  - Green callus with 

primordia with brown 

explants 

M14 - - - - 

M15 - - - - 

M16 Green callus with shoots 

100% 

8±4.2 1.03±0.55 Green callus with 

moderate growth rate 

M17 - - - - 

M18 - - - - 

 

It was observed that media of M1, M4, M5, M6, M9, M11, M12, and M16 could 

induce green callus with primordia. Regenerated shoots could be obtained only from 

media M4, M5, M11 and M16 after 6-7 weeks from incubating the petioles explants 

on those media. In the preliminary tests, shoots were produced in 100% of petioles 

as explants using different hormone combinations present in the media of M4, M5, 

and M16 (Table 3-6). The hormone combination of NAA 0.1 mg/l and BAP 1 mg/l (i.e. 

medium M4) was used in developing the transformation protocol which is discussed 

later (3.3). This hormonal combination gave the highest number of shoots per explant 

(13±2.9 shoots per explant). Also the M4 medium contained combination of only two 

hormones. 
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Fig 3-5 Development of callus induced by phytohormones for S. jacobaea   A, Green 
callus as the first stage of regeneration; B, Green callus with small primordia and brown 
explant this is produced by medium M2; C, Green callus with primordia which 
produced by media M6, M9, M13: D, Green callus with regenerated shoots which 
produced by media M3, M4, M11, M16; E and F, represent the regenerated shoot 
excised from the explant; G, is the full regenerated plant of S. jacobaea i.e. shoot and 
root. 

A 
B

C D 

E
F 

G 
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3.3. Establishment of a protocol for genetic transformation of S. jacobaea 

 

We decided to use gusA gene under the control of CaMV 35S promoter in our trial to 

establish a protocol for genetic transformation of S. jacobaea. This reporter gene 

construct allows the easy detection of successfully transformed plants as described 

in 1.5. 

Plant genetic transformation permits the direct introduction of useful gene(s) into 

plants and may offer a significant tool in studying secondary pathway metabolism, for 

example the pathway biosynthesis of PAs in Senecio species. Because no reports 

were available on in vitro callus cultures and plant regeneration in Senecio jacobaea, 

we demonstrated the possibility of obtaining callus from micro propagated S. 

jacobaea plantlets and consequently of plant regeneration (3.2.1). We tried to 

establish a protocol for gene transformation into S. jacobaea plants. A transformation 

protocol would permit further studies for the PAs pathway metabolism in S. jacobaea. 

To establish the transformation protocol, the callus regenerating from explants 

infected with Agrobacterium has to be selected for transgenic callus cells. 

 

3.3.1 Tolerance test for S. jacobaea 

 

A suitable selective material is required to inhibit the growth of wild type plants and 

allows only the regeneration of transgenic plants that harbour the resistance gene for 

the selective material. Hence, a tolerance test had to be performed for S. jacobaea to 

examine the ability of this plant species to grow on media with different additives 

(antibiotics or herbicides) commonly used for selection of transgenic plants. For 

selection purposes, only additives that kill the wild type plant or stop their growth are 

acceptable while allowing the proliferation of a transgenic plant expressing the 

respective resistance gene. Different concentrations of kanamycin, hygromycin, and 

paromomycin as antibiotics and of phosphinothricin as herbicide were used in the 

tolerance test for S. jacobaea as shown in Table 3-7. 

 

 

 

 



     _________________________________________________ ____                       3 Results 84 

Table 3-7 various antibiotics of different concentration used in the tolerance test of S. 

jacobaea. 
Selective material Concentrations [mg/l]  observation 

Kanamycin 25, 50 and 100 The plant grew in all the concentrations 

Hygromycin 12.5, 25 and 50 Grew in all except 50 mg/l 

Paromomycin 25, 50 and 100  Grew in all except 100 mg/l 

phosphinothricin 6.25, 12.5 and 25 Grew in all except 25 mg/l 

 

In Table 3-7 it was observed that wild type S. jacobaea could grow in a MS medium 

containing kanamycin up to 100 mg/l. This result contradicted the expected one. It is 

well known that plants such as Arabidopsis, tobacco and Gerbera can not grow in 

100 mg/l kanamycin. On the other hand, we discovered that S. jacobaea was unable 

to grow in MS medium containing 25 mg/l phosphinothricin, 50 mg/l hygromycin or 

100 mg/l paromomycin. Thus phosphinothricin at 25 mg/l, hygromycin at 50 mg/l, and 

paromomycin at 100 mg/l could be good additives for selection of transgenic callus of 

S. jacobaea in the medium if the T-DNA contains the respective resistance gene. 

These are the bar gene encoding phosphinothricin acetyl transferase that inactivates 

phosphinothricin (Basta herbicide), the hpt gene encoding hygromycin 

phosphotransferase that inactivates hygromycin or the nptII gene encoding neomycin 

phosphotransferase that inactivates kanamycin and paromomycin (Becker et al., 

1992; Zhang et al., 1999). Accordingly, the regeneration medium should consist of 

MS (Murashige and Skoog, 1962) medium supplemented with phytohormones (see 

chapter 3.2.1) and one of the previous additives in appropriate concentration for 

selection. 

 

3.3.2 Transformation of Senecio jacobaea by Agrobacterium 

 

In our study we intended to use Agrobacterium tumefaciens as a biological vector for 

gene transfer into S. jacobaea. For that purpose, Agrobacterium strains 

GV3101/MP90, AGL1 and EHA105 (Table 3-8) were used to establishment a protocol 

for genetic transformation of S. jacobaea. One from each of the three plasmids 

(pCAMBIA 1304, pCAMBIA 1304K and pGPTV-BAR) was transferred into one from 

each of the three Agrobacterium strains (GV3101/MP90, AGL1 and EHA105) by 

triple mating technique (2.8.1). 
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Table 3-8 Disarmed Agrobacterium tumefaciens strains defined by the Agrobacterium 
chromosomal background and the Ti plasmid they harbour (Hellens et al., 2000a) 

Agro.   strain Chromosomal Ti plasmid Opine* 

 Background Marker 

gene 

 Marker 

gene 

 

GV3101/MP90 C58 rif. pMP90(pTiC58∆T-

DNA) 

gent Nopaline 

EHA105 C58 and 

A281 

rif pEHA105(pTiBo54

2∆T-DNA) 

chlor Succinamopine 

AGL1 C58 rif, 

carb 

pTiBo542∆T-DNA chlor Succinamopine 

Marker gene: resistance gene used to select for that strain of Agrobacterium or Ti 
plasmid, respectively: rif, rifampicin resistance; gent, gentamycin resistance; chlor, 
chloramphenicol resistance; carb, carbenicillin resistance. C58 represent the wild 
type strain of Agrobacterium from which the strains in the table were derivatized.  
Ti plasmid is a tumor-inducing plasmid carried by Agrobacterium. Opines are amino 
acid or sugar derivatives specifically produced by infected plant tissues, and used by 
Agrobacterium as a sole source of carbon/nitrogen. 
*Grouped according to the opine metabolism of the original progenitor wild type strain 
and/or non-disarmed parental Ti plasmid. This generally accepted classification of 
Agrobacterium strains does not necessarily imply that their disarmed counterparts 
still make opines.  
 

 

It was not easy to develop a protocol for genetic transformation of S. jacobaea. 

Several trials were tested to achieve the transformation of a foreign gene (e.g. gusA) 

into S. jacobaea. For that reason, explants from different plant organs were tested 

like injured seedlings (cotyledons and hypocotyls), petiole pieces 1 cm, and lamina 

discs 1 cm X 1 cm, pedicels pieces 5 mm, as well as dwarf shoot pieces obtained 

from aseptic S. jacobaea from in vitro culture. These plant tissues (explants) were 

inoculated with actively growing Agrobacterium tumefaciens strain GV3101/MP90, 

AGL1, or EHA105, respectively, each of them containing one from the three binary 

plasmids, pGPTV-BAR, pCAMBIA1304 or pCAMBIA 1304K. pGPTV-BAR, 

pCAMBIA1304 or pCAMBIA 1304K (2.4.1.6 and 2.4.1.7) all of them contain the gusA 

gene. GusA gene expression is controlled by the constitutive CaMV 35S promoter as 

a reporter gene in the plant. Furthermore, each of them has a selective marker gene 

such as bar, hpt, or nptII respectively. The explants were inoculated in the 
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Agrobacterium culture with various incubation times ranging from 5 to 30 min. After 

infection with Agrobacterium, the explants were cocultivated with Agrobacterium for 1 

to 7 days without selective additives i.e. antibiotics or herbicides. After cocultivation 

the explants were transferred to solidified callus/shoot induction medium, containing 

addiditives for selection of transgenic callus. Also the protocol which was established 

by Elomaa and Teeri (2001) for transformation of Gerbera plants (family Asteraceae) 

was tried here without obtaining any transgenic plants even after modifications in that 

protocol, such as elongation of co-cultivation period with Agrobacterium, usage of 

different selective materials for selection of only transgenic plants, and usage of 

different parts of the plant. Recently we have developed a protocol for genetic 

transformation of S. jacobaea. The successful protocol for genetic transformation of 

S. jacobaea will be illustrated in the next chapters. 

 
 

3.3.3 Induction and regeneration of transgenic callus of S. jacobaea 

 

S. jacobaea explants were transformed as described in 2.8.3.2. For this purpose one 

from the binary vectors pCAMBIA 1304, pCAMBIA 1304k, or pGPTV-BAR was 

transformed into one of the Agrobacterium strains i.e. GV3101/MP90, AGL1, or 

EHA105 using triple mating technique (2.8.1). The Agrobacterium was activated by 

100 µM acetosyringone (2.8.3.1) and used for the introduction of T-DNA into the 

injuried cells of petiole pieces or cotyledons and hypocotyls as described in 2.8.3.2. 

The infected explants were cocultivated on half or full-concentrated MS solid 

medium. Then the callus was induced by the callus induction medium as described in 

detail in 2.8.3.2. The induced calli were subjected to the GUS colouring test (2.9.8). 
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Table 3-9 Effectiveness of different Agrobacterium tumefaciens strains in combination 
with different binary vectors in presence or absence of acetosyringone for the 
transformation of Senecio jacobaea. 

Agrobacterium 

strain 

Binary vector Callus 

formation 

Transgenic callus formation 

   without 

acetosyringone 

with 

acetosyringone 

GV3101/MP90 pCAMBIA 1304 

pCAMBIA 1304k 

pGPTV-BAR 

+ 

- 

- 

-- 

-- 

-- 

-- 

-- 

-- 

AGL1 pCAMBIA 1304 

pCAMBIA 1304k 

pGPTV-BAR 

+ 

- 

- 

-- 

-- 

-- 

-- 

-- 

-- 

EHA105 pCAMBIA 1304 

pCAMBIA 1304k 

pGPTV-BAR 

+ 

- 

- 

-- 

-- 

-- 

++ 

-- 

-- 

-, no callus was induced; +, callus was induced; ++, transgenic callus was induced; --
, no transgenic callus was induced. 
 
From Table 3-9, it was observed that callus was induced only when the explants were 

infected (seedlings and petioles pieces) with Agrobacterium strains GV3101/MP90, 

AGL1, and EHA105, and these harboured only the binary vector pCAMBIA 1304. 

GUS colouring test indicated that the induced calli are not transgenic. Transgenic 

callus was only obtained by the infection of the explants with Agrobacterium EHA105 

that harboured the binary vector pCAMBIA 1304. Transgenic callus and hence the 

regenerated plant from that callus were detected by the GUS staining test as 

illustrated in chapter 3.3.4. 

3.3.4 Plant regeneration and GUS colouring test 

 
Callus and plantlets were induced from explants infected by the three strains of 

Agrobacterium (Table 3-9) harbouring only the binary vector pCAMBIA1304. These 

infected explants were exposed to hygromycin as selective material. But transgenic 

callus and plantlets were only obtained from cotyledons, hypocotyls, and petiole 

sections as explants that were infected with Agrobacterium tumefaciens strain 

EHA105 harbouring the binary vector pCAMBIA 1304 and pre-treated with 100 µM 

acetosyringone. Small parts from the regenerated calli were cut and incubated in 
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GUS solution (2.9.8). Blue colour was observed in some parts of the calli as shown in 

(Fig 3-6). The remains of the calli were incubated again in the shoot regeneration 

medium. After 2-3 weeks sprouts and small plantlets appeared. Small parts from 

those plantlets were excised and exposed to the GUS colouring test (2.9.8). Intensive 

blue colour was observed in some of them. The regenerated plantlets were further 

cultivated for further growth and root development on root induction medium. After 3-

4 weeks cultivation on the root induction medium, the whole grown transgenic plants 

were exposed to the GUS colouring test in comparison with wild type plants of 

Senecio jacobaea as negative control. The intensive blue colour within the whole 

plants confirmed its successful transformation (Fig 3-6). 

 

 

 

 

 

A B 
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Fig 3-6 GUS colouring test for wild type Senecio jacobaea and transgenic Senecio 

jacobaea which harbour the gusA gene down stream the CaMV 35S promoter. A, callus 
of wild type S. j.; B, callus of transgenic S. j. formed of which some cells express the gusA 
gene. C, wild type and D, transgenic plant of S. j.; E, wild type S. j. and F, transgenic leaf 
of S. j.  
  

C D

E F
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3.4. Usage of Transgenic Tobacco as a tool to study the evolution of 
pyrrolizidine alkaloid biosynthesis  

 

3.4.1 Overexpression of homospermidine synthase by transformation of 
tobacco plants with cDNA encoding HSS 

3.4.1.1 Introduction 

 

Hspd is considered as a rare polyamine but in PA-producing plants represents an 

intermediate in pyrrolizidine alkaloids biosynthesis, a group of secondary compounds 

which accumulate as defensive compounds against herbivores (Hartmann, 1994; 

Ober and Hartmann, 1999 a) (1.3). Hspd is synthesized in a reaction catalyzed by 

homospermidine synthase (HSS). HSS represents the first pathway specific enzyme 

of PA biosynthesis which displays a very high degree of substrate specificity and is 

expressed in Senecio species exclusively in the roots, as it was shown for the HSS in 

Senecio vernalis. HSS catalyzes the transfer of an aminobutyl moiety from spd to a 

put molecule in the presence of NAD+ (Ober and Hartmann, 1999 a) to form hspd. 

Hss is an interesting gene to study not only the pathway of PA biosynthesis, but also 

for answering the question of its evolutionary origin. Recently, cDNA encoding HSS 

has been successfully cloned and characterized from Senecio vernalis (Ober and 

Hartmann, 1999 b).  

 

In this work transformation of tobacco with HSS-coding cDNA under the control of the 

CaMV 35S-promoter was performed. The resulting transgenic tobacco plants were 

phytochemically analyzed to see if the “recruitment” of only the first specific enzyme 

of PA biosynthesis (HSS) is sufficient to explain the pathway evolution of PAs. 

Furthermore, the transgenic plants were analyzed whether the overexpression of 

homospermidine synthase and subsequently the high accumulation of the rare 

polyamine hspd have an influence on the growth and the phenotype of the tobacco 

plant. 
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3.4.1.2 Preparation of the construct and transformation of the tobacco plant 

 

 

                                                                            EcoRI                SacI 

                                                                                              SmaI    XbaI 

    LB                                                                                                                               RB                                               

 

 

                                                                                EcoRI                           SacI 

                                                                                       SmaI                   XbaI 

    LB          1100 bp          RB 

 

  

Fig 3-7  Structure of T-DNA region of pGPTV-BARB (2.4.1.7). The top figure is the 
original T-DNA in the pGPTV-BARB plasmid while the illustration at the bottom 
represent the new T-DNA construct insertion of the cDNA encoding HSS.  bar (R), 
Phosphinothricin acetyl transferase; 35S, CaMV 35S promoter; NOS poly A, 
polyadenylation signals derived from nopaline synthase gene; CaMV35S poly A, 
polyadenylation signals derived from CaMV 35S gene; LB, T-Border (left); RB, T-
Border (right).  
 

Two primers L1 and L2 were designed (Table 3-10) for cloning of the cDNA encoding 

HSS of Senecio vernalis into the vector pGPTV-BARB (Becker et al., 1992) as shown 

in Fig 3-7. These primers allowed the amplification of the complete coding region. 

They introduced a SmaI and a XbaI, restriction site directly preceding the start codon 

and behind the stop codon of the amplified full-length cDNA, respectively. 

Amplification of the full-length cDNA encoding HSS by pfu-DNA polymerase (a proof 

reading polymerase) was achieved in a 50 µl reaction as described in 2.2.3.2 at a 

constant annealing temperature of 55°C. The amplified PCR product of the expected 

size of 1113 bp (Fig 3-8) was digested with SmaI and XbaI and then cloned into 

pGPTV-BARB vector that had been linearized previously with the same restriction 

enzymes (2.6.9.3). The construct named pBAR-35S-HSS, was transformed into E. 

coli DH5α cells (2.4.2.2). To identify clones carrying the construct with the inserted 

cDNA of HSS several clones were screened by means of PCR and by restriction 

analysis. Two positive clones were selected for further experiments (Fig 3-9).  

 

 

NOS poly A bar (R) CaMV35S poly A 

cDNA 

encoding HSS 

NOS poly A 
bar (R) CaMV35S poly 

A 

35S 35S 

35S   35S 
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Table 3-10 Gene-specific primers used for full-length PCR of HSS encoding cDNA of 
Senecio vernalis. 

Oligonucleotide Sequence Tm(°C) 

L1 5´-ATA TAC CCG GGA TGG CCG AGT CAA ACA AAG AAG CAA TC-3` 

                      SmaI 
71.6 

L2 5`-TAT TCT AGA TTA AAA ACC ATT GAC TTT AGA TGC CTT CTC-3` 

               XbaI 
65.2 

*) The restriction sites are underlined. 

 

 

 

                                                                               

    

 

 

 

 

 

 

  

Fig 3-8 Amplification of cDNA of HSS with Primers L1 and L2 resulting in a band of 
1113 bp in size; M, is 100 bp marker.  
 

 

 

                                      

 
 
 
 
 
 
 
 
 
Fig 3-9 Digestion of plasmid DNA from colony no 1 and 10 that resulted from 
transformation of E. coli DH5α cells with the pBAR-35S-HSS construct. On the left side 
a restriction with SacI and EcoRI is shown resulting in a fragment of 2000 bp. The 
second restriction on the right of the figure with SmaI and XbaI resulted in a fragment 
of 1100 bp (compare to Fig 3-7); V, negative control: represents the original plasmid 
without insertion but restricted with the same restriction enzymes SmaI and XbaI.  M1, 
is 100 bp marker, M2, is 1 kb marker. 
 

 
PCR                   M 

1113 bp 

1500 bp 

600 bp 

1       10     V      M1   M2   1      10      V 

 

2000 bp 

        600 bp 
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Plasmid DNA of clone no. 10 was sent for sequencing using the following primer L3 

to check that the plasmid contained the cDNA encoding HSS downstream of the 35S 

promoter in the pGPTV-BARB plasmid. Primer L3 was designed as “reverse” primer 

230 bp downstream of the start ATG. The resulting sequence confirmed the 

presence of the 230 bp of the cDNA encoding HSS directly behind the CaMV 35S 

promoter of the pGPTV-BARB vector.  

L3 primer 5´-TCG TCA TGA GAT AGC CTC CA-3’  Tm = 57.6 °C 

 

Tobacco plants were transformed as described in (2.8.2). For this purpose the 

construct pBAR-35S-HSS was transformed into Agrobacterium GV3101/MP90 strain 

by triple mating technique (2.8.1), which was used for the introduction of T-DNA into 

injured cells of leaf discs (Gallios and Paulo, 1995). The disc slices of tobacco leaves 

were immersed in the Agrobacterium culture as illustrated before (2.8.1). Those 

infected disc slices were transferred onto callus induction medium (i.e. MS medium 

including 0.2 mg/l NAA and 1 mg/l BAP) (2.8.2) supplemented with 

ticarcillin/clavulanic acid 500 mg/l to suppress the growth of Agrobacterium as well as 

phosphinothricin 25 mg/l was added to the callus induction medium as selective 

material for induction of transgenic callus cells, which harboured the T-DNA of the 

pBAR-35S-HSS construct. Phosphinothricin is an herbicidal material, in which the 

growth of wild type tobacco is inhibited. Hence it is a good selective material for 

selection of transgenic plants which harbour the bar resistance gene (within the 

transferred T-DNA) (Fig 3-7). 

3.4.1.3 Analysis of phosphinothricin resistant plants using western blot  

 

Phosphinothricin-resistant plantlets were regenerated within 8-9 weeks. To confirm 

that those plants were transformed with cDNA encoding the HSS, expression of the 

cDNA was tested by western blot analysis (2.9.6) using an antibody against the HSS 

of S. vernalis (Moll et al., 2002). 120 regenerated plants were tested and compared 

with wild type plants as negative control and root extracts of S. vernalis as positive 

control in western blot analysis. It was observed that 15 plants from those 120 

regenerated plant lines expressed HSS. Fig 3-10 shows two examples of these 

transgenic tobacco plants, line A and line B expressing HSS. These results 

confirmed that the two lines A and B from phosphinothricin resistant plants harboured 

and expressed the cDNA encoding HSS. These two lines were used for further 

analysis. 
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Fig 3-10 Western blot of two supposed transgenic tobacco plants for HSS expression. A, 
B, transgenic tobacco plant lines A and B; w.t., wild type tobacco used as negative 
control. S. v., root extract from Senecio vernalis used as positive control. Western blot 
analysis was performed using 20 µg from the total soluble protein extract from line A, B, 
wild type tobacco and S. vernalis for separation by SDS-PAGE and blotting onto a 
PVDF membrane. Afterwards the detection was carried out by the addition of HSS-
antibody and the secondary antibody to the blot membrane as described in chapter 
2.9.6. 
 

3.4.1.4 Determination of HSS activity in crude extracts of tobacco leaves 

  

The expressed HSS protein in transgenic tobacco lines A and B was identified 

according to its activity in the HSS assay. The HSS catalyzed the synthesis of hspd 

from put and spd. HSS activity was determined in the transgenic tobacco line A and 

B by detecting the radioactive product hspd that resulted from the aminobutylation of 

the radioactively labelled substrate put. The donor of the unlabelled aminobutyl 

moiety was spd. The procedure was performed as the following: 

For HSS extraction, 1.06 g of fresh weight wild type tobacco was used as negative 

control, 1.04 g of fresh weight of root of S. vernalis as positive control, 1.05 g fresh 

weight line A and 1.04 g of fresh weight line B leaves were harvested and stored at -

80°C until use. The plant material was comminuted in a mortar by the aid of liquid 

nitrogen till becoming fine powder. The powder of each of them were put in 3 ml DHS 

buffer pH 9.5 supplemented with 2.5% (w/v) sodium ascorbate and 5% (w/v) polyclar 

AT and stirred in ice for 45 min. The suspension was centrifuged at 15000 rpm at 4°C 

for 15 min and the supernatant was desalted by a PD10 column (equilibrated with 

DHS buffer). The HSS assay was performed as described before in 2.9.10.1. The 

 

 

      A                        B                 S. v.               w. t. 
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activity of the tobacco extracts was not detected under those conditions, thus some 

necessitating changes were done in the standard assay by replacing [12
C]putrescine 

with DHS buffer as shown in Table 3-11. 

Table 3-11 Composition of the HSS assay of transgenic tobacco lines A and B. 
[14C]putrescine  (0.125 mM) 2 µl  (10 µM )    (0.05 µCi) 

spermidine (5 mM) 2 µl (400 µM ) 

NAD+ (25 mM) 2 µl (2 mM) 

standard buffer (DHS buffer) pH 9.5  4 µl 

desalted enzyme preparation 15 µl 

 25 µl 

This reaction was incubated at 30°C and after 30 min, 60 min, and 120 min an aliquot 

of 8 µl was taken from the reaction and added onto a TLC plate. Labelled substrate 

and product were separated as described in chapter 2.9.10.1. 

HSS-activity was detected in crude leaf extracts of transgenic lines A and B in 

contrast to wild type tobacco plants that served as negative control as shown in Fig 

3-11. HSS activity was also detected in root extract of S. vernalis that served as a 

positive control. Fig 3-11 represents the RITA analysis for radioactive detection of 

HSS-assay of crude extracts of S. vernalis roots, and of leaves of wild type tobacco, 

line A and line B, respectively. 
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Fig 3-11 TLC radiodetection of the incubation of crude extracts of Senecio vernalis root, 
crude extracts of leaves of wild type tobacco, and of transgenic tobacco lines A and B. 
Extracts were incubated with [14C]putrescine to test for HSS-activity. put, 
[14C]putrescine; hspd, [14C]homospermidine. 
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Table 3-12 Percentage of radioactively labelled homospermidine (in percent of total 
radioactivity found in putrescine and homospermidine after incubation). 
Crude extract  after 30 min after 60 min after 120 min 

Wild tobacco  0 0 0 

tobacco line A 2.01% 7.00% 10.85% 

tobacco line B 3.07% 6.54% 10.07% 

S. vernalis 12.81% 24.00% 38.30% 

 

From Fig 3-11 and Table 3-12 there was no activity for HSS within the wild type 

tobacco crude extracts. On the other hand transgenic tobacco lines A and B had a 

significant HSS activity. This was proved by the radioactive hspd peak which could 

be determined in the Fig 3-11 when compared with the HSS activity of S. vernalis 

crude root extract as positive control. After it was proved that HSS is actively 

expressed in the transgenic tobacco lines A and B, the influence of their artificially 

introduced activity on tobacco metabolism was analyzed. 

3.4.1.5 Tracer technique 

 

This method was used to follow the alkaloid biosynthesis in transgenic tobacco that 

harbour and express HSS in comparison with wild type tobacco. Leaves and roots 

from transgenic tobacco line B were used in comparison with wild type tobacco as 

negative control for tracer feeding experiments with [14
C]putrescine. Put is one of the 

main substrates for hspd biosynthesis. So [14
C]putrescine was used to feed the plant 

organs i.e. leaves and roots to follow the biosynthetic pathways of transgenic line B 

into which [
14

C]homospermidine is incorporated. These results were compared with 

wild type tobacco. Three types of mobile phases with different polarities were used to 

separate labelled substances by radio TLC: first polyamine mobile phase: 

acetone:MeOH:NH4OH (25% v/v) in a ratio of 40:30:20 (v/v/v) for separation of 

polyamines (Toppel et al., 1987), second tropane mobile phase: ehylacetate:2-

propanol:NH4OH (25% v/v) in ratio 45:35:20 (v/v/v) for separation of intermediate 

bases and polar PAs (Phillipson and Handa, 1976) and third, pyrrolizidine alkaloids 

mobile phase CH2Cl2:MeOH:NH4OH (25% v/v) in ratio 82:15:3 (v/v/v) for separation 

of synthesized PAs (Frölich, 1996). Then the samples which separated on TLC were 

analyzed by RITA (Rapid Intelligence TLC Analyzer). The samples separated by 

tropane mobile phase and PAs mobile phase showed no difference between 

transgenic line B and wild type tobacco. Differences between wild type and 

transgenic line B tobacco were only found using the polyamine mobile phase. 
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3.4.1.5.1 Incubation of tobacco leaves in [14C]putrescine 

 

Four leaves each from wild type tobacco and line B tobacco of the same age and 

size i.e. one month old and 3 cm in length from the in vitro culture were cut and 

incubated directly with [
14

C]putrescine as described in 2.9.11.2. TLC/RITA analysis 

was performed with the 1%HCl/methanol extract of the leaves that incorporated the 

traces. It confirmed that transgenic tobacco line B leaf were able to synthesize hspd 

while wild type tobacco leaves were unable to produce hspd under our experimental 

conditions.  Fig 3-12 shows that the chromatogram of line B is not different from the 

chromatogram of wild type tobacco apart from the hspd peak. The hspd peak was 

determined by its Rt (retention time) which was identical with the retention time of 

standard hspd, that was applied to the same TLC plate parallel to the tested samples 

( Fig 3-12). 
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 Fig 3-12 TLC radiodetection of standard [14C]putrescine, standard 
[14C]homospermidine, 1%HCl/methanol extract of wild type tobacco leaf after 
incubation in [14C]putrescine, and 1%HCl/methanol extract of transgenic tobacco line B 
leaf after incubation in [14C]putrescine (from top to bottom); put, putrescine; hspd, 
homospermidine. The mobile phase used for separation was composed of 
acetone:MeOH:NH4OH (25% v/v) in ratio 40:30:20 (v/v/v). 
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3.4.1.5.2 Incubation of tobacco roots in radioactive [14C]putrescine 

 

Roots of tobacco from both wild type and transgenic line B obtained from in vitro 

culture were incubated in MS liquid medium for one week. The roots were then 

transferred in 100 ml flask containing 5 ml MS media supplemented with 

[
14

C]putrescine as described in 2.9.11.1.  

Table 3-13 The weight of the roots which were used in the radioactive tracer 
experiment after incubation in the radioactive putrescine: 
Time in radioactive tracer 6 h 12 h 24 h 

Weight of  wild type tobacco root (FW) 1.03 g 0.66 g 0.64 g 

Weight of transgenic tobacco root (FW) 0.82 g 0.59 g 0.46 g 

 

Table 3-14 The relative percentage of the absorbed radioactive [14C]putrescine 
from the medium. 
% of absorbed radioactive put after 6 h 12 h 24 h 

Wild type tobacco root 28.78 % 27.278 % 45.614 % 

Transgenic tobacco root line B 24.768 % 20.96 % 41.886 % 

 

After the given time intervals the roots were harvested from the radioactive medium 

and thoroughly washed with water and lightly dried with papers. The remaining of the 

radioactive solution plus the washing were combined and analyzed for their 

radioactive contents to estimate the amount of the [
14

C]putrescine taken up by the 

roots during incubation as shown in (Table 3-14). Afterwards the roots were taken and 

comminuted in mortar with 1% HCl in methanol. The suspension was centrifuged and 

the supernatant was taken and evaporated till dryness. The residue was dissolved in 

1 ml methanol. TLC/RITA analysis was performed for the 1%HCl/methanol extract of 

wild type tobacco and transgenic tobacco line B (Fig 3-13) as described in 2.9.13. 
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 Fig 3-13 TLC radiodetection of standard [14C]putrescine, standard 
[14C]homospermidine, [14C]nicotine, 1%HCl/methanol extract of wild type tobacco root 
after incubation in [14C]putrescine, and 1%HCl/methanol extract of transgenic tobacco 
line B root after incubation in [14C]putrescine (from top to bottom); put, putrescine; 
hspd, homospermidine, nicot., nicotine. The mobile phase used for separation was 
composed of acetone:MeOH:NH4OH (25% v/v) in ratio 40:30:20 (v/v/v). 
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It is obvious from Fig 3-13 that the radioactive [14

C]putrescine was mainly used for the 

synthesis of nicotine. The main site for nicotine biosynthesis in tobacco plants is the 

root. It appeared that there was no significant difference of the 14C products analysis 

between the radioactive root extract of transgenic line B and wild type tobacco. To 

test for tiny amounts of radioactively labelled compounds including hspd, a HPLC 

analysis was performed as described in the next chapter. 

3.4.1.5.3 Benzoylation of radioactive polyamines for detection by HPLC/UV 

 

The 1%HCl/methanol extracts of radioactive incubation of leaves and roots of 

tobacco plants (3.4.1.5.1 and 3.4.1.5.2) were used here to detect the difference in 

polyamines content between the transgenic tobacco line B and the wild type tobacco. 

The 1% HCl/methanol extracts of the [
14

C]putrescine incubated leaves and roots 

were evaporated and benzoylated as described before in 2.9.14. The benzoylated 

samples were examined by HPLC as shown in Fig 3-14 and Fig 3-15.  
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Fig 3-14 HPLC radiodetection of benzoylated polyamines. The first chromatogram is the 
HPLC detection of a standard mixture of polyamines composed of putrescine, 
spermidine and homospermidine. The second chromatogram shows the benzoylated 
polyamines of 1%HCl/methanol extract of a wild type tobacco leaf after incubation in 
[14C]putrescine. The third chromatogram is the benzoylated polyamines of 
1%HCl/methanol extract of a transgenic tobacco line B leaf after incubation in 
[14C]putrescine. put, putrescine; spd, spermidine; hspd, homospermidine. 
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Fig 3-15 HPLC radiodetection of benzoylated polyamines. The first chromatogram is the 
HPLC detection of a standard mixture as in Fig 3-14. The second chromatogram shows 
the benzoylated polyamines of 1%HCl/methanol extract of wild type tobacco roots after 
incubation in [14C]putrescine. The third chromatogram shows the benzoylated 
polyamines of 1%HCl/methanol extract of transgenic tobacco line B roots after 
incubation in [14C]putrescine. put, putrescine; spd, spermidine; hspd, homospermidine. 
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Hspd was not detected in the wild type tobacco. It is obvious that the hspd was 

detected in leaves and roots of transgenic tobacco line B while we could not 

determine any radioactive hspd in the case of wild type tobacco. On the other hand 

the radioactive spd peak was detected in the case of wild type tobacco but not 

detected in the case of transgenic tobacco line B. This result suggests that the spd 

could be exclusively used by the transgenic line B tobacco in the biosynthesis of 

hspd. Also as shown from the figures Fig 3-14 and Fig 3-15, it was observed that hspd 

amount found in the leaves of transgenic tobacco line B is higher than in their roots. 

In roots the hspd was probably channeled into other pathways (nicotine-biosynthesis) 

and that is why we only find small amounts of hspd in the roots. The Rt of both spd 

and hspd were determined by standard mixture of put, spd and hspd. Those were 

injected on the same day of HPLC analysis. 

 

3.4.1.6 Quantitative analysis of polyamines by HPLC 

 

From the previous chapters, it became apparent that transgenic tobacco lines A and 

B were able to synthezise hspd. Wild type tobacco was unable to produce hspd. 

Hence, it was interesting to analyze the polyamine content in transgenic tobacco 

lines A and B which harboured the cDNA encoding HSS in comparison to the 

polyamine content of wild type tobacco. 

 

The content of free and conjugated polyamines in leaves from wild type tobacco and 

transgenic lines A and B were determined by HPLC analysis (2.9.14). The 

quantification of the polyamines was performed using the internal standard 

cadaverine (cad), which was added to the sample before benzoylation. So firstly for 

the calibration of straight lines cad was used as internal standard for put, spd, and 

spm. Concentrations of diamnies were determined using put, triamines using spd, 

and tetramines using spm for quantification. From the calibration straight lines of the 

standards polyamines (Fig 3-16) in comparison with cad as internal standard (Fig 

3-17), spd showed area under the curve (AUC) around the factor 1.18 larger in the 

UV absorption than equimolar quantities of the diamine cad. Spm showed AUC 

around the factor 1.34 larger in the UV absorption than equimolar quantities of the 

diamine cad. Also put showed AUC around the factor 0.74 smaller in the UV 

absorption than equimolar quantities of the diamine cad. Those correction values did 
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not correspond to the expected values we expected according to Böttcher et al. 

(1994) and Graser (1997). This aspect will be discussed in chapter 4.4.4. 

 

 

  Fig 3-16 HPLC analysis of a benzoylated mixture of diamine and polyamine standards 
represent 125 nmol from each of put, putrescine; cad, cadaverine; spd, spermidine; spm, 
spm. Detection was performed by UV at 230 nm. 
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Fig 3-17 Calibration straight line for the detection of putrescine, spermidine, and 
spermine with the usage of cadaverine as internal standard. The straight lines show the 
absorption of the following concentration 31.25, 62.5, 125, 250, 500 nmol of putrescine, 
spermidine and spermine (with 125 nmol cadaverine as internal standard). 
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 Fig 3-18 HPLC analysis of the content of benzoylated free polyamines: 1st and 2nd 
chromatograms represent benzoylated standard mixture of di and polyamines; 4.75-4.82 
is Rt of putrescine; 5.72-5.78 is Rt of cadaverine; 7.50-7.68 is Rt of spermidine; 8.65-8.88 
is Rt of homospermidine; 9.98-10.03 is Rt of unknown peak; 11.83-12.28 is Rt of 
spermine. 3rd, 4th, and 5th chromatograms represent a 0.1N HCl extract from tobacco 
wild type leaves, line A leaves and line B leaves, respectively.  
 

Standard mixture of 
putrescine, 
cadaverine, 
spermidine and 
spermine 

Standard mixture of 
putrescine, 
spermidine and 
homospermidine  
 

Wild type tobacco 

      Line A 
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Table 3-15 Concentration of polyamines contents determined in wild type tobacco, line 
A and line B leaves. 
Concentrations of polyamines contents (nmol/gm dry wt) of wild type tobacco leaves. 

Average put spd hspd spm 

free 
764.0 797.5 11.5 31.9 

sol conj. 
707.7 325.9 3.0 6.7 

non sol conj. 
239.7 154.4 0 0 

total 
1711.4 1277.8 14.5 38.6 

Concentrations of polyamines contents (nmol/gm dry wt) of transgenic tobacco line A 
leaves. 
Average 

put spd hspd spm 
free 

613.3 121.6 611.2 5.3 
sol conj. 

449.2 20.3 262.6 0 
non sol conj. 

439.4 110.6 106.2 0 
total 

1501.9 252.5 980 5.3 
Concentrations of polyamines contents (nmol/gm dry wt) of transgenic tobacco line B 
leaves. 
Average 

put spd hspd spm 
free 

613.9 166.6 670.5 13.2 
sol conj. 

418.0 12.5 174.4 0 
non sol conj. 

308.1 102.0 90.5 0 
total 

1340.0 281.1 935.4 13.2 

0

500

1.000
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2.000

2.500
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 Fig 3-19 Comparison between wild type and transgenic tobacco lines A and B in 
polyamine content. Free, soluble conjugated and non soluble conjugated polyamines 
were determined (nmol/g dry wt). 
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It was observed that the results represented in  Fig 3-18 with Table 3-15 demonstrated 

that the transformed tobacco lines A and B contained total put (free and conjugated) 

of 1501.9 nmol/g dry wt and 1340 nmol/g dry wt, respectively, i.e. the put content 

decreased in transgenic lines A and B by 12% and 22%, respectively, in comparison 

to wild type tobacco. There was a significant reduction in the transgenic lines 

concerns the content of spd, 252.5 nmol/g dry wt in case of line A and 281.1 nmol/g 

dry wt in case of line B, i.e. the spd content is reduced by 80% and 78% in case of 

lines A and B, respectively, in comparison to wild type tobacco. When the spm 

content was determined, it was observed that there is a significant decrease in the 

amount of spm, 5.3 nmol/g dry wt for line A and 13.2 nmol/g dry wt for line B, i.e. a 

reduction by 86.5% and 66.7% in case of line A and B, respectively, when compared 

with wild type tobacco.  

 

For total hspd content, it had a high increase in the amount of its total content in lines 

A and B when compared with wild tobacco. 980 nmol/g dry wt and 935.4 nmol/g dry 

wt were detected in line A and B, respectively, i.e. about 67.6 and 64.5 fold more 

than the hspd content in wild type tobacco. An unknown peak at retention time 

between 9.98 to 10.03 ( Fig 3-18) was observed and we tried to determine this peak 

by comparison with several benzoylated standards like nor-nicotine, anabasine or 

anabatine without any indication about this peak. But we found no problem about that 

peak as it was observed also in the wild type tobacco.  

 

3.4.1.7 GC analysis 

 

The alkaloids comprising over 5000 compounds of all structural types, represent a 

large class of natural products. Almost all alkaloids occur exclusively in plants and 

contain at least one nitrogen atom per molecule, which is basic in its character and 

usually constitutes part of a heterocyclic system. GC-NPD (Gas chromatography- 

nitrogen phosphorous detector) can be used for alkaloids detection (Witte et al., 

1993). Total alkaloids and other nitrogen containing compounds were separated by 

GC and the elution profiles were compared between the two transgenic lines and the 

wild type tobacco. 
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Samples of wild type tobacco, line A, and line B were harvested randomly. These 

samples were lyophylized, homogenized under liquid nitrogen, and prepared for 

GC/NPD analysis as described in 2.9.12.1. Some different small peaks between the 

three chromatograms of wild type tobacco, line A, and line B were observed. GC/MS 

was performed for these samples to obtain any information about those peaks of 

transgenic lines A and B, which were different from the wild type tobacco. GC/MS 

analysis (2.9.12.2) confirmed that those peaks belonged to the dominant tobacco 

alkaloid derivatives which are compounds normally found in tobacco plants. We 

concluded that the difference between the three samples might be due to the 

different ages of wild type tobacco, line A and line B plants from which the samples 

were collected. The GC/NPD analysis was repeated with new samples from the 

same ages. Hence, young small plants of the same age from the in vitro culture were 

transferred to pots filled with soil and left to grow in day light under the same 

conditions for 6 weeks. This was followed by harvesting and lyophylization at the 

same time. The GC/NPD analysis (2.9.12.1) was repeated. 

Fig 3-20 represents the chromatograms of wild type tobacco, line A and line B 

extracts. There was no significant difference between the three chromatograms i.e. in 

the qualitative peaks, an indication of similarity in the alkaloidal or nitrogenous 

compound contents between the transgenic line A and B when compared with wild 

type tobacco. 

Hence we concluded from the previous experiments the following: 

1- Transgenic tobacco line A and B overexpress HSS and subsequently produce 

high amount of hspd when compared with wild type tobacco. 

2- Production of high amount of hspd in the transgenic lines A and B affect the 

polyamine pool contents i.e. transgenic lines A and B showed lower production 

of put, spd, and spm than wild type tobacco.  

3- No difference exists in the alkaloidal contents between the transgenic lines A, 

B and the wild type tobacco. 

 

The previous conclusions led us to think about the influence of the overexpressed 

HSS and subsequently the over produced hspd on the morphological characters of 

the tobacco plant. Hence the following chapter concentrated on the morphological 

characters of the transgenic lines A and B in comparison with wild type tobacco. 
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Fig 3-20 GC/NPD analysis for 2N HCl extract of wild type tobacco, line A, line B. 
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3.4.1.8 Comparison of the morphology of wild type and transgenic tobacco 

 

Previous researchers found that polyamines have an important role in plant growth 

and morphogenesis. Polyamines were first characterized as compounds that promote 

cell division and are now known to evoke a diversity of responses in plants, they act 

as free radical scavengers upon stress and as cations that balance pH or stabilize 

membranes via ionic interactions (Berta et al., 1997; Botella et al., 2000; Walters, 

2003). The influence of polyamines on the physiological processes in a plant is 

remarkable, for examples stimulating of DNA, RNA and protein synthesis. They exert 

a substantial influence on growth and also affect directly the development and 

morphogenesis of the plant (Kaur-Sawehney et al., 1978; Torrigiani et al., 1987; 

Evans and Malmberg, 1989; Galston and Kaur-Sawehney, 1990). 

 

Here in this work we observed that transgenic lines A and B showed low 

concentrations of spd and spm when compared with wild type plants. As mentioned 

previously (in the introduction chapter 1.2), deficiency in polyamines affected the 

growth and morphogenetic characters of the plant. Small plants were taken from in 

vitro culture from each of line, A and B as well as wild type tobacco for comparison. 

Those plants were left to grow parallel to each other under the same conditions, to 

test for the influence of the reduced levels of put, spd and spm and of the high level 

of hspd on their growth and development. Fig 3-21 shows sires of photos illustrating 

the development of the plants from the beginning of the experiment till the flowering 

of the plants. It was observed that there was no significant differences in shoot length 

between the three plant lines i.e. line A, B and wild type tobacco. Almost all the 

leaves of the three plants had the same size. No significant difference was observed 

in the morphogenetic characters of the three plants except that line B plant flowered 

2 weeks earlier than line A and wild type tobacco (Fig 3-21 photos J and K). We thus 

concluded that, the over produced hspd might compensate the deficiency in the other 

polyamines contents. It is probable has that the same role of the other polyamines in 

the development of the tobacco plant. At the same time hspd has no harmful effect 

on the plant. 
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Fig 3-21 Morphological characterizations of plants that were grown first in vitro (MS 
medium) and later in soil. 
 Each photo shows three plants from the left A: Transgenic tobacco line A expressing 
cytosolic HSS; B: Transgenic tobacco line B expressing cytosolic HSS; Wild: Wild 
type tobacco. Photo A; small explants put in MS medium, B; after 2 weeks, C; after 2 
weeks the plants transferred from MS medium into soil and the pots were surrounded 
with plastic bags to prevent drying, D; after 5 weeks,  E; after 6 weeks, F; after 7 
weeks, ; G; after 12 weeks, H; after 14 weeks,  I; after 15 weeks, J; flowers and 
flowering buds appeared in line B after 15 weeks, K; after 16 weeks , L; flowers 
appeared only in line B, M; after 18 weeks, N; flowers appeared in line B while 
flowering buds appeared in line A and wild type, O; after 19 weeks (flowers in line A 
and B and wild types), P; after 21 weeks (fruits in line A, B and wild type tobacco). 
 
 

3.4.2 Analysis of hss-promoter specificity between tobacco and Senecio 

 

HSS catalyzes the formation of hspd, which is the first precursor for the biosynthesis 

of PAs. Within Senecio vernalis, roots are the exclusive site of PA biosynthesis, i.e. 

the place where the hss gene is expressed at high levels independently of the root 

age (Moll et al., 2002). The hss gene is not expressed in the aerial parts of the plant, 

e.g. buds, leaves or stems. Moreover, hss gene expression is restricted in the root to 

specific cells of the endodermis and the neighboring parenchyma just opposite the 

phloem. Accordingly, the hss-promoter is considered to be a tissue specific promoter 

(Moll et al., 2002). It has been observed previously that the hss-promoter of Senecio 

O 
P 
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vernalis is not recognized with the same specificity in tobacco. It was shown by the 

transformation of tobacco plants with a hss-promoter-gfp/gusA construct that 

expression is found throughout the root tissues without the specificity found in 

Senecio (Anke, 2004).  

 

So we speculated that genomic regions of the hss gene might influence the 

specificity of the corresponding promoter in the transgenic tobacco. In this part of the 

work, the hss-promoter with the genomic DNA of the hss gene were cloned upstream 

of the gfp/gusA fusion gene to test its specificity of expression after transformation 

into tobacco.  

3.4.2.1 Preparation of the construct and transformation of hss-promoter-hss 
gene-gfp/gus into the tobacco plant 

 

pCAMBIA 1304K was used as a vector for hss-promoter-hss gene-gfp/gusA, which 

was transformed into the Agrobacterium strain GV3101/MP90 using the triple mating 

technique (2.8.1). 

                                                                  PstI          SpeI 

LB                   RB                                                 

 

 

                 PstI               SpeI 

  LB                   RB 

 

 
Fig 3-22 Structure of T-DNA region of pCAMBIA 1304K. The top figure is the original T-DNA 
in the pCAMBIA 1304K while the construct at the bottom represent an illustration of the new 
construct after replacement of the original CaMV35S promoter with the hss-promoter in front 
of the hss gene. Kanamycin (R), kanamycin resistant gene. 35S, CaMV 35S promoter. gfp/gusA, 
the fusion gene encoding green fluorescence protein/glucuronidase synthase enzyme. NOS poly 
A, polyadenylation signals derived from nopaline synthase gene; CaMV35S poly A, 
polyadenylation signals derived from CaMV; LB, T-Border (left); RB, T-Border (right).  
 

Two primers Y1 and Y2 were designed as shown in Table 3-16 for cloning the hss-

promoter-hss gene of S. vernalis into the vector pCAMBIA 1304K. These primers 

allowed the amplification of the complete region. They introduced a PstI and a SpeI 

restriction sites directly at the beginning of hss-promoter and behind the hss gene 

respectively, excluding the stop codon of hss gene to allow that the open reading 

frame is continued within gfp/gusA fusion gene. For the amplification of the full-length 

gfp/gusA NOS poly A Kanamycin (R) CaMV35S poly 

A 

gfp/gusA NOS 

poly A 
Kanamycin(

R) 
CaMV35S 

poly A 

35S 35S 

hss-Promoter-hss 35S 
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hss-promoter-hss gene, ACCU Taq-DNA polymerase (proof reading enzyme) was 

used in a 50 µl reaction as described in 2.2.3.2 including genomic DNA (2.6.1.2) of 

Senecio vernalis as template using touch down PCR 60-55°C for 10 cycles followed 

by 25 cycles at constant temperature of 60°C. This PCR reaction resulted in a 3802 

bp product as shown in Fig 3-23. 

 

Table 3-16  Primers were designed for PCR reaction for amplification of the hss-promoter 

together with the hss gene  

Oligonucleotide Sequence Tm(°C) 

Y1 5`-ATA CTG CAG TTT AAA ATC TAT GGT TTA AGC TAG AAT T-3` 
               PstI 

62.8 

Y2 5`-ATA CTA  GTA  AAA CCA TTG ACT TTA GAT GCC TTC T-3` 
             SpeI 

63.4 

 

 

                                                          
                                                              M           pcr 
 Fig 3-23 PCR amplification of hss-promoter-hss gene fusion using the primers shown in 
table 3-7. M, is 1kb marker. 
 

The PCR product and the pCAMBIA 1304K plasmid were digested with the restriction 

enzymes PstI and SpeI and purified by agarose gel electrophoresis (2.6.6) (Fig 3-24). 

4072bp 

 

3054bp 

3802bp 



3 Results_________________________________________________________________ 119 

                                            
Fig 3-24 Comparison between restricted amplified PCR product of hss-promoter-hss 
gene and restricted plasmid after purification with nucleospin kit to see the optical 
intensity. 
 
The relative molarities of the purified PCR product and the vector were estimated on 

an agarose gel (optical intensity) (2.6.2.2) as shown in Fig 3-24. Ligation was 

performed between the restricted PCR product and the linearized vector in a molar 

ratio of 10:1, respectively. 

 

After ligation the resulting constructs were transformed into DH5α E. coli cells. 

Transformation resulted in 13 clones that were transferred to liquid LB medium. Hand 

made minipreparation (2.6.1.3) was carried out and the restriction analysis for the 13 

clones was performed using XhoI (in comparison to the intact original vector as 

negative control) as described in 2.6.1.3. The restricted clones with XhoI were tested 

on agarose gel expecting three bands of 11000,1000 and 3000 bp in size  in case of 

positive constructs and expecting two bands 11000 and 1000 in size in case  the 

negative control (original vector) as shown in Fig 3-25. It was observed that 8 clones 

might be contained the inserted PCR. 

   cut PCR                   cut vector 

 

3802bp 

11000 bp 
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Fig 3-25 Restriction analysis with XhoI for identification of clones carrying the correct 
construct. 1-13 are the analyzed plasmid DNAs extracted from 13 DH5α E. coli clones; c, 
represent the XhoI-restricted original plasmid as negative control.   
 

In the next step, spinpreparation was done for the positive clone no. 7 and was sent 

for sequencing using primers Y3 and Y4 (Table 3-17) in order to check the presence 

of the right construct in the plasmid. The primer Y3 was a gene specific primer used 

to check the first 167 nucleotides in the hss gene back to the hss-promoter. The 

primer Y4 was designed to check the first 87 bp of gfp gene and back to the hss 

gene, in order to confirm the open reading frame i.e. that there is no stop codon 

between the end of the hss gene and the beginning of the gfp gene. 

                                      Y3                                 Y4      

Hss-promoter hss gene gfp gene gusA gene 
Fig 3-26 illustrate the position and direction of primers Y3 and Y4 used in sequencing to 
check the construct of hss-promoter-hss gene-gfp/gusA. 
 
Table 3-17 Gene specific primers used for sequencing. 
Y3 5`-GAA GCT TGG AAT CCG GTT GA- 3` Tm= 57.3°C 

Y4 5`-TTG TGC CCA TTA ACA TCA C-3` Tm= 52.4°C 

 

The resulting sequences confirmed the presence of the correct insert i.e. the DNA of 

the hss-promoter fused to the hss-gfp/gusA fusion gene. No frame shifts were 

detected.  

The cells from the Agrobacterium strain GV3101/MP90 were transformed with 

pCAMBIA 1304K containing hss-promoter-hss gene-gfp/gusA construct by triple 

mating technique as described before (2.8.1). Infection and transformation of the 

tobacco plant was performed using a liquid culture of Agrobacterium (2.8.1). The 

resulting infected leaf discs (2.8.2) of Nicotiana tabacum were left to regenerate on a 

1     2        3    4     5     6     7     8    M      9    10  11    12   13      c 

11000 

bp 

 

 

3000 

bp 

 

 

1000 

bp 
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selection medium containing kanamycin for transgenic callus selection. It took about 

4 months for the whole plants to develop, i.e. shoots and roots. GUS staining test, 

RT-PCR and spot western blot were performed to characterize the transformed lines 

as described in the next chapters. 

3.4.2.2 GUS colouring test 

 

The GUS test (2.9.8) was carried out for the roots and leaves of the regenerated 

transformed plant. Three transformed lines A, B and C were found based on the blue 

colour of the GUS test staining. The blue colour was only found in the roots of the 

transgenic lines A, B and C, while no blue colour was observed in the leaves. This 

result confirmed the previous observation that the hss-promoter is only active in roots 

(Moll et al., 2002). 

This step involved the blue colour staining of GUS activity (2.9.8) in transgenic line of 

tobacco expressing the gusA gene. The plant roots from both transgenic tobacco line 

C and wild type tobacco were excised and incubated in GUS staining solution 

containing X-gluc (5-bromo-4-chloro-3-indolyl ß-glucouronide) at 37°C for 18 h. The 

blue colour precipitate was detected only in the transgenic root as shown in Fig 3-27. 

 

 
                Wild type tobacco                  transgenic tobacco contains hss- 
                                                                     promoter-hss gene-gfp/gusA  
Fig 3-27 Whole root of wild type tobacco and the transgenic line C after incubation in 
the GUS staining solution for 18 h. 
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3.4.2.3 RT-PCR 

 

RT-PCR is a simple and an efficient method for detection of any poly (A)-containing 

mRNA (Folz and Nepluev, 2000). It was performed to prove that the cDNA 

corresponding to hss gene was devoid of introns, thus was correctly spliced within 

tobacco. The RT-PCR and even the EXACT RT-PCR (2.6.5.4) did not work because 

of the contamination of genomic DNA and Agrobacterium plasmids, which were 

present in the total RNA extract. Hence, total RNA was extracted from leaves of the 

transgenic line C (2.6.1.1) as shown in Fig 3-28. In order to avoid the contamination 

with Agrobacterium plasmids or genomic DNA, the resulting RNA extract was treated 

with DNaseI (2.6.1.1.1) according to Huang (Huang et al., 1996). Fig 3-28 shows the 

difference between the mRNA extract before and after treatment with DNaseI. The 

gene specific primer (Y5 primer) was used instead of the oligo dT (2.6.4) to improve 

the technique of reverse transcription because primer Y5 is more specific than oligo 

dT primer. Primer Y5 binds within gfp gene, 87 bp behind its fusion to the hss gene. 

The mRNA of the hss gene-gfp/gusA fusion gene was achieved using Superscript II 

as reverse transcriptase. The resulting cDNA was used as a template for a PCR 

reaction with primer pair Y6 and Y7 (Table 3-18), to amplify the cDNA encoding HSS 

in a total volume of 25 µl expecting an amplification product of 1110 bp as shown in 

Fig 3-29. Concurrently another PCR was performed using Y5 and Y6 (Table 3-18) as 

primers to amplify the cDNA encoding HSS plus the first 87 bp of cDNA encoding 

GFP to obtain 1197 bp band as shown in Fig 3-29. The amplification of cDNA was 

catalyzed by Taq-DNA polymerase under standard PCR conditions with temperature 

programs that were previously used (3.4.1.2) to generate full-length cDNA of the 

corresponding cDNAs (2.2.3.2) at a constant annealing temprature of 55°C for 35 

cycles.  

 Table 3-18   Gene specific primers used in RT-PCR.   
Y5   5`TTG TGC CCA TTA ACA TCA C 3` Tm= 52.4°C 

Y6 5´-ATA TAC CCG GGA TGG CCG AGT CAA ACA AAG AAG CAA TC-3` Tm= 70.6°C 

Y7 5`-ATA CTA  GTA  AAA CCA TTG ACT TTA GAT GCC TTC T-3` Tm= 63.4°C 
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Fig 3-28 Comparison between RNA extract before (A) and after (B) treatment with DNaseI. 
RNA1, total RNA extract before treatment with DNaseI showing contamination with the 
genomic DNA. M, is 1Kb marker; RNA2, total RNA extract after treatment with DNaseI 
showing pure RNA. 

         

Fig 3-29 PCR1 and PCR2 resulting in 1110 and 1197 bp bands, respectively by gene specific 
primers Y6/Y7 and Y6/Y5, respectively to prove the correct transcription of  the hss gene. As 
template the cDNA from RT-PCR of mRNA of hss-promoter-hss gene-gfp/gusA transgenic 
tobacco was used. M is a 100 bp marker. 
 

The PCR products were incubated with Taq DNA polymerase at 72°C for 15 minutes 

for addition of the T nucleotide for ligation into the pGEM vector (2.4.1.5). After 

transformation into E. coli JM 109 cells, 25 white colonies were screened by PCR. 

One positive colony was chosen to purify the plasmid DNA that was digested with 

EcoRI to prove the correct insertion of the PCR product. The plasmid i.e. pGEM 

vector containing the amplified PCR of cDNA encoding HSS plus the first 87 bp of 

cDNA encoding GFP was purified and sent for sequencing. Sequencing proved that, 

the cDNA corresponding to the hss gene was devoid of introns, thus it was correctly 

spliced within tobacco. Furthermore the sequence data showed that a nucleotide was 

missed at position 991 of the cDNA encoding HSS. The missed nucleotide resulted in 

a premature stop codon at the position 334 of the amino acid sequence. To test 

1110 bp 
1197bp 

 PCR1   M                      M       PCR2 

3054 bp 

DNA 

contamination 

RNA2 
RNA1 

A B 
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whether this stop codon was a sequencing artefact we decided to perform dot blot 

analysis to observe if the transgenic tobacco line C expresses the HSS-GFP/GUS 

fusion protein. 

  

3.4.2.4 Dot blot 

 

Dot blot analysis was used to prove that the HSS-GFP/GUS fusion protein is 

expressed in the transgenic tobacco line C. Our strategy was based on the specificity 

of the HSS antibody (Moll et al., 2002) to bind the HSS protein which is a part of 

HSS-GFP/GUS fusion protein. Dot blot was performed as described in 2.9.7. Wild 

type tobacco roots were used as negative control and Senecio vernalis roots as 

positive control for expression of HSS. It was observed that the transgenic tobacco 

exhibited positive result like S. vernalis as shown in Fig 3-30 i.e. expresses HSS 

protein which is a part of HSS-GFP/GUS fusion protein. That proved that transgenic 

tobacco expresses at least a part of the HSS protein as part of the GFP/GUS fusion.  

 
 
 

              
 
Fig 3-30 Dot-blot with an antibody specific for HSS of S. vernalis. Root extracts of wild 
type tobacco as negative control (1), of transgenic tobacco line C (2), and of S. vernalis as 
positive control (3).  
 
From GUS colouring test as observed in 3.4.2.2 and Dot blot test (3.4.2.4) we could 

conclude that the transgenic tobacco line C was expressing the HSS-GFP/GUS 

fusion protein. Hence we had to analyze the hss-promoter specificity in this 

transgenic tobacco line C. For this purpose roots of the transgenic tobacco line C 

were embedded in resin for histochemical analysis. 

 
 
 

           1       2          3 
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3.4.2.5 Histochemical analysis of transgenic plant which harboured hss-
promoter-hss gene –gfp/gusA fusion 

 
 
In order to investigate the cell specificity of the GUS colour in the tissues 

histochemically under microscope, roots of tobacco plants transformed with hss-

promoter-hss gene-gfp/gusA fusion were immersed in the GUS reaction buffer 

according to Urao et al. (1999), followed by a slight vacuum infiltration for 20 minutes. 

Roots were incubated at 37°C for 18 h and were cut into small pieces (sections of 

about 0.5 cm in length). These root sections were dehydrated in a gradient of 

increasing ethanol concentrations and finally embedded into Technovit 7100 resin 

(2.9.9). The embedded parts were cut with a microtome to produce transverse 

section of 7 µm in width which examined by light-dark field microscopy. Photos were 

taken using the AxioCam HRC (Zeiss). It can be seen that the GUS blue precipitate 

is scattered all over the tissues and somewhat concentrated in the parenchymatous 

cells of the vascular bundle of the transgenic tobacco root as shown in Fig 3-31. 

 

 

 

 

 

 

 



     _________________________________________________ ____                       3 Results 126 

                   

                   
 
Fig 3-31 Transverse section of tobacco root harbouring and express the HSS-GFP/GUS 
fusion protein after incubation of the root in GUS staining solution then examined by 
dark field microscopy (A) (the red colour indicates the presence of blue crystals from the 
GUS reaction test) and then examined by light field microscopy (B) (blue crystals are 
more concentrated in the centre). 

A 

B 
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3.4.3 Over expression of homospermidine synthase by introduction of cDNA 
encoding HSS downstream of the hss-promoter of Senecio vernalis into 
tobacco  

 

The promoter region is considered to be the key regulatory region that controls the 

transcription of adjacent coding region into mRNA that will be translated into the 

encoded protein. Tissue-specific promoters direct the expression of a gene in only 

certain specific tissues, e.g. the hss-promoter directs the expression of the hss gene 

in specific cells of the roots of S. vernalis, while the hss gene is not expressed in the 

aerial parts of the plant (Moll et al., 2002). It is well-known that within S. vernalis, 

roots are the exclusive site of PAs biosynthesis. 

The effect of HSS expression on the biosynthesis of hspd would be investigated by 

transforming tobacco plants with hss-promoter upstream the cDNA encoding HSS. 

This work was considered as a second strategy of HSS expression in tobacco. That 

would be processed parallel to the previous experiment described in 3.4.1. Our 

intention was to express the HSS in the roots of N. tabacum under the control of the 

hss-promoter of S. vernalis to show the influence of the overproduced hspd 

biosynthesis on the tobacco plant. The hss-promoter is a tissue specific promoter in 

contrast to the CaMV 35S. For this strategy the pCAMBIA 1305.2 was used as a 

binary vector instead of pGPTV-BARB, because the multiclonning site in pCAMBIA 

1305.2 is suitable here for our construct. Accordingly, the following construct was 

prepared. 

   LB                                                                    XbaI                                  PmlI              RB 

                                                               

 

 

 LB                                                              XbaI                                        PmlI               RB 

 

 

Fig 3-32 Structure of T-DNA region of pCAMBIA 1305.2. The top figure is the original 
T-DNA in the pCAMBIA 1305.2 while the construct at the bottom represent an 
illustration of the new construct after replacement of the original promoter of CaMV35S 
in front of the gusA fusion gene with the hss-promoter-cDNA encoding HSS. 
Hygromycin (R), Hygromycin resistant gene. 35S, CaMV 35S promoter. gusA, the gene 
encoding glucuronidase synthase enzyme. NOS poly A, polyadenylation signals derived 
from nopaline synthase gene; CaMV35S poly A, polyadenylation signals derived from 
CaMV; LB, T-Border (left); RB, T-Border (right).  
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The plasmid which contained the cDNA encoding HSS was already available in our 

institute. Two primers, Z1 and Z2, were designed for PCR amplification for the cDNA 

region as shown in Table 3-19. PCR was carried out with the two primers using pfu 

DNA-polymerase and touch down PCR 65°C-55°C as previously described in 2.6.5. 

This PCR reaction resulted in 1113 bp product. 

 Z4 

                        hss-promoter  1900 bp 1st exon 
204 bp 

 

   
 1st exon 

204 bp 
Rest of cDNA 
encoding HSS 909 bp 

                                                                   
                                                                                                                              Z2                                        
                                                                  PCR with those templates  

 

                       hss-promoter (1900 bp) cDNA encoding HSS (1113 bp) 

Fig 3-33  Illustration for the PCR strategy in which two templates of DNA were used in 
the reaction. First template is cDNA encoding HSS and the second is hss-promoter 
united with the first exon of cDNA encoding HSS. The two templates are identical in 204 
bp, representing the first exon of cDNA encoding HSS. Primers Z4 and Z2 (Table 3-19) 
used to amplify 3013 bp represent the hss-promoter-cDNA encoding HSS fusion 
construct. 
 
Table 3-19  Gene specific primers designed to be used in PCR reactions in this project.  

Oligonucleotide Sequence Tm (°C) 

Z1 5´-ATA TAC CCG GGA TGG CCG AGT CAA ACA AAG AAG CAA TC-3` 71.6 

Z2 5´- ATA CAC GTG TTA AAA ACC ATT GAC TTT AGA TGC CTT-3´ 

                PmlI 

64.9 

Z3 5´-ATT TGA TTT GTG ATT ATC ATA GCA TCA CCA AGA T-3` 62.2 

Z4 5´-ATA CTG CAG TTT AAA ATC TAT GGT TTA AGC TAG AAT T-3´ 

               PstI 

62.8 

Z5 5´-TAT ATC ATA TGG CCG AGT CAA ACA AAG AAG-3´ 

                     XhoI 

62.7 

Z6 5´-ATC TCG AGA AAA CCA TTG ACT TTA GAT GCC TT-3 

            NdeI 

64.4 

Z7 5´-GAT GCT ATG ATA ATC ACA AAT CAA ATG CTG GAT TGG-3´ 66.1 

Z8 5´-CCA ATC CAG CAT TTG ATT TGT GAT TAT CAT AGC ATC-3´ 66.1 

 

Other two primers, namely Z4 and Z3 (Table 3-19) were designed for amplification for 

hss-promoter (1900 bp) plus the first exon (204 bp) of hss gene using the genomic 
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DNA extract of S. vernalis as template in touch down PCR 65-55°C. This PCR 

resulted in 2104 bp product.  

 

The resulting two PCR products i.e. the PCR product of the amplified cDNA encoding 

HSS and the PCR product of the amplified hss-promoter plus the first exon of hss 

were purified on agarose gel (2.6.1.4) and diluted 1:100 by Tris HCl buffer pH 8. 1µl 

from both 1:100 diluted PCR reactions were taken as a mixed template for a new 

PCR using Z4 and Z2 as primers (Table 3-19). These primers introduced a PstI and a 

PmlI restriction site directly at the beginning of hss-promoter and behind the cDNA 

encoding HSS, respectively. The PCR resulted in a 3030 bp band, which represents 

the fusion of the hss-promoter with the cDNA encoding the HSS. The resulting PCR 

product and the vector pCAMBIA 1305.2 were cut by restriction enzymes PstI and 

EcoR72I (isoschizomer to PmlI) according to 2.6.9.3. After purification (2.6.1.4) of the 

digested DNA appropriate molarities were estimated on an agarose gel for ligation in 

a molar ratio of 10:1 for PCR product and vector, respectively (2.6.2.2). After ligation 

the resulting constructs were transformed into E. coli DH5α cells. The DH5α clones 

containing the construct were used for triple mating technique with E. coli HB101 and 

Agrobacterium GV3101/MP90 (2.8.1). The resulting Agrobacterium was used for 

transformation of the T-DNA to leaf discs of tobacco. The infected leaf discs of 

tobacco were left to regenerate on MS medium containing selective additive of 

hygromycin for selection of transgenic callus. Parallel to that it was decided to check 

the sequence by expression in E. coli as the following: PCR was done for this 

construct to get a 1113 bp band of cDNA encoding HSS using the designed primers 

Z5 and Z6 (Table 3-19) and the pCAMBIA 1305.2 containing the construct of hss-

promoter-cDNA of hss gene as a template. These primer introduced a XhoI and NdeI 

restriction sites directly preceding the start codon and behind the stop codon of the 

amplified full-length cDNA, respectively. The resulting PCR product and pET22b 

were cut by XhoI and NdeI followed by purification and ligation. The ligation reaction 

was transformed into E. coli BL21 (DE3) for expression. Expression tests were tried 

using the standard method for expression with different concentration of IPTG and 

incubated at different temperatures for different incubation periods (2.6.10.1). The 

result revealed that the HSS protein was not expressed. Accordingly, the original 

construct of pCAMBIA 1305.2 containing the hss-promoter-cDNA encoding HSS 

construct was sent for sequencing to check the whole sequence of nucleotides 
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sequence of cDNA encoding HSS. It has been found that there was one more A 

nucleotide at position (194) from the beginning of cDNA encoding HSS sequence, 

this excess nucleotide resulted in a premature stop codon. Hence, a site-directed 

mutagenesis procedure (2.6.5.5) was chosen to correct the mutation of the construct 

i.e. to remove the additional A from the sequence of the cDNA of the construct within 

pCAMBIA 1305.2. Hence, two GSP complementary primers Z7 and Z8 (Table 3-19) 

were designed at the position of the mutation followed by the procedure of SDM as 

described in 2.6.5.5. The resulting construct was checked for the nucleotide 

sequence and was proved that the mutation disappeared i.e. the excess A nucleotide 

disappeared. It was transformed into DH5α and preserved in -80°C. At this time we 

found that the other strategy (3.4.1) processed so nicely, so we decided to stop that 

project at this point. The construct is now available in our laboratory for any one 

interested to continue. As we found out that  

1. The HSS promoter in tobacco is not as specific as in Senecio (3.4.2). 

2.  HSS in tobacco roots (using put) is in concurrence with tobacco 

alkaloid biosynthesis! (3.4.1). 

 

 

3.5. Factors affecting the expression of HSS in Senecio vernalis and 
Eupatorium cannabinum 

 

Plant hormones (phytohormones) are physiological messengers that are involved in 

the control of the complete plant life cycle, including germination, rooting, growth, 

flowering, fruit ripening and death. In addition, plant hormones are produced in 

response to environmental factors such as abundance of nutrients, drought 

conditions, light, and temperature, chemical or physical stress. Hence, the levels of 

hormones will change over the lifespan of the plant and are dependent upon season 

and environment (Hare et al., 1997; Johri and Doyel, 2001; Kandasamy et al., 2001; 

Rao et al., 2002; Veselov et al., 2002; Gray, 2004; Pozo et al., 2005). 

 

It has been observed that the expression of HSS in E. cannabinum is switched off 

when the plant starts flowering (Anke, 2004). That led to the question which factors 

affect the expression level of HSS during the developmental stages of the plant. In 

this part of the work various concentrations of phytohormones were tested in the in 
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vitro liquid culture media of Senecio vernalis and Eupatorium cannabinum root 

cultures to observe whether they influence HSS expression. Phytohormones were 

used here like cytokinins e.g. 6-benzylaminopurine (BAP), auxins e.g. 1-naphthyl 

acetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D), and gibberellins e.g. 

gibberellic acid  (GA3).  

 
Firstly, roots of both plants were incubated in liquid MS medium in the dark at 25°C 

for 3 days without hormones, and then another 3 days in liquid MS supplemented 

with different concentrations of various phytohormones (e.g. NAA, GA3, BAP, 2,4-D) 

as explained in (Table 3-20). Unfortunately the first sample of Senecio vernalis root 

(0.1 mg/l GA3) was contaminated and discarded before finishing the experiment. 

After the incubation, the roots were preserved at -80°C before they were analyzed by 

western blot (2.9.6) (Fig 3-34). 

 
Table 3-20 MS liquid media containing various amounts of phytohormones. 
Roots of Phytohormone type Final concentration in MS medium 

S. v. GA3 0.1 mg/l 

S. v. GA3 1 mg/l 

S. v. NAA 0.1 mg/l 

S. v. NAA 1 mg/l 

S. v. BAP 1 mg/l 

S. v. BAP 10 mg/l 

S. v. 2,4-D 0.02 mg/l 

S. v. 2,4-D 0.2 mg/l 

S. v.  (as control) - -  

E. c. GA3 0.1 mg/l 

E. c. GA3 1 mg/l 

E. c. NAA 0.1 mg/l 

E. c. NAA 1 mg/l 

E. c. BAP 1 mg/l 

E. c. BAP 10 mg/l 

E. c. 2,4-D 0.02 mg/l 

E. c. 2,4-D 0.2 mg/l 

E. c. (as control) - -  
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Fig 3-34  Western blot to detect HSS expression in S. v., Senecio vernalis roots and E. c., 
Eupatorium cannabinum roots. Samples  1-8 are exposed to different concentrations of 
different types of phytohormnes 1, 0.1 mg/l GA3; 2, 1 mg/l GA3; 3, 0.1 mg/l NAA; 4, 1 
mg/l NAA;  5, 1 mg/l BAP; 6, 10 mg/l BAP; 7, 0.02 mg/l  2,4-D;  8, 0.2 mg/l  2,4-D; 
control, with out any phytohormone. 
 
As shown from western blot figures (Fig 3-34), it was observed that the tested 

phytohormones had no significant influence on the expression of HSS in Senecio 

vernalis and in Eupatorium cannabinum root cultures. 
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4. DISCUSSION 

4.1. Tagetes deoxyhypusine synthase (DHS) 

 

DHS is an essential enzyme of primary metabolism as it catalyzes the first step of the 

post-translational activation of a specific cellular protein, the eukaryotic translation 

initiation factor 5A (eIF5A). More precisely, DHS catalyzes, in a NAD+-dependent 

reaction, the modification of a protein-bound lysine residue to deoxyhypusine in the 

eIF5A precursor by using spermidine (spd) or homospermidine (hspd) as substrate 

(Fig 4-1) (Tao and Chen, 1995; Wolff et al., 1995; Chen and Chen, 1997; Park et al., 

1997; Wolff et al., 1997; Ober and Hartmann, 1999 a). eIF5A is a highly conserved 

protein for which various roles in eukaryotic organisms have been proposed. It is 

essential for eukaryotic cell proliferation (Park et al., 1997) and may be involved in 

mRNA degradation and in translation (Valentini et al., 2002). Even the mechanism of 

eIF5A posttranslational modification is conserved in all eukaryotes. The eIF5A 

precursor protein isolated from certain plants can be activated by hypusine formation 

in yeast (Magdolen et al., 1994; Wang et al., 2005). Plants in which DHS is 

suppressed are male-sterile, do not produce fruits and have larger thicker leaves with 

enhanced levels of chlorophyll. The supression of DHS results in a decrease of 

growth and development (Kang and Hershey, 1994; Park et al., 1997; Wang et al., 

2005). 

As mentioned in the results chapter (3.1) DHS catalyzes not only the first step of the 

post-translation activation of eIF5A, but also the formation of hspd. Plant 

homospermidine synthase (HSS) is assumed to be phylogenetically derived from 

DHS; it represents a DHS having lost its intrinsic activity (Ober et al., 2003 a) (1.4). In 

total, 23 sequences of cDNAs encoding DHS or HSS have been identified in 

angiosperm species by our group. The analyses of these DHS/HSS-cDNAs have 

revealed at least four independent recruitments of HSS from DHS: once early in the 

evolution of Boraginaceae, once within the monocots and twice within the Asteraceae 

(tribe Senecioneae and Eupatorieae) (Reimann et al., 2004). Thus, a study of the 

DHS of Tagetes (family Asteraceae) and a comparison of it with HSS of Senecio 

vernalis are of interest in order to gain further support for the two independent 

recruitments of HSS from DHS within the Asteraceae during angiosperm evolution.  

 



     _________________________________________________ ____                 4 Discussion 134 

The DHS of Tagetes has successfully been cloned by the use of degenerate primers 

previously designed according to an alignment of DHS/HSS amino acid sequences 

from various plants identified in our institute (Reimann et al., 2004). The open reading 

frame of the DHS of Tagetes encompasses 1056 bp encoding a protein of 351 amino 

acids and with a molecular mass of 39.1 kDa. The (DHS/HSS) enzyme assay 

performed for the expressed protein from the cDNA of Tagetes inserted into the 

pET3a-XhoI plasmid indicates that the Tagetes recombinant protein catalyzes the 

formation of both hspd and eIF5A-deoxyhypusine (see chapter 3.1.2.2). The DHS of 

Tagetes has been also shown to accept eif-Sv, an eIF5A-precursor protein isolated 

from S. vernalis. Moreover, Ober and Hartmann (1999 a) have confirmed that the 

DHS of tobacco can accept the eif-Sv as a substrate for the formation of 

deoxyhypusine. Furthermore, we have shown here that Tagetes DHS is able to use 

putrescine (put) instead of the protein-bound aminobutyl group (i.e. eIF5A-lysine) as 

an acceptor for the aminobutyl moiety of spd forming hspd. We have also confirmed 

that the DHS of Tagetes shares a similar activity in hspd biosynthesis to that of HSS 

of Heliotrobium indicum, which is no longer able to bind the eIF5A protein substrate. 

These results are in agreement with the postulate of Ober and Hartmann (1999 b) 

and ober et al. (2003 b) that a DHS-coding gene is the ancestor of the hss gene. This 

hypothesis is based on their high degree of sequence identity (Ober and Hartmann, 

1999 b), similar gene structure (Reimann et al., 2004) and almost identical kinetic 

properties, with the exception that the eIF5A substrate protein of DHS is not bound 

by HSS (Ober et al., 2003 b). In most plants, the side-activity of universal DHS has 

been speculated to account for the trace amounts of detectable hspd within the 

plants (Ober et al., 2003 a).  

Sequence comparison between the cDNA encoding Tagetes DHS and the 

corresponding cDNA encoding S. vernalis DHS and HSS sequences has revealed an 

identity of 83.9% and 77.8% at the nucleotide level, respectively, and of 90.28% and 

82.79% at the amino acid level of the encoded proteins, respectively (Fig 4-2). The 

sequence of Tagetes DHS shares the strictly conserved residues found in the 

primary structure of the enzymes DHS and HSS of S. vernalis (Fig 4-2). The efficient 

aminobutylation of put by Tagetes DHS raises the question concerning the role of 

hspd, the product of this side-activity. Hspd is one of the so-called “uncommon 

polyamines” that occasionally accompany ubiquitiously distributed amines such as 

put, spd and spermine (spm). This will be discussed in chapter 4.4.  
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Fig 4-1 Reactions catalysed by deoxyhypusine synthase (DHS). A, oxidative transfer of 
an aminobutyl group (bold) from spd or hspd to an -amino group of a specific lysine 
residue of the enzyme (first transimination); diaminopropane and put, respectively, are 
released. B, transfer of the enzyme-bound aminobutyl group to the -amino group of a 
specific lysine residue of the eIF5A precursor protein or put (second transimination). C, 
reduction of the intermediate imine yielding deoxyhypusinated eIF5A and hspd, 
respectively. NAD functions as a hydride acceptor in the oxidative reaction and as a 
hydride donor in the reductive reaction. DHS-Lys, lysine residue of DHS as the site of 
intermediate imine formation. (Ober and Hartmann., 1999a). 
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                   *        20         *        40         *       
DHS-SV  : MEESMKQASVMENLRSVVFKESESLEGTCAKIRGYDFNNGIDYSQILKSM :  50 
DHS-Tag : MGEATKQADVINNLRSVVFKESESLEGTCDKIHGYDFNQGLNYSLLLKSL :  50 
HSS-SV  : MAESNKEA--IDSARSNVFKESESLEGTCAKIGGYDFNNGIDHSKLLKSM :  48 
                                                                   
                  60         *        80         *       100       
DHS-SV  : VSTGFQASNLGDAIETVNQMLDWRLSHEQVTEDCSQEEKNPTYRESIKCK : 100 
DHS-Tag : ASTGFQASNLGDAIQTVNQMLEWRLSHEELTDDCSEEEKNPSYRESVKCK : 100 
HSS-SV  : VSTGFQASNLGDAMIITNQMLDWRLSHDEVPENCSEEEKK--NRESVKCK :  96 
                                                                   
                   *       120         *       140         *       
DHS-SV  : IFLGFTSNLISSGVRDIIRYLVQHHMVDVIVTTTGGIEEDLIKCLADTFK : 150 
DHS-Tag : IFLGFTSNLVSSGVRNIIRYLVQHHMVEVIVTTTGGIEKDIIKCLADTYR : 150 
HSS-SV  : IFLGFTSNLISSGVRETICYLTQHRMVDVLVTTTGGIEEDFIKCLASTYK : 146 
           
                 160         *       180         *       200       
DHS-SV  : GEFSLPGAELRSKGLNRIGNLLVPNDNYCKFEDWIIPIFDQMLEEQKAKN : 200 
DHS-Tag : GDFSLPGGALRAKGLNRIGNLLVPNENYCKFEDWIIPIFDQMLEEQNTQR : 200 
HSS-SV  : GKFSLPGADLRSKGLNRIGNLIVPNDNYIKFEDWIIPIFDQMLIEQKTQN : 196  
                                                                   
                   *       220         *       240         *       
DHS-SV  : VLWTPSKLIMRLGKEINNESSYLYWAYKNDIPVFCPGLTDGSLGDMLYFH : 250 
DHS-Tag : VLWTPSKLIARLGKEINNESSYLYWAYKNDIPVFCPGLTDGSLGDMLYFH : 250 
HSS-SV  : VLWTPSRMIARLGKEINNETSYLYWAYKNNIPVFCPSITDGSIGDMLYFH : 246  
                                                                   
                 260         *       280         *       300       
DHS-SV  : TFRN--PGLIVDVVQDIRAINSEAVHANPRKTGMIILGGGLPKHHICNAN : 298 
DHS-Tag : SFRN--PGLVIDVVQDIRAMNGEAVHANPRKTGMIILGGGLPKHHICNAN : 298 
HSS-SV  : SVSNPGPGLVVDIVQDVIAMDNEAVHASPQKTGIIILGGGLPKHHICNAN : 296  
                                                                   
                   *       320         *       340         *       
DHS-SV  : MMRNGADYAVFINTAQEFDGSDSGARPDEAVSWGKIRGSAKSVKVHCDAT : 348 
DHS-Tag : MMRNGA---------------------DEAVSWGKIRASAKSVKVHCDAT : 327 
HSS-SV  : MMRNGADFAVFINTAQEYDGSDSGARPDEAVSWGKISSTGKAVKVHCDAT : 346    
                                          
                 360         *            
DHS-SV  : IAFPLLVAETFAAKREQSAEPSS*~ : 371 
DHS-Tag : IAFPLLVAETFVAMKEKTAKPKSN* : 351 
HSS-SV  : IAFPLLVAETFAVKKEKASKVNGF* : 370 
 
 

Fig 4-2 Alignment of the amino acid sequence of DHS of Tagetes (DHS-Tag) in 
comparative alignment with the amino acid sequences of DHS and HSS from Senecio 
vernalis (DHS-SV and HSS-SV, respectively). The strictly conserved residues are 
highlighted with black boxes. 
 

 

4.2. Establishment of tissue culture of Senecio jacobaea 

 

The composition of the culture medium is considered to be the most important factor 

governing the growth and improvement of the plant. Plant tissue and cell culture 

media are generally made up of some or all of the following components: 

macroelements, micronutrients, vitamins, amino acids or other nitrogen supplements, 
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sugar(s) as a carbon source, other organic supplements, solidifying agents or 

supporting  systems and growth regulators (i.e. phytohormones). 

The most critical factor for successful callus or cell growth and differentiation is the 

level of phytohormones. Four classes of growth regulators have been reported to be 

crucial in plant tissue culture: auxins, cytokinins, gibberellins and abscisic acid (Hare 

et al., 1997; Johri and Doyel, 2001; Kandasamy et al., 2001; Rao et al., 2002; 

Veselov et al., 2002; Gray, 2004; Pozo et al., 2005). The growth response of a piece 

of excised tissue in culture depends on the exogenous growth substances present in 

the medium. Excised tissues can be divided into four categories, according to their 

response to phytohormones for callus induction and regeneration of the plant: (1) 

tissues that need only auxin or related growth hormones, (2) tissues that require only 

a cytokinin, (3) tissues that require a combination of auxin and cytokinin and (4) 

tissues that need complex natural extracts (Street, 1977). Hence, both auxin and 

cytokinin are mainly added to culture media in order to obtain morphogenesis. A 

considerable variability exists among genera and species in the type and amount of 

auxin and cytokinin required for the induction of callus and morphogenesis. Although 

naturally occurring auxins and cytokinins are available, the most commonly used 

compounds are the synthetic auxins and cytokinins, e.g. 2,4-dichlorophenoxyacetic 

acid (2,4-D) and 1-naphthylacetic acid (NAA) in the case of auxins, and 6-

benzylaminopurine (BAP) in the case of cytokinins, because synthetic 

phytohormones are more stable than natural phytohormones for stress conditions 

such as light and heat. Gibberellins have also been often used as growth regulators 

in tissue cultures, e.g. GA3 (gibberellic acid) (Collin and Edwards, 1998). 

 

An effective and reproducible procedure for the regeneration of shoots and plants 

from cell and tissue culture is essential for studies involving gene transfer. Thus, the 

first step in the creation of a method for the transformation of Senecio species is the 

establishment of a suitable protocol for the tissue culture for S. jacobaea. Such a 

protocol offers a significant tool for studying secondary pathway metabolism in S. 

jacobaea, e.g. the biosynthetic pathway of PAs. The establishment of a callus culture 

of S. jacobaea has clearly been demonstrated in our study. The type of 

phytohormone and its concentrations as shown in the results (Table 3-5) have been 

investigated for callus and shoot regeneration in the same medium. The response of 
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explants has been found to be dependent on the type of employed culture media as 

shown in Table 3-6. 

Callus proliferation started from the cut ends of petioles parts and the injured sites of 

cotyledons and hypocotyls on MS medium enriched with BAP 0.1-1.0 mg/l. Callus 

induction was found to be 100% in medium supplemented with 0.05-0.2 mg/l NAA 

(Table 3-6). On the other hand, callus level was decreased (25-70%) when 2,4-D and 

a higher level of BAP (2.0-2.5 mg/l) were applied, i.e. when the BAP concentration 

was increased more than 1.0 mg/l, the callus induction was suppressed. Fast 

granular callus formation was induced when an optimized combination of BAP 1.0 

mg/l /NAA 0.1 mg/l was used. With this medium, shoot induction was obtained after 5 

weeks. Elomaa and Teeri (2001) used the same conditions, although that they used 

zeatin 1 mg/l in addition to 1.0 mg/l BAP and 0.1 mg/l NAA for shoot regeneration 

with high frequency in Gerbera (family Acteraceae). Furthermore, we concluded that 

the presence of BAP in the medium was important for callus induction followed by 

protrusion of primordia and then shoots. Gibberellins and 2,4-D may act as a helper 

for callus induction; however, they are not essential. NAA is a good assistant for BAP 

at low concentrations (0.05-0.1 mg/l). Regenerated shoots were subsequently tested 

for rooting ability by using full strength MS medium without plant growth regulators for 

all S. jacobaea shoots. The results obtained indicated that the regenerated shoots 

had the ability to root and for root development in MS medium without 

phytohormones (the addition of 0.1 mg /l NAA enhances the root development, but it 

was not necessary).  

 

In the present work, callus formation, primordia and shoot regeneration of S. 

jacobaea was achieved on MS media supplemented with 1.0 mg/l BAP and 0.1 mg/l 

NAA. This hormone combination was used for developing a transformation protocol 

for S. jacobaea. 

 

4.3. Establishment of transgenic Senecio jacobaea 

 

A protocol for the transformation of Senecio species would be an excellent tool for 

studying the ecological importance of pyrrolizidine alkaloids (PAs), e.g. by the 

selective shut down of PA biosynthesis. Furthermore, it would allow promoter 

analyses to identify specific regulatory elements of PA-specific genes. 
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In order to develop a high-efficiency and reproducible transformation protocol for S. 

jacobaea, we have assessed the biological and physical parameters affecting plant 

transformation. Certain requirements have to be present in a gene transfer system for 

the production of transgenic plants: (a) the availability of tissues and cells competent 

for plant regeneration with actively dividing cells at the wounded sites; (b) a process 

for transferring DNA into these regenerable cells, e.g. the Agrobacterium-mediated 

binary vector system, representing a model of the natural exchange of genetic 

material from a prokaryotic to an eukaryotic organism and resulting in stable plant 

transformation and the transformation of foreign DNA to the plant (Hellens et al., 

2000a); (c) a selective agent to permit only the regeneration of the transformed 

plants; (d) the activation of vir gene expression by phenolic compounds such as 

acetosyringone (Birch, 1997; Wei et al., 2000); (e) a reporter gene system to test the 

putative transgenic plants for the presence of the foreign DNA. Reporter gene 

systems permit a suitable assay method for the detection of the successful 

introduction of the foreign gene into the transgenic plant. Introduction of the gusA 

gene, for example, into the plant would allow the encoded foreign protein to be 

detected within plant cells by an assay involving the GUS colouring test (see chapter 

2.9.8). Transformation efficiency has been detected in our case in vitro by analysing 

the reporter gene expression via the GUS-coding gene driven by a CaMV 35S 

constitutive promoter (35S promoter from Cauliflower Mosaic Virus). The CaMV 35S 

promoter is a universal promoter that is active in all plant tissues. It allows any part of 

a plant or even the callus to be tested for transgenicity. 

 

In this study, Agrobacterium tumefaciens was used for the delivery of foreign DNA 

into S. jacobaea. Three strains of A. tumefaciens were employed, GV3101/MP90, 

AGL1 and EHA105. The GV3101/MP90 strain is usually used for transformation in 

tobacco as shown in chapters 3.3.1, 3.3.2, and 3.3.3. Certain A. tumefaciens strains 

were isolated and modified to improve transformation efficiency; AGL1 and EHA105 

are examples of modified Agrobacteria. Each of the Agrobacterium strains, i.e. 

GV3101/MP90, AGL1 and EHA105, were transformed with the following binary 

vectors: pCAMBIA 1304, pCAMBIA 1304K and pGPTV-BAR. They carry selective 

marker genes (hpt, nptII and bar) conferring hygromycin, paromomycin and 

phosphinothricin resistance, respectively, (see chapters 2.4.1.6 and 2.4.1.7). These 
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three binary vectors contain, as the reporter gene, a fusion between the gene 

encoding green fluorescent protein (GFP) and the glucuronidase (GUS) driven by the 

CaMV 35S promoter.  

Acetosyringone (100 µM) was added to a liquid culture of Agrobacterium before 

infiltration of the explants; this was necessary to obtain a transgenic callus. 

Acetosyringone induces vir gene expression, which in its turn activates T-DNA 

transformation in the wounded plant cells. Acetosyringone is a phenolic compound 

purified from tobacco cell culture and is similar to phenylpropanoid metabolism 

products, which represent the main pathway for plant secondary metabolism such as 

flavonoids, lignins and those compounds used by the plant to counteract any injury or 

stress. Agrobacterium recognizes this low molecular weight signal molecule, which is 

excreted by metabolically active plant cells. Hence, acetosyringone can act as 

chemotactic reagent for the attraction and activation of Agrobacterium and can be 

used to increase the virulence of Agrobacterium in the genetic transformation of 

injured plants (Zambryski, 1988). Somleva et al (2002) have observed that some 

explants from switchgrass (Panicum virgatum), which were transformed without 

acetosyringone, produced calli during subsequent selection but without production of 

transgenic plantlets; transgenic plants were only obtained after the addition of 

acetosyringone to the inoculation medium. Here, similar results were obtained when 

hygromycin was employed as the selective agent. We observed that a non-

transgenic callus was induced after infiltration of the explants with A. tumefaciens 

strain EHA105 including pCAMBIA 1304 as binary vector. Transgenic plants were 

obtained only after activation of the vir gene within the Agrobacterium by 

acetosyringone. 

After infection, the explants (petiole sections, cotyledons or hypocotyls) were co-

cultivated for 3-5 days. The number of transgenic lines of S. jacobaea was higher 

when co-cultivation was performed for specific times in the light rather than only in 

the dark. The co-cultivation of explants with certain Agrobacterium strains in light has 

also been shown to improve the efficiency of transformation of T-DNA from 

Agrobacterium to the plants such as Brassica napus, Phaseolus acutifolius and 

Arabidopsis thaliana, whereas darkness during the co-cultivation period represses T-

DNA transformation (Damgaard and Rasmussen, 1991; Zambre et al., 2003). Certain 

vir inducer compounds are thought to be produced by the explants during their 

exposure to light (Nan et al., 1997).  
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In the present study, cotyledons and hypocotyls explants were sensitive to co-

cultivation with Agrobacterium and turned necrotic within a week after inoculation with 

the Agrobacterium culture. Only a few explants from the cotyledons and hypocotyls 

exhibited callus regeneration after co-cultivation with Agrobacterium strain EHA105. 

This decreased the transformation efficiency. Necrosis was overcome by 

preconditioning the explants in callus induction medium (regeneration medium) for 3 

days. This helped not only to decrease necrosis, but also subsequently increased 

transformation efficiency, as  also found in the genetic transformation of cotyledons of 

the Black locust plant (Robinia pseudoacacia) and Canola plant (Brassica napus) 

(Cardoza and Stewart JR, 2004; Zaragozá et al., 2004).  

 

Success in the transformation of S. jacobaea was achieved by using the strain 

EHA105 carrying the binary vector pCAMBIA 1304, in the presence of 

acetosyringone in the medium. EHA105 is a derivative of EHA101 derived from strain 

A281 and is considered a supervirulent strain. Its host range is wider and its 

efficiency for transformation greater than that of the other strains. EHA105 carries a 

disarmed version of pTiBo542 (see chapter 2.4.3.3) (Hood et al., 1986; Hood et al., 

1993). We observed that the explants became brown after incubation with selective 

medium containing hygromycin but remained alive. Hygromycin was inactivated by 

the hpt gene product, which was effective for the selection of transformed S. 

jacobaea. This phenomenon, i.e. browning of the explants when exposed to 

hygromycin, was also observed during in vitro genetic transformation of Thalictrum 

flavum (Samanani et al., 2002).  

 

Thus, the Agrobacterium strain EHA105 in the presence of acetosyringone was 

necessary for the transformation of T-DNA into S. jacobaea explants. Co-cultivation 

in the presence of light seemed to increase transformation efficiency. Preconditioning 

of the hypocotyl and cotyledon explants helped in reducing necrosis, hence 

increasing the probability of successful transformation. 
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4.4. Polyamine analysis of tobacco transformed with HSS of S. vernalis 

4.4.1 Importance of polyamines in plant growth 

 

Polyamines occur in the plant in three forms: (1) as free polyamines, (2) as water-

soluble polyamines conjugated with hydroxycinnamic acids forming amides of ferulic 

and caffeic acids, and (3) as water-insoluble polyamines conjugated with low 

molecular weight compounds such as coumaric acids and with high-molecular-mass 

substances such as hemicelluloses, lignin and, in small amounts, proteins (Negrel, 

1989; Martin-Tanguy et al., 1996; Torrigiani et al., 1997; Martin-Tanguy, 2001). 

Polyamines such as put, spd and spermine (spm) form a class of aliphatic amines 

that are ubiquitous in living organisms and have been implicated in a wide range of 

biological processes including plant growth and development (Koetje et al., 1993). 

They are assumed to be important in the regulation of cell proliferation and cell 

division (Garcia-Jimenez et al., 1998), and as regulators of physiological processes in 

plants (Galston and Kaur-Sawehney, 1990). Polyamines have been shown to play 

important roles in a number of cellular processes such as replication, transcription 

and translation. Presumably these roles are exerted by specific interactions that can 

only be mediated by the cationic polyamines that bind to nucleic acids (Kaur-

Sawehney et al., 1980; Pandey et al., 2000; Thomas and Thomas, 2001). The 

importance of polyamines in cell function is reflected in the strict regulatory control of 

their intercellular levels. Adequate cellular polyamine levels are achieved by a careful 

balance between the biosynthesis and degradation of the amines (Kevers et al., 

2000; Bhatnagar et al., 2002). The biosynthesis of polyamines is increased by a wide 

variety of physiological growth stimuli such as heat stress and dryness. Polyamine 

deficiency results in a reduction of cell proliferation, which can be reversed by 

supplementation with external polyamines. Polyamine deficiency can also, under 

certain circumstances, result in cell hypertrophy (enlargement of the cell) (Berta et 

al., 1997).  

The hypusination (i.e. the modification of the protein-bound lysine residue to 

hypusine in the eIF5A precursor) of eIF5A is highly conserved within eukaryotes and 

archaea, indicating an essential role in cell life. Activated eIF5A appears to be 

essential for cell proliferation. Intervention at any of the four major steps in its 

biogenesis, i.e. synthesis of its substrate spd, expression of eIF5A precursor protein, 

deoxyhypusine synthesis, and deoxyhypusine hydroxylation, results in the growth 
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arrest of eukaryotic cells (Kang and Hershey, 1994; Park et al., 1997; Caraglia et al., 

2001; Caraglia et al., 2003). Hence, polyamines (especially spd) have an important 

role in cell proliferation and growth of the plant. 

Polyamines are also essential in flowering bud development and floral initiation 

(Roussos et al., 2004). One of the physiological changes caused by the reduction of 

polyamine biosynthesis is the inhibition of flower induction. A reasonable hypothesis 

has been proposed that the accumulation of polyamine conjugates is an important 

factor for the formation of fertile sexual organs before flowering (Martin-Tanguy et al., 

1996). The flowering of plants decreases in parallel with the reduction of the 

endogenous spd level; conversely, flowering can be induced in vegetative cultures by 

supplementation with spd in the culture medium (Applewhite et al., 2000).  

 

Polyamines have been suggested to play an important role in resistance to abiotic 

stress, such as potassium deficiency, low external pH and osmotic stress, or to biotic 

stress. These compounds tend to remain in the free state instead of the conjugated 

state as infection progresses, e.g. infection by pathogens (Torrigiani et al., 1997; 

Yoda et al., 2003). Spd and spm enhance the death of tobacco cells because of the 

induction of hydrogen peroxide formation, whereas put shows no effect (Yoda et al., 

2003). Hspd was one of the so called “uncommon polyamines” and is now assumed 

to be a ubiquitously distributed polyamine (Ober et al., 2003 a). In contrast to put and 

spd, which in Senecio spp. roots show a dynamic turnover, hspd does not exhibit any 

metabolic activity apart from its incorporation into PAs (Böttcher et al., 1993). This 

provokes questions regarding the role(s) of hspd in plants. 

4.4.2 Homospermidine biosynthesis 

 

Senecio vernalis HSS protein is produced as a 42-kDa polypeptide that catalyzes the 

production of hspd. Hspd is formed as a specific intermediate during the synthesis of 

the necine base, which is in turn required for PA biosynthesis (Böttcher et al., 1993; 

Böttcher et al., 1994). HSS arose by evolution from DHS, presumably via a change of 

function (Ober and Hartmann, 2000). HSS catalyzes the transfer of an aminobutyl 

moiety from spd to a put molecule. The hss gene resulted from a duplication of the 

ubiquitous dhs gene encoding an enzyme catalyzing the aminobutylation of the 

eukaryotic initiation factor 5A (eIF5A) precursor protein (see chapter 1.4). One of 

several arguments supporting the hypothesis of gene duplication is the high similarity 
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between HSS and the DHS coding cDNA from Senecio vernalis with respect to 

nucleic acid and derived amino acid sequences (Ober and Hartmann, 1999 b). 

Furthermore, both HSS and DHS can synthesize hspd. As just mentioned, HSS is 

postulated to have been recruited from DHS and catalyzes the formation of hspd by 

using spd as its first substrate and put as its second substrate instead of eIF5A (Ober 

et al., 2003 b; Reimann et al., 2004).  

DHS itself is able to catalyze the formation of hspd (Ober and Hartmann, 1999 a) (Fig 

4-3) and so hspd is ubiquitous, which is why we have found small amounts of hspd in 

wild type of tobacco; hspd can thus be considered as a by-product of DHS activity. 

This has been confirmed in the present study by the analysis of DHS of Tagetes 

(4.1). 

Evolution by Change of Function 

 

Primary metabolism Secondary metabolism 

  
dhs-gene                       hss-gene 

  

 
 
 
 
 
 

  

  

 

 no activation  formation of 
homospermidine 

activation of a 
regulatory 

protein (eIF5A)  

formation of 
homospermidine 

  

pyrrolizidine alkaloids    
(defence compounds) 

                                                                                           (Ober and Hartmann, 2000) 

Fig 4-3 Evolutionary origin of HSS by gene duplication and the loss of DHS activity. 
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4.4.3 Overexpression of HSS of S. vernalis in transgenic tobacco 

 

In this work, tobacco was transformed with cDNA encoding HSS of S. vernalis under 

the control of the CaMV 35S promoter in order to examine the expression of the first 

specific enzyme of the PA biosynthesis pathway (HSS) and to test whether the 

overexpression of HSS was sufficient for PA biosynthesis. To achieve this, we 

introduced the cDNA encoding the HSS into the pGPTV-BARB vector downstream of 

the CaMV 35S universal promoter to induce the expression of HSS in all tissues of 

the tobacco plant and in all stages of growth. The regenerated plants were selected 

with phosphinothricin on which wild type tobacco plants are unable to grow. 

Thereafter, the total protein of the regenerated plants was extracted and analysed by 

Western blot with an HSS-specific antibody. Some of the transformed plants 

expressed the HSS enzyme, unlike wild type tobacco. An HSS assay with 

[14C]putrescine as the substrate confirmed that the crude protein extract of the 

transformed tobacco expressed active HSS. 

 

To determine whether the artificial activity of a HSS in tobacco was sufficient to start 

the biosynthesis of PAs or of intermediates such as necine bases, the radioactive 

tracer [14C]putrescine was fed to leaves and roots of transformed tobacco. No 

differences were observed between the wild type tobacco and the transgenic lines 

apart from the biosynthesis of hspd, which was confirmed by HPLC analysis.  

 

GC/NPD was performed for reduced total alkaloids and for nitrogenous compounds 

extracted from the transgenic lines A and B, in comparison with wild type tobacco. No 

significant difference was found between the three analytical GC/NPD experiments. 

This confirmed the similarity of the biosynthesis of alkaloids in transgenic tobacco 

lines A and B and the wild type tobacco. The lack of differences in the peaks of the 

three chromatograms further supported this result (see GC analysis, in chapter 

3.4.1.7). The enzyme diamine oxidase is known to be essential for the transformation 

of hspd into necine base as an intermediate step in PA biosynthesis within S. vernalis 

(Hartmann and Ober, 2000). Therefore, it is concluded that, diamine oxidase within 

transgenic tobacco lines A and B is not so specific for accepting hspd to produce 

necine base as an intermediate for PA biosynthesis.  
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4.4.4 Transgenic tobacco producing high levels of homospermidine 

 

The most significant changes in the polyamine pools after the expression of the 

cDNA encoding HSS were observed in the levels of free and conjugated hspd. 

Analysis of polyamines in leaves at the same developmental stage showed that lines 

A and B did not differ significantly from each other in their polyamine contents: for 

hspd 980 and 935 nmol/g dry wt, for put 1502 and 1340 nmol/g dry wt, for spd 252.1 

and 281.1 nmol/g dry wt and for spm 5.3 and 13 nmol/g dry wt.  

 

As shown in Table 3-15, the content of free put decreased by 19.7% and 19.6%, that 

of free spd decreased by 84.8% and 79.1% and that of free spm decreased by 83.4% 

and 58.6%, whereas that of free hspd increased by 53.1-fold and 58.3-fold for lines A 

and B, respectively, when compared with wild type tobacco. Hence, the increase in 

the level of hspd in lines A and B compensated for the decrease of put and spd, the 

main substrates for the construction of hspd in higher plants (see Fig 4-4). Values of 

11.5 nmol/g dry wt of hspd were detected in wild type tobacco plants. Moreover, Ober 

et al. (2003 a) detected the presence of hspd in tobacco leaves (5.5 nmol/g dry wt). 

The hspd content determined in the wild type tobacco plant might have been 

attributable to DHS activity (Ober et al., 2003 a; Ober et al., 2003 b).  

 

From the analysis of soluble conjugated polyamines (Table 3-15), it is evident that 

production of hspd has a strong impact on the content of soluble conjugated spd 

when compared with its effect on free spd. It was reduced in lines A and B to 15.2% 

and 21%, respectively, when compared with wild type tobacco, and subsequently it 

had an obvious strong effect on the synthesis of spm. The content of soluble 

conjugated spm was below the detection limit in lines A and B when compared with 

wild type tobacco. The overexpression of HSS in transgenic line A and B also had an 

effect on the content of soluble conjugated put, which was reduced by 36.6% and 

41% for lines A and B, respectively, when compared with wild type tobacco. The 

soluble conjugated polyamines act as a reservoir for free polyamines and so they 

compensate for the reduction of free polyamines. 

 

In the case of non-soluble conjugated polyamines (Table 3-15), we observed that the 

HSS expression in the lines A and B had a strong significant effect on the content of 

non-soluble conjugated hspd. Non-soluble conjugated hspd was below the detection 
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limit in wild type tobacco, whereas its concentrations in lines A and B were 106.2 

nmol/g dry wt and 90.5 nmol/g dry wt, respectively, which represented amounts 

usually found for spd. A slight impact on the pool of non-soluble conjugated put and 

spd was noted with no effect on the content of non-soluble conjugated spm. 

 

The determination of free polyamines showed that polyamines were mainly present in 

their free forms in the three compared tobacco plant lines, i.e. transgenic lines A and 

B and wild type tobacco. The distribution pattern compared with that of free 

polyamines differed considerably. Put represented the major polyamine in the 

analyzed fractions of wild type tobacco and transgenic plants. Spd and hspd took 

second ranking in concentration in the wild type tobacco and transgenic lines, 

respectively. Endogenous levels of put, spd and spm decreased in transgenic lines A 

and B; in contrast, endogenous levels of hspd increased in transgenic lines A and B. 

Thus, the change of polyamine content is attributable to overexpression of HSS 

activity, since this is the predominant pathway for hspd biosynthesis from put and spd 

in PA-producing plants. Moreover, the decrease in spm content assumed to be 

caused by the overexpression of HSS, as it might consume spd in its synthesis of 

hspd, whereas spd is the main substrate for the synthesis of spm. 
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Fig 4-4 Comparison between wild type and transgenic tobacco lines A and B by the 
summation of the free soluble conjugated, and non-soluble conjugated spd and hspd, 
respectively, determined as nmol/g dry wt. f., free polyamines; s.c. , soluble conjugated 
polyamines; n.s.c, non-soluble conjugated polyamines. w.t., wild type tobacco; A, 
transgenic tobacco line A; B, transgenic tobacco line B. 
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The amounts of total spd content (free, soluble conjugated and non-soluble 

conjugated spd) collected together with the total hspd content in each sample, i.e. 

wild type tobacco and transgenic lines A and B, were almost the same (Fig 4-4). Spd 

is known to represent an essential substrate for the activation of eIF5A, as mentioned 

previously in the Introduction (chapter 1.2) (Park et al., 1993; Kang and Hershey, 

1994; Park et al., 1997; Caraglia et al., 2001; Caraglia et al., 2003). Hspd can be 

used as substrate instead of spd by DHS. It acts as aminobutyl donor for the 

modification of the eIF5A (lys) precursor protein (Ober and Hartmann, 1999 a).  

 

The phenotype associated with a gene function is often the best clue to its role in a 

plant. Mutant phenotypes can be broadly defined at the morphological level and 

provide information concerning interactions between various processes. Transgenic 

plants containing overexpressed HSS protein under the control of the CaMV 35S 

promoter have been developed. These transgenic plants express high level of hspd 

and low level of spd. 

 

The transgenic tobacco plant overexpressing HSS exhibits normal growth, despite 

containing low levels of spd (reduced by 78-80% when compared with wild type 

tobacco). Spd is considered as being an essential requirement for deoxyhypusine 

formation, indicating its importance in plant metabolism. Walden et al (1997) have 

demonstrated that the reduction of put, spd and spm levels changes the plant 

phenotype, including stunted growth, short internodes, and stem branching and small 

leaves. 

Here, the flowering and morphology of the transgenic lines exhibited no significant 

differences in comparison with wild type tobacco, although transgenic lines A and B 

had low contents of spd and spm. Some researchers have shown that flowering is 

retarded in the Arabidopsis plant by the reduction of endogenous spd levels 

(Applewhite et al., 2000). The rolA gene (one of the T-DNA genes involved in the 

pathogenesis of hairy-root diseases) is transferred naturally by Agrobacterium 

rhizogenes to the genome of host plants such as Nicotiana tabacum, in which it 

induces infertility in the resulting flowers; this can be corrected by a mixture of put 

and tyramine, indicating that the expressed rolA gene inhibits flowering through 

interference with polyamine conjugation (White et al., 1985; Martin-Tanguy et al., 

1996; Spena and Langenkemper, 1997). Therefore, we consider that the deficiency 
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that might occur in the phenotype of transgenic tobacco plant attributable to 

decreases in put, spd and spm are compensated and overcome by the high level of 

hspd. This encourages us to assume that hspd has the same role of the spd. Of note, 

DHS can also use hspd as a substrate instead of spd. It acts as an aminobutyl donor 

for the modification of the eIF5A (lys) precursor protein (Ober and Hartmann, 1999 

a). Even so, we have observed that line B transgenic tobacco exhibits flowering two 

weeks earlier than line A and wild tobacco. Roussos et al (2004) have established 

that polyamines have a role in floral initiation of the pistachio plant. Thus, we 

conclude that the deficiency in spd can be counteracted by hspd. 

 

We observed, by HPLC analysis of polyamines, that the correction factor between 

cadaverine/spd was 1.18 and not 1.4 as given in Böttcher (1994) and Graser (1997), 

the correction factor between cadaverine/put was 0.75 and that for cadaverine/spm 

was 1.34. We discovered that this deviation resulted from the benzoyl chloride that 

we used for the benzoylation reaction. When we used a new charge, we obtained the 

same results as previously published, i.e. the correction factor between cadaverine 

and spd was 1.4, that for cadaverine/put was 1, and that for cadaverine/spm was 

1.95. Nevertheless, the original results were taken because the whole procedure was 

standardized, i.e. by using the same benzoyl chloride for each of the standards and 

the samples of polyamines.  

 

4.5. Specificity of the hss-promoter-hss gene-gfp/gusA construct on its 
expression in transgenic tobacco 

 

The HSS protein shows high specificity in its localization in specific cells of the 

endodermis and parenchymatous cells of the root cortex opposite the phloem. The 

hss-promoter of S. vernalis is responsible for the specific expression of HSS in 

certain tissues. Immunolocalization of the HSS protein in S. vernalis roots has been 

performed by means of a specific HSS antibody (Moll et al., 2002).  Anke (2004) has 

succeded in transforming the tobacco plant with an hss-promoter-gfp/gus construct 

and has observed that GUS is expressed in root only but without tissue specificity, 

i.e. in all the tissues of the roots, according to the GUS-colouring test. This result is 

unexpected as expression normally occurs only in specific tissues (see above). The 

genomic DNA of hss gene downstream of the hss-promoter may therefore provide a 
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signal that might interact with the hss-promoter and influence its specificity of 

expression. Accordingly, the specificity of the expression of gusA gene might be 

affected in certain tissues in the roots of transgenic tobacco. In our work, the hss-

promoter of S. vernalis upstream of the hss gene-gfp/gusA fusion gene was 

transferred by Agrobacterium tumefaciens into tobacco in order to observe the 

influence of genomic hss on hss-promoter specificity. 

 

The GUS-colouring test was performed on the transgenic lines of tobacco and gave a 

blue-coloured precipitate. The GUS blue colour test was performed for the leaves 

and roots of transgenic tobacco lines. The blue colour was only found in the roots of 

transgenic lines A, B and C, whereas no blue colouration was observed in the tested 

leaves or in any tissue of the wild type plant. This result confirmed the previous 

observation that the hss-promoter is active only in roots (Moll et al., 2002) and 

corresponded to the result of Anke (2004).  

 

4.5.1 RT-PCR and frameshift analysis 

 

For further confirmation, RT-PCR was performed for the detection of any poly (A)-

containing mRNA (Folz and Nepluev, 2000; Smith et al., 2001). This method was 

applied to establish that the cDNA corresponding to hss gene was devoid of introns 

and thus was correctly spliced within tobacco. Total RNA extract was treated with 

DNaseI in order to avoid contamination with genomic DNA or Agrobacterium 

plasmids (Huang et al., 1996). The PCR product was cloned in pGEM vector and 

sent for sequencing. Sequencing confirmed that the resulted cloned PCR was devoid 

of introns of the hss gene. A single base was however missing at position 991. This 

deletion resulted in a frameshift and consequently to a premature stop codon at 

position 334 of the amino acid sequence. To test whether this premature stop codon 

was a sequence artefact, dot blot analysis of the total protein extract of the transgenic 

tobacco line C was performed with a specific HSS antibody (Moll et al., 2002) This 

analysis established that the HSS-GFP/GUS fusion protein was well expressed in 

line C as shown in Fig 3-30 and Fig 3-31.  

Possible explanations for the missing nucleotide at position 991 could be: 

1- It is attributable to a sequencing artefact. 
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2- Two copies of mRNA were transcribed because of inefficient splicing of the 

pre-mature mRNA. The blue precipitate obtained by the GUS-colouring test 

confirmed that the construct of hss gene-gfp/gus was correctly spliced within 

the tobacco plant. 

3- The original construct within the plasmid pCAMBIA 1304K was confirmed to 

have no frame shift by sequencing (see chapter 3.4.2.1). Hence, a mutation 

might have occurred in the Agrobacterium during the transformation of the T-

DNA into the tobacco discs resulting in the transformation of two different 

copies of T-DNA. Unfortunately, transformed cells often produce mutations 

ranging from single base or small rearrangements to the loss of the entire 

chromosomes (Bent, 2000). 

4- A chromosomal rearrangement may have occurred resulting in the deletion of 

the nucleotide (Vanin, 1985) and giving two copies of the gene within the 

genomic DNA of the tissues. 

 

A comparison was then performed between the transgenic tobacco containing hss-

promoter-hss gene-gfp/gusA as described above and the transgenic tobacco 

containing the hss-promoter-gfp/gusA of Anke (2004) by using the GUS-colouring 

test. We observed that both tobacco lines gave positive results in the GUS test i.e. 

blue colour only in the roots. Tobacco roots harbouring the hss-promoter-hss gene-

gfp/gusA gene gave a fainter blue colour, with a slightly higher concentration in the 

vascular bundle. On the other hand, transgenic tobacco harbouring hss-promoter-

gfp/gusA gave a more intense blue colour distributed all over the tissues of the root. 

Whole roots and transverse root sections of both transgenic tobacco lines are shown 

in Fig 4-5 and Fig 4-6. We conclude that the hss-gene has no significant influence on 

the expression of the GUS protein within the tissue of the tobacco roots. Moreover, 

the tobacco plant has been observed to express certain enzymes, such as 

hyoscyamine 6ß-hydroxylase (H6H), in an unspecific manner. H6H is the last 

enzyme of scopolamine biosynthesis and has been shown to be expressed only in 

the pericycle of young roots of Hyoscyamus niger and Atropa belladonna (Kanegae 

et al., 1994; Suzuki et al., 1999). The h6h-promoter has been cloned upstream of the 

β-glucuronidase (GUS) reporter gene and transformed to tobacco (Nicotiana 

tabacum), which has no endogenous h6h gene. Histochemical analysis has shown 

that GUS expression occurs only in the meristem of the hairy roots of transgenic 
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tobacco and not in the pericycle as in young roots of Hyoscyamus and Atropa plants 

(Kanegae et al., 1994; Suzuki et al., 1999). Our study indicates that the cell-specific 

expression of the hss gene is controlled by genetic regulation that is specific to PA-

producing plants and that is not present in tobacco. 

 

 

Fig 4-5 comparison between WT, wild type tobacco; 1, hss-promoter-gfp/gusA-

harbouring transgenic tobacco and 2, hss-promoter-hss gene-gfp/gusA-harbouring 
transgenic tobacco after incubation in GUS staining solution for 18 h. 
 

 
Fig 4-6 comparison between transverse sections of 1, hss-promoter-gfp/gusA harbouring 
transgenic tobacco and 2, hss-promoter-hss gene-gfp/gusA harbouring transgenic 
tobacco after incubation in GUS staining solution for 18 h. 
 
   

 

1 2 
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4.6. Phytohormone dependency of HSS expression in Senecio vernalis and 
Eupatorium cannabinum 

 

HSS expression in Eupatorium cannabinum roots has been established to reach its 

maximum concentration in the budding stage, before the first flowering bud opens. 

After this stage, the HSS expression level decreases dramatically (Anke, 2004). The 

expression of some genes is regulated by auxins, cytokinins and ethylene 

(Roudrigues-Pousada et al., 1999; Catala et al., 2000; Liu et al., 2005). Auxins, e.g. 

IAA, transcriptionally activates the expression of certain genes in some plants (Abel 

et al., 1994).  

Several types of hormone interactions are needed for fruit development. First, the 

biosynthesis of hormones may be affected by the presence of other hormones. 

Second, the signal transduction component(s) of one hormone may affect the 

pathway of another hormone. Third, two hormones from different classes present in 

different concentrations may affect the development of the fruit, as one of them might 

trigger an event, whereas the other might be required to accomplish that event (Ozga 

and Reinecke, 2003). Phytohormones modulate several processes in the growth and 

development of tissue cultures. The control of these events has been found to be 

attributable to the simultaneous interaction of various plant hormones, rather than to 

the effect of a single hormone (Roudrigues-Pousada et al., 1999). 

 

Here, we have subjected roots of Senecio vernalis and Eupatorium cannabinum to 

various types of phytohormones at different concentrations. Western blot has been 

performed on protein extracts of both species for analysis of the HSS expression 

level. In the examined phytohormones at the concentrations employed here, we have 

found no influence on the expression of HSS in either Senecio vernalis or 

Eupatorium cannabinum. Other factors may therefore influence the expression of 

HSS in Senecio vernalis and Eupatorium cannabinum, such as the usage of 

alternative combinations of phytohormones at different concentrations from those 

studied here. 
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5. SUMMARY 

 

1- DHS-encoding cDNA of Tagetes (family Asteraceae) has been identified by 

using a degenerate oligonucleotide primed PCR cloning strategy. DHS/HSS 

assays indicate that the extracted Tagetes-DHS recombinant protein catalyses 

the formation of both homospermidine (hspd) and deoxyhypusine bound to the 

eIF5A substrate protein. The sequence of Tagetes-DHS shares all strictly 

conserved residues found in the primary structure of the DHS and HSS 

enzymes of S. vernalis (family Asteraceae). This represents further support for 

two independent recruitments of HSS from DHS within the Asteraceae family 

(tribe Senecioneae and Eupatorieae).      

 

2- Tissue culture of S. jacobaea has been successfully established. Callus, 

primordia and shoot regeneration of S. jacobaea have been achieved in MS 

media supplemented with 0.1-1.0 mg/l BAP and with 0.05-0.1 mg/l NAA. The 

regenerated shoots have the ability to root in MS medium without 

phytohormones. This establishment of a tissue culture for S. jacobaea is the 

first step towards creating a method for transgenic S. jacobaea. 

 

3- A protocol for the genetic transformation of S. jacobaea has been established. 

The gusA gene under the control of CaMV 35S promoter has been introduced 

into the S. jacobaea plant with the help of Agrobacterium tumefaciens strain 

EHA105. Agrobacterium strain EHA105 including the binary vector pCAMBIA 

1304 in the presence of acetosyringone is necessary for the transformation of 

T-DNA into S. jacobaea explants, i.e. petiole sections, hypocotyls or 

cotyledons, whereas the acetosyringone induces vir gene expression within 

the Agrobacterium, which in its turn activates T-DNA transformation into the 

wounded plant cells. Co-cultivation in the presence of light seems to increase 

transformation efficiency. Preconditioning of the hypocotyl and cotyledon 

explants help to increase the efficiency of transformation. The regenerated 

transformed plants have been subjected to the GUS-colouring test. The 

resulting blue colour in all parts of the examined plant indicates the successful 

transformation of S. jacobaea by the gusA gene. 
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4- The tobacco plant has been successfully transformed with cDNA encoding 

HSS of S. vernalis under the control of the CaMV 35S promoter. The resulting 

transgenic tobacco plants have been phytochemically analysed in order to 

determine whether the “recruitment“ of only the first specific enzyme (HSS) of 

pyrrolizidine alkaloids (PAs) biosynthesis is sufficient to explain the pathway 

evolution of PAs. Protein extracts of the regenerated plants, when subjected to 

Western blot analysis, have revealed that 15 transgenic plants express the 

HSS protein. Tracer technique analysis with [14C]putrescine, HPLC analysis, 

GC-NPD and GC-MS analysis have been performed on two lines A and B of 

the transgenic tobacco and, as a comparison, on wild type tobacco. The 

results indicate that the transgenic tobacco lines A and B harbouring cDNA 

encoding HSS overproduce large amounts of hspd that subsequently affects 

the polyamine pool within the plant causing a decrease in putrescine, 

spermidine (spd) and spermine contents. No difference in alkaloidal content 

has been seen between the transgenic lines A, B and the wild type tobacco. 

We conclude that the diamine oxidase enzyme within the tobacco plant might 

be not as specific with regard to accepting hspd to produce necine base as in 

S. vernalis. Morphological analysis of the transgenic lines A and B in 

comparison with wild type tobacco indicates no difference between the three 

lines. The transgenic tobacco plant lines A and B exhibit normal growth, 

despite containing low levels of spd. As spd is considered an essential 

requirement for deoxyhypusine formation, which in turn is essential for eIF5A 

activation, the overproduced hspd is assumed to replace the deficiency of spd 

and to undertake its important role in plant metabolism within the transgenic 

tobacco lines A and B.  

  

5-  Tobacco plants have been transformed by hss-promoter with the genomic 

DNA of the hss gene of S. vernalis upstream of the gfp/gusA fusion gene in 

order to test the influence of the genomic DNA of the hss gene on the 

specificity of the hss-promoter within tissues of tobacco. The GUS-colouring 

test has been performed on the transgenic tobacco. The blue colour indicating 

the presence of gusA has only been found in the root of the transgenic 

tobacco. Histochemical analysis performed on the transformed tobacco has 

indicated that the hss-promoter of S. vernalis is not recognized with the same 
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specificity in tobacco, even after the introduction of the hss gene downstream 

of the hss-promoter.  

 

6- No influence of the examined phytohormones at various concentrations has 

been found on the expression of HSS in either Senecio vernalis or Eupatorium 

cannabinum. 
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