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Summary 
The aim of this PhD study was to identify genes reducing susceptibility to powdery mildew, prepare 

constructs, introduce the genes of interest by Agrobacterium tumefaciens mediated transformation in two 

cultivars of Symphyotrichum novi-belgii, and to evaluate the outcome of this transformation to determine, 

whether a significant reduction in powdery mildew infection could be found. 

 

Plants are daily exposed to many types of pathogens in their surroundings, of which they are resistant to 

some and susceptible to others. In general, the plant resistance system is described by a four phase model 

also called the “zig-zag” model (Jones & Dangl 2006). First, the plant’s Pathogen Associated Molecular 

Patterns (PAMP)-Triggered Immunity (PTI) recognises the pathogen and initiates a basal defence 

mechanism. Then, the pathogen sends out effectors to block the PTI signalling. Thereafter, the plant uses 

an Effector-Triggered Immunity (ETI) to recognise the pathogen effectors resulting in a higher level of 

defence. Finally, the pathogen modifies its effectors to make them unrecognisable by the plant’s ETI, and 

thereby the plant becomes susceptible to the pathogen. Besides local immune responses, PTI and ETI 

activate long-distance defence reactions such as systemic acquired resistance (SAR) (Durrant & Dong 2004). 

 

The pathogen used in the present study was a powdery mildew sp., because S. novi-belgii in general shows 

a high susceptibility towards this disease. In Paper 1 the identification of the powdery mildew species that 

infects S. novi-belgii is presented. The species was identified as Golovinomyces cichoracearum based on 

morphology and a BLASTn analysis. At the same time, an identification of the powdery mildew species 

infecting Artemisia annua was attempted to see, if the two species matched (Paper 2). However, the 

BLASTn analysis was not conclusive, because the results had 95% similarity with several different 

Golovinomyces sp., and therefore, the identified species may in fact be a new species within the 

Golovinomyces genera. 

 

In order to transform S. novi-belgii a regeneration and A. tumefaciens mediated transformation protocol 

was described (Paper 3). Adventitious shoots were induced on leaf explants grown on a Murashige and 

Skoog medium with 1 mg l-1 6-benzyladenine (BA) in 15 out of 19 cultivars. An efficient transformation 

protocol for the S. novi-belgii cultivar ‘Victoria Fanny’ was established using co-cultivation with LBA4404 

resulting in direct shoot formation. In the cultivar ‘Victoria Jane’ transgenic shoots were best obtained after 

co-cultivation with A281 following a callus phase.  
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Based on a literature reviewed three genes were identified and selected to represent different strategies 

for improvement of disease resistance; RCC2 coding for a vacuolar chitinase that degrades chitin skeleton in 

the fungi, Ace-AMP1 coding for an AlLTP with an antimicrobial function of an unknown character, and 

VvWRKY1 coding for a transcription factor that regulates other genes involved in the resistance. The genes 

were inserted in S. novi-belgii ‘Victoria Fanny’ and the breeding line X1.105 using the developed 

Agrobacterium mediated protocol.  

 

A significant reduction in the level of infection of 44% was obtained, when X1.105 was transformed with 

Ace-AMP1, and the total level of infection across all three transgenes was also reduced significantly by 33% 

compared with the control. In addition, all three transgenes inserted in X1.105 resulted in a significant 

increase in the number of uninfected leaves with RCC2 having the highest effect followed by Ace-AMP1 and 

VvWRKY1. No significant differences were obtained in ‘Victoria Fanny’. 

 

An attempt to stack the transgenes was made, but no viable seedlings were obtained. 
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Resumé 
Formålet med dette Ph.d. studie har været at identificere gener, der sænker modtageligheden mod 

meldug, fremstille konstrukter, indsætte generne i Symphyotrichum novi-belgii ved hjælp af Agrobacterium 

tumefaciens medieret transformation, samt at evaluere udbyttet af transformationen for at bestemme, 

hvorvidt der blev opnået en signifikant reduktion af modtageligheden overfor meldug.  

 

Planter udsættes konstant for mange typer af pathogener fra deres omgivelser. Nogle er de modtagelige 

over for, og andre har de udviklet resistens imod. Generelt er planterne resistensmekanismer beskrevet 

ved hjælp af en model i fire faser kaldet zig-zag modellen (Jones & Dangl 2006). I første fase genkender 

planten patogenet via Pathogen Associated Molecular Patterns (PAMP)-Triggered Immunity (PTI). Derefter 

sender patogenet effektorer ud for at blokere PTI signaleringen, som planten ved hjælp af Effector-

Triggered Immunity (ETI) kan genkende, hvilket fører til et øget niveau af forsvar. Til sidst ændrer patogenet 

sine effektorer, så planten ikke længere kan genkende dem, hvilket gør, at planten igen bliver modtagelig 

overfor patogenet.  Udover lokale forsvarsrelaterede reaktioner aktiverer PTI og ETI også 

forsvarsmekanismer i andre dele af planten ved hjælp af langdistancesignallering. Dette kaldes for Systemic 

Acquired Resistance (SAR) (Durrant & Dong 2004). 

 

Til dette studie blev meldug anvendt som patogen, fordi S. novi-belgii generelt udviser stor modtagelighed 

overfor denne sygdom. I artikel 1 blev den art af meldug, der angriber S. novi-belgii identificeret som 

Golovinomyces cichoracearum baseret på morfologiske karakteristika og en sammenligning af DNA 

sekvenser ved hjælp af en BLASTn analyse. Sideløbende blev en identifikation forsøgt af den meldug art, 

der angriber Artemisia annua for at undersøge, hvorvidt det drejede sig om den samme art (artikel 2). 

Desværre var resultatet af BLASTn analysen ikke nøjagtig nok til, at en identifikation kunne foretages, da 

resultaterne kun var 95 % ens med flere arter af Golovinomyces. På baggrund af de foreliggende resultater 

tyder meget derfor på, at der at tale om en ny art indenfor Golovinomyces slægten. 

 

Til transformation af S. novi-belgii blev der udviklet en regenerations og A. tumefaciens medieret 

transformations protokol (artikel 3). 15 ud af 19 kultivarer dannede adventive skud på blad explantater 

placeret på Murashige and Skoog medium med 1 mg l-1 6-benzyladenine (BA). På baggrund heraf blev der 

udviklet en effektiv transformationsprotokol for S. novi-belgii sorten ‘Victoria Fanny’ ved co-kultivering med 

LBA4404, da det resulterede i direkte skuddannelse. I sorten ‘Victoria Jane’ blev transgene skud opnået ved 

at co-kultivere med A281 via en kallusfase.  
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Baseret på et litteraturstudie blev tre gener udvalgt til at repræsentere forskellige strategier til at forbedre 

planten sygdomsresistens; RCC2 kodende for en chitinase fundet i vakuolen, som nedbryder svampens 

chitin-skelet, Ace-AMP1 som koder for en AlLTP med en antimikrobiel funktion af ukendt karakter, og 

VvWRKY1 der koder for en transkriptionsfaktor, som regulerer en række andre gener involveret i resistens. 

Generne blev indsat i S. novi-belgii ‘Victoria Fanny’ og X1.105 ved brug af den udviklede 

transformationsprotokol.  

 

Resultaterne viste en signifikant reduktion af infektionsniveauet på 44 % i X1.105 efter transformation med 

Ace-AMP1, og det totale niveau af infektion på tværs af alle tre transgener blev reduceret med 33 % 

sammenlignet med kontrollen. Derudover viste resultaterne en signifikant forøgelse af antallet af 

uinficerede blade efter indsættelse af de tre gener i X1.105. RCC2 havde den højeste effekt efterfulgt af 

Ace-AMP1 og VvWRKY1. Der blev ikke fundet signifikante forskelle i ‘Victoria Fanny’. 

 

Det lykkedes ikke at gennemføre en krydsning af transgenerne, da ingen af de levende kimplanter 

indeholdt de ønskede transgener.  
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Figure 1: 'Royal Ruby' 

 
Figure 2: 'Purple Viking’ 

Figure 3: ‘Victoria Fanny’ 

 

1. Introduction 

Symphyotrichum novi-belgii (L.) G.L.Nesom (syn. Aster novi-belgii L.) (New York Aster, Michaelmas daisies)  

is the type species of Symphyotrichum, a genus of the family Asteraceae, that earlier was included  in the 

genus Aster (Nesom 1994). The species is native to Canada and 

the United States, where it grows in moist meadows, scrub 

land, and shores, and has been developed into a widely used 

garden ornamental (Nesom 1994) 

Until the mid-1980s S. novi-belgii was commonly used only as a 

garden perennial for herbaceous borders. Around 1985 the 

production of potted S. novi-belgii started on the basis of old 

garden cultivars and/or cultivars used in the cut flower industry. 

A large number of cultivars were tested, and mainly three 

cultivars were suitable for potted plant production with ‘Royal 

Ruby’ as the best. ‘Royal Ruby’ had the low and compact growth 

and many flowers that the growers wanted, and therefore it 

became the ancestor of the majority of later S. novi-belgii 

cultivars. 

 

The Danish breeding program started in 1989 and is financed by 

the Danish Aster Club (www.aster.dk), and the first cultivar 

‘Purple Viking’ was introduced in 1993. In order to achieve 

flowers with more ray florets and therefore longer keeping 

quality, the ‘Victoria’ cultivars were introduced in 2000.  

 

Right now (2011), S. novi-belgii is among the 10 largest 

ornamental potted plant commodities in Denmark and has been 

so for ten years with an annual production around 7 million 

plants (Anon 2011).  

 

A large part of the breeding of S. novi-belgii as a potted plant is done in Denmark, and the focus is on flower 

colours, numbers of whorls of ray florets, disease resistance, compact growth and short production time as 

well as longevity of the lower leaves and a high percentage of flowering top shoots. In the primary gene 

http://en.wikipedia.org/wiki/Type_species
http://en.wikipedia.org/wiki/Symphyotrichum
http://en.wikipedia.org/wiki/Genus
http://en.wikipedia.org/wiki/Asteraceae
http://en.wikipedia.org/wiki/Aster_(genus)
http://en.wikipedia.org/wiki/Canada
http://en.wikipedia.org/wiki/United_States
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pool of S. novi-belgii there is a large variation with respect to all traits. Combining all traits to generate a 

series of cultivars with different flower colour but similar growth requirements is challenging, because S. 

novi-belgii is out-crossing and very heterozygotic (Kristiansen et al. 1997).  

 

In general, S. novi-belgii is a healthy species, but it is highly susceptible to the powdery mildew 

Golovinomyces cichoracearum (Mørk et al. 2011) and therefore sulphur fumes and/or pesticides are used 

when needed. An alternative to this is to produce resistant plants through breeding programs. This has 

been tried previously resulting in some cultivars with increased resistance.   

 

This project was initiated to investigate, whether transgenes could be used in a more applied approach to 

broaden the resistance gene pool in S. novi-belgii and help breeders create more powdery mildew resistant 

plants. Therefore, the overall aims of this PhD. study were: 

• To identify genes increasing powdery mildew resistance  

• To transform two cultivars of S. novi-belgii with the genes of interest  

• To evaluate the effect of the transgenes in S. novi-belgii on powdery mildew resistance level and 

their relevance to the industry.  

To reach these aims it was necessary:  

• To identify the cause of the disease and determine, what species of powdery mildew S. novi-belgii 

is infected by  

• To investigate strategies to increase plant resistance using a transgenic approach and to identify 

genes representing these strategies  

• To establish an efficient regeneration and transformation protocols for S. novi-belgii 

• To establish PCR protocols for genomic DNA and mRNA, to verify the transgenes and to determine 

the expression levels 

• To establish inoculation and disease scoring protocols to document the resistance level in the 

obtained transgenic lines of S. novi-belgii.  

Prior to this Ph.D. project, unpublished regeneration and transformation protocols for several cultivars of S. 

novi-belgii were developed by my supervisor Karen Koefoed Petersen. The obtained data is included in this 

thesis as Paper 3.      
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Figure 4: Distribution of transgenic crops with fungal (FR), viral 
(VR) and bacterial (BR) disease resistance in the U.S. field trials 
applications from 1987 to 2009. In total, there have been 
15,850 field test release applications for transgenic crops in the 
United States. Out of these, 2003 occurrences deal with disease 
resistance: 853 for fungal, 983 for virus, and 167 for bacterial 
resistance. From Collinge et al (2010) 

 

2. Transformation of ornamentals 
Transgenic crops have been on the market since 

1996 and can now be found in 25 countries 

worldwide, but only 10% of the total number of 

approved field trials with GMO in North America 

are with transgenic disease resistant plants 

(Collinge et al. 2010). This number has been 

stable for the last 15 years. Instead of 

developing a commercial production with 

disease resistant plants, the main focus has 

been on developing plants with herbicide 

resistance for weed control and Bt resistance for 

insect control. USA accounts for more than half 

of the global area with transgenic crops and 

Europe has less than 1% of the global area 

(Collinge et al. 2010). The main reason for this is 

that the public opinion in Europe towards 

transgenic crops is far more negative. This 

makes it difficult to commercialise any 

transgenic plants on the European market Figure 

4 displays the distribution of transgenic crops 

with fungal, viral, and bacterial disease 

resistance in the U.S. field trials applications 

from 1987 to 2009. Not surprisingly, it shows 

that the largest group of plant species are food 

and feed crops.  

 

Floriculture is a very important part of the 

horticultural industry (Chandler & Brugliera 

2011), and the global value of floriculture is 

estimated to between 100-150 billion Euros with 

major markets in Europe, North America and 

Japan(Chandler & Tanaka 2007). Floriculture 
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includes bedding plants, foliage plants, cut-flowers and potted plants. The economy of several developing 

countries such as Costa Rica, Colombia, Kenya, Ethiopia and Ecuador depend on the floriculture industry 

(Chandler & Brugliera 2011). The most traded cut-flowers and flowering species are listed in Table 1 below.  

 

Most cultivars of agricultural and 

horticultural crops have been developed 

through traditional plant breeding. The 

latest techniques in plant breeding make use 

of molecular approaches such as genetic 

transformation and marker assisted 

breeding. In principle, it is possible with 

transformation to pick a particular trait, find 

one or several genes coding for this trait and 

insert, remove or alter these in a chosen 

plant to see, if the plant express the wanted 

trait. Thereby, the goal can be reached much 

quicker than with traditional breeding and 

without having any unwanted genes in the 

plant. 

 

Until now, transformation of ornamental 

plants has lacked behind genetic modification of important food and fibre crops. Development of 

transformation protocols is costly and time consuming, and there are many obstacles, before a return on 

investment can be generated. At the same time the transformation protocol is cultivar dependent. A large 

amount of species have been transformed by researchers, but only a few have reached a level, where they 

have become economically profitable to bring it on the market. Within the major agronomic crops there 

are relatively few species to focus on, and each type of crop is bred across a vast area of land. Therefore, 

the high economic cost of producing transgenic crops can be turned to a profit much faster than within 

ornamentals, where numerous plant species and cultivars are grown, and not one species represents an 

economical potential similar to for instance corn or cotton (Brand 2006). Nevertheless, the number of 

transformation systems that have been developed is increasing, and constructs other than reporter genes 

are continuously being introduced into important ornamentals. Currently, a large variety of ornamental 

Table 1: The most traded cut-flowers and flowering potted plants in  
alphabetic order. Modified from Chandler and Brugliera (2011). 

Cut-flower species Flowering potted plant species 

Alstroemeria African Violet 

Carnation Azalea 

Chrysanthemum Begonia 

Freesia Chrysanthemum 

Gerbera Cyclamen 

Hypericum Hortensia 

Iris Kalanchoë 

Lily Lily 

Lisianthus Pelargonium 

Rose Petunia 

Tulip Phalaenopsis 

 Poinsettia 

 Primula 

 Rose 
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genera have been subject to transformation, but only a limited amount has reached the commercial 

market. 

 

Economic reasons are not the only obstacles for commercialisation of transgenic ornamentals. They have to 

pass the approval processes as a new cultivar also. Another obstacle is the large amount of patents in the 

biotechnological industry. The methods used in the present study as well as the transgenes are all 

patented, so if the plants are used in a commercial context a fee has to be paid to the patent owner for 

every plant produced.       

2.1 Transformation protocols 
Looking at transformation protocols of ornamental plants (as e.g. listed in Brand (2006)), it is clear that 

there are some similarities in the way that the experiments have been set up. The majority of the 

experiments are conducted on dicotyledonous plants; probably because the majority of the floricultural 

plants are belonging to this group. The preferred tissue varies from protocol to protocol, but stem and leaf 

explants are often used in adult tissue and hypocotyls or cotyledons from seedling tissue. From the orchids 

the protocorm like bodies are the preferred choice of explants. The choice of transformation technique is in 

most protocols Agrobacterium tumefaciens mediated transformation followed by particle bombardment as 

second choice. The mostly used vectors are AGL0, LBA4404 and EHA101, but others are used as well. 

Kanamycin (nptII) resistance as selection marker is very common, even though it can cause implications, if 

the product has to be registered for commercial use, especially in European countries because regulations 

are very strict to avoid the spread of bacterial resistance. The majority of the transformation systems are 

using the CaMV 35S promoter for dicots and the maize ubiquitin 1 promoter for monocots to obtain a high 

level of transgene expression. For protocol development the marker gene uidA coding for β-glucuronidase 

(GUS) are often inserted without any gene of interest. When a gene of interest has been inserted, the focus 

from the researchers has been on traits such as flower colour, plant size and architecture, vase life, and 

disease resistance resistance (Brand 2006; Chandler & Tanaka 2007). In newer reviews programming of 

flowering time has also started to show up (Chandler & Brugliera 2011). Some of the transformation results 

within floriculture are briefly discussed in the following sections.      

2.1.1 Flower Colour 
Flower colour is one of the most important traits in the breeding of flowering ornamentals. Because many 

plant species do not have the ability to produce flowers in the full colour spectrum due to the lack of 

certain flavonoids, the use of genetic modification to gain a new flower colour for a specific species has 

been the subject of many studies. To accomplish this knowledge about the colour chemistry of the plant 

species in question is need. The three main pigment classes are flavonoids, carotenoids and betanoids. 
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Flavonoids give pale yellow to red to blue flowers (Chandler & Tanaka 2007; Chandler & Brugliera 2011), 

while carotenoids and betanoids give yellow and orange colours. One of the earliest studies on 

modification of the flower colour was done in Petunia hybrida by manipulation of the flavonoid pathway 

(Meyer et al. 1987). Since then, the molecular basis of the flavonoids has been determined (Tanaka et al. 

2010). Flavonoids are divided in to anthocyanins, giving pink, red, violet and blue colours, flavones and 

flavonols, which are colourless co-pigments that enhance colour and contribute to blueing of anthocyanins, 

and aurones, which are yellow flower pigments (Chandler & Brugliera 2011). 

 

The regulation of flower colour is complex and controlled by many factors and detailed descriptions of 

flower colour alteration have to be found elsewhere (Chandler & Brugliera 2011; Tanaka et al. 2010). 

However transgenic cultivars with new flower colours are sold on the market. Examples are the Moon® 

series of blue carnation and the transgenic Suntory blue rose APPLAUSETM (Figure 5) (Tanaka et al 2009).  
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Figure 5: Alterations in flower colour. From Chandler and Tanaka (2007).  
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2.1.2 Flower and Leaf Longevity 
Plant appearance and keeping quality are of major importance in flowering pot plants and cut flowers. Leaf 

and flower senescence is mainly regulated by the levels of ethylene and cytokinin in the plant. Production 

of ethylene in plants is a 3 step process (Figure 6) (Yang & Hoffman 1984). First, Methionine is converted to 

S-Adenosyl Methionine (AdoMet). Then, 1-aminocyclopropane-1-carboxylic acid (ACC) synthase facilitates 

the conversion of AdoMet to ACC. Finally, ACC oxidase transforms ACC to ethylene using oxygen. It is 

possible to control the ethylene synthesis by altering either the ACC synthase or the ACC oxidase step. In 

Torenia fournieri Aida and coworkers (2008) inserted a fragment of the ACC oxidase in sense and/or 

antisense direction and found that lines from both types displayed a significant greater longevity than the 

wild-type plants.  

 
Figure 6: The ethylene biosynthesis pathway and the Yang cycle (Kieber & Gepstein 2010). 

Another way to reduce ethylene sensitivity is to insert mutated ethylene receptors in the plants. If the 

mutation is in the binding site of the receptor, the function will be lost. Even though five ethylene receptors 

have been found, ethylene insensitivity is achieved if the binding site of one receptor in changed (Hall et al. 

1999). Ethylene insensitivity has been obtained in e.g. Kalanchoë, Campanula, Rhipsalidopsis, Oncidium and 
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Odontoglossum by insertion of the mutated ethylene receptor etr1-1 from Arabidopsis (Mibus et al. 2009). 

It is important that the insensitive ethylene receptor is limited to the flowers, because ethylene affects 

various processes in the plant including disease sensitivity and regulation of vegetative propagation (Mibus 

et al. 2009). Narumi et al (2005) constructed a mutated ethylene receptor in chrysanthemum, where the 

mutated mDG-ERS1 receptor, similar to etr1-4 from Arabidopsis, reduced leaf senescence occurring prior to 

flower senescence. The transformed lines showed reduced ethylene sensitivity, and the leaves stayed green 

longer than the wild-type plants.  

 

It is worth noting that not all plant species have flowers that are sensitive towards ethylene, and for these 

species the described strategies cannot be applied. An example is Gladiolus, on which exogenous ethylene 

and ethylene inhibitors have no effects on the petal senescence process, and therefore other strategies 

have to be chosen to improve longevity.   

2.1.3 Flowering Time 
In ornamentals, a uniform and precise flowering can help reduce the production costs and improve the 

productivity. In commercial greenhouse productions flowering is controlled by photoperiod, chilling and/or 

the use of plant growth regulators (Chandler & Brugliera 2011). The control of flowering by genetic 

manipulation may be ‘switched-off’ to enable the plants to set flowers under day-neutral conditions. Two 

types of genes, meristem identity genes and floral organ identity genes, regulate floral development (Coen 

& Meyerowitz 1991). The first type of genes encodes transcription factors that are necessary in the positive 

regulation of the initial induction of organ identity genes. Examples from Arabidopsis of this type of genes 

are: APETALA1 (AP1), and LEAFY (LFY) and SUPPRESSOR OF CONSTANS 1 (SOC1) also known as AGAMOUS-

LIKE20 (AGL20). These meristem identity genes are critical in the genetic pathway and must be activated to 

establish floral meristem identity. The second type of genes determines where the different organs within a 

plant are formed.  Most plant homeotic genes belong to a class of related sequences known as MADS box 

genes and many of these determine floral organ identity. In Arabidopsis five genes have been specified that 

encode homeotic transcription factors: APETALA1 (AP1), APETALA2 (AP2), APETALA3 (AP3), AGAMOUS (AG) 

and PISTILLATA (PI).  

 

The homeotic genes are divided into three categories (the ABC model of floral development) (Coen & 

Meyerowitz 1991). Type A activity is encoded by AP1 and AP2 and controls organ identity in the sepals and 

petals. Loss of type A activity causes formation of carpels instead of sepals in the first whorl, and of 

stamens instead of petals in the second whorl. Type B activity encoded by AP3 and PI controls organ 

determination in the second and third whorls. Loss of type B activity results in the formation of sepals 
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instead of petals in the second whorl and carpels instead of stamens in the third whorl. Type C activity 

encoded by AG controls events in the third and fourth whorls. Loss of type C activity results in the 

formation of petals instead of stamens in the third whorl. Without type C activity the fourth whorl, which 

normally is a carpel, can be replaced with a new flower. 

 

Shulga and co-workers (2008) transformed chrysanthemum with three AP1 homologue genes HAM75 and 

HAM92, from sunflower and CDM111 from chrysanthemum. Chrysanthemum flowers normally under short 

day conditions and little is known about the genetic regulation of flowering in chrysanthemum. In 

Arabidopsis thaliana, CONSTANS (CO) and FLOWERING LOCUS T (FT) are involved in day length regulation of 

flowering. They up-regulate the floral meristem identity genes LEAFY (LFY) and APETALA1 (AP1). 

Constitutive over-expression of the compositae AP1-homologs in cut chrysanthemum under long-day 

conditions did not affect plant development. However, under short day conditions transgenic plants started 

bud initiation two weeks earlier than wild type chrysanthemum.  Also the flower bud development was 

faster resulting in a 5 week reduction in production time.  

 

Thiruvengadam and Yang (2009) transformed Eustoma grandiflorum by insertion of two MADS box genes 

from lily and orchid. The genes were under control of constitutive promoters and the results showed that 

the second whorl of petals was converted into sepal-like structures, and a third whorl of stamen formation 

was observed. Plants expressing both genes at the same time flowered significantly earlier than the wild-

type. 

 

Using genetic modification, Natkasuka et al. (2009) reduced the time to flowering of ornamental gentian 

from one year to four months by insertion of the Arabidopsis FLOWERING LOCUS T (FT) gene, which 

encodes for a major component protein of the flowering hormone ‘Florigen’.  

2.1.4 Plant Size and Architecture 
Other important factors that contribute to the general appearance of ornamentals are the size and 

architecture of the plants. Control of plant height is done in the commercial production of many potted 

plant cultures, where the distribution and retail still require a compact growth. This is done by 

combinations of pruning, in order to break the apical dominance, chemical growth retardants, climate 

control and other strategies like reduced water or nutrient availability and mechanical stress. To achieve 

more compact growth several studies have focused on limiting the growth using different transgenic 

strategies.  
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In a recent study in Kalanchoë (Lütken et al. 2010) the short internode (shi) mutant gene from Arabidopsis 

under the control of both a 35S promoter and the gene’s own promoter. Dwarfing phenotypes with 

reduced height and diameter as well as more compact inflorescences were achieved. When the gene was 

under the control of the original promoter, the flower longevity was increased.  

 

Another strategy to reduce plant height is the use of root loci genes (rol genes) from Agrobacterium 

rhizogenes. The bacterium inserts genes into the plant, which alter the endogenous hormone levels and 

thereby reduce the growth of the plant. Examples of ornamentals transformed with rol genes are 

Antirrhinum majus (Handa 1992a), Datura sp.(Giovannini et al. 1997), Eustoma grandiflorum (Giovannini et 

al. 1996; Handa 1992b; Handa et al. 1995), Gentiana sp. (Hosokawa et al. 1997; Momcilovic et al. 1997; 

Suginuma & Akihama 1995; Vinterhalter et al. 1999), Kalanchoë (Christensen et al. 2008) and Pelargonium 

sp. (Pellegrineschi & DavolioMariani 1996; Saxena et al. 2007). Besides altering plant height, insertion of rol 

genes can increase or reduce the time to flowering, increase the number of flowers, reduce the flower size, 

change the flower shape and reduce the fertility and seed set as well as change the leaf morphology and 

colour (Christensen & Müller 2009).  

 

A study in carnation has shown that the insertion of PttKN1 (Populus tremula X Tremuoides knotted 1), a 

member of the KNOX gene family (Meng et al. 2009), could alter plant morphology. KNOX genes are 

differentially required for meristem development and reduce  cell expansion and differentiation associated 

with organogenesis (Scofield & Murray 2006). Meng (2009) observed modification in phyllotaxis, with leaf 

position changing from opposite to whorled, modifications in the stem changing from round to thicker and 

flatter as well as dwarfism .  

 

Alteration of the gibberellin pathway has been reviewed by Bhattacharya et al (2010). They concluded that 

gibberellin modifications either induced dwarfism or increased plant height. Dwarfism has been achieved 

mainly using the PcGA2ox1 gene encoding a GA2 oxidase from runner bean (Thomas et al. 1999). GA2 ox 

catalyses the degradation of GA1 and GA4, and thereby reduces the active form of Giberillic Acid (GA) 

(Figure 7). Insertion have produced dwarfed plants of Solanum malanocearasum, Solanum nigrum, Petunia 

sp and Nicotiana sylvestris, T. aestivum and O. sativa (Bhattacharya et al. 2010; Dijkstra et al. 2008; Hedden 

& Phillips 2000; Sakamoto et al. 2003).The genes have a multifunctional activity and have been identified in 

several plant species (Lee & Zeevaart 2002; Lester et al. 1999; Martin et al. 1999; Sakamoto et al. 2003; 

Thomas et al. 1999; Ubeda-Tomas et al. 2006). Ectopic expression of many different GA2 oxidase genes 

results in dwarfism. Dwarfism can be induced by other GA manipulating strategies as well. Examples of this 
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is antisense insertion of GA20 (Figure 7) (Bulley et al. 2005; Coles et al. 1999), interference of micro-RNA 

(RNAi), double stranded RNA against specific GA biosynthesis genes (Fire 1999; Sharp 2001) and the 

introduction of GA insensitive (GAI) genes  (Yasumura et al. 2007) are other ways to achieve reduced 

height.  

 
Figure 7: A portion of the GA biosynthesis pathway showing the metabolic steps that can be blocked by mutants or altered by 
genetic modification (Sponsel & Davies 2010) 

Experiments to increase the length of the plant using GA alteration has been achieved by overexpression of 

GA20 oxidase from various plant species, while overexpression with GA3 oxidase results in a significant but 

less dramatic effect (Chiang et al. 1995; Itoh et al. 1999; Lange 1997; Martin et al. 1997; Toyomasu et al. 

1998).       

2.1.5 Disease Resistance 
The most important factor for ornamental products for retail sales is the visual quality, especially for cut 

flowers and potted plants. Visible disease symptoms have a major impact on quality and consumer 

perception, and plant diseases can cause significant losses in the production of ornamental crops. At the 
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same time diseases are difficult to control, and as new plant species are introduced to new areas of the 

World as ornamentals, new diseases become a problem for the growers. 

 

Over the years, much research has been done in increased disease resistance using transgenes, but the 

challenge is to find resistance genes that are efficient enough to justify the costs of making the transgenic 

plant commercially viable.  

 

The use of resistant cultivars is the most commonly used strategy for control of disease in many agricultural 

crop species. Traditional breeding strategies require that sources of disease resistance genes can be 

identified within the primary and secondary gene pool. This is a difficult task in ornamentals, because of the 

large diversity of floral and nursery crop species that are susceptible to an equally large group of different 

pathogens, and because many genera of ornamental plants do not have a gene pool that includes the 

necessary disease resistance genes. In addition, ornamental plant cultivars have a limited life span, before 

new and more appealing cultivars are introduced making traditional breeding for disease resistance even 

more difficult. Finally, backcrossing through multiple generations may be required, which may lead to 

reduced resistance compared with the source material (Hammond 2006). This can be inhibited further by 

the fact that many ornamentals are vegetative propagated, because they cannot produce viable offspring 

 

It is important to bear in mind the diversity of pathogens, when attempting to find the right strategy to 

develop genetically modified disease resistant plants. The organisms are highly taxonomically diverse, and 

the major groups include cellular pathogens such as bacteria, fungi, and the algal oomycetes as well as 

molecular pathogens such as viruses. They are physiologically very different from each other, and therefore 

no single gene product can be expected to have a direct toxic effect on all types of pathogens. 

Consequently, enhanced disease resistance has been achieved using different strategies depending on the 

targeted pathogen.  

 

Collinge et al (2008) described a model that simplifies the different strategies used in research towards the 

creation of transgenic disease resistant plants (Figure 8). The most straightforward approach is to add 

genes encoding for antimicrobial proteins or peptides that originate from plants or other organisms either 

alone or in combination and express them constitutively (Figure 8; 1a). This approach includes new 

antimicrobial secondary metabolites, detoxification of the pathogen or destruction of pathogen signals. A 

variant concerns the use of pathogen-inducible promoters to regulate these anti-microbial factors (Figure 

8; 1b).  
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Another strategy concerns the manipulation 

and sharpening of the natural defence in the 

plant (Figure 8; 2a and 2b). This can be done by 

altering how the pathogen is detected (Figure 

8; 2a) or by changing downstream regulatory 

pathways including transcription factors (Figure 

8; 2b). In a third strategy, called pathogen 

mimicry (Figure 8; 3), the plant is primed to 

recognise a specific pathogen. This is also 

known as pathogen derived resistance or 

genetic vaccination (Collinge et al. 2008).      

 

The development of transgenic disease 

resistant plants may be divided into two 

generations of strategies. In the 1970’s and 

1980’s the research in plant defence 

mechanisms discovered and described many 

defence proteins (also known as Pathogenesis 

Related (PR) proteins), which are small 

peptides or secondary metabolites that possess 

direct antimicrobial activities (Figure 8; 1a) (Ferreira et al. 2007). The benefit of these PR proteins is that 

they are controlled by a single gene, which can be inserted in a large array of plants. This approach is still 

popular, and several transgenic crops included in field trials in USA have these types of genes inserted 

(Collinge et al. 2010).   

  

Using Arabidopsis mutational studies it has been possible to examine, how plants regulate their defence 

mechanisms when exposed to pathogens. As a result of these studies, the second generation of resistance 

experiments are targeted on regulation of the natural resistance level in the host plant (Figure 8; 2a, 2b and 

3) (Collinge et al. 2008).  

 

Transformation to increase disease resistance has been conducted in several ornamentals. The constitutive 

expression of a gene encoding a type 1 chitinase (RCC2) from rice decreased susceptibility towards gray 

 
Figure 8: A simplified model of defence illustrating succesful 
transgenic strategies. Strategy one concerns direct interference 
with pathogenicity or inhibition of pathogen physiology. Thus 1a 
involves constituative expression of antimicrobial factors and 1b 
involves pathogen induced expression of one or more genes in 
the transgenic plant. Strategy 2 concerns the regulation of the 
natural induced host defences. 2a concerns altering recognision 
of the pathogen (eg R-genes) and 2b concerns downstream 
regulatory pathways (e.g. SAR) and includes transcription factors. 
Strategy 3 is pathogen mimicry: the manipulation of the plant to 
prime recognision of a specific pathogen through pathogen 
derived gene sequences (genetic vaccination). (Collinge et al. 
2008) 
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mould in chrysanthemum with some of the lines showing full resistance after inoculation (Takatsu et al. 

1999). Saintpaulia transformed with Glucanase-chitinase genes increased the resistance against Fusarium 

oxysporum, Phytophthora sp., Pythium ultimum and Botrytis sp. (Ram & Mohandas 2003). In Petunia 

hybrida transformation with the Wasabi Defensin (WD) gene isolated from Wasabi japonica showed 

increased resistance towards Botrytis cinerea, Alternaria solani, Fusarium oxysporum and Erysiphe 

lycopersici (Khan 2011). In scented geranium and roses the non-specific lipid transfer protein Ace-AMP1 

was inserted resulting in increased resistance against Botrytis cinerea and Sphaerotheca pannosa (Bi et al. 

1999; Li et al. 2003).      

 

Several studies with the purpose to increase the resistance against virus infections have been conducted in 

ornamentals as well. In chrysanthemum the RNA specific ribonuclease gene (pac1) from the yeast 

Schizosaccharomyces pombe increased the resistance against Chrysanthemum Stunt Viroid and Tomato 

Spotted Wilt Virus. Trevisan and co-workers (2006) inserted a coat protein gene from Passion Fruit 

Woodiness virus into Passiflora edulis and obtained resistance against the virus. Clarke and co-workers 

(2008) used RNA silencing in transgenic poinsettia when the virus derived hairpin RNA gene was inserted 

resulting in an increased resistance against Poinsettia mosaic virus. The use of the hairpin gene was also 

chosen for a study in Chrysanthemum (Xu et al. 2010), where the hpaGXoo gene from the bacteria 

Xanthomonas oryzae pv. oryzae was inserted. The transgenic plants showed increased resistance against 

the fungi Alternaria tenuissima.         
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3. The Plant Immune System 
Plants are attacked by viruses, bacteria, fungi, protozoa, nematodes and insects (Glowacki et al. 2011). 

Therefore, appropriate defence responses are important and controlled by a complex system. During the 

evolution, plants have developed several defence strategies including chemical and physical barriers that 

are continuative elements of plant cell responses. Detection of pathogens is a prerequisite for plant cells to 

respond promptly to invading microorganisms. Plants, unlike mammals, lack mobile defender cells and a 

somatic adaptive immune system. Instead, they rely on the innate immunity of each cell and on systemic 

signals emanating from infection sites (Chisholm et al. 2006; Jones & Dangl 2006; Vakhrusheva & 

Nedospasov 2011). 

3.1 Innate Immunity 
The plant immune system is controlled by a four phase system with two branches, which functions as an 

attack-counterattack model called the “zig-zag” model (Figure 9) (Jones & Dangl 2006). The first phase of 

defence takes place, when a plant recognises a pathogen. With the help of Pattern Recognition Receptors 

(PRR) located in the cell membrane Pathogen Associated Molecular Patterns (PAMPs) are recognised and 

results in PAMP Triggered Immunity (PTI) (Figure 10a). The response is non-specific to pathogen type. 

PAMPs are substances not present in the plant host, but evolutionarily conservative and indispensable in 

microorganisms such as lipopolysaccharides (Gram negative bacteria), peptidoglycans (Gram positive and 

Gram negative bacteria), flagellin (eubacteria), glucans, mannans and chitin in fungal walls (Nurnberger & 

Kemmerling 2009). PTI is not only associated with plants, because PAMPs also trigger the immune 

responses in humans, mice, crustaceans and insects (Nurnberger et al. 2004). In plant pathology the name 

is more and more replaced with MAMP (Microbe Associated Molecular Patterns), because non-pathogenic 

microorganisms also contain PAMPs, which are recognised by the plant (Boller & He 2009).  

 

PTI is a nonspecific antimicrobial defence that is supposed to arrest and terminate microbial intrusion. This 

means that even harmless organisms will be recognised via the conserved PAMP receptors and activate the 

PTI. The PTI consists of reinforcements of the cell walls, synthesis of antimicrobial secondary metabolites 

(phytotoxins or toxins), and the accumulation of PR-proteins, which are peptides and low-molecular-weight 

proteins with toxic or lytic properties (van Loon 2009). An example of this is chitinase. PTI is evolutionarily 

the oldest system and the primary plant immune response. It has a role in the basal/non host immunity 

against pathogens and in avoiding weak infection attempts (Nurnberger & Kemmerling 2009). 
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Figure 9: The amplitude of defence in the different phases of the zig-zag model. Avr-R = R-protein detecting the effector (Avr 
gene product) in the gene-for-gene model. Modified after Jones and Dangl (2006). 

PRR contains often receptor-like proteins or Receptor-Like Kinases (RLK) that are attached to the cell 

membrane (Glowacki et al. 2011). PRRs are transmembrane proteins with an extracellular Leucine-Rich 

Repeat (LRR) and an intracellular protein kinase (Gomez-Gomez & Boller 2000). The two best characterised 

PRRs are FLAGELLIN-SENSING 2 (FLS2) (Gomez-Gomez & Boller 2000) and ELONGATION FACTOR-TERMO 

UNSTABLE RECEPTOR (EFR) (Shiu & Bleecker 2003) from Arabidopsis (see chapter 3.2). 

 

In the second phase of the zig-zag model the pathogen submits effectors that inhibit or block the PTI 

signalling resulting in increased susceptibility to the pathogen, which is called Effector Triggered 

Susceptibility (ETS) (Figure 10b). Effectors are molecules produced by the pathogen and transmitted to the 

host cell to intervene with and inhibit PTI. This means that effectors are specific avirulence factors that 

usually do not have a function in microbial growth. Each pathogen delivers dozens of effectors to the host 

cells (Bent & Mackey 2007). To overcome this, plants develop a second layer of defence including the gene-

for-gene system and the “guard system”(Glowacki et al. 2011). In the third phase effectors are recognised 

by intracellular receptors traditionally known as resistance proteins (R proteins), which trigger the Effector 

Triggered Immunity (ETI) (Figure 10c) (Bent & Mackey 2007; Glowacki et al. 2011; Vakhrusheva & 

Nedospasov 2011). R-proteins are located in the cytosol, and ETI is an accelerated and amplified PTI 

response resulting in disease resistance and usually also hypersensitive cell death response (HR) at the 

infection site (Figure 9) (Jones & Dangl 2006).  

 

1 2 
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Figure 10: Model for resistance in plants. Here an example is given for bacteria. a) Recognition of PAMP by extracellular 
RLKs promptly triggers basal immunity, which includes signalling through MAP kinase cascades and transcriptional 
reprogramming mediated by plant WRKY transcription factors. b) Pathogenic bacteria use the type III secretion system to 
deliver multiple effector proteins that target host proteins and suppress basal immune responses allowing significant 
accumulation of bacteria in the plant apoplast. c) Plant resistance proteins (R-gene products, such as TIR-NB-LRR protein) 
recognise effector activity and restore resistance through strong effector-triggered immune responses. d) Pathogens 
avoid R gene mediated defences by modifying or eliminating the effector(s) that triggers those defences. The state 
resembles that shown in b) except that the pathogen has to alter or lose an effector protein, or deploy an additional 
effector protein. Modified after Bent and Mackey (2007).     
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In the fourth phase the pathogen effectors triggering ETI are altered, so the plant is no longer capable of 

recognising them. This makes the plant susceptible to the pathogen, and the resistance is broken, but the 

pathogen is less virulent (Figure 10d).  

 

The direct recognition of effectors is very similar to the recognition of PAMPs by the PAMP receptors and 

known as the gene-for-gene model (Figure 11a).  The gene-for-gene nomenclature was used prior to the 

advent of molecular genetics and seen as an interaction between pathogens carrying single dominant 

genes (Avirulens genes) that caused them to be recognised by plant hosts carrying single dominant 

resistance (R) genes (Glazebrook 2005). The R proteins that recognise the effectors have been identified in 

several plant species including Arabidopsis thaliana, Populus trichocarpa and Medicago trunculata 

(Glowacki et al. 2011). The three-dimensional structure of R proteins are based on research of their animal 

homologs (Glowacki et al. 2011). Many identified R proteins carry a LRR domain, and a Nucleotide Binding 

(NB) site. The LRR and the NB domains are the two most crucial domains in the pathogen recognition 

process and the activation of signal transduction in the response to pathogen attack (Glowacki et al. 2011).         

  
 

The gene-for-gene model has been extended lately with the guard model, in which the pathogen is 

detected indirectly by the plant (Figure 11b). The guard model suggests that the plant recognises 

compounds of its own origin that should not be present normally, because they are only induced, when a 

pathogen is present, or when compounds with an altered 3D structure interact with the elicitor. These 

 
Figure 11: Different models for plant recognition. Modified from Glowacki 
et al (2011). 
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compounds are known as either Microbe Induced Molecular Patterns (MIMPs) (Mackey & Mcfall 2006) or 

Damage Associated Molecular Patterns (DAMPs) (Lotze et al. 2007). Most likely, MIMPs and DAMPs trigger 

the same signalling pathways as ETI. 

 

The latest research has shown that even though the zig-zag model is a simple and elegant way of describing 

plant resistance, there are many exceptions. Thomma and co-workers (2011) listed examples, where the 

theory of PTI and ETI as distinct defence responses, with PTI being a weak variant of ETI, is questioned. 

They conclude that apparently both ETI and PTI can be robust or weak, depending on the specific 

interaction and different molecules activating different defence signalling pathways, depending on the 

trigger, the receptor and possibly also the environmental conditions.      

3.2 Responses to Pathogen Recognition 
To study the early responses to pathogen recognition chemically pure PAMPs were applied to suspension 

cultured plant cells or cells in thin layers of plant tissue. After application, the PAMPS could reach all cells 

and trigger their receptors simultaneously, which made it possible to study the consecutive steps in the 

activation process (Boller & Felix 2009). Interference with signalling at precisely controlled time points was 

also possible. Time course studies of DAMPs indicate that the two types of signalling join each other in a 

common defence response. 

 

Among the earliest and most easily recordable physiological responses to PAMPs and DAMPs in plant cell 

cultures starting after 0.5-2 min is an alkalization of the growth medium due to changes in ion fluxes across 

the plasma membrane (Boller 1995; Nurnberger et al. 2004). These changes include increased influx of H+ 

and Ca2+, and a concomitant efflux of K+. An efflux of anions, in particular of nitrate, has also been observed 

(Wendehenne et al. 2002). The ion fluxes lead to membrane depolarisation (Mithofer et al. 2005). Not 

much is known about the ion channels or transporters involved in these ion fluxes (Boller & Felix 2009). 

However, PAMPs are known to stimulate an influx of Ca2+ from the apoplast and cause a rapid increase in 

cytoplasmic Ca2+ concentrations, which might serve as a second messenger to promote the opening of 

other membrane channels (Blume et al. 2000; Brunner et al. 2002; Lecourieux et al. 2002; Ranf et al. 2008) 

or to activate calcium dependent protein kinases (Ludwig et al. 2005). 

 

Another very early response to PAMPs with a lag phase of ≈2 min is an oxidative burst. Reactive oxygen 

species can act as antimicrobial agents directly, or they may contribute indirectly to the defence by causing 

cell wall cross linking. In addition, reactive oxygen species may act as secondary stress signals to induce 

various stress responses (Apel & Hirt 2004).  
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An early response to PAMP signals is an activation of Mitogen-Activated Protein Kinases (MAPK) signalling 

cascades. In Arabidopsis stimulated with flg22 (a PAMP) a transient increase in the AtMPK6 (an Arabidopsis 

MAPK) activity was observed starting with a lag phase of ≈1-2 minutes and peaking after 5-10 minutes 

(Nuhse et al. 2000). Activation of MAPK is accompanied by changes in the protein phosphorylation. In 

Arabidopsis dozens of proteins were posttranslational up and down regulated within minutes of flg22 

stimulation and phosphorylation was increased (Peck et al. 2001). 

 

Increased production of ethylene has also been found among the early responses. Typically, an increase in 

1-aminocyclopropane-1-carboxylate (ACC) synthase activity can be detected within 10 min of treatment 

with PAMPs (Spanu et al. 1994). 

 

Results from Arabidopsis have shown that receptors involved in pathogen recognition undergo ligand 

induced endocytosis within 10-20 minutes after stimulation. The receptors are moved from the plasma 

membrane to vesicles (Robatzek et al. 2006). This could either indicate a function after endocytosis or a 

way to remove and degrade the receptor (Robatzek et al. 2006).  

 

Treatment of Arabidopsis with flg22 or elf26 (PAMPs) induced almost 1000 genes within 30 minutes and 

down regulated approximately 200 genes (Zipfel et al. 2006; Zipfel et al. 2004). The patterns of gene 

regulation in response to flg22 and elf26 were almost identical indicating that signalling through the FLS2 

(receptor recognising bacterial flagellin, which is a PAMP) and EFR (receptor recognising bacterial EF-Tu 

(Elongation Factor-Termo unstable), also a PAMP) converges at an early step (Zipfel et al. 2006). In fact, 

other PAMPs such as fungal chitin or effectors seem to induce a similar set of genes (Ferrari et al. 2007; 

Libault et al. 2007; Ramonell et al. 2002), which suggests a similar gene activation response to all PAMPs 

and DAMPs. Interestingly, RLKs constituted a large part of the induced genes. FLS2 and EFR are among the 

induced genes indicating that one role of early gene induction is a positive feedback to increase PRR 

perception capabilities (Zipfel et al. 2006). 

 

Results from Arabidopsis have also shown that around 16 hours after infection, callose is deposited in the 

leaves (Gomez-Gomez et al. 1999). The biological function of this response is not clear (Boller & Felix 2009). 

Another late response in Arabidopsis towards PAMPs is seedling growth inhibition. The response may 

reflect a physiological switch from a growth to a defence program, and it may be connected to the 

induction of a miRNA that negatively regulates the F-box auxin receptors TIR1 (Transport Inhibitor 
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Response 1), AFB2 and AFB3 (auxin signalling F-box proteins 2 and 3), and the consequent down regulation 

of auxin responsive genes (Navarro et al. 2006). 

3.3 Transcriptional Regulation of Plant Defence Responses 
Pathogenic fungi can be divided in two categories. Biotrophic fungi live as parasites on the host plant and 

feed of the living cells in the plant, until the plant succumbs. Necrotrophic fungi kill the plant cells and feed 

of the dead organic matter. Plants have evolved different defence strategies against biotrophic and 

necrotrophic pathogens. Typically, the defence against biotrophic pathogens is mediated by a signal-

transduction route, in which endogenous plant produced Salicylic Acid (SA) plays a prominent role (Dong 

1998). In contrast, attacks by necrotrophic pathogens trigger signal-transduction pathways that are 

mediated by the signal molecule Jasmonic Acid (JA) (Chen et al. 2010; Howe 2004). Both signalling 

pathways interact with each other through extensive cross-talk occurring at different levels, while 

additional modulation of the defence response is brought about by the effects of a third signal transduction 

cascade triggered by ethylene (ET) (Kunkel & Brooks 2002). Studies of pathogen infected plants have shown 

that blocking of one of the two signalling compounds JA or SA may increase the amounts and expression of 

the other (Kloek et al. 2001; Spoel et al. 2003). 

 

During a biotrophic fungal attack PTI and ETI have been found to have significant overlap including 

production of SA and expression of SA regulated defence genes (Tsuda et al. 2008). PAMPs or MIMPs are 

recognised by the plant LRR receptor kinases and function as elicitors, which activate signal transduction 

from the receptor involved MAPK cascades with a subsequent positive or negative regulation of immune 

responses. In non-infected cells SA is only present in very limited concentrations, but upon an attack its 

level rises rapidly (Van Verk et al. 2009). In Arabidopsis the biosynthesis of pathogen induced SA depends 

on isochorismate synthase (ICS), the product of the ICS1 gene that converts part of the chorismate into 

isochorismate. Isochorismate is an intermediate in the synthesis of phylloquinone (Vitamine K1), which is an 

essential component in the plant’s photosynthetic machinery (Verberne et al. 2007; Wildermuth et al. 

2001). Apparently, after a pathogen attack isochorismate is channelled away from phylloquinone synthesis 

towards synthesis of SA (Van Verk et al. 2009).      

 

The process of plant defence is a complex machinery including multiple layers of regulation. Upon infection, 

and when the pathogen is recognised by the PRR, signal molecules are activating the regulators of a large 

array of proteins. To keep control of the process, each signal transduction pathway activates a distinct set 

of defence genes. Upon signal molecule application mRNA levels increase, making it evident that gene 
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expression must require a network of specific transcription factors that are activated or produced at the 

end of the signalling pathway. The steps leading to protein regulation are simplified in Figure 12.  

 
Figure 12: Schematic overview of the steps leading to plant response to pathogen infection.   

There are five main classes of transcription factors involved in the various defence pathways. Transcription 

factors are identified, classified and named according to their DNA-binding domains (Agarwal et al. 2011). 

They are AP2/ERF (or EREBP), MYB, bHLH, WRKY and bZIP. Many transcription factors involved in the JA and 

ET signal transduction are members of the AP2/ERF group, while the SA signal transduction involves mostly 

WRKY and bZIP members. 

 

The AP2/ERF group is a large family of plant transcription regulators with more than 140 predicted (from 

the sequence) members in Arabidopsis. The family is characterised by a 58-60 amino acid DNA binding 

domain first identified in APETALA2 (AP2) and the Ethylene Response Factors (ERF) also called the Ethylene-

Responsive Element Binding Protein (EREBP) (Van Verk et al. 2009). In Arabidopsis thaliana AP2 plays a role 

in the ABC model of flower development (See previous chapter) and works together with ERF as homeotic 

genes that control the anatomical development. Besides this, it has been demonstrated that members of 

this family have important functions in many biological processes, e.g. growth and development in 

response to environmental conditions (Van Verk et al. 2009).  

 

Plants do also have large MYB (myeloblastosis) families. Arabidopsis contains 125 MYB genes. The MYB 

transcription factors are involved in biosynthesis regulation of both primary and secondary metabolites, for 

example glucosinolates, that are important defence compounds against herbivores and microorganisms. 

MYB transcription factors are also involved during the hypersensitive response (HR) in Arabidopsis (Dubos 

et al. 2010) and play an important role in the defence against necrotrophic pathogens. MYB proteins are 

characterized by a highly conserved DNA-binding domain: the MYB domain. Generally, this domain consists 

of up to four imperfect amino acid sequence repeats of about 52 amino acids, each forming three a-helices 

(Dubos et al. 2010). Defence responses regulated by MYB transcription factors seem to cover all signalling 

pathways and act against many types of pathogens as well as insects (Van Verk et al. 2009).  

 

The transcription factor family MYC (myelocytomatosis) is part of a larger family of transcription factors 

consisting of more than 120 basic Helix-Loop-Helix (bHLH) proteins. bHLH have been studied intensively in 
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PRR recognition 
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Signal molecule 
emmission 
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inactivation of 
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proteins 

http://en.wikipedia.org/wiki/Arabidopsis_thaliana
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mammals, while the function in plants is not yet known in detail (Van Verk et al. 2009). While those bHLH 

proteins characterised so far are involved mainly in anthocyanin biosynthesis, phytocrome signalling, seed 

globulin expression, fruit dehiscence and carpel and epidermal development (Buck & Atchley 2003), the 

MYC part has been found to be involved in defence against pathogens. In Arabidopsis AtMYC2 regulates JA 

and ABA (Abscisic Acid) signalling in response to wounding or herbivory as well as being associated with 

systemic resistance associated priming upon a pathogen or insect attack (Pozo et al. 2008; Van Verk et al. 

2009). 

 

bZIP transcription factors are characterised by their basic leucine zipper (bZIP) domain. This is a bipartite 

region enriched in basic amino acid residue that is in direct contact with the DNA and involved in DNA 

binding (Van Verk et al. 2009). Two of the ten groups of bZIP transcription factors in Arabidopsis have been 

implicated to play a role in the plant innate immunity (Jakoby et al. 2002). Here they act as positive 

regulators of the basal defence response, the R-gene mediated hypersensitivity and the reactive oxygen 

induced cell death (Van Verk et al. 2009). 

 

The last family of transcription factors is the WRKY family. The name of the WRKY family is derived from the 

most prominent feature of these proteins, the WRKY domain, a 60 amino acid region that is highly 

conserved among family members (Eulgem et al. 2000). WRKY genes have been duplicated many times 

during plant evolution resulting in a large gene family involved in the regulation of a large set of genes and 

thereby ensuring proper cellular responses to physiological processes and internal and external stimuli. The 

WRKYs are associated with responses towards biotic and abiotic stresses (Rushton et al. 2010). For a more 

detailed description see chapter 4.3.    

3.4 Induced Resistance  
Induced resistance is triggered by biotic or abiotic stress and increases the plant’s defensive abilities 

(Hammerschmidt 2009). There are different forms of induced resistance, and the two best known forms are 

Systemic Acquired Resistance (SAR) and Induced Systemic Resistance (ISR), of which ISR is not relevant 

here, because ISR is associated with certain plant growth-promoting rhizobacteria (Hammerschmidt 2009). 

SAR can protect the plant against further damage by the same or unrelated types of stress, once it has 

sensed an attack (van Loon 2009). The resistance is effective against a broad range of pathogens including 

bacteria, fungi, oomycetes and viruses.  Healthy plants constitutively express a low level of pathogen 

defence called basal resistance. Upon exposure to a pathogen the PTI and later the ETI are started (See 

previous sections). ETI works as the primer for SAR. 
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The function of SAR can be described in a three step process (Hammerschmidt 2009). In the first stage one 

leaf is infected with either a compatible pathogen causing a necrotic lesion or an incompatible pathogen 

that elicits a HR via ETI. The infection triggers a systemically transported signal that lead to accumulation of 

SA in all parts of the plant. In the second stage PR- and other proteins such as chitinases or β-1,3-glucanases 

are accumulated systemically, but the precise function of these are not known. In the third stage SAR is 

fully developed throughout the plant and ready to be challenged by a pathogen. The development of SAR 

throughout a plant takes several days, and examples of SAR mediated responses are oxidative burst, cell 

wall alterations at the site of the attempted infection, and phytoalexin production. Nevertheless, SAR 

induced plants may still be infected indicating that induced resistance cannot provide the same level of 

resistance as the major R genes or ETI.  
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4. Selected Genes 
Based on the known strategies to improve disease resistance described in chapter 2.1.5 as well as the 

research done on plant innate immunity described in chapter 3, three different approaches were chosen 

for the present study:  

1. Ace-AMP1; a PR protein, which precise function has not yet been identified, but several hypotheses 

are discussed below. Introduction of Ace-AMP1 in different plant species has reduced the infection 

level up to 86% (Table 2). 

2. RCC2; a vacuolar chitinase also classified as a PR protein and shown to enhance the resistance level 

in several plant species (Table 3). The chitinases play an active role in the degradation of fungal 

walls.  

3. VvWRKY1; coding for a transcription factor involved in the regulation of proteins in response to 

pathogen attack. In tobacco, introduction of VvWrky1 reduced the infection level considerably after 

inoculation with Golovinomyces cichoracearum (Table 4). 

4.1 Ace-AMP1 
Ace-AMP1  codes for a protein similar to a non-specific lipid transfer protein (ns-LTP) (Tassin et al. 1998) 

and is isolated from immature Allium cepa seeds (Cammue et al. 1995). The Ace-AMP1 protein was the first 

representative of the Allium LTPs (AlLTP) to be identified in a group of homologues isolated from Allium and 

was later expanded with other members (Cammue et al. 1995; Yi et al. 2009). Ns-LTPs are distributed 

throughout the plant kingdom and associated with several plant activities, though their precise functions 

remain largely unknown (Kader 1997). Some examples are: ability to transfer phospholipids between 

membrane vesicles and organelles (Garcia-Olmedo et al. 1995), and up-regulation in response to infection 

and anti-microbial activity (Buhot et al. 2001). Based on their extracellular location two basic mechanisms 

are suggested for some ns-LTPs. The first is the formation of hydrophobic protective layers (cutin and 

suberin), and the second is an inhibition of fungal growth. Both these functions in a plant could be fulfilled 

by one or many different isoforms of ns-LTP (Blein et al. 2002). Despite similarities in the structure between 

ns-LTPs and Ace-AMP1 there are even more differences between the two, and the precise function of Ace-

AMP1 is still unknown. In the following, the results of previous studies analysing Ace-AMP1 are listed to 

clarify what is known.    

4.1.1 The function of Ace-AMP1 inside the cell 
Even though Ace-AMP1 seems similar to ns-LTPs, Ace-AMP1 has been found unable to transfer 

phospholipids from liposomes to mitochondria due to the presence of an aromatic residue in the domain 

that corresponds to a lipid binding pocket found in true lipid transfer molecules (Tassin et al. 1998). This 
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results in a lack of a hydrophobic cavity as well as a difference in the electrostatic properties compared with 

other ns-LTPs (Gomar et al. 1997). A common feature for the AlLTP group of homologues from Allium is 

that the AlLTP proteins have shown to be a putative pre-proprotein type harbouring an N-terminal signal 

peptide and a C-terminal propeptide (Yi et al. 2009). The function of the N-terminal signal peptide, which is 

common to all LTPs, is to target the proteins into the endoplasmic reticulum, where it acts as a secretory 

protein. The C-terminal extension sequence is specific to the AlLTP and has not been found in other LTPs. It 

has been speculated, that it facilitates protein sorting to the vacuole (Cammue et al. 1995), and this 

hypothesis has later been strengthened in a study by Tassin et al (1998), where it was shown that the 

sequence exhibits characteristics typical of vacuolar proteins. Therefore, Yi and co-workers (2009) fused 

members of AlLTPs to GFP and inserted the construct into Oryza sativa and found that they were all 

targeted to the intracellular endomembrane compartment and presumably to the vacuole.  

4.1.2 The function of Ace-AMP1 outside the cell 
In Oryza sativa (Patkar & Chattoo 2006), extra cellular fluid and intracellular proteins were extracted from 

plants transformed with Ace-AMP1 to study the location of protein expression in leaf tissue. The majority 

(82%) was found to be extracellular indicating that the accumulation is located in the apoplast. A tissue 

localisation test using antibodies showed presence of Ace-AMP1 in vascular tissue and mesophyll cells of 

transgenic rice. Together this gave indications of an association with cell wall material, while the 

cytoplasmic content was unlabelled.  Patkar and Chattoo (2006) argued that accumulation of Ace-AMP1 in 

the extracellular fluid is an effective defence, because the interaction between plants and various 

pathogens are happening here during the onset of the infection process. The argument was supported by 

observed deformations in growing hyphae of pathogens followed by membrane permeabilisation in vitro 

after exposure to Ace-AMP1. A similar effect has previously been described for morphogenic plant 

defensins (Broekaert et al. 1997), which inspired Patkar and Chattoo (2006) to suggest that Ace-AMP1 is 

belonging to this group of defensins. A similar deformation of hyphae has also been reported by Wu et al 

(2011), who tested the effect of purified protein on different plant pathogens. They explained the 

deformation by suggesting that Ace-AMP1 reacts towards a receptor in the fungus instead of a lipid in a 

saturable manner and either binds to the anionic phospholipid membrane in an electrostatic manner, 

blocks ion channel activity, interferes with chitin biosyntheses, elicits membrane hyperpolarisation or 

channels ion leakage across membranes.  

 

Patkar and Chattoo (2006) did also discuss, whether Ace-AMP1 was working together with a receptor. They 

suggested that the Ace-AMP1 protein could be involved in an interaction with a specific membrane 

receptor in defence signalling that triggers a defence response in the host system. This is based on the fact 
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that ns-LTPs can interact with receptors located on the plasma membrane, which has previously been 

identified as elicitin receptors (Buhot et al. 2001). These elicitin receptors induce disease resistance in some 

hosts. This fits with the mechanisms behind ns-LTPs as described by Blein (2002) and further supported by 

Roy-Barman et al. (2006). Roy-Barman et al. inserted Ace-AMP1 into Triticum aestivum and found a 

significant reduction in the number of powdery mildew colonies on plants expressing the gene. Several 

other defence-related compounds were studied to see the effect of the gene in tissue inoculated with 

Neovossia indica. It was found that the level of Phenylalanine Ammonia Lyase (PAL) was higher in the 

expression line than in the control. PAL is the key enzyme of the phenylpropanoid pathway involved in 

biosynthesis of SA from trans-cinnamic acid and other phenolic compounds in plants. The highest increase 

in PAL content was found 0.5 hours after infection (hai) and was up to 1.75 fold higher than the control. 

Furthermore, a progressive increase in SA until 72 hai was measured resulting in a 2 to 3 times higher level 

of SA in the transgenic plants compared to the control. SA accumulation is required for the activation of 

local defences such as the accumulation of PR proteins at the initial site of attack and also for the 

subsequent expression of SAR in response to secondary and distant challenges. Finally, Roy-Barman et al. 

(2006) found that several PR related genes showed variations in their transcript level compared with the 

wild types. Influence of the inoculation on the PR genes such as glucanase and chitinase was found in both 

the transformed and the untransformed plants and detected as early as 0.5 hai for the transgenic lines 

compared with 24 hai for the controls. All in all, this indicated that the systemic acquired resistance (SAR) 

was activated, as SAR is known to take place along with PR-protein accumulation (Hammerschmidt 2009).   

   

Pillay and co-workers (2011) used the Ace-AMP1 protein in an in vitro assay, where they tested the effect 

on the Brassica napus pathogen Leptosphaeria maculans. They found that Ace-AMP1 inhibited the growth 

of L. maculans completely. In apple (De Bondt et al. 1998) Ace-AMP1  and the antifungal plant defensin 

(RsAFP2, Raphanus sativus antifungal peptide 2) were inserted into the cultivar Royal Gala both under the 

control of a 35S promoter. Protein extractions showed that even though the two constructs had the same 

type of promoter, the expression level of Ace-AMP1 protein was at least one order of magnitude lower 

than RsAFP2 and only 0.2-0.02% of the total protein content. The lines with the highest expression (0.02%) 

showed a four-fold higher fungal growth inhibition towards spores of Alternaria mali compared with the 

control. A low level of Ace-AMP1 expression was also found in O. sativa (Patkar & Chattoo 2006), where the 

gene was either inserted under control of a constitutive promoter or a wound/pathogen induced promoter 

(originating from PAL). The expression level was highly influenced by choice of promoter. If the gene was 

driven by the constitutive promoter, the average amount of Ace-AMP1 protein produced was 3.49-4.58 µg 

mg-1 of total protein compared with a 3.4 to 4.5 fold increase in the amount, if the gene was controlled by 
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the wound/pathogen induced promoter, and the plants were wounded. A study on Pelargonium sp. 

‘Frensham’ demonstrated that the more Ace-AMP1 protein the plants produced, the less Botrytis cinerea 

sporulation occurred (Bi et al. 1999).  

 

Several investigations have demonstrated that insertion of Ace-AMP1 can inhibit pathogen growth. These 

are summarised in Table 2.   

Table 2: Earlier experiments with Ace-AMP1 and the obtained effects in pathogen screens 

Host Test system Pathogen 

Disease 
assessment  
method Effect Reference 

T. aestivum 
‘Bobwhite’ 

35S- Ace-AMP1 Blumeria graminis f. 
sp. Tritici (Powdery 
mildew) 

Detached leaf 
assay 

50% 
increase in 
resistance  

(Roy-
Barman et 
al. 2006) 

35S- Ace-AMP1 Neovossia indica 
(Karnal bunt) 

in vivo 
inoculation 

5% 
decrease  
in level of 
infection 

O. sativa 35S- Ace-AMP1 
PAL-Ace-AMP1 

Magnaporthe grisea 
(Blast) 

in vivo 
inoculation in 
growth chamber 

86% 
increase in 
resistance 

(Patkar & 
Chattoo 
2006) 

35S- Ace-AMP1 
PAL-Ace- AMP1 

Rhizoctonia solani 
(Sheath Blight) 

in vivo 
inoculation of 
soil 

67% 
increase in 
resistance 

35S- Ace-AMP1 
PAL-Ace-AMP1 

Xanthomonas oryzae 
(Bacterial Leaf Blight) 

Infected by 
“scissors clip-
inoculation 
method” 

82% 
increase in 
resistance 

Rosa hybrida 
‘Carefree 
Beauty’  

35S- Ace-AMP1 Sphaerotheca 
pannosa Lev. Var 
rosea (Powdery 
mildew) 

Detached leaf 
assay/in vivo 
inoculation in 
greenhouse 

Significant 
reduction 

(Li et al. 
2003) 

Pelargonium 
sp. 
‘Frensham’ 

35S- Ace-AMP1 Botrytis cinerea (Gray 
mould) 

Detached leaf 
assay 

Symptoms 
visibly and 
significantl
y reduced  

(Bi et al. 
1999) 

Brassica  
napus  

Protein assay Leptosphaeria 
maculans  
(Blackleg) 

Density in a 
microtitre plate 
measured with 
absorbance 

Complete 
inhibition 

(Pillay et 
al. 2011) 

In vitro Protein assay Alternaria brassicola 
(Black leafspot) 

Density in a 
microtitre plate 
measured with 
absorbance 

Inhibited (Cammue 
et al. 1995) 

Ascochyta pisi 
(ascochyta blight) 

Inhibited 

Botrytis cinerea 
(Gray mould) 

Inhibited 

Colletotrichum  
Lindemuthianum 

Inhibited 
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Host Test system Pathogen 

Disease 
assessment  
method Effect Reference 

(anthracnose) 
Fusarium culmorum 
(seedling blight, foot 
rot, ear blight, stalk 
rot, common root rot) 

Inhibited 

Fusarium oxysporum 
f.sp. pisi (Fusarium 
wilt) 

Inhibited 

Fusarium oxysporum 
f.sp. lycopersici 
(Fusarium wilt) 

Inhibited 

Nectria 
haematococca 

Inhibited 

Phoma betae Inhibited 
Pyrenophora tritici-
repentis (tan spot or 
helminthosporiosis) 

Inhibited 

Pyrencularia oryzae 
(rice blast disease) 

Inhibited 

Verticillium dahlia 
(verticillium wilt) 

Inhibited 

In vitro Expressed in E. 
coli 

Alternaria solani Density in a 
microtitre plate 
measured with 
absorbance 

Inhibited (Wu et al. 
2011) Fusarium oxysporum 

f.sp.vasinfectum 
Inhibited 

Verticillium dahlia 
(verticillium wilt) 

Inhibited 

 

4.2 RCC2 
RCC2 codes for a class I chitinase isolated from Oryza sativa ssp japonica cv. Nipponbare (Nishizawa et al. 

1993) and is also known as OsChia1b or Cht-2 (Kezuka et al. 2010). 

 

Chitinases catalyse the hydrolytic cleavage of the β-1,4-glycoside bond present in the biopolymers of N-

acetylglucosamine, mainly present in chitin. Although chitinases are present in many species of higher 

plants, the plants themselves contain no chitin (Nishizawa et al. 1993). Since chitin is one of the major 

components of fungal cell walls, including plant pathogens with a content of around 10% (Ferreira et al. 

2007), chitinase is an active part of the general resistance mechanism in plants, where it is involved in the 

first line of defence in the cell wall. 
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Plant chitinases are members of the two Glycoside Hydrolase families 18 and 19 (GH18 and GH19). Division 

into GH families is based on amino acid sequence, 3D structure, and molecular mechanism of catalytic 

reactions (Mizuno et al. 2008). GH18 and GH19 are considered to have different evolutionary origins and 

are further divided into five classes based on their primary structure (Kezuka et al. 2010). Class I, II and IV 

chitinases are members of GH19 and are found mainly in higher plants and some bacteria, while class III 

and V are GH18 members and can be found in a wide variety of organisms such as bacteria, fungi, viruses, 

animals as well as higher plants (Mizuno et al. 2008). Classes I and IV have both an N-terminal chitin binding 

domain and a C-terminal catalytic domain connected by a linker peptide of 10-20 residues, while class II 

chitinases contain only a single C-terminal catalytic domain (Kezuka et al. 2010). Both the N-terminal chitin 

binding domain and the C-terminal catalytic domain in class IV chitinases have some deletions in their 

domains making the 3D structure smaller than the corresponding domains of class I chitinases. The 

antifungal properties of class I and II chitinases have been investigated in in vitro assays. These studies 

showed that the N-terminal chitin binding domain in class I chitinases is necessary to gain high levels of 

antifungal activity compared with their C-terminal catalytic domain alone or class II chitinases (Iseli et al. 

1993; Taira et al. 2002).          

 

Chitinases are also categorised as PR proteins (Kasprzewska 2003). PR proteins are induced, when plants 

are attacked by pathogens including viruses, bacteria, fungi or pests. Abiotic stress factors such as drought, 

salinity, wounding, or presence of heavy metals are also found to induce PR genes (including chitinases). SA 

regulates acidic PR proteins, whereas JA and ethylene are regulators of the basic PR proteins (Boller et al. 

1983; Ding et al. 2002; Gerhardt et al. 1997; Hamel & Bellemare 1995; Samac et al. 1990; Yeh et al. 2000). 

Chitinases belong to three of the 14 classes of PR proteins.        

 

The majority of the chitinases are induced in response to stress and mainly during infection, where they 

play a double role. The double function is defined by the two forms of chitinases, which are found in plants. 

Each group are located either in the apoplast or in the vacuole. The apoplastic chitinases are considered to 

be involved in the passive defence mechanism, and the vacuolar chitinases are considered to be involved in 

the active part of the defence. The theory is that apoplastic chitinases take part in the primary signalling 

after pathogen attack, whereas vacuolar chitinases inhibit pathogen growth (Collinge et al. 1993). In the 

early stages of pathogenesis the apoplastic chitinases are involved in emission of signal molecules by 

transmitting information about the penetrating hyphae. The molecules bind to receptors that activate the 

pathways initiating defence mechanisms. This leads to a positive up-regulation of the apoplastic chitinases 

that via positive feedback further regulate some defence pathways as well as synthesis of the vacuolar 
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chitinases. When the hyphae penetrate the cells, the vacuolar chitinases take over from the apoplastic. 

Their role is to actively degrade the newly synthesised chitin chains, and thereby repress fungal growth 

(Collinge et al. 1993).  

 

The expression of chitinases can be either systemic or local (Gerhardt et al. 1997). Results have shown that 

different chitinases are up-regulated depending on the type of infection. Samac and Shah (1991) found that 

mRNA from class IV chitinases was accumulated after infection by an incompatible pathogen in Arabidopsis 

thaliana, whereas class III chitinases were induced around necrosis following an infection with a compatible 

pathogen.  

 

Most class I chitinases are vacuolar chitinases (Kasprzewska 2003), and RCC2 which is containing a vacuolar 

targeting signal, can be assumed to belong to this class. This means that RCC2 codes for an active chitinase 

involved in chitin degradation.  Several investigations have demonstrated inhibited pathogen growth. These 

are summarised in Table 3.   

 

Table 3: Earlier experiments using RCC2 and the obtained effects in pathogen screens. 

Host 
Test 
system Pathogen 

Disease 
assessment  
method Effect Reference 

Vitis vinifera ‘Neo 
Muscut’ 

35S-RCC2 Uncinula 
necator 
(powdery 
mildew) 
 

in vivo 
inoculation in 
greenhouse 

Enhanced 
resistance. 
% of 
germinating 
conidia 
reduced from 
83%  to 28%  

(Yamamoto et 
al. 2000) 

Vitis vinifera ‘Neo 
Muscut’ 

Elisinoe 
ampelina  
(Aracnose) 

in vivo 
inoculation in 
greenhouse 

Slight 
resistance and 
a delay in 
symptoms 

Lolium multiflorum  35S-RCC2 Ouccinia 
coronate 
(crown rust) 

Detached leaf 
assay 

Slightly 
enhanced 
resistance 

(Takahashi et 
al. 2005) 

Cucumis sativus 
‘Shimoshirazu’ 

35S-RCC2 Botrytis 
cinerea (Gray 
mould) 

in vivo 
inoculation in 
growth 
chamber/ 
protein assay 

Inhibition of 
fungal growth 
from 
completely to 
slowing down 
invation  

(Kishimoto et 
al. 2002; Tabei 
et al. 1998)  

Dendranthema 
grandiflorum 
’Yamabiko’ 

35S-RCC2 Botrytis 
cinerea (Gray 
mould) 

Detached leaf 
assay 

Enhanced 
resistance 
level 

(Takatsu et al. 
1999) 
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Host 
Test 
system Pathogen 

Disease 
assessment  
method Effect Reference 

Poncirus trifoliata  35S-RCC2  Protein assay Increase in 
chitinase 
activity  

(Mitani et al. 
2006) 

Fragaria x 
ananassa 
‘Toyonoka’  

35S-RCC2 Sphaerotheca 
humili 
(powdery 
mildew) 

in vivo 
inoculation in 
greenhouse 

Increase in 
chitinase 
activity and 
significant 
reduction in 
area of 
infection from 
40% to 22% 

(Asao et al. 
1997) 

 

4.3 VvWRKY1 

4.3.1 WRKY transcription factors   
The WRKY family of transcription factors are one of the best characterised classes of plant defence 

transcription factors and are at the forefront of research on plant defence responses (Agarwal et al. 2011). 

WRKY transcription factors have been identified in several plant species, including Arabidopsis thaliana, 

Oryza sativa ssp. Indica, Carica papaya, Populus spp., Sorghum bicolor, Physocomitrella patens and Vitis 

Vinifera ‘Cabernet Sauvignon’ (Eulgem & Somssich 2007; Marchive et al. 2007; Mzid et al. 2007; Rushton et 

al. 2010). In Asteraceae a bioinformatics database search has estimated the existence of 97 Helianthus ssp. 

WRKY members (Giacomelli et al. 2010). Generally, WRKY transcription factors have been regarded as plant 

specific, but an identification of WRKY in the protozoan parasite Giardia lamblia and the slime mould 

Dictyostelium dicoideum imply an earlier origin (Ülker & Somssich 2004). Duplicated WRKY genes have been 

maintained in many plant species in the course of selection during domestication and polyploidisation 

(Petitot et al. 2008). Recently, they have been associated with the viability of interploidy hybrids (Dilkes et 

al. 2008). Phylogenetic sequence analysis and comparative transcriptomics have revealed that they have 

retained their functions between monocots and dicots (Mangelsen et al. 2008) 

 

WRKY transcription factors are involved in various plant processes, but most notably in coping with diverse 

biotic and abiotic stresses (Pandey & Somssich 2009; Rushton et al. 2010). It has also been shown that a 

single WRKY transcription factor often regulates transcriptional reprogramming associated with multiple 

plant processes. WRKY operates in a dynamic web of signalling with many inputs and outputs (Rushton et 

al. 2010). Some of the processes apart from abiotic and biotic stress, in which WRKY is involved, are: Seed 

development, seed dormancy, germination, senescence and plant development (Rushton et al. 2010). 
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However, most research has focused on the role of WRKY transcription factors in regulating defence gene 

expression and transcription of WRKY genes is strongly and rapidly up-regulated in response to wounding, 

pathogen infection or abiotic stresses in numerous plant species (Eulgem et al. 2000). Furthermore, it has 

been determined that the regulation takes place at various levels partly by direct modulation of immediate 

downstream target genes, partly by activation or repression of other transcription factor genes, and partly 

by regulation of WRKY genes by means of feed-forward or feedback regulatory loops (Pandey & Somssich 

2009).  

   

The majority of the analysed WRKY genes respond to pathogen attack and to the endogenous signal 

molecule SA (Eulgem & Somssich 2007). Loss-of-function and gain-of-function studies in Arabidopsis have 

demonstrated that WRKY factors act in a complex defence response network as both positive and negative 

regulators (Eulgem & Somssich 2007). Overall, these findings highlight the importance of WRKY 

transcription factors in the transcriptional regulation of plant responses towards different invading 

pathogens. While some WRKYs positively inhibit the pathogens, others actually have a helpful effect on the 

invasion. This means that it is necessary to examine each WRKY to find the exact function. The last couple 

of years the number of publications describing and characterising different members of the WRKY family 

from several plant species have increased, although the majority of knowledge about WRKY genes is still 

gained from Arabidopsis.  

 

Some examples of WRKY proteins and their diverse functions in disease resistance are given here. In 

Arabidopsis, Deslandes et al. (2002) showed that the AtWRKY52/RRS1 protein is required for resistance 

towards the bacterium Ralstonia solanacearum. Similarly, it has been shown that the AtWRKY27 protein 

inhibits symptoms caused by R. solanacearum (Mukhtar et al. 2008) and that AtWRKY33 plays an important 

role in the resistance towards the necrotrophic fungal pathogens Botrytis cinerea and Alternaria 

brassicicola (Zheng et al. 2006). The AtWRKY70 protein has been subject to several studies demonstrating a 

multifunctional role. Three different studies using Atwrky70 mutants showed enhanced susceptibility to 

both biotrophic and necrotrophic pathogens, including the fungal pathogens Erysiphe cichoracearum and B. 

cinerea as well as the bacterial pathogen Erwinia carotovora (AbuQamar et al. 2006; Li et al. 2006; Li et al. 

2004). Knoth et al. (2007) provided additional data proving that AtWRKY70 takes part in both the basal and 

the R gene (or effector)-mediated resistance against the oomycete Hyalospora parasitica. Finally, Ülker et 

al. (2007) have shown that AtWRKY70 regulates not only plant defence but also senescence mediated by 

SA.  
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Other AtWRKYs are negative regulators of basal resistance. Several experiments using AtWRKY7, AtWRKY11 

and AtWRKY17 mutants demonstrated an enhanced basal resistance towards the virulent Pseudomonas 

syringae (Journot-Catalino et al. 2006; Kim et al. 2006; Park et al. 2005), and, Journot-Catalino (2006) 

showed that AtWRKY11 and AtWRKY17 are involved in the modulation of JA-dependent responses. The 

structurally related AtWRKY18, AtWRKY40 and AtWRKY60 have been suggested as negative regulators of 

basal defence by  Xu et al (2006), and AtWRKY48, AtWRKY38 and AtWRKY62, also related structurally, were 

all shown to be negative regulators of basal resistance against P. syringae (Kim et al. 2008; Xing et al. 2008). 

 

Finally, studies have shown that some AtWRKYs plays a dual role in regulation of disease resistance. For 

instance AtWRKY8 was shown to work as a negative regulator of basal resistance to P. syringae and as a 

positive regulator of B. cinerea (Chen et al. 2010).  

 

Recently, WRKY genes from other plants than Arabidopsis have been described. In H. vulgare, two WRKY 

members were shown to suppress basal defence to virulent Blumeria graminis (Eckey et al. 2004; Shen et 

al. 2007). According to one study with O. sativa, 15 OsWRKY genes were induced upon Magnaporthe grisea 

infection (Ryu et al. 2006). In contrast, another research group reported that 23 WRKY genes were induced 

upon M. grisea infection (Ramamoorthy et al. 2008), while a third group found that only 12 OsWRKY genes 

were induced after M. grisea infection (Berri et al. 2009). This dissimilarity may be a result of different 

isolates of pathogen and different detection systems such as RT-PCR and microarray used in their 

experimental designs (Hwang et al. 2011; Jang et al. 2010). In L. esculentum (LpWRKY1), M. domestica 

(MdWRKY1), N. tabacum (NtWRKY4), G. hirsutum (GhWRKY3) and T. aestivum (TaWRKY45) genes coding 

for WRKY transcription factors are involved in regulation of resistance (Bahrini et al. 2011; Fan et al. 2011; 

Guo et al. 2011; Hofmann et al. 2008; Ren et al. 2010). In C. annuum three WRKY transcription factors have 

been demonstrated to play a role in plant defence (Lim et al. 2011; Oh et al. 2008; Zheng et al. 2011). Five 

WRKY genes in coffee have been found to have an effect in regulating pathogen infection (Ramiro et al. 

2010). All these various results show that the role of WRKY proteins needs to be investigated on a case-by-

case basis because of the great functional diversity of these transcription factors in the different plant 

species.       

4.3.2 VvWRKY transcription factors 
From grapevine two WRKY transcription factors have been characterised called VvWRKY1 and VvWRKY2.  

Results showed that VvWRKY2 was up-regulated by wounding and after infection with Plasmopara viticola 

causing downy mildew on grape. Transformation of N. tabaccum with VvWRKY2 under the control of a 35S 

promoter increased the resistance against the three necrotrophic fungi Botrytis cinerea, Alternaria tenuis 
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and Pythium ssp (Mzid et al. 2007) and VvWRKY2 was shown to prevent the necrotrophic fungi from 

spreading through modification of the cell wall structure by altering the lignin pathway and xylem 

development (Guillaumie et al. 2010).      

 

VvWRKY1 is isolated as a full-length cDNA sequence obtained from Vitis vinifera L. cv. Cabernet Sauvignon 

grape berry library (Marchive et al. 2007). The cDNA encodes a polypeptide of 151 amino acids length with 

only one WRKY domain at the N-terminal end followed by a Cys2/His2-type zink finger motif. Together with 

other structural motifs this places VvWRKY1 in the subgroup IIc of WRKY transcription factors (Eulgem et al. 

2000). An expression analysis demonstrated that VvWRKY1 was developmentally regulated and highly 

expressed in fruits and leaves (Marchive et al. 2007). In berries the expression increased from the 

formation and throughout the ripening. The expression was found mainly in the flesh and skin of the grapes 

and not in the seeds. The highest expression in the leaves was found in very young leaves and apices and in 

well-developed leaves. Furthermore, the expression of the gene followed the expression of PR genes, when 

plants were exposed to wounding or other stress signals indicating that the gene has an active role in plant 

defence.  

 

After inserting VvWRKY1 into N. tabacum cv. Xanthi under the control of a 35S promoter no plants showed 

any physiological differences compared with the wild type (Marchive et al. 2007). There was no clear 

correlation between the transgene expression level and the amounts of transcripts encoding PR proteins. 

This suggests that the ectopic expression of VvWRKY1 does not act directly on the regulation of the PR 

proteins.  Inoculation of the transgenic tobacco plants with several different types of pathogens, including 

the two oomycetes, Pytium and P. tabacina (downy mildew) and the fungi E. cichoracearum showed a small 

but significant decrease in the susceptibility towards all three. No difference in the resistance towards 

potato virus Y (PVYN) was observed. Table 4 summarises the results for VvWRKY1. 
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Table 4: Earlier experiments with VvWRKY1 and the obtained effects in pathogen screening 

Host  Test system Pathogen 
Disease assessment  
method Effect Reference 

N. tabacum 
‘Xanthi’ 

35s-VvWRKY1 Pythium (Causing 
plantlets damping 
off) 

In vitro inoculation  3-fold 
reduction of 
symptoms 

(Marchive et 
al. 2007) 

P. tabacina (Downy 
mildew) 

in vivo inoculation in 
growth chamber 

No 
significant 
effect 

Golovinomyces 
cichoracearum 
(Powdery mildew) 

in vivo inoculation in 
growth chamber 

1.5-4 fold 
reduction of 
leaf area 
covered 

PVYN (Potato virus 
Y) 

in vivo inoculation in 
greenhouse 

No 
significant 
effect 
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Figure 13: Heavy powdery mildew infection of S. novi-belgii. 
Own picture 

5. Powdery Mildew 
Fungi causing powdery mildew are among the most studied plant pathogenic fungi (Glawe 2008) and 

consists of one family (Erysiphaceae) with 100 species from 28 genera. So far 9838 plant species in 1617 

genera, 169 families and 44 orders of angiosperms have been detected as host plants. This includes several 

economically important crops such as cereals, grapes and many ornamentals, where powdery mildew can 

reduce the production by up to 30% (Hückelhoven 2005). Powdery mildew are obligate biotrophs, and 

infection are often seen as white powdery colonies on aerial plant parts such as leaves, stems, flowers and 

fruits (Figure 13). Although powdery mildews are some of the most widespread plant pathogens, their host 

range is restricted to angiosperms. They never 

infect ferns or gymnosperms. Of the 9838 host 

species, 9176 are dicots, with the remaining 662 

being monocots (Takamatsu 2004). 

 

Erysiphaceae can be divided into two groups 

according to host specificity (Amano 1986), but 

across tribes the genera Erysiphe, Golovinomyces, 

Laveillula, Podosphaera and Phyllactinia have a 

broad host range, with each hosting more than 50 

plant families, whereas the genera Arthrocladiella, 

Cystotheca, Brasiliomyces, Pleochaeta, Sawadaea 

and Typhulochaeta only attack one or a few 

families. It is worth noting that genera with a 

narrow host range are tree-parasitic (Hirose et al. 

2005).     

 

The geographical distribution of powdery mildews shows that Erysiphaceae are observed mostly in the 

Northern Hemisphere, whereas powdery mildew remains undocumented in many regions of the World, 

including large parts of Africa, North and South America and Asia (Glawe 2008).   

5.1 Infection 
In Blumeria graminis spore germination can take place within two hours after the ascospore or conidium 

has landed on a susceptible host, and the first signs of reaction have been detected within one minute after 

contact with the leaf (Carver et al. 1999; Eichmann & Hückelhoven 2008; Wright et al. 2002). Depending on 

the genera, the powdery mildew conidia germinate by producing one or two germ tubes, after they have 
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Figure 14 shows spores and hypha of Golovinomyces 
cichoracearum observed on Symphyotrichum novi-belgii. The 
arrow in picture A shows an appressorium. The arrow in picture 
B shows a haustorium. Illustration from poster presented at ISHS 
conference in Lisbon 2010. 

 

attached to the leaf cuticle of the plant. Following germination, the germ tubes penetrate the host 

epidermal cells, which are the only host cells directly infected by the fungus  (Green et al. 2002). After 

about 12 hours the appressorium has been produced by the appressorial germ tube, and the appressorium 

forms a penetration peg that penetrates the plant host cell (Zhang et al. 2005). The penetration itself is a 

result of enzymatic degradation and mechanical force. Upon penetration a haustorium is developed inside 

the plant host cell. The haustorium is part of the haustorium complex that further consists of the enclosing 

modified host plasma membrane also called the extrahaustorial membrane, and the gel-like extrahaustorial 

matrix in between (Green et al 2002). Haustoria vary in shape and size, and in Golovinomyces species they 

are smaller and more compact compared to other genera and produce tubercular lobes that lay tightly 

against the haustorial body (For an example see Figure 14) (Eichmann & Hückelhoven 2008). The fully 

developed haustorial complex forms a closed compartment, where the penetration site is sealed off from 

surrounding host cells by the ‘haustorial neckband’ (Green et al. 2002). The haustorial complex is 

responsible for nutrient transport from the host to the fungus. To catalyze the transfer of nutrients across 

the haustorial membrane, H+-ATPase is 

upregulated significantly after formation of 

the haustorium (Both et al. 2005). Apart 

from facilitating the uptake of nutrients from 

the plant host, the haustorial complex also 

deliver effectors to the plant cells to induce 

ETS. 

 

Having penetrated the plant host, the fungus 

continues its development epiphytically 

forming secondary hyphae in circular 

colonies that enables it to penetrate other 

host cells. Young colonies are transparent or 

translucent white in colour, but during the 

maturation they often turn semi-transparent 

grey, red or brown (Braun et al. 2002). The 

Golovinomyces cichoracearum colonies 

observed on Symphyotrichum novi-belgii are 

pinkish (Mørk et al. 2011). Hyphae of the 

majority of powdery mildew fungi grow on 
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the outside of their host. Finally, conidiophores are formed by the superficial mycelium. The conidiophores 

form new conidia, which are released into the air to start new infection cycles (Green et al. 2002).  

 

Powdery mildew fungi rely on nutrients from their host. Therefore, metabolic sinks are established to 

ensure a constant availability of the nutrients. This massive effect can be seen in the development of ‘green 

islands’ on plant leaves. Cytokinin is accumulated around the infected area of the leaf leading to a delay in 

the leaf senescence, which shows some degree of control over the host physiology (Schulze-Lefert & Vogel 

2000; Walters & McRoberts 2006). Research has shown that photosynthetic activity declines during 

infection, particularly in cells adjacent to the infected epidermal cells (See also chapter 3.3). In addition, 

alterations in carbon fluxes towards infected host tissue are seen as a result of the pathogen created 

nutrient sink (Walters & McRoberts 2006). 

5.2 Reproduction  

5.2.1 Asexual Reproduction 
Asexual reproduction takes place through the conidiophores (Figure 17). Conidiophores are formed from 

vegetative hyphae and are orientated more or less perpendicular to the surface of the host (See Figure 16 

for an example) (Glawe 2008). The first complete cell in a conidiophore is referred to as the ‘foot cell’. The 

‘foot cell’ branches out other cells, including the generative cells that form the conidia. Few days after 

infection, conidia production typically starts with each new conidium forming at the base of the previous 

conidium (Mims et al. 1995; Oichi et al. 2004). Powdery mildew conidia are unicellular and in most 

instances colourless (Braun et al. 2002). The shape varies from nearly ovoid to cylindrical or lanceolate. The 

conidia of G. cichoracearum are born in chains of three to four, barrel shaped and hyaline (Figure 14 and 

Figure 15) (Mørk et al. 

2011).   

There are several 

proposed mechanisms 

involved in the release 

of conidia from the 

conidiophores. These 

include: mechanical 

force (Plumb & Turner 

1972); convection 

currents (Frinking & 
Figure 15: Conidia of G. cichoracearum on a leaf of S. novi-belgii. Own picture 
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Figure 16 shows Golovinomyces sp. conidia chains on leaves of Artemisia annua. Own picture 

 

 

 

 

 

 

Scholte 1983); wind (Hammett & Manners 1973; Oichi et al. 2004; Sutton & Jones 1979); electrostatic 

charge (Adams et al. 1986; Leach & Apple 1984); and leaf shaking or fluttering (Bainbridge & Legg 1976). 

Release of conidia appears to be negatively correlated with a high relative humidity (Sutton & Jones 1979), 

and most spores are released from mid-morning to early afternoon (Byrne et al. 2000; Cole & Geerligs 

1976; Grove 1998; Martin & Gay 1983; Pady 1972; Pady et al. 1969; Schnathorst 1959; Sutton & Jones 

1979). If the production of conidia is to extensive, the colonies may become covered with mats of clumped 

spores that are less prone to become airborne (Hammett & Manners 1973).  

Dissemination of conidia occurs mostly in the near environment. Peries (1962) determined that 90% of 

conidia formed by Podosphaera macularis dispersed less than 2 metres from its host plants, although 

dispersal over long distances has also been found. Two studies found that conidia of G. cichoracearum may 

travel up to 200 km in California (Schnathorst 1959) and that conidia of B. graminis can be borne nearly 700 

km from the British Isles to Denmark (Hermansen et al. 1978). In order for conidia to be dispersed over 

such long distances, huge amounts need to be produced at the same time. Schnathorst (1959) calculated 

that a lettuce plant with 67 colonies of powdery mildew per leaf would release around 80 million conidia 

per hectare every 24 hours, and Hermansen et al. (1978) reported that more than one million infections per 

hectare were seen in Denmark, when conidial dissemination had 5-10 hours of favourable conditions in 
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Britain. Dispersal of conidia occurs in short chains or as single cells (Schnathorst 1959), and they do not 

germinate, before they have been released from the conidiophore. Unlike other types of fungi powdery 

mildew conidia do not need uptake of water to germinate, but germinates immediately after landing on a 

host (Butt 1978; Green et al. 2002; Jarwis et al. 2002; Schnathorst 1959).  

5.2.2 Sexual Reproduction  
Some powdery mildews survive the winter or other periods of restricted activity without producing survival 

structures (see below), but the majority survives through a sexual reproduction. Sexual reproduction is 

initiated by production of “female” ascogonia on the vegetative mycelium, which are supplied with a hypha 

like appendage called the trichogyn. Other hyphaes form “male” antheridia, which are smaller and more 

slender than the ascogonia. The two gametangia  form a cytoplasmic connection, in which the male nucleus 

moves from the antheridium into the ascogonium. This process is called dikaryotisation. From the 

ascogonium several hyphae are produced with cells all containing one pair of nucleus. In each cell division 

the two nuclei are divided simultaneously. Therefore, these ascogene hyphae are always dikaryotic. The 

dikaryotic phase in the hypae is ended in a complicated division process with the formation of the ascus. 

Karyogamy and meiosis occur early in the ascus development (Braun et al. 2002).  

 

 
Figure 17: Example of the life cycles of the powdery mildew Erysiphe necator. The inner circle shows 
the asexual reproduction, the middle circle shows the sexual reproduction, and the outer circle 
shows the perennation cycle. (Pearson and Goheen 1988)  
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Ascospores are single-celled and vary in shape from globose to ovoid or more rarely, curved. They are 

formed within the ascus. The number of ascospores per ascus ranges from two to eight according to 

species (Braun et al. 2002). Most ascospores are colourless or subhyaline (Braun et al. 2002). The asci are 

formed inside a protective structure, an ascomata, also called the cleistothecia or chasmothecia. 

Chasmothecia is a fairly new term first suggested by Braun et al (2002) to distinguish ascomata from 

powdery mildew and other ascomycetes. The chasmothecia contain ascospores that remain dormant all 

winter and germinate in spring. When the asci expand, they rupture the chasmothecia wall, throwing the 

ascospores into the air. The spores for sexual reproduction are formed only once during each growing 

season, making it a less efficient, but hardier, method of spreading the pathogen than asexually produced 

spores.   

5.3 Perennation 
Perennation is the term used to describe how powdery mildew survives a period of restricted activity. This 

can be a cold winter or a hot summer. As obligate parasites, powdery mildew fungi must be able to survive 

periods, where no hosts are available for infection. Perennation takes place primarily in the following three 

ways (Jarwis et al. 2002). (1) Sexually reproduced chasmothecia serving as protective structures that are 

able to survive both cold temperatures in the winter and summer periods of drought and high 

temperatures. (2) Over-wintering of hyphae with both haustoria, conidiophores and conidia in dormant 

flower or leaf buds (Figure 17) (Rumbolz & Gubler 2005). As soon as dormancy is broken infected buds turn 

into “flag shoots”, which can be covered with immensely sporulating mycelia being the primary inoculum to 

restart the disease cycle (Jarwis et al. 2002). (3) Mycelium grows on a host with leaves that survive through 

unfavourable conditions (Glawe 1992; Jarwis et al. 2002), or the mycelia suppress its own growth and 

sporulation during periods with high temperature (Celio & Hausbeck 1998).    

5.4 Taxonomy of Golovinomyces  
Powdery mildew fungi are all belonging to the same order Erysiphales (Figure 18) and the same family 

Erysiphaceae. Erysiphaceae is divided into five major tribes Erysipheae, Golovinomyceteae, Cystotheceae, 

Phyllactinieae and Blumerieae based on morphological and genetic differences. Of these five tribes, three 

include both tree-parasitic genera and herb parasitic genera.  The tree-parasitic genera are usually situated 

in the basal part of the phylogenetic tree. Based on this, the drawn conclusion is that Erysiphaceae was 

originally tree parasitic, and in the Tertiary period (65 – 2.6 million years ago) it expanded its host range 

laterally to include herbaceous plants (Mori et al. 2000; Takamatsu et al. 2000).  
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Figure 18: The taxonomy of Golovinomyces adapted after Braun (Braun 1987; Braun 1999) 

The tribe Golovinomyceteae consists of three genera:  Artocladiella, Neoerysiphe and Golovinomyces. 

Artocladiella is a genus with only Lycium as host. Neoerysiphe consists of four species, and the host 

spectrum includes 300 herbaceous plant species from five families. Golovinomyces is the largest genus with 
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27 species and a common distribution in all parts of the World, where powdery mildew has been studied. 

The host range consists mostly of herbaceous plants and includes more than 2200 species from 58 plant 

families. According to molecular phylogeny, the tribe is monophyletic (Takamatsu 2004). 

 

Golovinomyces was earlier considered part of one of three sections of the genus Erysiphe because of 

ectophytic parasitism and chasmothesia with myceloid appendages. However, Braun (1999) raised these 

sections to the generic level and moved Golovinomyces to the newly established tribe Golovinomyceteae 

Golovinomyces and Asteraceae. 

  

Aside from the dormant stage, the life cycle of powdery mildew depends completely on living hosts. To 

maintain this obligate parasitic life cycle, species within Erysiphaceae have developed highly specific and 

sophisticated mechanisms to avoid the host defence, to obtain nutrients without injuring the host cells and 

to synchronise their lifecycle to that of the host (Bushnell 2002; Eichmann & Hückelhoven 2008; Glawe 

2008). As a result, most species of Erysiphaceae show strict host specificity, where a given species or race 

only live on a small range of host species or sometimes only a single host species (Schmitt 1955). The 

association between Erysiphaceae and their hosts has evolved over time. Therefore, events that have 

isolated host populations also isolated their associated fungi resulting in co-speciation of the parasites and 

their hosts. A comparative study by Matsuda and Takamatsu (2003) of the phylogenetic trees of 

asteraceous hosts and their parasites revealed that Golovinomyces first acquired parasitism for Asteraceae 

in the early stages of its evolution, and as the plant family branched out in to the different tribes: Cardueae, 

Astereae, Heliantheae and Lactuceae, Golovinomyces branched out as well to maintain the close affinity. 

Moreover, their molecular analysis demonstrated several cases of host-jumping from the Asteraceae to 

other families as well as within Asteraceae itself.  

 

Asteraceae is the largest family of flowering plants consisting of 23,000 known species (Bremer 1994). 

Members of the Asteraceae are found in many types of environments all over the world. The close 

relationship between Asteraceae and Golovinomyces is well documented, and more than half (1264 

species) of the 2283 host species belong to Asteraceae. The plant family originate from South America, and 

in the early Tertiary period it expanded its geographical distribution into the Northern Hemisphere (Bremer 

1994). Takamatsu et al. (2006) showed that the ancestor of Golovinomyces first became parasites on 

Asteraceae after the family migrated to the Northern Hemisphere.   
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6. Paper 1: First Report of Golovinomyces cichoracearum as the Causal 

Agent of Powdery Mildew on Symphyotrichum novi-belgii (syn. Aster 

novi-belgii) in Denmark 
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DOI: 10.1094/PDIS-10-10-0712  
Disease Notes  

First Report of Golovinomyces cichoracearum 
as the Causal Agent of Powdery Mildew on 
Symphyotrichum novi-belgii (Synonym Aster 
novi-belgii) in Denmark 
E. K. Mørk and K. Kristiansen, Department of Horticulture, Faculty of Agricultural Science, 
Aarhus University, Kirstinebjergvej 10, DK-5792 Aarslev, Denmark; and H. J. Lyngs Jørgensen 
and T. Sundelin, Department of Plant Biology and Biotechnology, Faculty of Life Sciences, 
University of Copenhagen, Thorvaldsensvej 40, DK-1871 Frederiksberg C, Denmark  
Symphyotrichum novi-belgii (L.) G.L. Nesom (synonym Aster novi-belgii L.) is an autumn 
flowering perennial used in gardens and as a cut flower. During the last 20 years, it has been 
developed as a potted plant, thereby increasing its economic importance. In Denmark, 7 to 8 million 
S. novi-belgii plants are produced annually, making it one of the 10 most popular potted plant crops 
(http://floradania.dk/index.php?id=165). In general, S. novi-belgii is a healthy plant, but it can be 
severely attacked by powdery mildew both in greenhouse production and outdoors, and diseased 
plants have been observed in most parts of the country. Infected plants show typical symptoms: leaf 
surfaces become covered with white mycelium and as the disease progresses infected leaves turn 
yellow and die. Powdery mildew is regarded the main disease problem in S. novi-belgii and it 
causes problems year round in greenhouse production. Normally, the disease is controlled by 
fungicides, but once out of the production system, symptom development in the retail trade will 
reduce the plant's appeal to customers to a degree that prevents sales. The powdery mildew 
identified in this study was collected in a small research field at Aarslev, Denmark in September 
2004. Since collection, the pathogen has been maintained in a greenhouse on S. novi-belgii and it 
has been used for disease resistance screening. However, lack of proper identification of the causal 
agent has hindered the development of powdery mildew resistant cultivars. To identify the 
pathogen, the internal transcribed spacer region (ITS) of the rDNA was amplified using primers 
ITS1 and ITS4 (2) and sequenced. The resulting sequence was deposited in GenBank (Accession 
No. HM769725). BLASTn analysis of the 598-bp fragment showed 99% identity to Golovinomyces 
cichoracearum (DC.) V.P. Heluta from Rudbeckia laciniata L. (Accession No. AB077622). The 
powdery mildew colonies were slightly pink with barrel-shaped, hyaline conidia borne in chains of 
three to four. The length of the conidia was 30 ± 4 μm and the width was 13 ± 1 μm (n = 105). Foot 
cells of the conidiophores were 101 ± 16 μm long and 12 ± 5 μm wide (n = 50) with a slight 
constriction at the base. Chasmothecia were not observed. These morphological characteristics 
confirmed the identification as G. cichoracearum (1). To fulfill Koch's postulates, 10 healthy S. 
novi-belgii ‘Victoria Fanny’ plants were inoculated in an inoculation tower by shaking infected S. 
novi-belgii plants over the tower, resulting in a spore density of 47 spores/mm2 on the leaf surface. 
The infected plants were placed in a growth chamber with 16 h of light (200 μmol·m–2·s–1) and day 
and night temperatures of 20 and 15°C, respectively. Symptoms developed on all plants after 11 
days. Colony morphology on the leaves and the morphological characteristics were as described 

http://floradania.dk/index.php?id=165
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above. Conidia were washed off the leaves, DNA extracted, and the ITS was amplified by PCR. 
The resulting PCR product was sequenced and was identical to HM769725. To our knowledge, this 
is the first report of G. cichoracearum on S. novi-belgii in Denmark. 
References: (1) U. Braun. The Powdery Mildews (Erysiphales) of Europe. Gustav Fischer Verlag, 
Jena Germany, 1995. (2) T. J. White et al. Page 315 in: PCR Protocols: A Guide to Methods and 
Applications. M. A. Innis et al., eds. Academic Press, New York, 1990. 
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Artemisia annua as new host for Golovinomyces sp causing powdery 

mildew 
E. K. Mørk, and  A. Kjær, Department of Horticulture, Faculty of Agricultural Science, Aarhus University, 

Kirstinebjergvej 10, DK-5792 Aarslev, Denmark, and H. J. Lyngs Jørgensen, and T. Sundelin Department of 

Plant Biology and Biotechnology, Faculty of Life Sciences, University of Copenhagen, Thorvaldsensvej 40, 

DK-1871 Frederiksberg C, Denmark 

 

Artemisia annua L. has for millennia been a well-established medicinal herb in large parts of East Asia. 

During the past decades, research has established that the compound Artemisinin is very efficient against 

different protozoan parasites, including Plasmodium falciparum, causing malaria in humans. Therefore, A. 

annua is a crop with growing economic importance in many parts of the World. During a greenhouse 

experiment with A. annua in Aarslev, Denmark in April 2010, powdery mildew was observed. Infected 

plants showed typical mildew symptoms; leaf surfaces became covered with white mycelium, and as the 

disease progressed, infected leaves turned yellow and died. Heavily infected plants were inhibited in plant 

height, and mildew colonies appeared slightly pink. Chasmothecia were not observed. To identify the 

pathogen, the sequence information from the internal transcribed spacer (ITS) region of the rDNA was 

used. The ITS-region was amplified using primers ITS1 and ITS4 (1) and sequenced. A BLASTn analysis of the 

xxx bp fragment was inconclusive, as the sequence was 95% identical to Golovinomyces riedlianus, G. 

orontii and several other Golovinomyces sp. According to Matsuda and Takamatsu (2), morphological 

characteristics cannot be used to identify species within the genus Golovinomyces. Therefore, a 

phylogenetic tree was constructed based on the phylogenetic tree published by Cook et al (3) and adapted 

with selected sequences from Group 2 of the tree constructed by Takamatsu and coworkers (4). Our 

sequence (EKM12) grouped together with mildew isolates identified as either G. cichoracearum or G. 

artemisia without being an exact match. From the tree it is clear, however, that the fungus belongs to the 

subgenus Reticuloidium. In order to fulfil Koch’s postulates, ten healthy A. annua plants were inoculated 

twice by gently pressing an infected leaf against an uninfected leaf. The plants were placed in a greenhouse 

cell (20 h light, at 20°C). Symptoms developed on all plants after one month. Conidia were washed of the 

leaves, DNA was extracted, and the ITS sequences was amplified by PCR. The resulting PCR-product was 

sequenced and was identical to EKM 12.   
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Abstract A protocol for adventitious shoot formation in

Symphyotrichum novi-belgii was developed after investi-

gating the effects of cultivar and hormone combinations.

A Murashige and Skoog medium with 1.0 mg l-1 6-ben-

zyladenine induced adventitious shoot formation in 15 out

of 19 cultivars. Addition of 0.1 mg l-1 indole-3-acetic acid

or naphthaleneacetic acid increased the total number of

shoots per explant, but not the number of shoots longer

than 1 cm. Addition of dichlorophenoxyacetic acid (2,4-D)

promoted callus formation, but inhibited shoot elongation.

A transformation system for the two cultivars Victoria

Fanny and Victoria Jane was developed by co-cultivation

of leaf explants with Agrobacterium tumefaciens. Three

bacterial strains (LBA 4404, A281 and C58) all carrying

the binary vector, p35S-GUS-INT, and harbouring the uidA

gene coding for b-glucuronidase (GUS) were used.

Regeneration of transgenic plants after co-cultivation with

A281 was independent of cultivar, and all explants pro-

duced callus followed by indirect shoot formation. In

‘Victoria Fanny’ shoots were formed faster and without a

callus phase after co-cultivation with LBA 4404 or C58.

The highest number of potentially transformed shoots was

regenerated after co-cultivation of ‘Victoria Fanny’ leaf

explants with LBA 4404. Integration of the transgenes in

the plant genome was confirmed using PCR and Southern

blot hybridisation. To verify that the transgenes could be

transferred to offspring, crosses were conducted between

three transgenic lines of ‘Victoria Fanny’ and two wild

type pollen donors. It was demonstrated that viable seeds

were produced and that the uidA gene was inherited.

Keywords New York aster � Michaelmas daisy �
Regeneration � Genetic transformation �
Genotypic differences � Adventitious shoot formation

Introduction

Symphyotrichum novi-belgii (L.) G. L. Nesom is an autumn

flowering perennial widely used as bedding plant and as cut

flower. During the last 20 years S. novi-belgii has been

developed as a potted plant, and since 2004 it has been one

of the 10 most produced potted plants in Denmark (Anon

2011). This increased economical importance is due to the

development of cultivars with new flower colours, better

keeping quality and shorter production time by crossing

and mutagenesis (Kristiansen and Petersen 2009; Kris-

tiansen et al. 1997). Breeding has resulted in two series of

cultivars; Viking and Victoria. Whilst there is a large

genetic diversity within S. novi-belgii, important charac-

teristics such as disease resistance and yellow or orange

flower colours, which are in high demand by commercial

nurseries, are unavailable. As an example S. novi-belgii can

attacked be severely by powdery mildew both in/during

greenhouse production and outdoors (Mørk et al. 2011).

Genetic transformation provides breeders with the potential

to include genes outside the primary gene pool. Therefore,

the development of a protocol for transformation of

S. novi-belgii would be of great interest to the further

breeding and by this continue, where the conventional

breeding has had limited success.
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Today, one of the largest limitations in the use of genetic

transformation is the lack of efficient in vitro regeneration

protocols. A regeneration protocol does not exist for

S. novi-belgii, and little information is available that

describes in vitro culture of plants from the genus Aster

senso lato. Cammareri et al. (2001) evaluated the regen-

erative capacity of 16 species of Aster from leaf explants

grown on MS medium (Murashige and Skoog 1962) with

0.1 mg l-1 dichlorophenoxyacetic acid (2,4-D). They

regenerated only shoots from A. divaricatus and found that

a high growth rate of callus was not necessarily correlated

with a high regenerative capacity. Callus formation and

plant regeneration from Aster cordifolius ‘White Elegans’

leaf explants grown on media with different combinations

of 6-benzyladenine (BA) and indole-3-acetic acid (IAA) or

2,4-D were also tested by Cammareri et al. (2002). On most

growth regulator combinations callus was induced, but few

media supported plant regeneration. The highest rate of

shoot differentiation was obtained with a 2,4-D/BA ratio at

1:20. Uno et al. (2009) obtained direct shoot formation

from leaf explants taken from young seedlings of the hal-

ophyte Aster tripolium using a MS medium with kinetin

and naphthaleneacetic acid (NAA), and from A. ericoides,

Salazar et al. (2005) obtained direct shoot formation from

leaf explants on a MS medium with 0.5 mg l-1 BA and

0.5 mg l-1 NAA; but only at low percentages and after a

long cultivation period. Thus, many Aster species seem to

be rather recalcitrant with respect to adventitious shoot

formation. Within Asteraceae, adventitious shoot formation

from leaf discs has been achieved from e.g. Chrysanthe-

mum 9 grandiflorum (Zalewska et al. 2007) and Crepis

novoana (Corral et al. 2011).

High efficiency of T-DNA delivery and a good regen-

erative ability after Agrobacterium inoculation are critical

for the success of Agrobacterium mediated transformation.

Plant cultivar and the type of Agrobacterium strain have

been found to be among the most significant factors

influencing the transformation frequency (Karami et al.

2009). The transferable portion of the Ti plasmid in

A. tumefaciens carries genes that specify the synthesis of

tumor-specific compounds called opines. Based on the

opine type induced in the plant host, the Agrobacterium

strains are grouped into agropines, octopines, nopalines and

succinamopines (Dessaux et al. 1992). Several experiments

have shown an interaction between plant genotype and the

Ti plasmid group (Wang et al. 2007; Desgagnes et al.

1995), which demonstrates the importance of testing sev-

eral combinations of Agrobacterium strain and plant cul-

tivar when developing protocols for new plant species. The

Agrobacterium strains used in the present experiment were

a super-virulent succinamopine strain (A281), a disarmed

octopine strain (LBA 4404), and a nopaline strain (C58)

(Krishnamohan et al. 2001). These three strains have a

wide host range and have successfully been used in

transformation of a large number of plant species e.g. in

kiwi (Wang et al. 2007), yellow lupin (Pniewski et al. 2006),

lavender (Mishiba et al. 2000) and alfalfa (Desgagnes et al.

1995), but the efficiency of the individual strain depends on

the plant species.

In this study, the primary aims were to develop a

regeneration protocol for S. novi-belgii cultivars and a

transformation protocol for the S. novi-belgii cultivars

‘Victoria Fanny’ and ‘Victoria Jane’ by the use of

A. tumefaciens. Secondary aims were to investigate the

capacity of adventitious shoot formation and the effect of

various growth regulators on regeneration, determine the

transformation efficiency of different Agrobacterium

strains and to study the inheritance of the UidA gene, as a

stable incorporation and expression of transgenes as well as

normal segregation during meiosis are necessary, before

transgenic plants can be used in further crosses.

Materials and methods

Plant material

Shoot cultures of 19 cultivars of S. novi-belgii were

established in vitro using nodal cuttings taken from

greenhouse grown plants. The nodal cuttings were surface

disinfected by a quick dip in 70% ethanol followed by

10 min of shaking in a 1% (v/v) NaOCl solution, with one

drop of Tween 20, and then rinsed three times in sterile

demineralised water. In each test tube (U38 mm) there was

20 ml of Murashige and Skoog (MS) medium (Murashige

and Skoog 1962) with 30 g l-1 sucrose and 0.1 mg l-1 BA

(Shoot culture medium). The pH was adjusted to 5.8, and

8 g l-1 Difco agar was added prior to autoclaving for

20 min at 121�C. One nodal cutting was cultured in each

test tube. When shoot clusters had developed, shootlets

were transplanted into glass jars (U85 mm) containing

50 ml of shoot culture medium with seven shoots per jar.

These were grown at a constant temperature of 24�C at a

PAR of 50–60 lmol m-2s-1 from white fluorescent tubes

(Philips TLD58W/33) and a 16-h photoperiod in order to

retain the plant material in a vegetative growth stage.

Single shoots were subcultured every 4 weeks prior to

initiation of cultures for adventitious shoot formation.

Induction of adventitious shoots

Four fully developed leaves, each cut in four pieces, were

used as explant material per 9 cm Petri dish. The 16

explants were cultured with the abaxial surface in contact

with MS medium containing 30 g l-1 sucrose and different

combinations of BA and auxins. In experiment 1, eight
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hormone combinations were tested (i.e. 0 or 1 mg l-1 BA

combined with either 0 or 0.1 mg l-1 of IAA, NAA or 2,4-

D), and in experiment 2, three BA concentrations (1.0, 1.5

or 2.0 mg l-1) were combined with 0 or 0.1 mg l-1 IAA.

One Petri dish per combination of medium and genotype

was used, and both experiments were repeated three times.

For the first 14 days explants were grown in darkness at

24�C. After transfer to fresh medium the shoots were

moved to the same light conditions as shoot cultures, and

thereafter explants were subcultured every 2 weeks.

Transformation

Three strains of A. tumefaciens (LBA 4404, C58, and A281)

were selected for experiment 3. All strains carried the binary

vector p35S-GUS-INT harbouring the uidA gene coding for

b-glucuronidase (GUS) and the neomycin phosphotransfer-

ase gene nptII coding for kanamycin resistance. The nptII

gene was under the control of the nopaline synthase (NOS)

promoter, and the GUS gene was under the control of the

Cauliflower Mosaic Virus (CaMV) 35S promoter. The GUS

gene was interrupted by a plant intron, and therefore only

expressed in transformed plant cells.

One colony from each of the bacterial strains was cultured

overnight in 5 ml liquid medium on a rotary shaker at

110 rpm. LBA 4404 was grown in GG/l medium [modifica-

tion of MG/l with 5 g l-1 glucose instead of mannitol (Gar-

finkel and Nester 1980)] and supplemented with 50 mg l-1

kanamycin and 100 mg l-1 streptomycin. C58 and A281

were grown in Lysogeny Broth medium (LB) (Sambrook

et al. 1989) both supplemented with 50 mg l-1 kanamycin.

C58 was further supplemented with 100 mg l-1 ampenicillin.

The next day suspensions were diluted with liquid medium

according to previously obtained growth rates, and grown for

a further 21 h before centrifugation at 4,000 rpm for five min

and washing with liquid MS medium without plant growth

regulators (infection medium). Before inoculation and co-

cultivation, A. tumefaciens was re-suspended in infection

medium to an OD600 between 0.5 and 0.6.

Leaf explants, as described above, were used for trans-

formation, but avoiding the tip and the basal part. 16 explants

were placed in a sterile 9 mm Petri dish, and 10–15 ml of

bacterial suspension was added and left for five min. The leaf

explants were blotted on sterile filter paper to remove excess

suspension and placed on a MS medium containing 30 g l-1

sucrose, 8 g l-1 agar and 1 mg l-1 BA and then co-culti-

vated at 23�C in the dark. Five Petri dishes were inoculated

for each bacterial strain and cultivar combination. After

2 days the explants were washed with ca 2.5 ml per dish

of liquid MS medium containing 1 mg l-1 BA and

1,000 mg l-1 Timentin to remove and inactivate Agrobac-

terium surplus. After five min the explants were transferred

to sterile filter paper and placed on a MS medium containing

1 mg l-1 BA, 20 mg l-1 kanamycin and 500 mg l-1 Timentin

and incubated at 23�C in the dark. After another 12 days,

explants were sub-cultured and grown at 23�C in 16 h of

light (55 lmol m-2s-1). Only one shoot was taken from

each responding area to ensure that every shoot repre-

sented an independent transformation event. Explants were

sub-cultured every 2 weeks.

The number of explants with callus was evaluated 2, 4

and 6 weeks after inoculation. The first shoots were cut

free from the original explant after 6 weeks and transferred

to Petri dishes to be grown individually in test tubes con-

taining shoot culture medium (0.1 mg l-1 BA) with

20 mg l-1 kanamycin. After a few subcultures, plantlets

were transferred to 100 mg l-1 kanamycin, because non-

transformed shoots survived on 20 mg l-1.

Evaluation of transgenic lines

GUS activity was assessed histochemically using Jeffer-

sons b-glucoronidase assay (Jefferson et al. 1987). After

shoot regeneration, leaf samples from the 184 regenerated

plants were on two occasions incubated in 0.5 g l-1

5-bromo-4-chloro-3-indolyl-b-glucuronide in a phosphate

buffer (pH 7.0) at 37�C overnight. Stained tissue was

washed with 70% ethanol to remove chlorophyll before

examination under a stereomicroscope. A subsample of

two leaves from each of the 118 regenerated living plants

was tested for b-glucoronidase expression. A total of 102

lines were tested either positive or negative in both subs-

amples, and the remaining two sample parts from these

lines were pooled and used for PCR.

Genomic DNA was extracted from freeze dried leaf

samples of 34 selected lines by the CTAB method (Murray

and Thompson 1980), but modified according to Clark

(1997). Primers used for amplifying the uidA gene were

GUSs 50 CTG CGA CGC TCA CAC CGA TAC C 30 and

GUSas 50 TCA CCG AAG TTC ATG CCA GTC CAG 30

giving an expected product of 441 bp. Primers used for the

nptII gene were NptIIs 50 TCC GGC CGC TTG GGT GGA

GAG 30 and NptIIas 50 CTG GCG CGA GCC CCT GAT

GCT 30 giving an expected product of 471 bp. The fol-

lowing PCR program was used for both amplifications on a

DNA thermal cycler (Eppendorf Mastercycler Gradient�

5331): 94�C for 1 min followed by 35 cycles of 94�C for

1 min (denaturation), 60�C for 1 min (annealing) and 72�C

for 1 min (elongation), and then ending with 72�C for

10 min. (elongation).

Six transgenic ‘Victoria Fanny’ lines transformed with

LBA 4404 showing GUS expression in three histochemical

assays, having positive PCR tests for both uidA and nptII

and with vigorous growth were analysed by Southern blot

hybridisation. Genomic DNA from up to 200 mg freeze

dried leaves of the transgenic lines and an untransformed
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‘Victoria Fanny’ were extracted by the CTAB method

(Murray and Thompson 1980) modified according to Clark

(1997). Plasmid DNA was isolated using the ultraclean

standard mini plasmid prep kit (MOBIO Laboratories). The

genomic DNA was digested with the restriction enzyme

HindIII (Fermentas), and the restriction fragments were

separated by electrophoresis in a 0.8% TBE agarose gel

(10 V, 255 min) and blotted on a Zeta probe membrane

(Biorad) by rapid downward transfer. A 441 bp fragment

of p35S GUS INT was obtained after PCR, using the

primers GUSs 50 CTG CGA CGC TCA CAC CGA TAC C

30 and GUSas 50 TCA CCG AAG TTC ATG CCA GTC

CAG 30. This probe was labelled with the radioactive

isotope 32P, purified in a poly prep column (BioRad), de-

naturised at 100�C for five min and stored on ice until use.

The membrane was pre-hybridised in 20 ml warm aqueous

prehybridisation/hybridisation solution (AHP) (5 9 SSC

(3 M NaCl, 0.3 M Na3C6H5O7, pH 7), 5 9 Denhardt

(10 g l-1 Ficoll 400, 10 g l-1 Polyvinylpyrrolidon 40,

10 g l-1 BSA), 1% Natriumdodecylsulfat (SDS)) and kept

in the hybridisation oven at 68�C for 3 h. The labelled

probe was added to the hybridisation tubes, and the

membrane was hybridised over night at 68�C. After

hybridisation the AHP was removed, and the membrane

was washed twice in 20 ml of 2 9 SSC/0.1% SDS for five

min at 42�C. The membrane was then washed twice with

0.2 9 SSC/0.1% SDS at 42�C for five min, and finally for

5 min in 2 9 SSC. After washing, the membrane was

placed on a PhosphorImage screen (Molecular Dynamics

phosphor storage 20 9 25 screen 35 9 43) for 3 days. The

image was processed using ‘‘Typhoon trio cariable mode

imager’’ (Amersham Biosciences data processing: Image

Quant Tools, Version 2.2).

Acclimatisation and transfer of plants to the greenhouse

Transgenic shoots were transferred to a hormone free MS

medium for root formation. After 2 weeks plantlets were

transplanted to a peat based potting mixture (Pindstrup 2,

Pindstrup Mosebrug, Pindstrup, 8550 Ryomgaard, Den-

mark) and covered with plastic for 2 weeks to acclimatise.

At the same time 25 top cuttings of each of two pollen

producing cultivars, ‘Faith’ and ‘Stanfords White Swan’,

were propagated in the same potting mixture. After

3 weeks, the plants were pinched and 1 week later trans-

ferred to short day conditions (12 h of light per day) for

flower induction. The three transgenic lines were pollinated

with ‘Faith’ and ‘Stanfords White Swan’ over a period of

14 days to ensure a good seed set. Six weeks later the

resulting seeds were sown in Pindstrup 2. When the seed-

lings had four to five true leaves, two leaves per seedling

were tested for b-glucuronidase activity. A maximum of 50

plants per crossing were tested.

Data analysis

In experiments 1 and 2 data were recorded on callus and

shoot formation and the number of shoots smaller and

larger than 1 cm for each explant. In experiment 2 explants

with shoots\1 cm were grouped as 0 = 0 shoots, 1 = 1–3

shoots, 2 = 4–9 shoots and 3 = more than 9 shoots. Data

was recorded 8 weeks after culture initiation. For each

Petri dish the percentages of explants with shoots and

callus were calculated and used in an analysis of variance

(GLM procedure within SAS) to determine the effect of

cultivar and medium composition. Analyses of variance

were also carried out on the number of shoots longer than

1 cm and on each of the categories of shoots \1 cm to

determine the effects of cultivar and medium composition

as well as their interactions. Variance homogeneity was

tested by residual plots. Prior to the analysis of variance,

data on shoot numbers was log-transformed to ensure

variance homogeneity. In the figures and tables the back-

transformed values for shoot numbers are presented. Cul-

tivars not responding were excluded prior to statistical

analyses of shoot numbers.

In experiment 3 the number of explants developing

callus and shoots, as well as the average number of shoots

per explant and time to first shoot were recorded. Multiple

comparisons among means were performed using

LSMEANS to examine the effect of S. novi-belgii cultivar

and Agrobacterium strain on shoot regeneration. To

determine whether a shoot was transformed or not, both the

presence of the UidA and NptII genes in a PCR and the

presence of blue colour in a b-glucoronidase assay were

used. To determine if the transgenes segregated in a

Mendelian fashion, the number of GUS-positive seedlings

among the offspring populations was determined and the

segregation analysed using a v2 test.

Results and discussion

Adventitious shoots

To induce adventitious shoots, leaf explants from 19 cul-

tivars were grown on media with different combinations of

BA and auxins. In experiment 1, eight cultivars were

grown on media with or without BA combined with the

presence/absence of IAA, 2,4-D or NAA. Significant three-

way interactions between cultivar, BA and auxin type for

both adventitious shoot and callus formation were found

(P = 0.0004 and 0.007) (Table 1). In experiment 2, 14

Victoria cultivars were grown on media with 1, 1.5 or

2 mg l-1 BA and 0 or 0.1 mg l-1 IAA. Overall large dif-

ferences in shoot formation were observed between culti-

vars (P B 0.0001) with almost 100% responsive explants
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in several cultivars on media containing BA, to no regen-

eration from four cultivars on any of the tested media

(Table 1; Fig. 1). Callus was formed on explants from all

cultivars except ‘Viking Freja’ (data not shown). Differ-

ences in the regeneration capacity between cultivars have

been observed in many plant species and between mutants

obtained from a single cultivar (Zalewska et al. 2007).

Teixeira da Silva (2004) reviewed Chrysanthemum bio-

technology and listed genotypic differences in 36 papers.

In experiment 1, ‘Dark Milka’ and ‘Victoria Fanny’

formed shoots irrespective of growth regulator combination

(Table 1), even on growth regulator free medium. ‘Viking

Freja’ and ‘Helen Ballard’ did not responds, and ‘Lisa

Dawn’ only responded with a low frequency of shoot for-

mation and only on media with IAA (Table 1). For the five

responsive cultivars, BA promoted or did not affect the

percentage of shoot forming explants (P B 0.0001)

(Table 1). For ‘Victoria Gaby’ and ‘Victoria Hillary’ BA

was necessary for adventitious shoot formation, and for

‘Victoria Gaby’ addition of IAA or NAA promoted shoot

formation, while 2,4-D inhibited it. BA significantly

increased the total shoot number for ‘Dark Milka’, ‘Vic-

toria Fanny’ and ‘Victoria Gaby’ (Table 2). BA increased

the number of long shoots in ‘Victoria Fanny’ and ‘Vic-

toria Gaby’, whereas the opposite effect was found for

‘Dark Milka’. IAA or/and NAA increased the total number

of shoots, whereas 2,4-D had no influence (Table 3). The

number of long shoots decreased on 2,4-D containing

medium, but was not influenced by IAA or NAA (Table 3).

In experiment 2, there was a significant interaction

between cultivar and BA (P = 0.02), as an increase in BA

concentration from 1.0 to 2.0 mg l-1 reduced the percentage

of responding explants in four cultivars (Fig. 1). IAA

increased the overall percentage of responding explants

significantly from 51 to 55% (P = 0.04). More than 90% of

the explants from ‘Victoria Fanny’ and its sports produced

Table 1 Effect of media composition and cultivar on adventitious shoot formation (% of explants with shoots) (experiment 1)

BA IAA 2,4-D

(mg l-1)

NAA ‘Dark

Milka’

‘Victoria

Fanny’

‘Victoria

Gaby’

‘Victoria

Hillary’

‘Cameo’ ‘Lisa

Dawn’

‘Viking

Freja’

‘Helen

Ballard’

0 0 0 0 65 ba 38 c 0 c 0 b 0 b 0 0 0

1.0 0 0 0 100 a 100 a 48 b 10 ab 0 b 0 0 0

0 0.1 0 0 98 a 54 bc 2 c 0 b 2 b 4 0 0

1.0 0.1 0 0 100 a 100 a 88 a 17 ab 25 a 4 0 0

0 0 0.1 0 98 a 56 bc 0 c 2 b 6 ab 0 0 0

1.0 0 0.1 0 100 a 100 a 0 c 15 ab 10 ab 0 0 0

0 0 0 0.1 98 a 72 b 0 c 2 ab 0 b 0 0 0

1.0 0 0 0.1 100 a 100 a 76 a 21 a 10 ab 0 0 0

a Data within each column (cultivar) followed by different letters were significantly different at P = 0.05. Overall LSD0.95 = 19%

Fig. 1 Effect of cultivar and

BA concentration on

adventitious shoot formation (%

of explants with shoots). LSD

0.95 for shoot

formation = 16%. Significant

differences between BA

concentrations within each

cultivar are indicated by

letters above each column

(experiment 2)
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more than three shoots smaller than 1 cm (Fig. 2) resulting in

a significant difference between the cultivars (P B 0.0001).

Increases in BA concentration reduced the percentages of

explants with 4–9 shoots smaller than 1 cm (P = 0.02) and

more than 9 shoots smaller than 1 cm (P = 0.04), did not

influence the number of explants with 1–3 shoots smaller

than 1 cm (P = 0.9) and reduced the number of long shoots

(P B 0.0001) (Fig. 3a). The number of explants with 1–3

shoots smaller than 1 cm was significantly increased from

17.7 to 22.1% by addition of 0.1 mg l-1 IAA (P = 0.007).

On the other hand, IAA decreased the number of long shoots

in the three cultivars ‘Victoria Gaby’, ‘Victoria Jane’ and

‘Victoria Kate’, while the other cultivars did not react to the

addition of IAA (Data not shown). Therefore, a significant

interaction between IAA and cultivar type was found

(P B 0.0001).

BA alone or in combination with auxin is commonly used

to induce adventitious shoots in different Asteraceae species

(Sujatha and Kumar 2007; Sreedhar et al. 2008) and espe-

cially to induce shoots from leaf explants (Corral et al. 2011;

Vanegas et al. 2002; Wildi et al. 1998). In Chrysanthemum

coronarium BA concentrations between 0.6 and 2.3 mg l-1

in combinations with NAA were optimal for adventitious

shoot formation from leaf explants (Lee et al. 1997), and in

C. novoana a combination of 2.22 mg l-1 BA and

2.69 mg l-1 NAA resulted in the largest number of shoots

(Corral et al. 2011). In Saussurea obvallata the highest fre-

quency of shoot regeneration and the highest number of

shoots per leaf explant were obtained on medium with

1.1 mg l-1 BA and 0.2 mg l-1 NAA (Dhar and Joshi 2005).

In Petasites hybridus the optimal BA concentration was

Table 2 Effect of cultivar and BA on total shoot number and number

of long shoots ([1 cm) per leaf explant after 8 weeks of culture

(experiment 1)

Cultivar Total no. of shoots No. of long shootsa

-BA BA -BA BA

‘Dark Milka’ 4.8 cb 11.2 b 1.5 a 0.9 c

‘Victoria Fanny’ 1.3 d 19.1 a 0.6 c 1.4 ab

‘Victoria Gaby’ 0.0 e 1.8 d 0.0 d 0.9 c

‘Victoria Hillary’ 0.0 e 0.2 e 0.0 d 0.0 d

‘Cameo’ 0.0 e 0.2 e 0.0 d 0.0 d

‘Lisa Dawn’c 0.0 0.0 0.0 0.0

‘Viking Freja’c 0.0 0.0 0.0 0.0

‘Helen Ballard’c 0.0 0.0 0.0 0.0

a Long shoots correspond to shoots [1 cm in length
b Data within each column followed by different letters were sig-

nificantly different at P = 0.05
c Not determined

Table 3 Effect of auxin type on total shoot number and number of

long shoots per explant (experiment 1)

Auxin Total no. of shoots No. of long shootsa

No auxin 1.2 bb 0.5 a

IAA 1.9 a 0.6 a

2,4-D 1.2 b 0.1 b

NAA 2.1 a 0.6 a

a Long shoots correspond to shoots [1 cm in length
b Data within each column followed by different letters were sig-

nificantly different at P = 0.05

Fig. 2 Effect of cultivar on the

percentage of explants forming

shoots \1 cm. The explants are

categorised according to the

number of shoots they

produced. Significant

differences within each category

are indicated by letters above

each column (experiment 2)
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around 4 mg l-1 for shoot formation from leaf to petiole

explants (Wildi et al. 1998). In the present experiments, two

S. novi-belgii cultivars formed adventitious shoots even on

growth regulator free medium, but for most cultivars BA was

necessary. Thus, S. novi-belgii seem to have a rather low

requirement for BA during the induction and development of

adventitious shoots.

In A. tripolium, NAA alone or in combination with BA,

Kinetin, Zeatin or N6-2-Isopentenyl adenine induced shoot

forming callus, but addition of IAA did not support shoot

formation (Uno et al. 2009), whereas in A. cordifolius

‘White Elegans’ shoots were formed on medium with

1.0 mg l-1 IAA and 0.1 mg l-1 BA from leaf to petiole

explants (Cammareri et al. 2002). In the present investi-

gation, 2,4-D increased the formation of callus (data not

shown), prevented shoot formation in ‘Victoria Gaby’ and

generally reduced the number of long shoots (Table 3).

Similar results were obtained in Tagetes erecta, where

adventitious shoots were induced from leaf explants by

combinations of BA and IAA or NAA, but only callus was

formed on medium that included 2,4-D (Vanegas et al.

2002). Callus was obtained from 15 out of 16 Aster species,

but only A. divaricatus regenerated shoots after 4 months,

when grown on medium containing 0.1 mg l-1 2,4-D and

no cytokinin (Cammareri et al. 2001). Cammareri et al.

(2002) reported that A. cordifolius ‘White Elegans’ had the

highest frequency of shoot formation from a two step

protocol with callus induction on a high 2,4-D:BA ratio and

plant regeneration on a low ratio. The effect IAA or NAA

during induction of adventitious shoots from leaf explants

of S. novi-belgii cultivars was not very clear and seemed to

be of minor importance.

In both ‘Victoria Fanny’ and ‘Victoria Jane’ the per-

centage of responding explants was high (Fig. 1), but

‘Victoria Jane’ formed fewer (Fig. 2) but longer shoots

(Fig. 3b, c) than ‘Victoria Fanny’. Concentrations of BA

higher than 1 mg l-1 reduced the number of long shoots in

both cultivars (Fig. 3b, c), and shoot elongation in ‘Vic-

toria Jane’ seemed to be quicker without addition of

0.1 mg l-1 IAA (Fig. 3d). Because these two commer-

cially interesting cultivars were both highly responsive, but

differed in the number of shoots per explant and the

number of long shoots per explant 8 weeks after plating,

they were chosen for the transformation studies. A positive

correlation between potential high transformation effi-

ciency and a high regeneration capacity has been reported

in e.g. safflower (Shilpa et al. 2010), sunflower (Gürel and

Kazan 1999) and ‘‘Egusi’’ melon (Ntui et al. 2010).

Transformation

In experiment 3 a total of 184 shoots were regenerated

from ‘Victoria Fanny’ and ‘Victoria Jane’ after co-culti-

vation of leaf explants with the A. tumefaciens strains LBA

4404, C58 and A281 containing the p35S-GUS-INT plas-

mid (Table 4), with 153 shoots regenerated from ‘Victoria

Fanny’ and 31 from ‘Victoria Jane’.

Fig. 3 The mean number of shoots [1 cm per explants for a all

cultivars, b ‘Victoria Jane’, and c ‘Victoria Fanny’ grown at different

concentrations of BA, d effect of cultivars (‘Victoria Fanny’ and

‘Victoria Jane’) and IAA concentration on the number of shoots

[1 cm. Data indicated with different letters within each figure were

significantly different at P = 0.05 (experiment 2)
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Depending on the Symphyotrichum cultivar

(P = 0.0226) and the Agrobacterium strain (P B 0.0001)

callus was induced on 19–100% of the explants, but also

the amount of callus varied (Table 4; Fig. 4c, d). When

explants were co-cultivated with the supervirulent Agro-

bacterium strain A281, callus was formed in large amounts

on all explants (Table 4; Fig. 4c, d). This may be due to

transfer of A. tumefaciens genes coding for auxin and/or

cytokinin from the disarmed wild type A281. Callus

formed along the entire cut surface indicating the presence

of many competent cells in both ‘Victoria’ cultivars, but

also that the endogenous hormone production and the

hormones provided in the growth medium were suboptimal

for callus formation and plant regeneration. Overall, a

significantly higher percentage of explants from ‘Victoria

Fanny’ formed callus compared with ‘Victoria Jane’.

A significant difference was found on the shoot forma-

tion both between cultivars (P = 0.0007) and between

Agrobacterium strains (P = 0.0089). In both cultivars the

highest percentage of explants with shoots was observed

after co-cultivation with A281. ‘Victoria Jane’ did not

respond to LBA 4404 and only produced two shoots after

co-cultivation with C58 (Table 4). ‘Victoria Fanny’ pro-

duced more shoots per explant (0.72) than ‘Victoria Jane’

(0.15) regardless of the Agrobacterium strain (P =

0.0055). After co-cultivation of ‘Victoria Fanny’ with LBA

4404 or C58 regeneration of shoots within a single Petri

dish varied between 0 and 33, whereas co-cultivation with

A281 resulted in less variation between dishes (between 6

and 13 shoots in ‘Victoria Fanny’ and between 4 and 8 in

‘Victoria Jane’. Therefore, regeneration of transformants in

S. novi-belgii appeared to be relatively independent of

cultivar, when A281 was used, but cultivar dependent for

LBA 4404 and C58. A significant interaction between

strain and cultivar on the number of days to first shoot was

found (P = 0.0022). Formation of adventitious shoots in

‘Victoria Fanny’ was fastest after co-cultivation with LBA

4404 or C58 compared with A281, while ‘Victoria Jane’

had the slowest response regardless of strain (Table 4). The

longer time for shoot appearance after co-cultivation with

A281 may be attributed to the significant callus induction

prior to indirect shoot formation. Generally, direct organ-

ogenesis is thought to reduce the risk of somaclonal vari-

ation and usually results in true-to type regenerants (Lee

and Phillips 1988; Viterbo et al. 1992; Ntui et al. 2010), but

the occurrence and extent of in vitro introduced genetic

instability is highly genotype specific (Bennici et al. 2004).

In conclusion, LBA 4404 is recommended for transfor-

mation of ‘Victoria Fanny’, whereas A281 should be

included together with other strains, when transformation

protocols for further cultivars are to be developed. The

Agrobacterium strains used in the present investigation

have also been tested in kiwi (Wang et al. 2007),

pea (Nadolska-Orczyk and Orczyk 2000), and alfalfa

(Desgagnes et al. 1995) with similar interactions between

strain and plant genotype.

Leaves from 118 of the 184 potentially transgenic plants

were tested twice for GUS activity, 47% of the plants

showed GUS expression in both assays, 39% were negative

in both assays, and the remaining 16 lines (14%) differed in

GUS expression between the two assays. Whole-shoot

assays of GUS expression showed that the uidA gene was

more strongly expressed in the oldest leaves (Fig. 5), even

though the constitutive 35S promoter was used. Kunz et al.

(2001) also found that GUS expression varied in transgenic

Nicotiana sylvestris depending on developmental age, but

in their study the expression was highest in the youngest

leaves and decreased gradually with leaf age. Pret’ova et al.

(2001) reported in Nicotiana tabaccum a 5 times higher

GUS expression in the youngest leaves compared to the

oldest. Kunz et al. (2001) suggested a linkage between the

decrease in GUS expression and gene silencing as the

leaves mature. Pret’ova et al. (2001) suggested a stronger

protein synthesis in cells of younger leaves than in cells of

Table 4 Callus formation, shoot formation and days to first shoot (longer than 2 cm), following transformation of two S. novi-belgii cultivars

with three Agrobacterium strains (experiment 3)

Cultivar Strain Callus

formation (%)a
Shoot

formation (%)a
No. of shoots

per explanta
Days to first

shoot

No. of plants

regenerated

‘Victoria Fanny’ LBA 4404 51 bb 39 b 0.93 a 60 a 67

A281 100 a 53 a 0.67 a 77 b 47

C58 50 b 31 b 0.56 a 61 a 39

‘Victoria Jane’ LBA 4404 19 b 0 b 0.00 a –c 0

A281 100 a 36 a 0.41 a 82 bc 29

C58 20 b 3 b 0.03 a 100 c 2

a No interaction between cultivar and strain was found, so only means within a cultivar were compared
b Data within each column followed by different letters were significantly different at P = 0.05
c Not determined
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older leaves and therefore a correspondingly high GUS

expression in the younger. The opposite result obtained in

the present study could be due to the high stability of the b-

glucoronidase enzyme that accumulates in plant cells over

time (Gallagher 1992; Pret’ova et al. 2001), and therefore,

older leaves may have a higher concentration of the

enzyme and an increased likelihood for visible GUS

expression.

PCR identification of the uidA and nptII inserts in the

genomic DNA showed that of 22 GUS positive lines and 12

GUS negative lines, all GUS positive lines contained both

genes (Table 5). In addition, 50% of the GUS negative plants

also contained both genes. The remaining GUS negative lines

Fig. 4 Adventitious shoot formation in ‘Victoria Fanny’ a and

‘Victoria Jane’ b. The two first columns show callus formation on

‘Victoria Fanny’ c and the two last columns show ‘Victoria Jane’

d. Thirty days after co-cultivation with three different A. tumefaciens
strains (experiment 3)

Fig. 5 GUS expression of a whole shoot of ‘Victoria Fanny’

(experiment 3)
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contained neither the uidA nor the nptII insert. Thus, in some

transformed lines the uidA gene was either not expressed or

expressed at such a low level that it was undetectable in the

GUS assay. Similar results were observed in Pelargonium

xhortorum (Hassanein et al. 2005, 2009), Antirrhinum majus

(Cui et al. 2004), Begonia xhyemalis (Kishimoto et al. 2002),

African violet (Mercuri et al. 2000) and Eupatorium adeno-

phorum (Guo et al. 2010). Whole-plant assays of Begonia

showed that in plants with GUS negative leaves, GUS was

partially expressed in the roots (Kishimoto et al. 2002). In our

experiments the plants were kept in vitro and had no roots.

The missing expression could be due to insertion of the

transgenes into an un-transcribed region of the genome, par-

tial insertion of either the uidA gene or the promoter (Has-

sanein et al. 2005; Mercuri et al. 2000; Guo et al. 2010), or due

to epigenetic modifications, when several copies of the gene

were inserted (Kishimoto et al. 2002).

To prove a stable insertion several lines were tested for

Southern blot hybridisation, and they showed 1 or 2

insertion sites (Fig. 6). To test, whether the transgenic lines

were able to produce vigorous seeds, and to investigate,

whether the transgenes could be stably inherited to the next

generation, three vigorous growing lines (25, 53 and 151)

were selected for crossings and offspring analysis. All three

lines originated from transformation of ‘Victoria Fanny’

with LBA 4404, and line 25 and 53 had two stable inserts

each, while line 151 had one, when tested with Southern

blot hybridisation (Fig. 6). GUS assays of the seedling

offspring (R1) showed that the transgenic plants (R0) were

capable of transferring the UidA gene to their offspring

(Table 6), and, therefore, transgenic plants could be used

directly in later breeding programs.

In summary, the present study has demonstrated the

establishment of an efficient regeneration protocol through

adventitious shoot formation from in vitro grown cultivars

of S. novi-belgii on MS medium with 1.0 mg l-1 BA. The

effects of adding IAA or NAA were not clear, however, the

addition of 2,4-D promoted callus formation and inhibited

shoot elongation. Moreover, the ability to form adventi-

tious shoots was depending on the cultivar. We further

present a protocol for successful Agrobacterium mediated

transformation of leaf explants from in vitro grown plants

of the S. novi-belgii cultivars ‘Victoria Fanny’ and ‘Vic-

toria Jane’. In both cultivars, transformation with the su-

pervirulent succinamopine strain A281 resulted in similar

yields of transformants. However, for ‘Victoria Fanny’ we

recommend transformation with LBA 4404 due to the

direct regeneration of shoots resulting in both a quicker

shoot formation and a high number of transgenic shoots.
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Table 5 PCR evaluation of plants that tested either GUS positive or

negative twice (experiment 3)

Gus assay Cultivar Strain No. of

tested

plants

Positive

in PCR

for GUS

Positive in

PCR for

kanamycin

Positive ‘Victoria

Fanny’

LBA 4404 9 9 9

C58 7 7 7

A281 3 3 3

‘Victoria

Jane’

A281 3 3 3

Negative ‘Victoria

Fanny’

LBA 4404 5 3 3

‘Victoria

Jane’

C58 1 0 0

A281 4 2 2

A281 2 1 1

Fig. 6 Southern blot hybridisation of the three transformed maternal

lines. a kDNA/HindIII size marker (experiment 3)

Table 6 Analysis of R1 progeny after crossing 3 independent primary

transformants showing GUS activity and containing either one or two

copies of the uidA gene with two non-transformed cultivars of S. novi-
belgii (experiment 3)

Female/male Observed

Gus (positive:

negative)a

Expected

segregation

ratio (positive:

negative)

v2 value P value

25/‘Faith’ 34:35 3:1 0.01 0.9

53/‘Faith’ 60:38 3:1 4.9 0.03

151/‘Faith’ 3:94 1:1 85.4 0.0001

25/‘Stanfords

White Swan’

0:10 3:1 5.0 0.03

53/‘Stanfords

White Swan’

39:59 3:1 4.1 0.04

151/‘Stanfords

White Swan’

4:97 1:1 85.6 0.0001

a R1 plantlets were analyzed by the histochemical GUS assay, and the

number of GUS positive to negative seedlings shown
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Gürel E, Kazan K (1999) Evaluation of various sunflower (Helianthus
annuus L.) genotypes for Agrobacterium tumefaciens-mediated

gene transfer. Turk J Bot 23:171–177

Hassanein A, Chevreau E, Dorion N (2005) Highly efficient

transformation of zonal (Pelargonium 9 hortorum) and scented

(P. capitatum) geraniums via Agrobacterium tumefaciens using

leaf discs. Plant Sci 169:532–541

Hassanein A, Hamama L, Loridon K, Dorion N (2009) Direct gene

transfer study and transgenic plant regeneration after electropor-

ation into mesophyll protoplasts of Pelargonium 9 hortorum,

‘Panach, Sud’. Plant Cell Rep 28:1521–1530

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: beta-

glucuronidase as a sensitive and versatile gene fusion marker in

higher plants. EMBO J 6:3901–3907

Karami O, Esna-Ashari M, Kurdistani GK, Aghavaisi B (2009)

Agrobacterium mediated genetic transformation of plants: the

role of host. Biol Plantarum 53:201–212

Kishimoto S, Aida R, Shibata M (2002) Agrobacterium tumefaciens
mediated transformation of elatior begonia (Begonia 9 hiemalis
fotsch). Plant Sci 162:697–703

Krishnamohan A, Balaji V, Veluthambi K (2001) Efficient vir gene

induction in Agrobacterium tumefaciens requires virA, virG, and

vir box from the same Ti plasmid. J Bacteriol 183:4079–4089

Kristiansen K, Petersen K (2009) In vitro mutagenesis in Aster novi-
belgii cultivars. Acta Hort 836:207–214

Kristiansen K, Hansen CW, Brandt K (1997) Flower induction in

seedlings of Aster novi-belgii and selection before and after

vegetative propagation. Euphytica 93:361–367

Kunz C, Schob H, Leubner-Metzger G, Glazov E, Meins F (2001)

Beta-1,3-glucanase and chitinase transgenes in hybrids show

distinctive and independent patterns of posttranscriptional gene

silencing. Planta 212:243–249

Lee M, Phillips RL (1988) The chromosomal basis of somaclonal

variation. Annu Rev Plant Physiol Plant Mol Biol 39:413–437

Lee T, Huang MEE, Pua EC (1997) High frequency shoot regener-

ation from leaf disc explants of garland chrysanthemum

(Chrysanthemum coronarium L.) in vitro. Plant Sci 126:219–226

Mercuri A, De Benedetti L, Burchi G, Schiva T (2000) Agrobacte-
rium mediated transformation of African violet. Plant Cell Tiss

Organ Cult 60:39–46

Mishiba KI, Ishikawa K, Tsujii O, Mii M (2000) Efficient transfor-

mation of lavender (Lavandula latifolia Medicus) mediated by

Agrobacterium. J Hort Sci Biotechnol 75:287–292

Mørk EK, Kristiansen K, Jorgensen HJL, Sundelin T (2011) First

report of Golovinomyces cichoracearum as the causal agent of

powdery mildew on Symphyotrichum novi-belgii (synonym

Aster novi-belgii) in Denmark. Plant Dis 95:228

Murashige T, Skoog F (1962) A revised medium for rapid growth and

bio assays with tobacco tissue cultures. Physiol Plant 15:473

Murray MG, Thompson WF (1980) Rapid isolation of high molecular

weight plant DNA. Nucleic Acids Res 8:4321–4325

Nadolska-Orczyk A, Orczyk W (2000) Study of the factors influenc-

ing Agrobacterium mediated transformation of pea (Pisum
sativum L.). Mol Breed 6:185–194

Ntui VO, Khan RS, Chin DP, Nakamura I, Mii M (2010) An efficient

Agrobacterium tumefaciens mediated genetic transformation of

‘‘Egusi’’ melon (Colocynthis citrullus L.). Plant Cell Tiss Organ

Cult 103:15–22

Pniewski T, Kapusta J, Pucienniczak A (2006) Agrobacterium-

mediated transformation of yellow lupin to generate callus tissue

producing HBV surface antigen in a long-term culture. J Appl

Genet 47:309–318

Pret’ova A, Obert B, Wetzstein HY (2001) Leaf developmental stage

and tissue location affect the detection of beta-glucuronidase in

transgenic tobacco plants. Biotechnol Lett 23:555–558

Salazar R, Vargas TE, De Garcia E, Oropeza M (2005) Microprop-

agation and organogenesis were established for Aster ericoides
cv. ‘‘Monte Cassino’’. Interciencia 30:295–299

Sambrook J, Fritsch EF, Marchive C (1989) Molecular cloning: a

laboratory manual. Cold Spring Harbor, New York

Shilpa KS, Kumar VD, Sujatha M (2010) Agrobacterium-mediated

genetic transformation of safflower (Carthamus tinctorius L.).

Plant Cell Tiss Organ Cult 103:387–401

Sreedhar RV, Venkatachalam L, Thimmaraju R, Bhagyalakshmi N,

Narayan MS, Ravishankar GA (2008) Direct organogenesis from

leaf explants of Stevia rebaudiana and cultivation in bioreactor.

Biol Plant 52:355–360

Sujatha M, Kumar VD (2007) In vitro bud regeneration of Carthamus
tinctorius and wild Carthamus species from leaf explants and

axillary buds. Biol Plant 51:782–786

Plant Cell Tiss Organ Cult

123

http://www.floradania.dk/fileadmin/templates/PDF-filer/Branchenyt/Top_14/Oversigt_over_alle
http://www.floradania.dk/fileadmin/templates/PDF-filer/Branchenyt/Top_14/Oversigt_over_alle
http://www.floradania.dk/fileadmin/templates/PDF-filer/Branchenyt/Top_14/Oversigt_over_alle


Uno Y, Nakao S, Yamai Y, Koyama R, Kanechi M, Inagaki N (2009)

Callus formation, plant regeneration, and transient expression in

the halophyte sea aster (Aster tripolium L.). Plant Cell Tiss

Organ Cult 98:303–309

Vanegas PE, Cruz-Hernandez A, Valverde ME, Paredes-Lopez O

(2002) Plant regeneration via organogenesis in marigold. Plant

Cell Tiss Organ Cult 69:279–283

Viterbo A, Rabinowitch HD, Altman A (1992) Plant regeneration

from callus cultures of Allium trifoliatum subsp. hirsutum and

assessment of genetic stability by isozyme polymorphism. Plant

Breed 108:265–273

Wang T, Atkinson R, Janssen B (2007) The choice of Agrobacterium
strain for transformation of kiwifruit. In: Ferguson AR, Hewett

EW, Gunson FA, Hale CN (eds) Proceedings of the 6th

international symposium on kiwifruit, pp 227–232

Wildi E, Schaffner W, Buter KB (1998) In vitro propagation of

Petasites hybridus (Asteraceae) from leaf and petiole explants

and from inflorescence buds. Plant Cell Rep 18:336–340

Zalewska M, Lema-Ruminska J, Miler N (2007) In vitro propagation

using adventitious buds technique as a source of new variability

in chrysanthemum. Sci Hort 113:70–73

Plant Cell Tiss Organ Cult

123



 78 

9. Paper 4: (Manuscript) Positive effect of transgenes on Powdery Mildew 

resistance in Symphyotrichum novi-belgii under greenhouse conditions 

 
  



 79 

Positive effect of transgenes on Powdery Mildew resistance in 

Symphyotrichum novi-belgii under greenhouse conditions  
Eline Kirk Mørk1, Kim Hebelstrup2, Henrik Brinch-Pedersen2, Sine Hovbye Topp3, Kell 

Kristiansen1 and Karen Koefoed Petersen1* 
1Department of Food Science, Aarhus University, Kirstinebjergvej 10, DK-5792 Aarslev 
2Department of Genetics and Biotechnology, Aarhus University, Forsøgsvej 1, DK-4200 Slagelse  
3Department of Agriculture and Ecology, University of Copenhagen, Thorvaldsensvej 40 DK-1871 Frederiksberg C 
* Corresponding author (Email: KarenK.Petersen@agrsci.dk, telephone +4587158336, fax +4587154812) 

Abstract 
In this study three different genes each related to pathogen resistance were introduced in the two 

genotypes of Symphyotrichum novi-belgii ‘Victoria Fanny’ and X1.105 to reduce the susceptibility towards 

the powdery mildew Golovinomyces cichoracearum. The genes were RCC2, an Oryza sativa chitinase, Ace-

AMP1, a non-specific lipid transfer protein from Allium cepa, and VvWRKY1, a transcription factor from Vitis 

vinifera, all involved in resistance signalling. All three genes have previously resulted in increased resistance 

against a broad range of pathogens and were under the control of the CaMV 35S promoter and inserted 

into the plants using Agrobacterium tumefaciens. Before the transformation, the natural level of 

susceptibility was higher in ‘Victoria Fanny’ than in X1.105. The results of the transformation showed a 

significant reduction in the infection level in X1.105 by 44% after insertion of Ace-AMP1, even though a low 

mRNA expression of the transgene was recorded. Measured across all three transgenes a significant 

reduction in the susceptibility was also found in X1.105, while no significant differences were obtained in 

‘Victoria Fanny’. No significant differences were recorded between the lines within any combination of 

genotype and transgene. In X1.105, all three genes increased the number of uninfected leaves between 2.3 

and 2.9 times compared with the control. One of the aims with this study was to stack the transgenes 

aiming for an even lower susceptibility in the offspring lines, but no transgenic seedlings were obtained. 

Introduction 
Symphyotrichum novi-belgii (L.) G.L.Nesom (syn. Aster novi-belgii L.) is a popular autumn flowering 

perennial used as potted plant in Denmark, and it has been among the 10 most sold plants since 2004. S. 

novi-belgii is highly susceptible towards the powdery mildew Golovinomyces cichoracearum (Mørk et al. 

2011b). Through breeding some resistance has been achieved, but the programs and research have been 

restricted to intraspecific hybridisation (Kristiansen et al. 1997; Kristiansen and Petersen 2009). By 

introducing transgenes the limitations of a narrow gene pool will be removed and a large number of 

possibilities lie ahead.  
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To improve the defence system in plants several different transgenic strategies can be applied as described 

by Collinge et al (2008). The mostly used approach has been to constitutively express one antimicrobial 

protein such as chitinase in the plant enhancing the resistance in this specific manner. Another way is to 

influence a large array of the plant genes by over-expression of a transcription factor involved in defence 

regulation. Thereby, the plant’s own defence system is always active, when the pathogen starts the 

intrusion. A variation of this is to over-express signals in the signalling pathway, which will also lead to a 

constitutively activated defence system, or to over-express the receptor proteins.  

 

For the present study three molecular approaches for improving powdery mildew resistance in S. novi-

belgii were selected. The approaches were chosen based on positive results in other species. The three 

candidate genes were: (1) VvWRKY1, coding for a transcription factor involved in resistance gene 

regulation, (2) Ace-AMP1, a non-specific Lipid Transfer Protein (ns-LTP), and (3) RCC2, a gene coding for a 

chitinase involved in degradation of the fungal skeleton.    

 

VvWRKY1 is isolated as a full-length cDNA sequence obtained from a Vitis vinifera L. cv. Cabernet Sauvignon 

grape berry library and encodes a polypeptide of 151 amino acids length with only one WRKY domain at the 

N-terminal end followed by a Cys2/His2-type zink finger motif (Marchive et al. 2007). Together with other 

structural motifs VvWRKY1 is placed in the subgroup IIc of WRKY transcription factors (Eulgem et al. 2000). 

Marchive et al (2007)found using VvWRKY1  that epitopic over-expression in tobacco reduced the 

susceptibility against the tobacco powdery mildew (Erysiphe cichoracearum) and Pythium, but insertion of 

the gene did not change the level of transcripts encoding PR-proteins, and the gene is therefore assumed 

not to have a direct effect on PR gene expression. Similar results have been found with two close sequence 

homologs of VvWRKY1 ; FaWRKY1 from Fragaria x Ananassa and AtWRKY75 from Arabidopsis thaliana 

(Encinas-Villarejo et al. 2009).  

 

The Ace-AMP1 gene codes for a protein similar to non-specific lipid transfer proteins (ns-LTP) (Tassin et al. 

1998) and is isolated from immature Allium cepa seeds (Cammue et al. 1995). Even though the protein 

seems similar to ns-LTP, Ace-AMP1 is found to be unable to transfer phospholipids from liposomes to 

mitochondria (Tassin et al. 1998). Instead it is suggested that Ace-AMP1 either functions by binding to 

elicitors sent out by the plant leading them to the plant receptors (Roy-Barman et al. 2006; Patkar and 

Chattoo 2006) or that Ace-AMP1 is toxic against pathogens (Patkar and Chattoo 2006; Wu et al. 2011). Ace-

AMP1 has been inserted successfully into Triticum aestivum, Oryza sativa, Rosa hybrida and Pelargonium 
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sp. reducing the susceptibility to different diseases (Bi et al. 1999; Patkar and Chattoo 2006; Roy-Barman et 

al. 2006; Li et al. 2003). 

 

RCC2 is categorised as a Pathogenesis Related (PR) gene and codes for a class I chitinase isolated from 

Oryza sativa ssp japonica cv. Nipponbare (Nishizawa et al. 1993). RCC2 is also known as OsChia1b or Cht-2 

(Kezuka et al. 2010). This gene represents a traditional first generation strategy of altering plant resistance, 

where one gene encoding an antimicrobial protein is inserted to obtain increased resistance (Collinge et al. 

2008). Chitinases are enzymes, which hydrolyse chitin (N-acetyl-D-glucosamine polymer) and are present in 

many higher plants, even though the higher plants themselves contain no chitin (Nishizawa et al. 1993). 

Since chitin is one of the major components of fungal cell walls with a content around 10% (Ferreira et al. 

2007), chitinase is an active part of the plant’s general resistance mechanism and involved in the first line of 

defence in the plant cell wall. RCC2 has been inserted into several other plant species such as Vitis vinifera, 

Poncirus trifoliata, Lolium multiflorum, Cucumis sativus, Dendranthema grandiflorum, and Fragaria 

xAnanassa (Kishimoto et al. 2002a; Mitani et al. 2006; Tabei et al. 1998; Takahashi et al. 2005; Takatsu et al. 

1999; Yamamoto et al. 2000) all resulting in an increased pathogen resistance.  

 

The aim of this study was to test, whether the three transgenes Ace-AMP1, RCC2 and VvWRKY1 were able 

to reduce the susceptibility of two genotypes of S. novi-belgii towards powdery mildew. The use of two 

genotypes was made, because S. novi-belgii is self-sterile.  

Results and Discussion 

Transformation and Verification of Transgenes 

A total of 1107 individual shoots were isolated after transformation of S. novi-belgii ‘Victoria Fanny’ and 

X1.105 with Agrobacterium tumefaciens LBA 4404 (Table 1). Each shoot represented an individual 

transformation event and was selected from callus clumps, which were not attached to each other. The 

shoots were grown through several subcultures on kanamycin, and the most promising lines were selected 

based on vigour.  

 

More shoots (58%) were regenerated from ‘Victoria Fanny’ (708) than from X1.105 (299) (Table 1). In the 

present experiment around 39% of the explants from ‘Victoria Fanny’ produced shoots. This number is 

consistent with previous studies of S. novi-belgii cultivars, in which a regeneration and transformation 

protocol was developed for ‘Victoria Fanny’ using GUS (β-glucoronidase) as indicator gene (Mørk et al. 

2011a).  



 82 

Table 1: The number of transformed S. novi-belgii shoots obtained after transformation with A. tumefaciens  

Genotype Transgenes 

No. of 

regenerated 

shoots 

No of lines 

tested 

with PCR 

Positive 

for 

kanamycin 

Positive for 

gene of 

interest 

No of lines 

survived 

‘Victoria Fanny’ 

Ace-AMP1 134 17 9 13 3 

VvWRKY1 140 25 20 8 8 

RCC2 88 16 11 -a 6  

Only regeneration 8 -    

X1.105 

Ace-AMP1 115 18 8 14 8 

VvWRKY1 61 27 18 1 1 

RCC2 59 9 6 -a 1 

Only regeneration 11 -    

 

The presence of the transgenes was verified by PCR with gene specific primers. Procedures for PCR 

amplication of the Ace-AMP1, nptII (kanamycin resistance) as well as VvWRKY1 genes in transgenic plants 

were established, but a reliable system for detecting the RCC2 gene was not found, even though a nested 

PCR based on cDNA indicated that lines FR1 and FR2a could contain the transgene (data not shown). For all 

lines, shoots were selected, if they were positive for both nptII and the gene of interest, except for the lines 

transformed with RCC2, which were selected based on the presence of the nptII gene alone.     

 

A total of 27 transgenic lines were identified for further studies (Table 1) including 3 lines of ‘Victoria 

Fanny’/Ace-AMP1 (FA1, FA2 and FA4); 8 lines of X1.105/Ace-AMP1 (XA2, XA3a, XA3b, XA3c, XA4, XA6, XA7a 

and XA7b); 8 lines of ‘Victoria Fanny’/VvWRKY1 (FV1, FV2, FV3, FV4, FV5, FV6, FV7 and FV8) ; 1 line of 

X1.105/VvWRKY (XV1); 6 lines of ‘Victoria Fanny’/RCC2 ( FR1, FR2a, FR2b, FR3, FR4 and FR5) and 1 line of 

X1.105/RCC2 (XR1).     

Powdery Mildew Resistance Test 

The 27 transgenic lines as well as non-transformed ‘Victoria Fanny’ and X1.105 were inoculated with 

powdery mildew grown on S. novi-belgii to determine the effect of the transgenes on the average infection 

level and the percentage of uninfected leaves (Table  and Table ). Large differences in the natural resistance 

level of the two non-transformed genotypes were found. ‘Victoria Fanny’ had the highest susceptibility 

with an infection level of 25%, and X1.105 had a natural infection level of 11% (Table ).  
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Table 2: Evaluation of the mean area of powdery mildew infection of control and transgenic lines 8 days after inoculation with G. 

cichoracearum.  

 X1.105 ’Victoria Fanny’ 

Infection level - transgenes (%) 7.33ax1 22.89ay 

Infection level - controls (%) 10.91bx  24.55ay 

Means are ratings from image analysis of disease development on 4 leaves per plant, 6 plants per repetition and 3 repetitions. 
1 Data within the same column or row followed by a different letter are significantly different at p = 0.05. a/b distinguish 

between the difference in columns, and x/y distinguish between differences in the rows respectively. 

 

 
Figure 1: Evaluation of the mean area of powdery mildew infection of control and transgenic lines 8 days after inoculation with 

G. cichoracearum. Means and standard error are ratings from image analysis of disease development on 4 leaves per plant, 6 

plants per repetition and 3 repetitions. No significant differences between the lines were found.  

 

In this study, no significant differences between the lines in neither the level of infection nor the number of 

uninfected leaves within any combination of genotype and transgenes were obtained. When an A. 

tumefaciens mediated transformation is conducted, each line represents an individual transformation 

event, where the gene of interest will be inserted in different locations and in varying number of copies in 

the genome. Therefore, different levels of expression and functionality of the transgenes would be 
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expected depending on, where the individual transgene has been lodged. As shown in Figure 1 large 

variations within each treatment were obtained in this study, and presumably, this can mask the potential 

differences of the different lines.  

 

Within X1.105, a significant difference was seen between the average infection level on control plants and 

transgenic plants (p=0.034), while there was no difference in ‘Victoria Fanny’ (Table 2). In X1.105, Ace-

AMP1 was the only transgene being significantly different from the control (p=0.007) with a reduction of 

the average infection level of 44% (Table 3). Looking at the percentages of uninfected leaves, a significant 

effect of the transformation was found (p=0.0013) in X1.105 (Table 3), whereas the inoculation of ‘Victoria 

Fanny’ did not result in any uninfected leaves at all, and therefore a comparison was not possible. The 

highest effect of the transgenes on the percentage of uninfected leaves in X1.105 was found using RCC2 

with a 2.9 fold increase (p=0.0026), followed by Ace-AMP1 with a 2.7 fold increase (p=0.0007), and 

VvWRKY1 with a 2.3 fold increase (p=0.0188). 

 

Table 3: Effect of genotype and transgenes on the level of infection and the number of uninfected leaves 

Genotype Transgene 

Infection level (%) - 

All leaves1 Uninfected leaves (%) 

‘Victoria 

Fanny’ 

VvWRKY1 20.0a2 03 

Ace-AMP1 23.5a 0 

RCC2 23.2a 0 

Control 24.6a 0 

X1.105 

Ace-AMP1 6.1a  40.6a 

VvWRKY1 7.7ab 35.4a 

RCC2 8.1ab 43.7a 

Control 10.9b 15.3b 
1 Means are ratings from image analysis of disease development on 4 leaves per plant, 6 plants per repetition and 3 repetitions. 
2 Data within the same column and genotype followed by a different letter are significantly different at p = 0.05 
3 Not determined 

 

In the present experiment, insertion of RCC2 resulted in the highest number of uninfected leaves in X1.105 

(Table 3), but it did not influence the level of infection. The fact that the largest effect of RCC2 was found in 

the number of uninfected leaves may be attributed to its one-way functioning in degradation of fungal 

walls, and that it is during germination that the fungal spore is most vulnerable and easiest to combat.  
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Enhanced resistance against powdery mildew has also been found in Vitis vinifera overexpressing RCC2 , 

where the symptoms on leaves were reduced from moderate to a few browning and necrotic spots, which 

were seen as a hypersensitive response (Yamamoto et al. 2000). In addition, an electron microscopic 

observation showed a reduction in the percentage of conidial germination from 83% to 28% as well as 

reduced mycelia growth. The reduction in conidial germination observed by Yamamoto et al (2000) may 

provide an explanation for the increased percentage of uninfected leaves recorded in S. novi-belgii, 

although no microscopic analysis was made to confirm this. Unlike the present results, Asao et al (1997) 

introduced RCC2 in Fragaria xAnanassa ‘Toyonoka’ and found a significant decrease in the area of infection 

by the powdery mildew Sphaerotheca humili from 40% to 22%.  

 

After insertion of RCC2 under the control of a 35S promoter Tabei et al (1998) tested transgenic Cucumis 

sativus ‘Shimoshirazu’ inoculated with Botrytis cinerea and found three types of increased resistance. The 

first type fully inhibited appressoria formation and the penetration of hyphae into leaves. In the second 

type hyphae were able to penetrate the plant cell, but were restricted from spreading the disease further 

from the two first cells of the leaf. The third type slowed down the spreading of the gray mould, but was 

not able to restrict its growth. Takatsu et al (1999) studied the resistance against B. cinerea in Dendrathema 

grandiflorum ‘Yamabiko’ transformed with RCC2 and obtained resistance similar to type two and three in 

the study by Tabei et al (1998). In the present study none of the transgenic lines showed results 

comparable with the three types of results described by Tabei et al (1998) due to the fact that no lines were 

able to completely inhibit fungal growth or limit the area of infection significantly.  

 

In the present study, Ace-AMP1 had a significant effect on the infection level of X1.105 but not on ‘Victoria 

Fanny’ (Table3). Roy-Barman et al (2006) found a significant reduction of up to 50% in the number of 

Blumeria graminis colonies in Triticum aestivum transformed with Ace-AMP1. In a study by Li et al (2003) a 

significant reduction on the area of infected leaves of Sphaerotheca pannosa in Rosa hybrida ‘Carefree 

Beauty’ transformed with Ace-AMP1 was also recorded. The reduction was due to a reduced spread of 

hyphae and conidial sporulation. Several other studies using protein assays have shown that Ace-AMP1 can 

reduce susceptibility towards at least 15 other plant pathogenic fungi (Cammue et al. 1995; Wu et al. 2011; 

Pillay et al. 2011). This is consistent with the findings in S. novi-belgii where Ace-AMP1 as the only gene 

could reduce both the number of infected leaves as well as the area of infection in X1.105.  
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The precise role of Ace-AMP1 is unknown, but several hypotheses have been published. One of the 

hypotheses suggested by Patkar and Chattoo (2006) and Wu et al (2011) is that Ace-AMP1 acts as a toxin. 

Often, specific anti pathogenic metabolites are restricted to closely related plant species, and the 

pathogens adapted to a particular plant species need to be able to withstand these plant metabolites for 

example by detoxifying them. Therefore, by introducing compounds from another plant species the 

pathogens are not adapted to this compound and thereby not capable of detoxifying it. The powdery 

mildew species that attacks S. novi-belgii (Mørk et al. 2011b) is only found on members of the Asteraceae 

(Braun 1987) and are not adapted to toxins from Allium. If Ace-AMP1 acts as a toxin the effect should have 

been similar on both genotypes, as a toxin ought to be independent of the host plant’s natural resistance 

gene pool. Therefore, it is more likely that the effect of Ace-AMP1 in some way is related to the host plant’s 

own resistance gene pool. This is in line with the other suggested theory stating that Ace-AMP1 is involved 

in the recognition of the pathogen (Roy-Barman et al. 2006; Patkar and Chattoo 2006). Because X1.105 has 

a natural lower susceptibility level, it can benefit significantly from an increased detection, while ‘Victoria 

Fanny’ with its natural high susceptibility level is still not capable of defeating the pathogen.  A third 

explanation could be that the lines obtained in this study are the result of many individual transformations, 

and even though a large expression of Ace-AMP1 is found in ‘Victoria Fanny’ compared with X1.105 (Figure 

), the level of susceptibility was lower in X1.105. Therefore, the differences in the susceptibility level 

between X1.105 and ‘Victoria Fanny’ can be explained with the variation in the transformation and might 

be due to the regulation of expression of the transgene, because epigenetic effects might influence 

expression levels, such as either the integration point of the new transgene within the host chromosome 

(euchromatin or heterochromatin), regulatory sequences of the nearby host genes or the number of 

transgenes per integration site (Hassanein et al. 2005; Mercuri et al. 2000; Guo et al. 2010; Kishimoto et al. 

2002b).  

 

Introduction and over-expression of VvWRKY1 in S. novi-belgii significantly reduced the number of 

uninfected leaves in X1.105 (Table3). This may indicate that the primary effect of VvWRKY1 was to prevent 

the powdery mildew fungus from getting established on the leaf. These results are similar to those found 

by Marchive et al. (2007) in tobacco, where epitopic over-expression in tobacco reduced the susceptibility 

against the tobacco powdery mildew (Erysiphe cichoracearum) slightly but significantly. Marchive et al 

(2007) argued that additional unknown pathogen-induced plant components would be needed to take full 

advantage of the VvWRKY1 transcription factor. The same argument can be used in S. novi-belgii. 
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Comparing the two genotypes, X1.105 showed a significantly lower level of susceptibility to powdery 

mildew than ‘Victoria Fanny’ both between the controls (p<0.0001) and after transformation with the three 

transgenes (p<0.0001) (Table 2 and Table 3). The average level of infection on leaves of the control X1.105 

was 56% lower than the average level of infection on ‘Victoria Fanny’, and after insertion of transgenes this 

had increased to 71% (Table 2). The improvement of the mean infection level in ‘Victoria Fanny’ was not 

significant (Table 2). An explanation for this could be that both VvWRKY1 and Ace-AMP1 are involved in 

signalling and activation of defence related genes. The genes have to signal to other resistance related 

genes, and if it can be assumed that the original resistance gene pool in ‘Victoria Fanny’ is limited, the 

response - even though with a stronger and more constitutive signal - will still be weaker. A significant 

result of the weaker effect can be masked then by the large variance that is found in resistance related 

experiments, and therefore, another experiment with a lighter inoculation pressure would maybe reveal an 

effect.  

 

Due to the fact that the most susceptible genotype ‘Victoria Fanny’ did not show a significant decrease in 

the infection level and was not able to provide any uninfected leaves after transformation with any of the 

transgenes, it can be concluded that ectopic expression of neither of the selected genes could decrease the 

level of susceptibility sufficiently to improve the genotype’s natural resistance level. The fact that the 

transgenes only worked on the genotype, which already has a low susceptibility, prevents the transgenes 

from being a quick fix to gain low powdery mildew resistance. Even though the two selected genotypes are 

closely related, the primary gene pool of S. novi-belgii has a large variation with respect to all traits, and the 

genotypes are out-crossing and very heterozygotic (Kristiansen et al. 1997). This is also seen in the large 

differences in the natural powdery mildew susceptibility. In general, the mechanisms that control disease 

resistance in plants are large and interconnected with many minor genes each with small contributions, and 

only a few results have been generated, where a single gene with a major effect could alter the resistance 

level completely like the barley mlo gene, which produce complete resistance against powdery mildew 

(Bent and Mackey 2007).       

 

The experimental design of this experiment was setup similar to a commercial greenhouse production, 

whereas most genetic transformations aiming at disease resistance have been conducted in protected 

laboratory environments. These in vitro experiments or protein assays have shown clear effects of the 

transgenes (Cammue et al. 1995; Wu et al. 2011; Takahashi et al. 2005; Takatsu et al. 1999; Kishimoto et al. 

2002a), while the present results did not provide the same level of significant difference between the 

different factors tested. Presumably, this may be due to the greenhouse conditions resulting in larger 
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variations in the outcome that masks the effect of the transformation. However, if results shall be 

transferrable to later breeding programs, it is a requirement that the improved effect of the transgene is 

strong enough to be used in situ in the greenhouses.  

 

In all statistical tests, a significant effect between the different repetitions was found. Three repeats in time 

were conducted each containing six different inoculations. Even though, a homogenous inoculation method 

was used, differences in the pressure within each inoculation were inevitable resulting in a significant 

variance between the inoculations and thereby also the repeats. This factor was included in the statistical 

analysis. By including this in the analysis the effect of the spore concentration was taken into consideration 

and did not mask the effect of the transgenes.     

Expression of the transgenes 

The relative expression was investigated to determine the transgenic expression level in the lines. The 

results from the PCR on mRNA of Ace-AMP1 transformed plants showed a strong expression in FA1 and FA4 

as well as a weaker expression in FA2 and XA7b (Figure 2). The remaining lines had such a low expression 

level that it was not detectable in the PCR. The PCR was run a different number of cycles without large 

differences indicating a low level of transcripts. It is interesting to observe that the strongest expression of 

Ace-AMP1 was found in ‘Victoria Fanny’, but the largest effect was found in X1.105. This could indicate that 

some of the effect of Ace-AMP1 is gained by co-operation with the natural resistance genes in S. novi-belgii, 

and the gene alone is not giving the full effect. These results support the discussion above that Ace-AMP1 is 

not a toxin, but involved in the recognition of the pathogen.   

 

 
Figure 19: Relative expression levels of lines transformed with Ace-AMP1 shown by a band of 397 bp. M = marker, ÷ = XV36 

cDNA (negative control), W= H20 (negative control), + = genomic FA1 DNA (positive control) 

Results with low expression of Ace-AMP1 have been obtained previously after insertion in T. aestivum, 

where expression of the transgene at the mRNA level was not detected in some of the T1 lines (Roy-Barman 

et al. 2006). Roy-Barman et al. (2006) explained the absence of Ace-AMP1 mRNA with silencing of the 

transgene at the transcriptional level and supported this with results from a RT-PCR, but noted also that the 
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Ace-AMP1 production varied between plants of the same transgenic line, even though the gene was 

controlled by a constitutive promoter. In Rosa hybrida Li et al (2003) observed that two strains with very 

different expression levels had the same level of resistance. Li et al explained this with variation in the 

insertion sites of the transgene.  

 

 
Figure 20: Relative expression levels of lines transformed with VvWRKY1, shown by a band of 546bp. M = 100 bp marker, ÷ = FA1 

cDNA (negative control), W= H20 (negative control), + = FV8 genomisk DNA (positive control) XV36 is synonym to XV1 

The results for the VvWRKY1 transformed plants showed high expression in FV6, FV7 and lower expression 

in FV1, FV3, FV5 and XV36 (Figure 3). Expression in FV4 and FV8 could not be confirmed. However, it is not 

uncommon that transcription factors have a low expression even with a constitutive promoter, because the 

plant modifies the expression posttranscriptinally. Insertion of VvWRKY1 in tobacco also resulted in a weak 

level of expression, but also here it was enough to reduce the level of infection (Marchive et al. 2007). An 

extra band just below 200 bp was observed in all expressing lines except for the genomic DNA control and 

the negative control. Variation in expression level of VvWRKY1 in X1.105 could not be evaluated in this 

experiment, because only one line was tested. If several lines had been tested, a large difference among 

them would be expected.  

Inheritance  
Several crosses were done to test the influence of stacking of the transgenes. The crossings resulted in the 

germination of nine offspring lines (data not shown). Four plants were germinated from the combination 

FV7/XA7b, one plant from the combination FA4/XV1 and three plants from the combination FA1/XV1.  

None of the plants carried any of the transgenes (data not shown). A factor that influences the germination 

rate could be seasonal variations, as it is normal that the success rate of crossings of S. novi-belgii vary from 

year to year. However, germination of interspecific crosses between controls of S. novi-belgii demonstrated 

that fertile seeds could be expected. Therefore, other factors have influenced the seed set in our crossings.   
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Experimental Procedures 

Plant materials 

One seed producing cultivar (‘Victoria Fanny) and one pollen and seed producing breeding line (X1.105) of 

Symphyotrichum novi-belgii were selected for this experiment. Genotypes of S. novi-belgii are either pollen 

or seed producing. Shoots from the two lines were established in vitro by nodal cuttings taken from 

greenhouse grown plants and grown according to Mørk et al (2011a).  

Constructs 

Three constructs were used for this experiment. 1) VvWRKY1 (isolated from grape and coding for a 

transcription factor involved in disease and resistance) kindly provided by Dr Virginie Lauvergeat, Institut 

des Sciences de la Vigne et du Vin, France (Marchive et al. 2007). 2) Ace-AMP1  (isolated from cepa onions 

and coding for a non-specific lipid transfer protein) kindly provided by Dr Bruno Cammue, Centre of 

Microbial and Plant Genetics, Belgium (Cammue et al. 1995). 3) RCC2 (isolated from rice and coding for a 

chitinase) kindly provided by Dr Yoko Nishizawa, National Institute of Agrobiological Sciences, Japan 

(Nishizawa et al. 1993). The three genes were inserted into a pCAMBIA230035Su vector (Nour-Eldin et al. 

2006) using the USER cloning protocol (Nour-Eldin et al. 2006).   

Transformation of S. novi-belgii genotypes 

The binary vectors were introduced into Agrobacterium tumefaciens LBA4404 by electroporation. Colonies 

were selected on YEP plates containing 100 mg l-1 kanamycin.  The constructs were verified by plasmid 

purification and restriction enzyme digestion and sequencing. Transformation of the two genotypes of S. 

novi-belgii was performed as described by Mørk et al. (2011a).  

Evaluation of transgenic lines 

Plantlets that grew vigorously after successive subcultures on medium containing kanamycin (100 µg ml-1) 

were tested by PCR for the presence of nptII and gene of interest. The primers were as follows: Ace-AMP-F 

(5’-CAT GGT TCG CGT TGT ATC TTT ACT T-3’), Ace-AMP-R (5’- GCT TAT ATA CTT GGA CGC TGA GG-3’) giving 

an expected product of 397 bp, VvWRKY1-F (5’-TCA GTC TCT CTA ATG GAA GGC CAC C-3), VvWRKY1-R (5’-

TGG AAA GAG TGG TGG ACA CCC ATA TCA TCT CT-3’) giving an expected product of 546 bp, RCC2-F (5’- 

CACC ACC TCC GAC TTC T-’3), RCC2-R (5'-CGT TGA CGA TGT TGG TGA T-3’) giving an expected product of 

689 bp, NptII-F (5’ TCC GGC CGC TTG GGT GGA GAG-3’) and NptII-R ( 5’- CTG GCG CGA GCC CCT GAT GCT-3’) 

giving an expected product of 471 bp. The primers were specific for the genes and did not give any 

amplification products from non-transformed Symphyotrichum DNA. The programs were: 94°C for 1 minute 

35 cycles of 94°C for 1 minute (denaturation), gene specific annealing temperature for 1 minutes 
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(annealing), 72°C for 1 minute (elongation), 72°C for 10 minutes (elongation). The annealing temperatures 

were: Ace-AMP1; 59°C, NptII; 60 °C and VvWRKY1; 62°C.  

Expression of transgenes  

Total RNA was extracted from plant tissue (leaves) using the RNeasy Plant Mini Kit (Qiagen, Copenhagen, 

Denmark). The manufacturer’s protocol was followed except that the lysis buffer was applied in minimum 

double amount and the transgenic line XA-4b was grinded in the presence of PVP. Total RNA ≈5ng was 

DNase treated with the Turbo DNase free kit (Ambion) according to the manufacturer’s protocol and 

subsequently used for cDNA synthesis using the iScript cDNA Synthesis Kit (Bio-Rad, Copenhagen, Denmark) 

according to the manufacturer’s protocol. Semi-quantitative PCR was conducted with the same primers as 

described above using quickload PCR mix (New England Biolab). The PCR program for VvWRKY1 was 95°C 

for 30 seconds 40 cycles of 95°C for 30 seconds (denaturation), 62°C for 30 seconds (annealing), 68°C for 30 

seconds (elongation), 68°C for 5 minutes (elongation), for Ace-AMP1 the program was  95°C for 30 seconds 

40 cycles of 95°C for 30 seconds (denaturation), 59°C for 30 seconds (annealing), 68°C for 30 seconds 

(elongation), 68°C for 5 minutes (elongation), and the amount of template in each reaction corresponded 

to 25ng total RNA. PCR product were visualised on 1% agerose gels compared to a 100 bp marker (New 

England Biolab). 

Acclimatisation and transfer to greenhouse culture 

Shoots were moved to MS basal medium without hormones for root formation. After two weeks plantlets 

were transplanted to a peat based potting mixture (Pindstrup 2, Pindstrup Mosebrug, Pindstrup, 8550 

Ryomgaard, Denmark) and covered with plastic for two weeks to acclimatise. After establishment the 

plants were kept in a greenhouse at 20°C at long day (20 hours) to keep them in the vegetative stage. 

Further experiments were conducted using these plants as stock plants.  

Resistance analysis  

On three subsequent days (replications) six cuttings of every transgenic and non-transformed line were 

planted in a peat based potting mixture (Pindstrup 2) and rooted under plastic. After four weeks the plants 

were pinched and after additional two weeks the plants were inoculated with the powdery mildew 

Golovinomyces cichoracearum (Mørk et al. 2011) using an inoculation tower. Within each replication plants 

were divided into six blocks each containing one plant of each of the transgenic lines. The first 24 hours 

after inoculation the plants were covered with plastic to ensure high humidity to facilitate spore 

germination. The plants were kept in the greenhouse for two weeks for the colonies to develop under long 

day light conditions. 



 92 

Inheritance  

Crosses were made between lines FV7 and XA7B, FA1 and XV1 and FA4 and XV1 to determine if transgenes 

were transferred to the next generation and if stacking was possible. Offspring from the crossings were PCR 

tested to find whether the gene could be transferred to the next generation. Genomic DNA was extracted 

and PCR were run (same method as above) to find the number of inserts.  

Recordings and statistical analysis 

Data was recorded on the percentage of leaves covered with powdery mildew (level of infection) as well as 

the number of leaves without symptoms (uninfected leaves) to evaluate the effect of transgenes. Data was 

recorded one week after inoculation by photographing individual leaves. Two shoots per plant were used. 

Photos for picture analysis were taken of two fully developed leaves per shoot.  

 

The pictures were analysed using WinRHIZO pro (Regent Instruments INC, version 2002c) to give an exact 

measurement of the total leaf area as well as the area covered with powdery mildew. To be sure the image 

analyses were correct, a manual scoring of the infection level using a 6 level scale (0=0%, 1=1-20%, 2=21-

40%, 3=31-60%, 4=61-80%, 5=81-100% infected leaf area) was performed as well. A linear correlation (R2= 

0.7066; p<0.0001) was found between the two methods, and therefore the image analysis was seen as a 

valid method for evaluating the area of infection. 

  

Variance homogeneity was tested by residual plots and data on percentage of leaves covered with powdery 

mildew (infection level) was arcsine-transformed prior to analysis of variance using a mixed/hierarchical 

model (Proc Mixed in SAS 9.2) to determine the effect of the transgenes, the genotypes, the lines, the 

repetitions and the different levels of inoculums. In figures and tables the back-transformed values for 

mildew coverage are presented. The analysis was done on all results across genotypes as well as on each 

genotype individually. An analysis of variance was also carried out on the number of uninfected leaves in 

X1.105 due to a high number of uninfected leaves (Proc Glimmix in SAS 9.2). Multiple comparisons among 

means were performed using LSMEANS to examine the effect of S. novi-belgii genotypes and transgenes on 

both the area of leaf covered with powdery mildew as well as the number of healthy leaves. 

References 
Asao H, Nishizawa Y, Arai S, Sato T, Hirai M, Yoshida K, Shinmyo A & Hibi T (1997) Enhanced resistance 

against a fungal pathogen Sphaerotheca humili in transgenic strawberry expressing a rice chitinase gene. 

Plant Biotech. 14: 145-149 



 93 

Bent AF & Mackey D (2007) Elicitors, effectors, and R genes: The new paradigm and a lifetime supply of 

questions. Annu. Rev. Phytopathol. 45: 399-436 

Bi YM, Cammue BPA, Goodwin PH, KrishnaRaj S & Saxena PK (1999) Resistance to Botrytis cinerea in 

scented geranium transformed with a gene encoding the antimicrobial protein Ace-AMP1. Plant Cell 

Reports 18: 835-840 

Braun U (1987) A monograph of the Erysiphales (powdery mildews). Lubrecht and Cramer Ltd, Berlin 

Cammue BPA, Thevissen K, Hendriks M, Eggermont K, Goderis IJ, Proost P, Vandamme J, Osborn RW, 

Guerbette F, Kader JC & Broekaert WF (1995) A potent antimicrobial protein from onion seeds showing 

sequence homology to plant lipid transfer proteins. Plant Physiol. 109: 445-455 

Collinge DB, Lund OS & Thordal-Christensen H (2008) What are the prospects for genetically engineered, 

disease resistant plants? Eur. J. Plant Pathol. 121: 217-231 

Encinas-Villarejo S, Maldonado AM, Amil-Ruiz F, los Santos B, Romero F, Pliego-Alfaro F, Munoz-Blanco J & 

Caballero JL (2009) Evidence for a positive regulatory role of strawberry (Fragaria x ananassa) Fa WRKY1 

and Arabidopsis At WRKY75 proteins in resistance. J. Exp. Bot. 60: 3043-3065 

Eulgem T, Rushton PJ, Robatzek S & Somssich IE (2000) The WRKY superfamily of plant transcription factors. 

Trends Plant Sci. 5: 199-206 

Ferreira RB, Monteiro S, Freitas R, Santos CN, Chen Z, Batista LM, Duarte J, Borges A & Teixeira AR (2007) 

The role of plant defence proteins in fungal pathogenesis. Mol. Plant Pathol. 8: 677-700 

Guo HM, Zhang YQ, Wan FH & Cheng HM (2010) Agrobacterium-mediated transformation of Eupatorium 

adenophorum. Plant Cell Tissue and Organ Cult 103: 417-422 

Hassanein A, Chevreau E & Dorion N (2005) Highly efficient transformation of zonal (Pelargonium x 

hortorum) and scented (P. capitatum) geraniums via Agrobacterium tumefaciens using leaf discs. Plant 

Sci. 169: 532-541 

Kezuka Y, Kojima M, Mizuno R, Suzuki K, Watanabe T & Nonaka T (2010) Structure of full-length class I 

chitinase from rice revealed by X-ray crystallography and small-angle X-ray scattering. Protein Struct 

Funct Bioinfo 78: 2295-2305 

Kishimoto K, Nishizawa Y, Tabei Y, Hibi T, Nakajima M & Akutsu K (2002a) Detailed analysis of rice chitinase 

gene expression in transgenic cucumber plants showing different levels of disease resistance to gray mold 

(Botrytis cinerea). Plant Sci. 162: 655-662 

Kishimoto S, Aida R & Shibata M (2002b) Agrobacterium tumefaciens mediated transformation of elatior 

begonia (Begonia x hiemalis Fotsch). Plant Sci. 162: 697-703 

Kristiansen K, Hansen CW & Brandt K (1997) Flower induction in seedlings of Aster novi-belgii and selection 

before and after vegetative propagation. Euphytica 93: 361-367 



 94 

Kristiansen K & Petersen K (2009) In vitro mutagenesis in Aster novi-belgii cultivars. Acta Hort 207-214 

Li XQ, Gasic K, Cammue B, Broekaert W & Korban SS (2003) Transgenic rose lines harboring an antimicrobial 

protein gene, Ace-AMP1, demonstrate enhanced resistance to powdery mildew (Sphaerotheca pannosa). 

Planta 218: 226-232 

Marchive C, Mzid R, Deluc L, Barrieu F, Pirrello J, Gauthier A, Corio-Costet MF, Regad F, Cailleteau B, Hamdi 

S & Lauvergeat V (2007) Isolation and characterization of a Vitis vinifera transcription factor, VvWRKY1, 

and its effect on responses to fungal pathogens in transgenic tobacco plants. J. Exp. Bot. 58: 1999-2010 

Mercuri A, De Benedetti L, Burchi G & Schiva T (2000) Agrobacterium mediated transformation of African 

violet. Plant Cell Tissue and Organ Cult 60: 39-46 

Mitani N, Kobayashi S, Nishizawa Y, Takeshi K & Matsumoto R (2006) Transformation of trifoliate orange 

with rice chitinase gene and the use of the transformed plant as a rootstock. Sci Hort 108: 439-441 

Mørk EK, Henriksen K, Brinch-Pedersen H, Kristiansen  K & Petersen KK (2011a) An Efficient Protocol for 

Regeneration and Transformation of Symphyotrichum novi-belgii. Plant Cell Tissue and Organ Cult 

Mørk EK, Kristiansen K, Jorgensen HJL & Sundelin T (2011b) First report of Golovinomyces cichoracearum as 

the causal agent of powdery mildew on Symphyotrichum novi-belgii (synonym Aster novi-belgii) in 

Denmark. Plant Dis 95: 228 

Nishizawa Y, Kishimoto N, Saito A & Hibi T (1993) Sequence variation, differential expression and 

chromosomal location of rice chitinase genes. MGG 241: 1-10 

Nour-Eldin HH, Hansen BG, Norholm MHH, Jensen JK & Halkier BA (2006) Advancing uracil-excision based 

cloning towards an ideal technique for cloning PCR fragments. Nucleic Acids Res. 34: 

Patkar RN & Chattoo BB (2006) Transgenic indica rice expressing ns-LTP-Like protein shows enhanced 

resistance to both fungal and bacterial pathogens. Mol. Breed. 17: 159-171 

Pillay V, Polya GM & Spangenberg GC (2011) Optimisation of an in vitro antifungal protein assay for the 

screening of potential antifungal proteins against Leptosphaeria maculans. J Microbiol Meth 84: 121-127 

Roy-Barman S, Sautter C, Chattoo BB & Sautter C (2006) Expression of the lipid transfer protein Ace-AMP1 

in transgenic wheat enhances antifungal activity and defense responses. Transgenic Res. 15: 435-446 

Tabei Y, Kitade S, Nishizawa Y, Kikuchi N, Kayano T, Hibi T & Akutsu K (1998) Transgenic cucumber plants 

harboring a rice chitinase gene exhibit enhanced resistance to gray mold (Botrytis cinerea). Plant Cell Rep. 

17: 159-164 

Takahashi W, Fujimori M, Miura Y, Komatsu T, Nishizawa Y, Hibi T & Takamizo T (2005) Increased resistance 

to crown rust disease in transgenic Italian ryegrass (Lolium multiflorum Lam.) expressing the rice chitinase 

gene. Plant Cell Rep. 23: 811-818 



 95 

Takatsu Y, Nishizawa Y, Hibi T & Akutsu K (1999) Transgenic chrysanthemum (Dendranthema grandiflorum 

(Ramat.) Kitamura) expressing a rice chitinase gene shows enhanced resistance to gray mold (Botrytis 

cinerea). Sci Hort 82: 113-123 

Tassin S, Broekaert WF, Marion D, Acland DP, Ptak M, Vovelle F & Sodano P (1998) Solution structure of 

Ace-AMP1, a potent antimicrobial protein extracted from onion seeds. Structural analogies with plant 

nonspecific lipid transfer proteins. Biochemistry 37: 3623-3637 

Wu Y, He Y & Ge XC (2011) Functional characterization of the recombinant antimicrobial peptide Trx-Ace-

AMP1 and its application on the control of tomato early blight disease. Appl Microbiol Biotechnol 90: 

1303-1310 

Yamamoto T, Iketani H, Ieki H, Nishizawa Y, Notsuka K, Hibi T, Hayashi T & Matsuta N (2000) Transgenic 

grapevine plants expressing a rice chitinase with enhanced resistance to fungal pathogens. Plant Cell Rep. 

19: 639-646 

 
 

 

  



 96 

 
Figure 21: The internal transcribed spacer 
(ITS) regions 

 

10. General Discussion and Perspectives 
Four papers are included in this thesis. Of these, the two last articles contain a detailed discussion of the 

results found, while the two first are in the form of first reports, where the space for discussion is limited. 

Consequently, this general discussion will include additional topics from the four papers in relation to the 

literature review, methods used as well as future prospects, in particular on the classification of the 

Golovinomyces sp. – the powdery mildew agents of Symphyotrichum novi-belgii and Artemisia annua. 

10.1 Classification of Golovinomyces sp. 
As part of the project the causal agent of powdery mildew to Symphyotrichum novi-belgii was identified, 

and at the same time an analysis of the powdery mildew species found on Artemisia annua was also carried 

out. A published paper (Paper 1) and a manuscript (Paper 2) concerning these genetic identifications are 

contained in this thesis. The manuscript has remained unpublished, because the results obtained were not 

conclusive, as discussed further below. 

 

Both S. novi-belgii and A. annua belong to Asteraceae, but S. novi-belgii belongs to the tribe Astereae and 

A. annua to the tribe Anthemidae. For comparative studies several approaches can be chosen. The first is 

comparison of the nuclear small-unit rDNA (18S), which evolve relatively slowly and can be used in studying 

distantly related organisms. The other is to use internal transcribed spacer (ITS) regions or intergenic spacer 

of the nuclear rRNA repeat units. They evolve faster and may 

vary among species within a genus or among populations (White 

et al. 1990). To identify the two pathogens the sequence 

information of the ITS regions was used (Figure 19). The two ITS 

regions are pieces of non-coding DNA found within some of the genes encoding ribosomal subunits in the 

genomic DNA.  From the 5’ end the sequence consists of the 5’ external transcribed sequence (5’ETS), 18S 

rRNA, ITS1, 5.8S rRNA, ITS2, 28S rRNA and finally the 3’ETS. Sequence comparison of the ITS region is widely 

used to classify fungi, because it is easy to amplify even from small quantities of DNA due to the high copy 

number of rRNA genes (Krumlauf & Marzluf 1980), and because there is a high degree of variation even 

between closely related species.   

 

Sequencing of the powdery mildew agent infecting S. novi-belgii showed that the species was 

Golovinomyces cichoracearum, because a BLASTn analysis of the sequenced fragment showed 99% identity 

to G. cichoracearum (DC.) V.P. Heluta isolated from Rudbeckia laciniata L. (Accession No. AB077622). When 

the sequence was added to a phylogenetic tree, it was grouped within a cluster of isolates of G. 

cichoracearum (Figure 20) (Mørk et al. 2011).   



 97 

 
Figure 22: Part of phylogenetic tree showing the subgenus Reticuloidium. HM769725 is the sequence isolated 
from S. novi-belgii ‘Victoria Fanny’. 
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The sequence of powdery mildew isolated from Artemisia annua clearly showed that the fungus belonged 

to the genus Golovinomyces, but even though several sequencings were made, the results remained only 

95% identical to several species including: G. riedliana (previously G. riedlianus), G. artemisia and G. 

cichoracearum, and this result was not conclusive enough for an exact classification. A more precise 

identification was not possible using GenBank comparisons, and morphological characterization was not 

valid to use mainly due to the lack of species-level morphological characteristics within the genus 

Golovinomyces (Matsuda & Takamatsu 2003). Therefore, a phylogenetic tree was constructed, based on 

the phylogenetic tree published by Cook et al (2006) and adapted with selected sequences from Group 2 of 

the tree constructed by Takamatsu and coworkers (2009). 

 

The sequences included G. artemisiae, G. riedliana, G. magnicellulatus and G. biocellulatus all representing 

different species belonging to the tribe Golovinomyceteae and representing different closely related 

species as well as the three subgenera Striatoidium, Graciloidium and Reticuloidium. The results showed 

that the sequence for Artemisia annua was clearly grouped within the subgenus Reticuloidium, but it did 

not show any clear resemblance to any of the defined species (Figure 21). The sequencing was re-run 

several times to validate the result and to fulfil Koch’s postulate (Loeffler 1884). The sequencing was 

consistent through several repeats from several independently grown plants and between different DNA 

extraction protocols, and therefore, it must be concluded that the most likely explanation is that a new 

species of powdery mildew was found.  

 

Two possible causes for the powdery mildew species to remain unknown can be found. In the wild, A. 

annua belongs to temperate Asia and is not growing wild in Denmark. No reports have been found of 

powdery mildew on A. annua elsewhere in the World, even though the attack was severe on the infected 

plants used for this study. Introducing A. annua to Danish conditions may have exposed it to the local 

pathogen collection, and it is likely that the powdery mildew infecting A. annua has a wild member of the 

Asteraceae as its host. This may be one of the five native Danish Artemisia species described (Mossberg et 

al. 1999), or one of the cultivated species used in gardens. Of these, only Artemisia dracunculus (Tarragon) 

has a minimal economic value as herb. Therefore, no research has been done in identifying the pathogens 

infecting these species. The other reason for the pathogen to remain un-described is that the susceptibility 

towards this specific fungus could be genotype specific. The powdery mildew infection was found mainly on 

one clone of the A. annua, and if this clone has a genotypic limited resistance level, it is possible for a 

powdery mildew species with a broad host spectrum that normally would not infect A. annua to colonise 

the plant. 
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Identification of the powdery mildew species attacking S. novi-belgii and A. annua is important, because it 

aids in increasing the knowledge about the host or geographical distribution of the individual powdery 

mildew species as well as determining new species. If an assay (e.g. PCR based) for detection of the 

pathogen has to be developed exact identification is also important. Then it is possible to identify the 

pathogen through both plant and air samples.    
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Figure 23: Phylogenetic tree of based on Cook et al (2006) and modified with selected sequences from group 2 in Takamatsu et al 
(2009). EKM12 is the sequence isolated from A. annua. 
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10.2  of Symphyotrichum novi-belgii 
One part of this project has been to describe a protocol for regeneration and transformation of S. novi-

belgii (Paper 3), as this had not been done previously. In order to do this different cultivars and different 

concentrations of plant growth regulators were tested. The results from the regeneration experiments 

showed that the formation of adventitious shoots in vitro was highly cultivar dependent. The differences in 

the shoot formation response varied from cultivars forming shoots on medium without plant growth 

regulators to cultivars not responding at all. The best performing cultivars were ‘Victoria Fanny’ and 

‘Victoria Jane’, although the latter formed longer shoots but in smaller numbers, and these were used for 

the transformation studies. Previous studies have shown that a high regenerative ability may lead to high 

transformation efficiency (Gürel & Kazan 1999; Ntui et al. 2010; Shilpa et al. 2010). The highest 

regeneration potential was found on a MS medium with 1 mg l-1 BA. Further addition of auxins to the 

medium did not have a clear positive effect, and 2,4-D inhibited shoot formation. Using BA to induce the 

formation of adventitious shoots either alone or together with an auxin is common in regeneration 

protocols made previously for other species of Asteraceae (Corral et al. 2011; Sreedhar et al. 2008; Sujatha 

& Kumar 2007; Vanegas et al. 2002; Wildi et al. 1998).  

 

Development of a regeneration protocol is a useful tool for future work in S. novi-belgii and may be used 

for chromosome doubling, separation of chimeras as well as treatments with chemical mutagens or gamma 

rays to induce mutations. The present protocol has been used in an experiment with induction of 

mutations. Kristiansen and Petersen (2009) exposed ‘Victoria Jane’ and ‘Victoria Fanny’ to gamma rays 

prior to adventitious shoot formation and found that ‘Victoria Fanny’ produced a higher number of  

mutations and more interesting mutations than ‘Victoria Jane’. The flower mutations were: flowers with 

new colours, variation in number of ray floret whorls, differences in shape of ray florets, as well as 

variations in plant height. S. novi-belgii has a natural high level of chimerism, and therefore, it can be 

assumed that the developed protocol can be used to separate these. Besides this, an efficient regeneration 

protocol can be used for fast production of plant material from a limited resource. This can be used in the 

breeding process, where it can be beneficial for the breeder to be able to screen the material fast. In 

traditional breeding the promising breeding lines have to grow in to mother plants that can be the sources 

for later vegetative propagated plants. By using in vitro based regeneration this step can be speed up. 

    

Chrysanthemum is one of the few close relatives to S. novi-belgii, for which transformation protocols has 

been developed, and many similarities can be found between those  and the protocol presented here 

(Paper 3). In the following, some of the major findings in the present study will be compared with similar 
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findings based on a review by da Silva (2004) of 35 regeneration and transformation papers concerning 

chrysanthemum. As transformation method in S. novi-belgii, Agrobacterium tumefaciens mediated 

transformation was chosen, because it is a flexible and well-functioning method, and the bacterium has a 

large host spectrum and can infect most dicots and thereby insert the T-DNA. Besides this, the method is 

flexible with regards to the choice of vector, promoter, gene of interest and selection gene, and in addition, 

numerous strains with different levels of virulence are available to choose from. A. tumefaciens has also 

been the favourite choice of transformation method in chrysanthemum, where 94% of the studies used 

Agrobacterium (da Silva 2004). 

 

From the reviewed transformation protocols the majority used LBA 4404 as Agrobacterium strain for 

transformation of chrysanthemum, and this was also the final choice for the present study in S. novi-belgii. 

We tested the differences between the three strains of Agrobacterium LBA 4404, C58 and A281 and found 

that regeneration of transgenic shoots transformed with A281 was independent of cultivar, but shoots was 

formed faster and without a callus phase in ‘Victoria Fanny’, when either LBA 4404 or C58 was used. The 

highest number of transformed shoots was found using LBA 4404. The three Agrobacterium strains used in 

the present experiments have been tested in other species with similar interaction between strain and 

genotype of the plant (Desgagnes et al. 1995; Nadolska-Orczyk & Orczyk 2000; Wang et al. 2007). 

 

The selection marker used in the present transformation experiments (Paper 3, Paper 4) was as in the 

majority of the chrysanthemum protocols kanamycin resistance (da Silva 2004), which is an antibiotica 

resistance. The EU regulation of this is extremely strict, and when genes encoding antibiotica resistance are 

inserted into plants, the new cultivars will not get approved for field trials. Alternatives to antibiotica based 

selection systems are present and are e.g. based on the sugar mannose, which plants cannot use normally 

(Degenhardt et al. 2006). Another way is to outcross the kanamycin resistance, but because it can be 

assumed that the gene of interest and the selection gene are placed close together on the chromosomes, 

the chances of crossovers between the two are limited.    

 

Having developed a viable transformation protocol, it is possible to use this for all kinds of experiments 

with genetic modifications. In the present study, the aim was to reduce the susceptibility towards powdery 

mildew, but the protocol can also be used for alterations to other traits such as flower colour, flower and 

leaf longevity, flowering time or plant size and architecture as described in chapter 2. 
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10.3 Genes of interest 
In the present study, the main aim was to test the insertion of three different constitutively expressed 

resistance genes on the susceptibility of S. novi-belgii towards powdery mildew. Two of the genes used in 

this study code for PR genes, but play different roles in the regulation of defence. The first strategy was a 

proactive approach where the RCC2 gene coding for a chitinase was inserted. The chitinase is involved in 

the degradation of fungal cell walls. In S. novi-belgii insertion of RCC2 did not influence the infected area of 

powdery mildew, but the number of uninfected leaves in one cultivar, X1.105, increased significantly. This 

is consistent with results obtained in chrysanthemum, where the same gene resulted in reduced 

susceptibility against gray mould (Takatsu et al. 1999). 

 

The second PR gene (Ace-AMP1), coding for non-specific lipid transfer proteins, which are leading fungal 

compounds to relevant receptors helping the plant to recognise the intrusion. Ace-AMP1 both reduced the 

area with infection and the percentage of leaves with symptoms although mRNA expression of this gene 

was only found in limited amounts. In another study, it was observed that Ace-AMP1 under the control of a 

35S promoter only resulted in limited amounts of protein whereas the amount of protein increased around 

4 fold, if they placed the gene under the control of a pathogen induced promoter(Patkar & Chattoo 2006). 

This indicates that some posttranscriptional regulation is involved in the production of Ace-AMP1 probably 

to limit the energy of a constant production of the protein.    

 

The third gene of interest was the VvWRKY1 gene from grapevine. This gene had a slightly but significant 

effect on S. novi-belgii. The gene is coding for a transcription factor regulating genes involved in resistance, 

but recent studies have shown several transcription factors are necessary for the full effect. Instead, it may 

be necessary to insert the full synthesis pathway. 

 

In the present study, two attempts were made on traditional crossing of transgenic lines. The first study 

tested, if UidA was inheritable to the next generation. The results were positive, but the expected 

Mendelian segregation was not obtained according to the number of inserts. An explanation for this could 

be that the seedlings were only subjected to a histochemical assay and not a PCR. The second set of 

crossings was done with the attempt to stack transgenic lines of Ace-AMP1 with lines of VvWRKY1 (Paper 

4). The hypothesis was that the susceptibility could be decreased further in plants with both transgenes 

present. However, no transgenic seedlings were obtained from these crossings, even after several 

independent attempts were made. Seasonal variations were ruled out as being the cause of this, because 

parallel crossings with wild type cultivars did not vary from the average production (data not shown). New 
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research in WRKY transcription factors show that WRKY genes are involved in seed germination and post 

germination growth (Agarwal et al. 2011) and that AtWRKY2 mediates ABA induced seed germination and 

postgermination developmental arrest in Arabidopsis (Jiang & Yu 2009). Another study by Zou et al (2008) 

demonstrated that the barley HvWRKY38 gene and its ortholog OsWRKY71 repress GA induction of the 

amylase promoter inhibiting early stages of seed germination. With this in mind, and together with the fact 

that wild type expression of VvWRKY1 was developmentally regulated with the highest expression levels in 

the youngest tissue (Marchive et al. 2007), it can be speculated, whether VvWRKY1 has a role in seed 

germination and/or post germination growth. If this is the case, it can explain, why no viable seedlings were 

obtained in the present experiments.    

 

Working with genetically modified crops it is always important to bear in mind, whether the new plants are 

produced with a commercial purpose or strictly for research. The production and approval processes of a 

genetically modified new cultivar are costly, and therefore, to be able to get value for money, the effect of 

the transgene has to be substantial. The effect found in this study was significant, but it is doubtful, 

whether the effect was large enough to provide commercial value.   

 

The present experiment resulted in 27 transgenic lines of S. novi-belgii. Several experiments could be 

conducted with the plants to further investigate the effect and function of the resistance genes. First of all, 

a morphological characterisation of which level of the infection the resistance is working could be made. Is 

the powdery mildew inhibited under germination, haustorium formation or hyphae growth or another step 

in the process? This study can be done using a microscope and comparisons with the wild-type. More 

controlled in vitro based inoculation test could also be an idea. Li et al (2003) developed a system for 

powdery mildew assays in roses transformed with Ace-AMP1 were microscopic studies were used to score 

the infection levels. The results showed more significant differences between the transgenic lines 

compared with a greenhouse inoculation assay.  By during this a more detailed assessment of the 

differences between the transgenic lines can be found. Another option would be to study the up or down-

regulation of PR genes to ascertain, which genes are influenced by the transgenes. Studying this can 

indicate what types of resistance processes are activated by the gene.  Another obvious study is to infect 

the plants with several types of pathogens. The literature has shown that all three genes decrease the 

susceptibility towards several types of pathogens. This could be interesting to study in S. novi-belgii as well. 

The last study to be conducted in the existing plants could be a screen for natural occurring resistance 

genes in S. novi-belgii. If it was possible to find such, development of either marker based selection or cis-

genesis could be relevant. 
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With the knowledge obtained during the course of this study some changes can be proposed for 

improvements to experimental designs of transformation experiments with pathogen resistance related 

genes. Instead of using only the constitutive CaMV35S promoter, the influence of different promoters could 

have been tested, e.g. pathogen induced promoters. The reason being that a constitutive promoter keeps 

the gene activated constantly, which may put the transgenic plant in a state of stress and/or influences 

other physiological processes in the plant. Furthermore, other genes of interest could be interesting 

candidates such as a cis-genic PAMP receptor recognising chitin. The idea behind this approach is to use a 

gene native to S. novi-belgii and thereby ensure the proper synthesis pathway is present.  Another 

approach could have been to insert a pathogen derived gene coding for a PAMP or effector that the plant is 

sure to recognise. If this gene, e.g. coding for a pathogenic protein, is under the control of a general 

pathogen induced promoter, the plant’s resistance level will be increased in response to all types of 

pathogens that the promoter may get induced by leading to self-priming of the plant.       
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11. Conclusion  
Based on the experimental results, it can be concluded that: 

 

• The powdery mildew species infecting Symphyotrichum novi-belgii was identified as Golovinomyces 

cichoracearum 

• The powdery mildew species infecting Artemisia annua was identified as a Golovinomyces sp. belonging 

to the subgenus Reticuloidium. An exact identification was not obtained, and it may be due to the fact 

that it is a new species. 

• Adventitious shoot formation from leaf explants of S. novi-belgii was highly cultivar dependent. 

• The most efficient production of adventitious shoots was obtained on a MS medium with 1.0 mg l-1 BA. 

The effects of IAA and NAA was unclear, but addition of 2,4-D promoted callus formation and inhibited 

shoot elongation. 

• Agrobacterium mediated transformation of ‘Victoria Fanny’ is very efficient and the strain LBA 4404 is 

recommended due to direct organogenesis resulting in quick shoot formation and a high number of 

transgenic shoots. 

• In S. novi-belgii ‘Victoria Jane’ Agrobacterium mediated transformation was only efficient using the 

strain A281, where transgenic shoots were regenerated through a callus phase. 

• Of the two cultivars selected for transformation with genes of interest wild type ‘Victoria Fanny’ has a 

higher natural susceptibility towards powdery mildew than X1.105. 

• Transformation of ‘Victoria Fanny’ with the three genes of interest; Ace-AMP1, RCC2 and VvWRKY1, did 

not decrease the susceptibility to powdery mildew significantly. 

• Transformation of X1.105 with Ace-AMP1 provided both a significantly lower level of infection and a 

significant increase in the number of uninfected leaves. 

• Transformation of X1.105 with RCC2 and VvWRKY1 also increased the number of uninfected leaves 

significantly, but the influence on infection level was not significant. 

• No significant differences between the transgenic lines were found. 

• Stacking of the transgenes was not possible, as no viable seedlings were produced. 
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