
 
 
 
 
 
 

Characterization of small GTPase Cdc42 from the ectomycorrhizal fungus Suillus 
bovinus and Agrobacterium tumefaciens-mediated transformation of fungi 

 
 
 
 
 
 

MUBASHIR HANIF 
 
 
 
 
 
 

Plant Biology 
Department of Biological and Environmental Sciences 

 
and 

 
Viikki Graduate School in Biosciences  

University of Helsinki 
Finland 

 
 
 
 
 
 

ACADEMIC DISSERTATION 
 
 
 

To be presented with the permission of the Faculty of Biosciences of the University of 
Helsinki, for public criticism in the auditorium 2 at Viikki Infocenter (Viikinkaari 11, Helsinki) 

on 28th April, 2004, at 12 o’clock noon. 
 
 
 

Helsinki 2004 
 

 
 
 



 
 
 
Supervisor:  Professor Marjatta Raudaskoski  

Plant Biology 
Department of Biological and Environmental Sciences  
University of Helsinki  

 
 
Reviewers:    Professor Jari Valkonen 

Department of Applied Biology 
University of Helsinki 

 
 

Dr. Robin Sen 
The Macaulay Institute  
Craigiebuckler, Aberdeen   
Scotland, UK 
 
 

Opponent:    Dr. Denis Tagu 
INRA Rennes 
France 

 
 
 
 
 
 
 
 
Printed:  Yliopistopaino 2004 

Helsinki, Finland  
 
ISSN   1239-9469 
ISBN   952-10-1077-0  printed version 
ISBN   952-10-1078-9  PDF version, http://ethesis.helsinki.fi  
 
 
e-mail:  Mubashir.Hanif@Helsinki.Fi 
 
 
Cover picture: IIF microscopy of Suillus bovinus hyphae, DAPI staining of the nuclei, and 
a schematic diagram representing the Agrobacterium-mediated transformation of fungi. 
The amino acid sequences below are four aligned Cdc42 GTPase segments from S. 
bovinus, Homo sapiens, Saccharomyces cerevisiae and Schizosaccharomyces pombe. 
From left to right: Actin cytoskeleton, microtubule cytoskeleton and DAPI staining.  
 
 
 



CONTENTS 
 

ABSTRACT.........................................................................................................................5 
PREFACE ...........................................................................................................................7 
ORIGINAL PUBLICATIONS ...............................................................................................9 
ABBREVIATIONS .............................................................................................................10 
1. INTRODUCTION ...........................................................................................................11 
1.1 Mycorrhiza ...................................................................................................................11 
1.2 Cytoskeleton and signal transduction ..........................................................................12 

1.2.1 Structure of actin and microtubule cytoskeleton and their reorganization in 
mycorrhiza development.............................................................................................12 
1.2.2 Signalling to the actin cytoskeleton by Rho GTPases........................................15 
1.2.2.1 Downstream effectors of Cdc42 and Rac .......................................................16 
1.2.3 Signal transduction in pathogenic and symbiotic fungi ......................................18 
1.2.3.1 Pathogenic fungi .............................................................................................19 
1.2.3.2 Symbiotic mycorrhizal fungi ............................................................................21 

1.3 Fungal transformation methodolgy ..............................................................................22 
1.3.1 Protoplast transformation...................................................................................22 
1.3.2 Biolistic transformation.......................................................................................23 
1.3.3 Agrobacterium tumefaciens-mediated transformation (ATMT) ..........................23 

1.4 Potential applications of Agrobacterium tumefaciens-mediated transformation (ATMT) 
in fungi ...............................................................................................................................26 

1.4.1 Wide range of fungal host cells for Agrobacterium ............................................26 
1.4.2 Gene disruption in fungi using Agrobacterium ...................................................26 
1.4.2.1 Targeted gene disruption................................................................................26 
1.4.2.2 Insertional mutagenesis..................................................................................27 

1.5 Aims of the study .........................................................................................................28 
2. METHODS.....................................................................................................................29 
2.1 Fungi and Pinus sylvestris mycorrhiza synthesis.........................................................29 
2.2 Bacterial strains and plasmids .....................................................................................29 
2.3 DNA and RNA extraction .............................................................................................30 
2.4 Southern and Northern hybridizations..........................................................................30 
2.5 PCR and Suillus bovinus cDNA library screening........................................................30 
2.6 PCR oligonucleotides used in this thesis .....................................................................31 
2.7 In-vitro mutagenesis and cloning in Agrobacterium .....................................................33 
2.8 Agrobacterium tumefaciens mediated transformation (ATMT) of the fungi ..................35 
2.9 Yeast complementation experiments ...........................................................................36 
2.10 Western blotting and indirect immunofluorescence microscopy (IIF) .........................37 
3. RESULTS......................................................................................................................38 
3.1 Cloning and analysis of CDC42 and Rac (I) ................................................................38 
3.2 Agrobacterium-mediated transformation of Suillus bovinus, Paxillus involutus and 
Hebeloma cylindroporum (II)..............................................................................................39 
3.3 T- DNA transfer in S. bovinus ......................................................................................40 
3.4 ATMT of Helminthosporium turcicum (IV) ....................................................................41 
3.5 S. bovinus cdc42 gene amplification, generation of site-specific mutations in cdc42 and 
transformation....................................................................................................................42 
3.6 The functional analysis of Cdc42 by complementation of yeast ts-mutant...................44 
4. DISCUSSION ................................................................................................................46 
4.1 Gene transfer from Agrobacterium to fungi..................................................................46 

4.1.1 Importance of vir gene induction........................................................................46 

 3



4.1.2 The sensitivity of fungi to selectable markers ....................................................46 
4.1.3 The fate of the T-DNA........................................................................................47 
4.1.4 EGFP analysis, mycorrhization and mitotic stability...........................................48 
4.1.5 ATMT as a powerful biological tool in the fungi under study..............................49 

4.2 The structure and phylogeny of Sbcdc42 and Sbrac1 genes.......................................50 
4.3 The function of Sbcdc42 gene in S. bovinus................................................................52 
4.4 The function of Rac1 gene in S. bovinus .....................................................................54 
4.5 Sbcdc42 gene study by GV and DA mutations ............................................................55 
5. CONCLUSIONS AND FUTURE PROSPECTS.............................................................58 
6. REFERENCES ..............................................................................................................59 

 4



ABSTRACT 
 
Ectomycorrhizal formation between the host tree, Pinus sylvestris and fungal symbiont, 

Suillus bovinus was investigated at the molecular level by isolating genes regulating the 

organization of the actin cytoskeleton in the fungal partner S. bovinus. An Agrobacterium 

tumefaciens mediated transformation (ATMT) system was developed for the 

ectomycorrhizal fungi in order to assign specific functions to the cloned molecules. The 

developed ATMT system was also used to transform a plant pathogenic fungus, 

Helminthosporium turcicum, to hygromycin B resistance.  

 
Small GTPases Cdc42 and Rac1, the regulators of actin cytoskeleton in eukaryotes were 

isolated from S. bovinus. Sbcdc42 and Sbrac1, are both expressed in vegetative and in 

the symbiotic hyphae of S. bovinus . Using IIF microscopy, Cdc42 and actin were co-

localized at the tips of vegetative hyphae and were visualized in association with the 

plasma membrane in swollen cells typical to the symbiotic hyphae. These results suggest 

that the small GTPases Cdc42 may play a significant role in the polarized growth of S. 

bovinus hyphae and regulate fungal morphogenesis during ectomycorrhiza formation 

through reorganization of the actin cytoskeleton. The functional equality of Cdc42 was 

tested in yeast complementation experiments using a Saccharomyces cerevisiae 

temperature sensitive mutant, cdc42-1ts. The genomic clone of CDC42 was isolated from 

S. bovinus genomic DNA via specific primers for Cdc42. The analogous S. cerevisiae 

cdc42 mutations, dominant active G12V and dominant negative D118A, were generated in 

the Sbcdc42 gene by in-vitro mutagenesis  

 
The ectomycorrhizal fungi, S. bovinus, P. involutus and H. cylindroporum were 

transformed using ATMT and phleomycin as a selectable marker. PCR screeing 

suggested that the T-DNA was inserted in all the three fungal genomes but the fate of 

integration could not be proved by Southern blot analysis. An alternative Agrobacterium 

strain, AGL-1 and selection marker, hygromycin was used to transform our model fungus 

S. bovinus. PCR and Southern analysis suggested an improved efficiency of 

transformation. All the transformed fungal colonies selected for hygromycin gave positives 

in PCR and the Southerns showed multiple or single copy T-DNA integrations into the S. 

bovinus genome. Using the same Agrobacterium strain and the selectable marker, a 

maize pathogen, H. turcicum was also subjected to ATMT. The H. turcicum transformation 

 5



data suggested the single copy T-DNA integrations into the genome of the screened 

transformants that further confirms wider applicability of the ATMT. The plasmids carrying 

the wild-type (pHGCDC42) and the mutated Sbcdc42 alleles (pHGGV; pHGDA) under 

Agaricus bisporus gpd promoter were constructed in an A. tumefaciens vector. ATMT was 

used to transform S. bovinus with the plasmids carrying the wild-type and mutated 

Sbcdc42 alleles. 

 
The isolation of Sbcdc42 and Sbrac1 genes and some other functionally related genes 

from ectomycorrhizal fungus, S. bovinus will form the basis of future work to resolve the 

signalling pathway leading to ectomycorrhizal symbiosis. The development of ATMT 

system will be a valuable tool in analysing the exact function of signalling pathway 

components in ectomycorrhizal symbiosis or in plant pathogenic interactions. The 

transformation frequency and broad applicability along with the simplicity of T-DNA 

integration make Agrobacterium a valuable, new and a powerfull tool for targeted and 

insertional mutagenesis in these plant associated fungi. The developed ATMT systems 

should therefore make it possible to generate large number of transformants with tagged 

genes which could then be screened for their specific roles in symbiosis and 

pathogenecity, respectively. 
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1. INTRODUCTION 

1.1 Mycorrhiza  

 

Mycorrhiza is a mutualistic symbiosis between plant roots and fungal mycelium. More than 

80 % of the terrestrial plants live in symbiosis with root colonizing mycorrhizal fungi (Tagu 

and Barker, 1997; Hirsch and Kapulnik, 1998; Cairney, 2000). The co-existing partners 

have mutual dependence on each other and this association plays a central role in plant 

nutrient uptake and assimilation from soils (Smith and Read, 1997). Mycorrhizal fungi are 

involved in procuring and transporting phosphate and other nutrients form the soil to plant 

roots; in turn, the plant provides fixed carbon to the fungal partner for growth and 

reproduction. In addition, mycorrhizal associations are said to increase the resistance of 

plants to environmental stresses and plant pathogens (Smith and Read, 1997; Hirsch and 

Kapulnik, 1998) and to reduce uptake of a range of heavy metals for example, cadmium 

(Jentschke et al., 1999). 

 

Mycorrhizal associations can be broadly divided into endomycorrhizal and ectomycorrhizal 

interactions (Smith and Read, 1997; Barker et al., 1998). Endomycorrhizal associations 

are interactions between herbaceous or woody angiosperms and six genera of fungi in the 

order Glomales of the Zygomycetes (Morton and Benny, 1990). In endomycorrhiza, the 

fungi grow intracellularly penetrating the walls of the plant root cells. Endomycorrhiza often 

termed arbuscular mycorrhiza is the most widely studied mycorrhizal class, (Smith and 

Read, 1997). Arbuscular mycorrhizas evolved concurrently with the first colonization of 

land by plants some 450-500 million years ago (Cairney, 2000). 

 

Ectomycorrhizas (ECMs), the dominating mycorrhizal symbiosis in boreal, temperate and 

some tropical forests, are formed by 5000-6000 species of ascomycetes and 

basidiomycetes (Buscot et al., 2000) and hosts that can be either gymnosperms or woody 

angiosperms especially members of the families Betulaceae, Pinaceae, Fagaceae, 

Salicaceae and Dipterocarpaceae (Smith and Read, 1997). Fossil records and molecular 

clock dating suggest that ECMs evolved about 200 million years ago (Cairney, 2000). The 

hyphae are wholly intercellular and form a dense sheath (mantle) around lateral roots 

(Hirsch and Kapulnik, 1998). From this mantle, individual hyphae or organized hyphal 
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aggregates called rhizomorphs grow out and explore the soil. At first a very loose network 

is formed around the root but then hyphae from the inner zone of the mantle penetrate 

between the epidermal cells of the root and extend between the outer cortical cells forming 

a network called the Hartig net, where nutrients between the symbiotic partners are 

exchanged (Smith and Read, 1997; Barker et al., 1998). 

 

We have investigated the very early stage of ectomycorrhizal formation in the host plant, 

P. sylvestris and fungal symbiont, Suillus bovinus. This thesis deals with the fungal partner 

S. bovinus and the genes regulating the organization of the actin cytoskeleton. A 

transformation system has been developed for the ectomycorrhizal fungi in order to assign 

specific functions to the molecules cloned (II, III). The developed transformation system is 

also applicable to plant pathogenic fungi (IV). 

 

1.2 Cytoskeleton and signal transduction 

1.2.1 Structure of actin and microtubule cytoskeleton and their reorganization 
in mycorrhiza development 

 

One of the key questions that was addressed in this research on mycorrhizas relates to 

molecular communication between the two partners. In P. sylvestris -Suillus bovinus 

ectomycorrhiza, the development of the symbiosis takes place over a consequence of 

signal exchange between Scots pine root cells and S. bovinus hyphae. The integration of 

signals received by a cell, and their transduction to targets, is essential for all cellular 

responses. The cytoskeleton has been identified as a major target of signalling cascades 

in animal, plant and yeast cells (Alberts et al., 2002). The cytoskeleton is unique to 

eukaryotic cells and it is a dynamic three-dimensional (3 D) structure that fills the 

cytoplasm with an extensive system of protein filaments enabling eukaryotic cells to 

organize their interiors and to perform various directed functions. The most abundant 

components of the cytoskeleton in mammalian cells are microfilaments (MFs), 

microtubules (MTs), and intermediate filaments. The latter structures, however, have yet to 

be identified in plant and fungal cells. 
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MFs are thin, thread-like structures, polymerized from actin, which is the most abundant 

cellular protein. MFs together with a large number of actin-binding and MF-associated 

proteins constitute the actin cytoskeleton (Alberts et al., 2002). The main functions of the 

actin cytoskeleton are to mediate cell motility and cell shape changes in response to 

extracellular stimuli, to organize the cytoplasm, and to generate mechanical forces within 

the cell (Schmidt and Hall, 1998). Within fungal hyphae, the actin cytoskeleton is involved 

in different developmental processes including the establishment of cell polarity, that is 

necessary for hyphal tip growth and in the septal formation (Raudaskoski et al., 2001, 

2004). MTs are long, stiff cylindrical tubes which extend throughout the cytoplasm and are 

composed of α and β subunits of the tubulin protein. MTs act as a scaffold that determines 

cell shape, and provide a set of "tracks" for cytosolic organelles and vesicle movement. 

MTs also form the spindle fibers involved in separating chromatids and chromosomes 

during mitosis and meiosis, respectively. When arranged in geometric patterns inside 

flagella and cilia, microtubules are used for locomotion (Alberts et al., 2002). In plants, 

MTs together with the microtubule associated proteins (MAPs) are thought to play an 

important role in regulating the cell wall structure being responsible for the orientation of 

the cellulose microfibrils within plant cell walls (Barlow and Baluska, 2000).  

 

Although many of the components responsible for regulating cytoskeletal dynamics are 

well-defined in animal cells and yeast, considerably less is known for plants and 

filamentous fungi. The structure of MTs and MFs and the expression of their structural 

subunits, actin and tubulins have been investigated in the ectomycorrhizal fungi, non-

mycorrhizal roots of Scots pine and symbiotic ectomycorrhizal roots (Salo et al., 1989; 

Niini and Raudaskoski, 1993; Timonen et al., 1993; Niini et al., 1996; Niini, 1998; 

Raudaskoski et al., 2001; 2004). Immunoblots of two-dimensional (2 D) gels confirmed 

that Scots pine roots have three α- and three β-tubulin isoforms whilst in ectomycorrhizal 

roots, two additional isoforms of α-tubulin are detected which suggests there are cellular 

level changes involving MTs when the two partners come into contact (Niini et al., 1996). 

Three α- and two β-tubulins, have been similarly identified in the ectomycorrhizal fungus, 

S. bovinus, which remain unchanged, even in the symbiosis. The presence of two and four 

actin isoforms in P. sylvestris lateral root tips and short roots, respectively and two actin 

isoforms in S. bovinus have also been reported (Niini et al., 1996). The fungal actin 

isoforms were confirmed in the cloning of two actin-encoding genes Sbact1 and Sbact2 

from the ectomycorrhizal fungus S. bovinus (Tarkka et al., 2000). The fungal tubulins (Niini 
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and Raudaskoski, 1998) and actins (Tarkka et al., 2000) are constitutively expressed at 

the mRNA and protein level suggesting that the reorganization of the cytoskeleton during 

ectomycorrhiza formation of S. bovinus with the P. sylvestris short roots is not mediated 

via differential expression of these genes. Ectomycorrhizal association however leads to 

major changes in the growth pattern of both plant and fungal partners (Niini, 1998; Barlow 

and Baluska, 2000; Raudaskoski et al., 2001). On the basis of the visualization of the MTs 

and MFs in vegetative hyphae of S. bovinus and in ectomycorrhiza (Timonen et al., 1993; 

Raudaskoski et al., 2001; 2004), it has been deduced that the cytoskeleton plays a role in 

fungal morphogenesis during the formation of ectomycorrhiza. Treatment of S. bovinus 

vegetative hyphae with the actin depolymerizing agent cytochalasin D leads to a swelling 

of hyphal apical cells and disorganization of the microtubule cytoskeleton in a manner 

similar to that also observed in the symbiotic hyphae during primary host fungal interaction 

and later Hartig net development. Similar changes have also been observed when hyphae 

are grown in the presence of staurosporine, which inhibits protein kinases involved in 

signal transduction pathways (Niini , 1998).  

 

The changes in fungal morphology during early stages of the symbiosis could be a result 

of initial contact with the root cells. The plant signals are perhaps sensed by the hyphal 

cells in which they may lead to a change in the organization of the MFs from highly 

polarized to a more relaxed form. This could cause swelling and branching of the hyphae, 

which enables them to penetrate into the root. In non-mycorrhizal homobasidomycetes 

such as Schizophyllum commune (Fowler et al., 1999) and Coprinus cinereus (Olesnicky 

et al., 1999), sexual reproduction is known to be regulated by the signal transduction 

pathway starting from pheromone-G-protein-coupled receptor interaction. The same G-

protein mediated or related signalling might also play a pivotal role in the ECM-forming 

fungi. Molecules that could possibly be involved in the re-organization of the actin 

cytoskeleton in fungal partner are discussed below. 
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1.2.2 Signalling to the actin cytoskeleton by Rho GTPases  

 

In filamentous fungi, growth is restricted to the hyphal apex, to which the actin 

cytoskeleton is polarized (Rupes et al., 1995; Timonen et al., 1996; Torralba et al., 1998) 

probably organizing the delivery of vesicles carrying enzymes and precursors for plasma 

membranes and the cell wall. Small GTP-binding proteins of the Rho-family have been 

shown to be involved in the regulation of actin polarization as well as other processes in 

eukaryotic cells (Johnson, 1999; Ridley, 2001). Rho GTPases are members of the Ras 

superfamily of monomeric 20-30 kDa GTP-binding proteins. The most extensively 

charcterized is the Rho subfamily with Rho, Rac and Cdc42 members represented in most 

of the eukaryotes. In all systems, these GTPases are best known for their effects on the 

polymerization and distribution of actin in fibroblasts (Hall, 1998) and in yeast (Johnson, 

1999). Small GTPases are also involved in regulating many important processes in 

addition to the organization of the actin cytoskeleton such as gene transcription, cell cycle 

progression, and membrane trafficking (Schmidt and Hall, 1998; Johnson, 1999). Their 

activity is regulated by signals originating from different classes of surface receptors 

including G-protein-coupled receptors, tyrosine kinase receptors, cytokine receptors, and 

adhesion receptors. 

 

Like all other small GTPases, Rho GTPases cycle between an inactive GDP-bound state 

and an active GTP-bound state. Three distinct classes of regulatory proteins control this 

cycling of Rho GTPases (Fig. 1). These are (1) GTPase activating proteins (GAPs), which 

stimulate the low intrinsic GTPase activity of Rho GTPases; (2) guanine nucleotide 

exchange factors (GEFs), which catalyse the exchange of GDP for GTP; and (3) guanine 

nucleotide dissociation inhibitors (GDIs), which stabilise the inactive form (Ridley, 2001; 

Etienne-Manneville and Hall, 2002). In signalling, GEFs have a central role in activating 

GTPases and thus enabling them to interact with the downstream effectors. The GEFs for 

Rho GTPases form a protein family with more than 30 members. A common feature of 

GEFs for Rho GTPases is the Dbl homology (DH) domain followed by a pleckstrin 

homology (PH) domain. The majority of Rho-specific GEFs are members of the Dbl family 

of proteins, the salient feature of this family is a stretch of ~200 amino acids that comprise 

the catalytic DH domain. The region of DbI (LLLKELL) is most highly conserved among 

various members of the DbI family including CDC24 (LLVKELL) (Hart et al., 1994) and is 
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responsible for exchange activity. The second structural domain also found in all Rho 

GEFs is an ~100-amino acid, PIP2 (Phosphatidylinositol-4,5-bisphosphate) binding PH 

domain that is positioned immediately COOH-terminal to the DH domain (Schmidt and 

Hall, 2002). PH domain could directly affect the catalytic activity of the DH domain or it 

could help target GEFs to their appropriate intracellular location (Zheng, 2001)  
   

 
 
 
Figure 1. The Rho GTPase cycle. Rho GTPase cycle between an active (GTP-bound) and an inactive 
(GDP-bound) conformation. In the active state, interaction is with one of their target proteins (effectors). The 
cycle is highly regulated by three classes of protein: GTPase-activating proteins (GAPs) stimulate GTP 
hydrolysis, leading to inactivation; guanine nucleotide exchange factors (GEFs) catalyse nucleotide 
exchange and mediate GTPase activation; and guanine nucleotide dissociation (exchange) inhibitors (GDIs) 
extract the inactive GTPase from membranes. All Rho GTPases are prenylated at their C terminus, and this 
is required for function. Figure reprinted with permission from Nature, Etienne-Manneville and Hall (2002).  
 

1.2.2.1 Downstream effectors of Cdc42 and Rac  

 

Among conserved small GTPases, Cdc42 and Rac mediate extracellular signals triggering 

changes in the actin cytoskeleton. The yeast two-hybrid selection system and biochemical 

affinity purification methods have been used extensively to identify Rac and Cdc42 

interacting proteins, and a large number of candidate effector proteins have been identified 

from eukaryotes including the members of the PAKs (p21-activated kinases), 

WASPs/WAVEs (Wiscott Aldrich syndrome proteins), formins, lipid-kinases, IQGAPs (I Q 

containing GTPase activating proteins) and NADPH (nicotinamide adenine dinucleotide 

phosphate) oxidases (Bishop and Hall, 2000). 

 

Many but not all, of these effectors contain a conserved 18 amino acid binding motif that 

has been termed the CRIB (Cdc42/Rac interactive binding) domain. PAKs are 

serine/threonine protein kinases that associate with activated or GTP-binding Cdc42, and 
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usually also with Rac, via the CRIB motif. PAKs play a key role in actin polymerization and 

in cell motility (Sells and Chernoff, 1997). In higher eukaryotes, two relevant PAK targets 

are LIM kinase and myosin light chain kinase (MLCK), which control actin dynamics via 

their substrates cofilin and myosin light chain, respectively (Daniels and Bokoch, 1999). 

When activated, LIM kinase phosphorylates cofilin or ADF (actin depolymerizing factor), 

which becomes inactive. Phosphorylation of cofilin promotes stabilization of actin 

filaments, whereas the phosphorylation of MLCK decreases its ability to phosphorylate and 

activate the regulatory light chain of myosin (Daniels and Bokoch, 1999).  

 

WASPs (activated by Cdc42) and WAVEs (activated by Rac) represent another class of 

small GTPases effectors and are likely to be essential for small GTPase function in all 

eukaryotes. The WASPs contain a recognizable CRIB motif, and WAVEs do not. Instead, 

their linkage to small GTPases is thought to be provided by an adaptor protein, IRSp53 

(Miki et al., 2000). In budding yeast, a similar arrangement may prevail, as the 

WASP/WAVE homologue Bee1 lacks a CRIB motif but is associated with Cdc42 indirectly 

via a formin (Lechler et al., 2001). Disruption of WASP/WAVE function has major 

consequences for actin organization in every system where it has been studied, for 

example in budding yeast, loss of Bee1 (a WASP/WAVE homologue) leads to a severe 

defect in cortical actin patch assembly (Li, 1997). In humans, mutations in WASP lead to 

severe immunodeficiency (the Wiskott Aldrich syndrome); this disorder is characterized at 

the cellular level by abnormalities of cytoskeletal structure, polarization, and motility. 

WASP has been shown to regulate actin polymerization by stimulating the actin-nucleating 

activity of the Arp2/3 complex (Prehoda et al., 2000). The binding of GTP-Cdc42 to WASP 

via the CRIB motif induces WASP activation by opening the auto-inhibited carboxy-

terminal WASP domain that binds Arp2/3. WASP can be viewed as a multidomain protein 

that collects on its surface actin monomers and actin profilin complexes for the ARP2/3 

complex, which then directs the polymerization of actin monomers to filamentous actin in a 

special region of the cell. In this way, WASP regulates the position of newly assembled 

actin filaments. 

 

Though the downstream effector proteins are well known and characterized, the upstream 

signalling components to the small GTPases are less understood. In S. cerevisiae, Far1 

protein is involved in cell cycle arrest and mating polarization, the two functions are entirely 

separable. A nuclear pool of Far1 protein likely mediates cell cycle arrest, whereas at the 
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cell cortex Far1 mediates mating polarity (Butty et al., 1998). In Far1 there are separate 

sites for the Gβγ complex of the heterotrimeric G protein and for Cdc24 (GEF) and Bem1 

(GAP). Cdc24 then controls the local activation of Cdc42, which leads to polymerization of 

actin cytoskeleton perhaps through PAKs (Chant, 1999). The reorganization of actin 

cytoskeleton then regualtes the growth of mating cells towards each other (Fig. 2).  

  

 

 

 

Fig. 2 The pathway governing chemotropic polarization during mating, arrows indicate physical interaction 
between proteins or conformational transitions of proteins. Figure reprinted with permission from Annual 
Review of Cell and Developmental Biology, Chant (1999) 

 

1.2.3 Signal transduction in pathogenic and symbiotic fungi 

 

Studies in different fungi, including both ascomycetes and basidiomycetes, have 

converged to define two broadly conserved signal transduction cascades that regulate 

fungal development and virulence. One is a MAP kinase cascade that mediates responses 

to pheromone-GPCR interaction. The second is a nutrient-sensing GPCR, Gα protein-

adenylate cyclase-cAMP-PKA cascade (Wendland, 2001; Versele et al., 2001). These 

pathways function coordinately to regulate mating, filamentous growth, and virulence. How 

these pathways are organized differs in detail, depending on whether the organism has 
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evolved to live predominantly as haploid or diploid, to mate under nutrient-rich or -poor 

conditions, or to respond to host signals as they infect plants or animals. What is most 

striking is how the general mechanisms of signal sensing are conserved. For example, a 

highly conserved Gα protein functions in a nutrient-sensing pathway to regulate cAMP 

production during pseudohyphal growth in S. cerevisiae (Xue et al., 1998), mating in 

Schizosaccharomyces pombe (Welton and Hoffman, 2000), mating and virulence in the 

human fungal pathogen Cryptococcus neoformans (Alspaugh et al., 1997), and mating and 

virulence of the maize pathogen Uustilago maydis (Kruger et al., 1998), respectively. 

These studies illustrate how divergent organisms can adopt flexible regulatory networks as 

they adapt to unique environmental challenges.  

 

1.2.3.1 Pathogenic fungi 

 

Morhological changes are observed when the fungus comes into contact with an animal or 

plant host. C. albicans, the most common human fungal pathogen is dimorphic and can 

either grow as a budding yeast (blastospores) or switch to a filamentous form (either 

hyphae or pseudohyphae) under a variety of environmental conditions. The ability to 

undergo these reversible dimorphic switches is essential for the virulence of this pathogen 

(Lo et al., 1997). Multiple pathways have been shown to regulate the morphogenic 

transition between budding and filamentous growth in C. albicans. Dimorphism is regulated 

by two major pathways, a conserved MAP kinase module culminating in the transcription 

factor Cph1 (Liu et al., 1994) which is homologous to the Ste12 transcription factor that 

regulates mating and pseudohyphal growth in S. cerevisiae, and the cAMP-PKA pathway 

that regulates the transcription factor Efg1p (Stoldt et al., 1997). Disruption of signaling by 

Cph1 (Liu et al., 1994) and Efg1 (Stoldt et al., 1997) causes near complete abrogation of 

hyphal growth. In S. cerevisiae, the Ras2 protein regulates pseudohyphal growth under 

nitrogen starvation (Madhani and Fink, 1998; Bores-Walmsley and Walmsley, 2000) and 

functions upstream of c-AMP-PKA pathway, in conjunction with Gpa2 subunit of the 

heterotrimeric G-protein. Ras homologue, Ras1 might occupy a position comparable to S. 

cerevisiae (Kron and Gow, 1995) in the yeast-hyphal transition pathway of C. albicans. In 

C. neoformans, another significant human pathogen, elements of a cAMP-PKA pathway 

have been identified, including the Gα protein GPA1, which is important for morphogenesis 

and virulence (Alspaugh et al., 1997). Elements of MAP kinase cascade have also been 
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identified in C. neoformans that function in a pheromone response pathway during mating 

(Moore and Edman, 1993; Wang et al., 2000). 

 

The phytopathogenic hemibasidiomycete U. maydis is the causal agent of corn smut 

disease. The life cycle of U. maydis is characterized by a dimorphic switch between a 

haploid yeast-like cell form, known as sporidia, and an infectious filamentous dikaryon 

(Kahmann et al., 1999). The pheromone response pathway and the cAMP-dependent 

signal transduction pathway are crucial for the sexual development and virulence of U. 

maydis (Kruger et al., 2000). There is also evidence for cross talk between the MAP 

kinase and cAMP pathways, but the level at which this occurs remains to be resolved. One 

type of cross talk might be through the transcription factor Prf1, which has phosphorylation 

sites for both MAP kinase and PKA (Hartmann et al., 1999). In U. maydis, the two different 

Ras proteins, Ras1 and Ras2 seem to operate in different signalling pathways. Expression 

of a dominant-active allele of ras2 induces filaments, while expression of a dominant active 

allele of ras1 does not affect cell morphology but induces pheromone gene expression 

(Muller et al., 2003). Ras1 activates the c-AMP pathway by coupling with the adenylyl 

cyclase and Ras2 seems to be activated by the Sql2 (a protein with similarity to CDC25 

like GEFs), which might interact with a Cdc42 homologue thus controlling morphogenesis 

by regulating the cytoskeleton. Alternatively Ras2 in U. maydis may act on the MAPK 

cascade since this cascade is a positive regulator of filamentous growth. 

 

Magnaporthe grisea causes a devastating fungal disease of rice plants known as rice 

blast. A specialized infectious structure, the appressorium, is developed by the fungus to 

enable fungal penetration into the host cells (Talbot, 2003). The enormous increase in the 

internal turgor pressure due to the accumulation of glycerol in the appressorium allows the 

penetration peg to break through the cuticle and into the underlying epidermal cell layer 

(Thines et al., 2000). How external inductive signals are perceived by M. grisea is not yet 

understood, but it is clear that a cAMP-dependent signal transduction pathway is involved 

in appressorium formation since exogenous cAMP induces M. grisea germinating conidia 

or vegetative mycelia to produce appressoria on non-inductive surfaces (Lee and Dean, 

1993). In M. grisea, three G protein α subunit genes, MAGA, MAGB, and MAGC, have 

been cloned and characterized (Liu and Dean, 1997). Disruption of MAGB significantly 

reduces vegetative growth, conidiation, and, most importantly, appressorium formation (Liu 

and Dean, 1997). In addition to the G protein α subunit, components involved in the cAMP 
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signalling pathway and MAP kinase genes have also been isolated and found to be 

required for appressorium development and function in M. grisea (Xu and Hamer, 1996). 

 

1.2.3.2 Symbiotic mycorrhizal fungi 

 

During the establishment of the mycorrhizal symbiosis, contact hyphal morphology 

changes; tubular hyphae swell and branches on the surface of the root to produce finger 

like hyphae (Kottke and Oberwinkler, 1986). The change in morphology is necessary for 

both penetration of the fungus into the host and subsequent establishment of the symbiotic 

interface, the Hartig net (Smith and Read, 1997). Signal exchange must take place 

between the interacting symbionts to determine their compatibility and to prepare both 

partners for further physiological and morphological changes essential for formation of the 

symbiotic organ. The signal transduction pathways leading to these changes remain poorly 

understood. Treatment of the hyphae of ectomycorrhizal fungi with protein kinase inhibitors 

and actin disrupting drugs leads to the change in hyphal morphology (Niini, 1998). Specific 

plant flavanoids have been suggested to trigger the symbiotic growth (Martin et al., 1999) 

and several other genes with putative functions in signal transduction pathways are highly 

expressed and upregulated in the ectomycorrhizal symbiotic tissues of Eucalyptus 

globulus-Pisolithus tinctorius (Voiblet et al., 2001) including genes with homology to 

calmodulin, ras, heterotrimeric GTPases and protein kinases (MAPKKK, MAPK). 

Additionally, the tentative consensus sequences (TCs) expressed in both ectomycorrhizal 

basidiomycetes Laccaria bicolor and P. microcarpus show homologies to the MAP kinase, 

small GTP binding protein Rac1 and Rho GDP dissociation inhibitor (Peter et al., 2003). 

Several signalling molecules have been isolated from the cDNA library prepared from the 

ectomycorrhizal fungus S. bovinus including a Gα cDNA and two Ras cDNAs 

(Raudaskoski et al., 2001; 2004), Sbcdc42 and Sbrac1 (I). All were expressed in the 

symbiotic hyphae, which might regulate hyphal adhesion on plant surface, morphogenesis 

and penetration into the host tissues during symbiosis development. A symbiosis regulated 

ras gene has also been cloned form the ectomycorrhizal fungus L. bicolor during the pre-

infection or contact phase (Sundaram et al., 2001). All of the above findings suggest that 

the morphogenetic signalling pathways during symbiosis may involve ligand-receptor 

interactions and perhaps the signal transduction involves small GTPases, which lead to 

reorganization of actin cytoskeleton (Tarkka et al., 2000; Raudaskoski et al., 2001; 2004).  
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We may hypothesis that the signalling molecules, which are conserved, and well defined in 

yeast and mammalian cells are probably also conserved in the ectomycorrhizal fungi, even 

though very little is known about their function. 

 

1.3 Fungal transformation methodolgy 

 

Genetic transformation can be used either as a tool for the analysis of gene function or to 

produce transgenic fungi expressing desirable traits for a broader application in agriculture 

and forestry. The development of methods for transforming fungi opens up many 

possibilities of engineering suitable species for commercial production of enzymes and 

other proteins (Fincham, 1989; Hynes, 1996). Through genetic transformation systems, it 

is possible to manipulate the genome of organisms, correlating in-vitro studies of purified 

DNA with biological consequences in vivo. Molecular genetic manipulation of fungi 

requires the development of plasmid-mediated transformation systems that include: (1) 

introducing exogenous DNA into recipient cells; (2) expression of genes present on the 

transforming DNA; and (3) stable maintenance and replication of the integrated DNA, 

leading to expression of the desired phenotypic trait. In the following overview, only those 

techniques are introduced that have shown most promise in the transformation of 

ectomycorrhizal fungi. 

 

1.3.1 Protoplast transformation 

 

There are only a few reports of the transformation of mycorrhizal fungi via protoplasts. 

Protoplast transformation experiments have been made with L. laccata (Barrett et al., 

1990), H. cylindrosporum (Marmeisse et al., 1992) and Lyophyllum shimeji (Saito et al., 

2001). However, preparation of intact protoplasts for transformation is a tedious process, 

and regeneration of the protoplasts back to mycelial cultures has been extremely 

problematic due to low regeneration capacities in these fungi. These are the factors that 

severely restrict the use of this method and as a result, protoplast transformation has been 

largely superseded by alternative faster and more efficient transformation systems.  
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1.3.2 Biolistic transformation 

 

Biolistic transformation utilizes high velocity microprojectiles for the delivery of nucleic 

acids directly into the host cells (Klein et al., 1987), and has been developed as a method 

for incorporation of plasmid DNA into intact, thick-walled fungal cells. This method uses 

tungsten or gold particles coated with DNA, which are accelerated at high velocity directly 

into fungal spores or hyphae. The main advantage of this system is that it is species 

independent and avoids the production of protoplasts or the complex interaction between 

bacterium and host tissue using Agrobacterium tumefaciens mediated transformation 

(ATMT, see below) system. Biolistics has been used in many fungal species and has been 

instrumental in transforming species that are recalcitrant to transformation with protoplast 

methods. For example it has been applied to a number of filamentous fungi including 

Aspergillus nidulans (Barcellos et al., 1998) and Trichoderma reesei (Hazell et al., 2000). It 

has also been employed to transform the ectomycorrhizal P. involutus (Bills et al., 1995), 

L. bicolor (Bills et al., 1999) and arbuscular mycorrhizal fungus Gigaspora rosea (Forbes et 

al., 1998). In these fungi the particle bombardment results in integration of DNA 

sequences as multiple copies.  

 

1.3.3 Agrobacterium tumefaciens-mediated transformation (ATMT) 

 

The phytopathogen A. tumefaciens carries a ~200-kb tumor-inducing (Ti) plasmid, carrying 

the vir (virulence) region and a portion referred to as T-DNA. Upon infection of plants, the 

T-DNA is randomly inserted into the host genome and transforms the plant cells to a 

tumorous growth called a crown gall, which serves as host tissue for the growth of the 

bacterium (Zhu et al., 2000; Gelvin, 2003). The Ti plasmid has been modified and binary 

vectors have been developed whereby the T-DNA region is harbored in trans from the rest 

of the Ti plasmid (Bevan, 1984). The binary vectors are smaller, can replicate in E. coli, 

have selectable markers for growth in E. coli and Agrobacterium, and provide cloning sites 

for addition of foreign DNA within the T-DNA. In fungi, these binary vectors have been 

shown to transfer T-DNA into S. cerevisiae yeast (Bundock et al., 1995), several species of 

filamentous fungi (de Groot et al., 1998), the ascomycetes Fusarium oxysporum (Mullins et 

al., 2001) and T. atroviride (Zeilinger, 2003), the dimorphic fungus Coccidioides immitis 

(Abuodeh et al., 2000), the cultivated mushroom A. bisporus (Chen et al., 2000) , and most 
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recently ectomycorrhizal fungi including S. bovinus (II, III) and H. cylindrosporum (II, 

Combier et al., 2003) and plant pathogenic fungi including M. grisae (Rho et al., 2001) and 

H. turcicum (IV). 

 

It has been speculated that DNA-transfer to fungi seems to function in a mechanism 

similar to plants (Fig. 3), where acetosyringone (AS) induces virulence (vir) gene 

expression, resulting in generation of a single-stranded DNA flanked by 24 bp direct 

repeats of the left border (LB) and right border (RB), the T-DNA. With regard to 

transformation studies, what is most convenient is that any DNA, irrespective of its source, 

engineered to fit between the T-DNA left and right borders can be efficiently integrated into 

the host of choice. This lack of sequence specificity implies that a T-DNA molecule itself 

does not encode protein machinery for its transport from the bacterial cell into the host cell, 

for import into the host cell nucleus, and for integration into the host cell genome. Instead, 

these functions are fulfilled by the bacterial Vir proteins and their host cell partners (Gelvin, 

2003). Interestingly, the T strand does not travel alone but is thought to directly associate 

with two Agrobacterium proteins, VirD2 and VirE2, forming a transport (T) complex in 

which one molecule of VirD2 is covalently attached to the 5'-end of the T strand, whereas 

VirE2, an ssDNA-binding protein, is presumed to cooperatively coat the rest of the T strand 

molecule (Zupan et al., 2002; Gelvin, 2003). In plants the preferred mode of integration is 

by heterologous (illegitimate) recombination, since no extensive homology exists between 

the T-DNA and its site of integration into the plant genome. In filamentous fungi and yeast, 

the introduction of DNA by transformation typically may result in either the illegitimate 

integration or the homologous integration of the transforming DNA into the target genome 

(Mullins and Kang, 2001). 

 

A property that has made ATMT useful for subsequent analysis of the tagged gene is that 

most often only a single site of insertion is generated per transformant (de Groot et al., 

1998). This feature greatly simplifies the demonstration that the tagged gene represents 

the mutation responsible for the phenotype. 
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Fig. 3. A model for molecular interactions during Agrobacterium-mediated genetic transformation of plant 
cells. The transformation process comprises eight distinct steps: (1) Agrobacterium recognition of and 
attachment to the host cell, mediated by Agrobacterium chromosome-encoded proteins and specific host 
receptors; (2) sensing of specific plant signals by the Agrobacterium two-component (VirA–VirG) signal 
transduction system machinery; (3) VirG-mediated signal transduction and vir gene activation; (4) 
generation of mobile copy of T-DNA, the T-strand; (5) generation of the VirB–VirD4 transporter complex, 
and transport of T-strands and Vir proteins into the host cell cytoplasm; (6) formation of the mature T-
complex; (7) T-complex nuclear import facilitated by the AtKAPα, VIP1 and Ran proteins of the host cell; 
(8) intranuclear transport of the T-complex to the host chromosome, and T-DNA integration into the host 
cell genome mediated by VirD2 and/or VirE2 and by host factors. Abbreviations: IM, bacterial inner 
membrane; NPC, nuclear pore complex; OM, bacterial outer membrane; PP, bacterial periplasm. Figure 
reprinted with permission from Trends in Cell Biology,Tzfira and Citovsky (2002) 
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1.4 Potential applications of Agrobacterium tumefaciens-mediated 
transformation (ATMT) in fungi 

1.4.1 Wide range of fungal host cells for Agrobacterium 

 

The discovery of the T-DNA has been one of the most important technical developments in 

the last 25 years, one that has spurred the movement of agricultural and plant biology into 

the molecular era. The impact of T-DNA as a vector in plant genetic engineering is 

significant, for example the creation of golden rice (Potrykus, 2001). Without it, the regular 

manipulation of plant genes and genomes would be difficult. Its wide host range has made 

it possible for the scientists around the world to apply this technology to their specific 

problems and model systems allowing precise gene manipulations.  

 

ATMT exhibits a number of advantages as a method for transforming fungi, including: (1) 

the ability to transform spores, hyphae, and even mushroom fruiting body tissue (de Groot 

et al., 1998; Chen et al., 2000; Mullins et al., 2001), (2) high efficiency of transformation 

(de Groot et al., 1998; Mullins et al., 2001; Rho et al., 2001), (3) increased frequency of 

homologous recombination (Bundock et al., 1999; Mullins et al., 2001; Zwiers and De 

Waard, 2001; (Zeilinger, 2003), and (4) low copy number of inserted T-DNA per genome 

(de Groot et al., 1998; Mullins et al., 2001; Rho et al., 2001; Sullivan et al., 2002).  

 

1.4.2 Gene disruption in fungi using Agrobacterium 

1.4.2.1 Targeted gene disruption 

 

Homologous recombination is considered to be an exception, rather than a rule in many 

filamentous fungi with heterologous recombination events occurring most frequently. An 

effective way to study the symbiosis and pathogenesis mechanisms in fungi is to disrupt 

the genes involved in these processes; both in targeted and random transformation events 

and to isolate mutants exhibiting altered characteristics. A. tumefaciens based 

transformation system can be a useful tool in disrupting a predetermined gene thereby 

proving/disproving its role in symbiosis or pathogenesis (Gold et al., 2001; Mullins and 
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Kang, 2001). Gene replacement comprises the direct substitution of the wild-type gene 

with its mutant allele, which has been disrupted by the insertion of a selectable marker 

(e.g. antibiotic resistance) within its coding region, via homologous recombination 

mediated by transformation. The single stranded T-DNA complex (here equipped with the 

mutant allele) is passed through the host cell wall and into the nucleus, where it inserts 

into the selected locus through double homologous recombination, resulting in a specific 

gene replacement event (gene knockout) and the loss of gene function (Gold et al., 2001; 

Mullins and Kang, 2001). Recently it has been shown that gene replacement can be 

achieved by ATMT of filamentous fungus, Trichoderma atroviride if the T-DNA contains the 

homologous sequences of the targeted gene (Zeilinger, 2003).  

 

1.4.2.2 Insertional mutagenesis 

 

One of the advantages of ATMT system is that its T-DNA can be used as an insertional 

mutagen in mutagenesis. The objectives of insertional mutagenesis are to achieve an 

efficient and random disruption of the genome of the target organism and to ultimately 

reisolate those genes tagged by the transfroming DNA (Gold et al., 2001; Mullins and 

Kang, 2001). Integration at ectopic sites has permitted the random mutagenesis of 

pathogen genes using the transforming DNA as a mutagen (Sweigard et al., 1998; 

Balhadere et al., 1999; Kahmann and Basse, 2001) in protoplast transformation. 

Insertional mutagenesis methodology, as applied to phytopathogeinc fungi, has never 

been successfully extended to symbiotic fungi mainly due to the lack of a functional 

transformation system. 

 

For both Blastomyces dermatidis and Histoplasma capsulatum, T-DNA insertions occurred 

at single sites in more than 80% of the cases tested (Sullivan et al., 2002) and more than 

60% of H. cylindrosporum transformants (Combier et al., 2003). This represents a major 

advantage of ATMT over protoplast-based transformation, which generally leads to 

unpredictable numbers of plasmid integrations per genome (Marmeisse et al., 1992; Amey 

et al., 2002). Another advantage of ATMT over other conventional methods is the 

possibility to recover the T-DNA flanking sequences. In the ectomycorrhizal fungus, H. 

cylindroporum using TAIL-PCR, LB and RB flanking regions were amplified 85% and 15%, 

respectively, in the analyzed transformants (Combier et al., 2003).  
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Recently numerous symbiosis-regulated genes that are differentially expressed during 

ectomycorrhizal symbiosis have been identified, mainly through expressed sequence tags 

(ESTs) (Voiblet et al., 2001), differential display analysis (Kim et al., 1999; Sundaram et 

al., 2001) and by using reverse genetics approach as in S. bovinus (Raudaskoski et al., 

2001; 2004). Several Xylanase genes encoding xylanases have been cloned from plant 

pathogenic fungi (Lubeck et al., 1997; Degefu et al., 2001; Degefu et al., 2004). The 

transformation frequency and broad taxonomic applicability along with the simplicity of T-

DNA integration make Agrobacterium a promising, new and a powerful tool for targeted 

and insertional mutagenesis in the fungi under investigation.  

 

1.5 Aims of the study 

 

At the start of this thesis work, there were no previous reports focusing on the involvement 

of small GTPases in regulating vegetative hyphal growth or morphogenesis during 

ectomycorrhiza formation. One of the aims of the present work was to investigate whether 

the genes encoding small GTPases are present in ectomycorrhizal fungus S. bovinus, and 

if so to characterize the small GTPases, Cdc42 and Rac, as regulators of cytoskeleton 

organization (I). A further goal was to determine the specific role (s) of cloned genes in the 

signal transduction pathways leading to changes in the hyphal morphology (Raudaskoski 

et al., 2001; 2004) during the formation of mycorrhiza. For these purposes, development of 

an efficient transformation system was necessary. Agrobacterium tumefaciens-mediated 

transformation (ATMT) was initiated in several mycorrhizal fungi (II) and investigated in 

more detail in the model mycorrhizal fungus, S. bovinus (III) to facilitate the functional 

studies of the cloned genes from ectomycorrhizal fungi. The applicability of the ATMT 

system was also assessed for the plant pathogenic fungus H. turcicum (IV). The 

ectomycorrhizal fungi S. bovinus, P. involutus, H. cylindrosporum and maize pathogen H. 

turcicum transformed here in, have never been amenable to genetic transformation. The 

ATMT system was also used for transformation of S. bovinus with in-vitro mutagenized 

Sbcdc42 (unpublished). In addition, functional equivalence of Sbcdc42 with yeast, S. 

cerevisiae CDC42 was tested in yeast complementation experiments (un- published). 
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2. METHODS 

2.1 Fungi and Pinus sylvestris mycorrhiza synthesis 

 

The fungal strains used in the studies are S. bovinus (L.: Fr.) O. Kuntze isolate (No 096) 

from Prof. David Read, University of Sheffield, England; H. cylindrosporum Romagnesi 

dikaryotic strain HC1; P. involutus (Batsch: Fr.) Fr. from Scotland Bush State, Institute of 

Terrestrial Ecology, Scotland (I-III). H. turcicum isolate (H-2) was isolated from maize 

leaves obtained from the Addis Ababa University, Awassa College of Agriculture, Ethiopia. 

S. bovinus was maintained on malt extract agar (I, II) and Moser 6 (II), H. cylindrosporum 

and P. involutus were maintained on malt extract agar (II) and H. turcicum (IV) was 

maintained on potato dextrose agar (PDA). All fungi were grown in dark at 20oC. P. 

sylvestris L seeds were obtained from the Haapastensyrjä Tree Breeding Center, Finland, 

belonging to provenance class B3 in Hyrylä, Southern Finland (Niini, 1998). Synthesis of 

ectomycorrhiza between S. bovinus and P. sylvestris was carried out as described by Niini 

et al. (1996) and Tarkka et al.,(1998) with some modifications (III) 

 

2.2 Bacterial strains and plasmids  

 

Escherichia coli XL1-Blue cells (Stratagene), TOP 10 cells (Invitrogen) and pCR 2.1- 

TOPO vector (Invitrogen) were used for routine cloning. The pBAD-TOPO vector 

expression system was used for the regulated expression of PCR amplified SbCdc42 and 

Sbrac1 in E. coli. A. tumefaciens strain LBA1100 from Prof. Paul Hooykaas, Leiden 

University (The Netherlands) was used for the transformation of ectomycorrhizal fungi, S. 

bovinus, H. cylindrosporum and P. involutus (II). The strain AGL-1 carrying the binary 

plasmid vector pBGgHg (Peter Romaine, Department of Plant pathology, Pennsylvania 

State University, USA) was used for transformation of S. bovinus (III) and H. turcicum (IV). 
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2.3 DNA and RNA extraction 

 

Genomic DNA was isolated from the ectomycorrhizal fungi, S. bovinus, H. 

cylindrosporium, and P. involutus with the DNEasy Plant Mini kit (Qiagen) or with the 

CTAB method for DNA extraction (Ausubel et al., 1995). From H. turcicum, DNA was 

extracted as described in IV. RNA isolation (I) was carried out according to Nehls et al., 

(1998). The precipitated total RNA from P. sylvestris radicles was resuspended in 150 µl 

and from short roots and mycorrhizal roots in 50 µl of diethyl pyrocarbonate-treated (DEP) 

water (I).  

 

2.4 Southern and Northern hybridizations 

 

In Southern and Northern transfers and in cDNA library screening Hybond N+ nylon 

membranes were used (Amersham). The gel electrophoresis and all hybridization steps 

were carried out as essentially described by Russo et al., (1992). The gene fragments 

were labelled with (α-32 P) dCTP (3000 Ci/mmol) by the multiprime DNA labelling systems 

(Amersham RPN. 1600Z) or by using rediprime II, random prime labelling system 

(Amersham RPN 1633; 1634). Relative expression levels of the genes was analysed using 

the phospho-imager analysis. SbCdc42 and Sbrac1 expressions were normalized with 

constitutively expressed Sbact1 (I) 

 

2.5 PCR and Suillus bovinus cDNA library screening 

 

100 ng of genomic DNA and 0.1 ng of plasmid DNA were used as templates in all the PCR 

amplifications, MgCl2 concentration was 1.5 mM, DyNAzyme Polymerase (Finnzymes, 

Espoo, Finland) was used as a thermostable enzyme in the buffer supplied by the 

manufacturer. The details of the different programs used for PCR amplifications are 

described in I-IV except the genomic SbCdc42 cloning and in-vitro mutagenesis 

experiments. PCR with genomic DNA from the ectomycorrhizal fungus S. bovinus using 

the ras superfamily primers R-1 and R-2 (Table, 1), cloning of the PCR fragments in TOPO 
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vector and sequencing analysis resulted in a 318 bp fragment of the small GTPase Rac1. 

Similarly, PCR with the novel primers specific for CDC42, C-1 and C-2 (Table, 1) led to the 

isolation of a 640bp fragment of the SbCdc42 gene. The 318bp gene fragment of Rac1A 

and the 640bp gene fragment of CDC42 were used to screen the cDNA library constructed 

from the vegetative mycelia of S. bovinus (I). For cloning genomic SbCdc42, the primers 

SbCdc42-3 and SbCdc42-4 were used (Table 1) with 100 ng of the S. bovinus genomic 

DNA as a template. Amplification included an initial denaturation at 94oC for 2 min, 

followed by 30 cycles of 45s denaturation at 94oC, 45s annealing at 56oC and 1 min 

extension at 72oC, followed by a final elongation of 5min at 72oC. The PCR product was 

cloned into pCR 2.1-TOPO vector (Invitrogen) and sequenced. 

 

2.6 PCR oligonucleotides used in this thesis 
 

Table 1. The oligonucleotide primers used in this thesis  

 

 Code 5’-3’ Sequence Experimental use 
 Publication I   
1 C-1 AARTGYGTNGTNGTNGGNGAC SbCdc42 gene fragment 
2 C-2 CAYTCNACRTAYTTNACNGC SbCdc42 gene fragment 
3 Sbcdc42pp-1 CAGACTATCAAGGTTGTAGT SbCdc42 expression in  

E. coli 
4 Sbcdc42pp-2 TTTATGTGTCTTCTTAACCAC SbCdc42 expression in  

E. coli 
5 R-1 GTNGGNGAYGGNGCNGTNGGNA 

ARAC 
Sbrac1 gene fragment 

6 R-2 TARTCYTCYTGNCCNGCNGTRTC Sbrac1 gene fragment 
7 Sbrac1-1 CACAACATCAAATGTGTTGTA Sbrac1 expression in E. 

coli 
8 Sbrac1-2 ACCACGACCACTGCGCTT Sbrac1 expression in E. 

coli 
 Publication II   
9 BleANT CCGCCCGCCGTCTCCCTCTTTCT bler gene (phleomycin 

resistance) 
10 GPDPsen AGCCGCGGAGGGGTTAGGATGAGA bler gene (phleomycin 

resistance) 
11 GPDPok CGGTGTTGGTCGGCGTCGGTCAGT bler gene (phleomycin 

resistance) 
13 Bin-2 GTAGGTTCGAGTCGCGAGAT pBIN19 tetA gene 
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 Code 5’-3’ Sequence Experimental use 
14 ITS-1 TCCGTAGGTGAACCTGCGG Fungal ribosomal ITS 
15 ITS-4 TCCTCCGCTTATTATTGATATGC Fungal ribosomal ITS 
 Publications 

III, IV 
  

16 Hph-1 AAGCCTGAACTCACCGCGAC hphr gene (hygromycin 
resistance) 

17 Hph-2 CTATTCCTTTGCCCTCGGAC hphr gene (hygromycin 
resistance) 

18 123-1 ATGGTGAGCAAGGGC EGFP gene 
19 123-2 TTACTTGTACAGCTCGTCC EGFP gene 
20 Kan-1 GGTCATGCATTCTAGGTACT kanr gene  
21 Kan-2 AATGGCTAAAATGAGAATAT kanr gene  
 Unpublished   
22 Sbcdc42-3 AACCATATGCAGACTATCAAGGTTGTA SbCdc42 gene  
23 Sbcdc42-4 TGTATTTACGCAGCAGCAAATCAGTAT

AATCATATACGGGTA 
SbCdc42 gene  

24 GV-1 GTTGTAGTGGTGGGGGACGTT 
GCTGTAGGCAAGGTGCG 

SbCdc42 G12V mutation 

25 GV-2 CGCACCTTGCCTACAGCAACG 
TCCCCCACCACTACAAC 

SbCdc42 G12V mutation 

26 DA-1 CGTTGGGACGCAAATCGCTTT 
GCGGGACGACGCTC 

SbCdc42 D118A mutation 

27 DA-2 GAGCGTCGTCCCGCAAAGCGA 
TTTGCGTCCCAACG  

SbCdc42 D118A mutation 

28 AgpdP-1 TACGA 
ATTCGAGCTCGGTAC 

Agpd promoter 

29 AgpdP-2 GATAGTCTGCATATGGGTACC 
GGCGATAAG  

SbCdc42 gene fragment, 
Agpd promoter 

30 Sbcdc42-6 CTTATCGCCGGTACCCATATG 
CAGACTATC 

Agpd promoter, SbCdc42 
gene fragment,  

31 Sbcdc42-7 TGCCAATTCTAGAGTCTAAAC 
GACGACGCA 

CamVT, SbCdc42 gene 
fragment 

32 CamT-1 TGCGTCGTCGTTTAGACTCTA 
GAATTGGCA 

SbCdc42 gene fragment, 
CamVTerminator 

33 CamT-2 TGCAGGTCGACTCTAGAGGA  CamV Terminator 
34 Sbcdc42-5 ACATAAATGCGTCGTCGTTTAG 

TCATATTAGTATATGCCCAT 
Yeast plasmid 
expressing Sbcdc42 

35 Yct-1 TTTCATATGCATACCGTGTCTATGCAA Yeast plasmid 
expressing Sbcdc42 
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2.7 In-vitro mutagenesis and cloning in Agrobacterium  
 
In-vitro mutagenesis was used to introduce mutations in the Sbcdc42 gene by using 

QuickChangeTM Site-Directed Mutagenesis Kit (Stratagene) with the primers specific for 

Sbcdc42G12V and Sbcdc42D118A mutations (GV-1 and -2; DA-1 and –2, Table, 1). The PCR 

program included 1 cycle of initial denaturation at 95oC for 30s, followed by 12 cycles of 

30s denaturation at 95oC, 1 min annealing at 55oC and 14 min polymerization at 68oC, 

followed by a final elongation of 14 min at 68oC. 

 

The technique termed gene “Splicing by Overlap Extension” (SOE) (Horton et al., 1989; 

Horton et al., 1990) was used to engineer the hybrid genes without the use of restriction 

enzymes in the first cloning step. The primers AgpdP-1 and -2 were used for generating 

the Agpd promoter from the vector pBGgHg (4B I), the primers Sbcdc42-6 and –7 were 

used for producing the Sbcdc42 gene form TOPO vectors with the mutated and non-

mutated clones (4B II) and the primers CamT-1 and -2 were used to amplify the non- 

coding terminal part from the vector pBGgHg (4B III). Genomic Sbcdc42 was used as a 

template for the non-mutated clone and pcdc42G12V (constitutively active GTP bound form) 

and pcdc42D118A (dominant negative GDP bound form) were used as templates for the 

mutated clones. The PCR reactions generated three DNA fragments from which the 

Sbcdc42 gene (mutated and non-mutated) with A. bisporus promoter and the CAMV 

terminator were amplified using AgpdP1 and CamT2 primers containing the Sac I and Sal I 

restriction sites (Figure 4).  

 

In the second step, the resulting PCR products were cloned into TOPO pCR2.1 and named 

pTHGcdc42, pTHGGV and pTHGDA. Restriction analysis and sequencing was done to 

confirm the presence of the desired wild-type Sbcdc42 gene and the mutations. From 

pBGgHg, the region encoding EGFP, the promoter (marked as Pgpd in Fig. 5) and the 

terminator (marked as 35S-3’ in Fig. 5) were removed by Sac I and Sal I digestion. From 

pTHGcdc42, pTHGGV and pTHGDA, the Sbcdc42 gene with the gpd promoter and CAMV 

terminator were released by digestion with Sac I and Sal I and ligated at the Sac I and Sal 

I sites in the vector pBGgHG replacing the EGFP gene. The non-mutated clone was  
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(A) 

             SacI 
 
AgpdP1    (→)     5’-TAC GAA TTC GAG CTC GGT AC - 3’ 

 
cdc42    Agpd 

AgpdP2     (←)    5’-GAT AGT CTG CAT ATG GGT ACC GGC GAT AAG - 3’ 
 

Agpd   cdc42 
Sbcdc42-6   (→)  5’-CTT ATC GCC GGT ACC CAT ATG CAG ACT ATC- 3’ 

 
CamVT  cdc42 

Sbcdc42-7   (←)  5’-TGC CAA TTC TAG AGT CTA AAC GAC GAC GCA- 3’ 
 

Cdc42   CamVT 
CamT1    (→)       5’-TGC GTC GTC GTT TAG ACT CTA GAA TTG GCA- 3’ 

 
SalI 

CamT2    (←) 5’-TGC AGG TCG ACT CTA GAG GA- 3’ 
 
 (B)  

(I) (II) (III) 
 

5’ 

3’ 5’ 
5’ 

5’ 

5’ 

5’ 

3’ 

3’ 

3’ 

3’ 

3’ 

3’ 

5’ 3’ 5’ 

5’ 5’ 

5’ 

5’ 

3’ 

3’ 3’ 

(IV) 

3’  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 A. Schematic diagram of the primers showing the fusion of A. bisporus gpd promoter-cdc42- CamV35 
S terminator using SOE. Restriction enzyme sites and the overlapping sequences are indicated (dotted lines 
and underlines). B. Details of the end products of the three fragements produced. Primers AgdpP-2, 
sbcdc42-6 and –7 and camT-1 were used to modify the ends of the three PCR products so that they have 
the same sequence. The recombinant product is formed when the overlapping regions are extended by 
polymerase. Inclusion of the outside primers AgpdP-1 and CamT-2 in the SOE reaction causes the 
recombinant product to be PCR amplified (see text for details). DNA fragments with overlapping sequences 
are shown in black and in checker board. The gene maps are not drawn to scale. 
 

pHGcdc42 (Fig. 5) and the mutated clones were named pHGGV and pHGDA representing 

cdc42G12V and cdc42D118A mutations, respectively. All the three vectors were confirmed for 

the presence of hph and Sbcdc42 genes (and the mutants) by PCR, restriction analysis 
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and sequencing. The newly constructed vectors were electroporated into the 

Agrobacterium strain AGL-1. 
 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 5. Organization of binary vector pHGcdc42. pHGcdc42 is 9.7 kb in size and consists of a pCAMBIA1300 
backbone containing the kanamycin resistance (R) gene and the right border (R/B) and left border (L/B) 
sequences of Agrobacterium T-DNA. The hygromycin resistance and cdc42 genes are located between the 
border sequences, and each is joined to the Agaricus bisporus glyceraldehyde-3-phosphate dehydrogenase 
promoter (Pgpd) and the cauliflower mosaic virus terminator (35S-3'). Shown are restriction enzyme sites 
with map distances in kilobases.  
 

2.8 Agrobacterium tumefaciens mediated transformation (ATMT) of the 
fungi  

 

ATMT of the ectomycorrhizal fungi, H. cylindrosporium, P. involutus and S. bovinus were 

carried out using the Agrobacterium strain LBA1100 carrying the vector pBIN19-17, which 

contains the Phle construct (HindIII-GPDScP-Shble-GPDScT-EcoRI) and the Neo marker 

under control of plant transcriptional elements between the LB (left border) and RB (right 

border) repeats of the T-DNA and the Kan marker for selection in E. coli and A. 

tumefaciens (II). S. bovinus mycelium (III) and the H. turcicum conidia (IV) were subjected 

to ATMT by using an alternative Agrobacterium strain AGL-1 carrying the vector pBGgHg 

containing the hygromycin B (hph) and enhanced green fluorescence protein (EGFP) 

cassettes between LB and RB and Kan marker for selection in E. coli and A. tumefaciens. 

Genetic transformation of the fungus S. bovinus with AGL-1 carrying pHGcdc42 (Fig. 2), 

pHGGV and pHGDA (unpublished) was carried out as described in article III. 
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2.9 Yeast complementation experiments 

 

To determine whether Sbcdc42 is functionally comparable to S. cerevisiae CDC42, the 

temperature sensitive mutant cdc42-1ts in the yeast strain DJTD2-16A (MATα cdc42-1 

ura3 his4 leu2 trp1) was transformed with a yeast plasmid, in which the wt S. cerevisiae 

CDC42 ORF was replaced by the wt Sbcdc42 ORF. The yeast strain and pGAL1-

CDC42Sc were kind gifts from Prof. Douglas I. Johnson (Vermont University). Plasmid 

pGAL1-CDC42Sc contains Amp for selection in E.coli, LEU2 for selection in S. cerevsiae 

and yeast wt CDC42Sc gene under control of inducible GAL1 promoter. At the first phase 

the region coding for S. cerevisiae CDC42 together with 357 bps from the 3´-UTR was 

removed from the pGAL1-CDC42Sc via NdeI restriction, after which the plasmid was 

religated. This ”empty plasmid” named GAL-4 was used as a control in complementation 

experiments and to construct plasmids with the Sbcdc42 ORFs. The wt Sbcdc42 cDNA 

with a 357 bps fusion from the 3´- UTR of S. cerevisiae CDC42 (Johnson and Pringle, 

1990) were amplified by PCR using the primers Sbcdc42-3, Sbcdc42-4, Sbcdc42-5 and 

yct-1 (Table 1). Firstly, the primers Sbcdc42-3 and Sbcdc42-4 were used to produce the 

coding sequence from S. bovinus cDNA (I) with NdeI restriction sites in front of the start 

codon and 20 nucleotides downstream the Sbcdc42 stop codon from the beginning of the 

3´-UTR of S. cerevisiae CDC42. In a second step primers Sbcdc42-5 and yct1 were used 

for PCR with pGAL1-CDC42Sc to amplify 357 bps from 3´-UTR region of S. cerevisiae 

CDC42. The PCR products from the first and second step overlapped which made it 

possible to amplify the fused PCR products with the primers Sbcdc42-3 and yct-1. The 

PCR product was cloned into TOPO pCR2.1 and the plasmid was designated pCR-SSC2. 

The Sbcdc42 that included 357 bps of S. cerevisiae 3´-UTR was released with NdeI 

digestion of pCR-SSC2 and inserted in pGAL-4 at the NdeI site. The orientation of the 

insert was checked with XhoI and NsiI digestion. The plasmids pGAL-SSC2, pGAL-SSC8 

and pGAL-SSC10 showed the correct orientation in which Sbcdc42 was located under 

GAL1 promoter. After sequencing pGAL1-SSC2, pGAL-SSC8, pGAL-SSCC10, were used 

to transform the yeast strain DJTD2-16A by electroporation with the S. cerevisiae cdc42-

1ts mutation. The transformants were selected on synthetic complete drop-out medium 

lacking amino acid leucine (SC-Leu) and containing 2% glucose as a carbon source. The 

transformants were further tested for growth on media containing 2% galactose and at 25o, 

30o and 37oC. 
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2.10 Western blotting and indirect immunofluorescence microscopy (IIF)  

 

The transfer of proteins from gels to nitrocellulose filters and the immunodetection of 

Cdc42 by a polyclonal antibody against S. cerevisiae CDC42 and of actin by a monoclonal 

anti-actin antibody were performed as described by Niini et al. (1996). The actin 

cytoskeleton and Cdc42 protein were visualized by IIF microscopy (I). For 

immunocytochemical staining of S. bovinus vegetative and ectomycorrhizal hyphae, quick-

freezing and freeze substitution, rehydration and immunolabelling developed previously in 

the laboratory were used (Raudaskoski et al., 1991; Raudaskoski et al., 1994; Rupes et 

al., 1995; Torralba et al., 1998). The same antibodies were used both for IIF microscopy 

and for immunodetection of actin and Cdc42 by Western blotting (I, Figs. 5, 6).  
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3. RESULTS 

3.1 Cloning and analysis of CDC42 and Rac (I) 

 

To identify a possible role of small GTPases in regulating actin reorganization during 

hyphal morphogenesis and ectomycorrhizal formation, we have isolated cDNAs for two 

small GTPases of the Rho subfamily, CDC42 and RAC1 from S. bovinus (I). Sbrac1 

consisted of 194 amino acid residues showing an identity of 77% to the chick Rac1B 

protein and 76% identity with the yeast, Yarrowia lipolytica Rac1 while Sbcdc42 encodes 

an ORF of 191 amino acids showing 88% identity to Schizosaccharomyces pombe Cdc42 

and 80% identity to Homo sapiens Cdc42. The Sbcdc42 gene containing four introns was 

also isolated and cloned (see section 3.5). 

 

Analysis of the amino acid sequences predicted that SbRac1 and SbCdc42 are 63% 

identical and contain all five conserved functional domains associated with the binding and 

hydrolysis of guanine nucleotides (I, Fig. 2). These domains are almost identical in 

SbCc42 and SbRac1 and highly identical to their homologues in mammals and yeast. 

SbCc42 and SbRac1 also contain the carboxy terminal CAAX motif, which leads to the 

posttranslational modification and prenylation of the Cdc42 and Rac proteins and is 

necessary for their localization to the plasma membrane (Omer and Gibbs, 1994). 

Southern analysis suggested the presence of single copies of the Sbcdc42 and Sbrac1 

genes in the S. bovinus genome (I, Fig. 5A and B). Both GTPases are expressed in the 

vegetative and symbiotic hyphae of S. bovinus and no signal was detected in P. sylvestris 

short roots (I, Fig. 5 C-E). Western blotting with a polyclonal antibody raised against yeast 

CDC42 recognized one 21 kDa band (I, Fig. 6) in the extracts from fungal hyphae, yeast 

(control) and in protein extracts prepared from mycorrhizal short roots collected at different 

developmental stages (Niini et al., 1996). Extracts from P. sylvestris roots did not give any 

signal (I, Fig. 6C; lane P). The expression of SbCdc42 in bacteria and Western blotting 

with the yeast Cdc42 antibody recognized the SbCdc42 but not SbRac1, which made it 

possible to use the Cdc42 antibody in IIF microscopic studies (I, fig. 6D and E). A 

monoclonal antibody that detects human and plant RAC proteins did not identify any 

counterpart in vegetative or symbiotic hyphae of S. bovinus (I).  
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The IIF microscopic investigation with an antiactin antibody (I, Fig. 7D and E) and 

rhodamine-labeled phalloidin staining of the S. bovinus for filamentous actin (I, Fig. 7A-C) 

corroborated the previous immunocytochemical studies of S. bovinus and other 

homobasidiomycetes (Salo et al., 1989; Timonen et al., 1993). Actin mostly concentrated 

at hyphal tips (I, Fig. 7A,B and D), although some actin was also observed in the subapical 

part of the hypha (I, Fig. 7D). The IIF microscopic studies with a polyclonal antibody 

against yeast Cdc42 localized Cdc42 at the hyphal tips (I, Fig. 7F) and in some hyphae as 

two opposite spots at plasma membrane at the site (I, Fig. 7 G) where actin ring preceeds 

the septum formation (I, Fig. 7C and E). No signals at the hyphal tips could be detected in 

the control hyphae treated only with the secondary antibody (I, Fig. 7 H and I). In the 

swollen hyphal tips of the ectomycorrhizal hyphae, the actin signal was less concentrated 

(I, Fig. 7J, L and M) and was distributed along the plasma membrane. The actin ring 

preceeding the septal formation was also detected in the ectomycorrhizal hyphae (I. Fig. 

7K). The Cdc42 antibody detected a strong signal below the plasma membrane of the 

swollen hyphae (I, Fig. 7O and Q). Control hyphae from ectomycorrhiza neither result in 

any localized fluorescence (Fig. 7S). 

 

3.2 Agrobacterium-mediated transformation of Suillus bovinus, Paxillus 
involutus and Hebeloma cylindroporum (II)  

 

The Agrobacterium strain LBA1100 and the binary vector pBIN19-17 were used to 

transform S. bovinus, P. involutus and H. cylindroporum (II, Fig. 1). Selection on 

phleomycin plates gave rise to resistant fungal colonies after co-cultivation with A. 

tumefaciens but only in the presence of acetosyringone (AS), indicating that induction of 

the vir-genes is essential for T-DNA transfer in ectomycorrhizal fungi.  

 

After selection on phleomycin, mycelium of potential transformants was transferred to non-

selective medium for DNA isolation. PCR-analysis with primers corresponding to the S. 

commune GPD-promoter and Shble (II, Fig. 2) gave the expected bands, which were 

abscent in DNA from wild-type fungi (II, Fig. 3). The transformed fungal DNA harboring 

only T-DNA was confirmed as transformed genomic DNA could not be amplified by PCR 

when the primers BIN-1 and BIN-2, which anneal to parts of the tetA gene in pBIN19 

outside the T-DNA, were used (II, Fig. 3H). Sequencing of two randomly chosen S. 
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bovinus transformants, one H. cylindrosporum and one P. involutus phleomycin resistant 

transformant each revealed that the 0.8 Kb amplified PCR fragment corresponded to the 

transferred phleomycin resistance box. 

 

Transformants that were shown by PCR to contain the phleomycin resistance box were 

subjected to Southern analysis. The 0.8 Kb PCR-product containing a segment of the 

GPDSc-promoter and most of the Shble-gene was used as a probe. DNA hybridization 

signals could not be detected in any of the samples. No differences in ectomycorrhiza 

formation were seen between transformed and non-transformed S. bovinus when three 

randomly chosen S. bovinus transformants were used for synthesis of mycorrhiza with P. 

sylvestris.  

 

3.3 T- DNA transfer in S. bovinus 

 

Failure of the Southerns in the previous ATMT experiments (II) led us to the improve  the 

transformation system in S. bovinus. An alternative A. tumefaciens strain AGL-1 with the 

binary vector pBGgHg was investigated. S. bovinus alone was used this time because this 

is the model fungus for ectomycorrhizal symbiosis in our laboratory. The map of the hph 

resistance and EGFP cassettes of the vector pBGgHg is shown in III, Fig. 1. Co-cultivation 

of S. bovinus with Agrobacterium resulted in hygromycin resistant colonies after 10-14 

days (III, Fig. 2). No transformants were detected when AS was omitted from the 

treatments.  

 

The transformation was carried out in two independent experiments. PCR analysis using 

the hph-1 and hph-2 oligonucleotide primers spanning the hph gene (Table 1), resulted in 

a PCR product of the expected size (~1kb) from all transformants (III, Fig. 3A) and ~ 0.7kb 

band was visible when the primers 123-1 and 123-2 specific for EGFP gene were used (III, 

Fig. 3B). No such fragments were detected in the control reactions (Fig. 3A and B, lanes 

10 and 11). The hph and EGFP genes were confirmed by sequencing and comparisons of 

the ~1kb and ~0.7kb PCR products from the transformants, respectively, with public 

databases.  
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Southern blot analysis of the transformants from the first experiment confirmed that the 

hph (III, Fig. 4A) and EGFP (unpublished) genes were integrated into the S. bovinus 

genome and showed evidence of multiple integration events. The Southern analysis of the 

transformants from the second experiment confirmed single copy insertions both for hph 

and EGFP genes (III, Fig. 4B and C) that indicated a single transfer of the whole T-DNA. 

Nothing was detected by using wild-type control DNA (III, Figs. 4A-E, lane 1). No 

sequence could be PCR amplified with primers specific for kanamycin resistance cassette 

outside the T-DNA further indicating that T-DNA is the only DNA transferred in all the 

transformants as was shown previously (II). Southern blot analysis established that the 

EGFP gene was also incorporated into the S. bovnius genome but we were not able to 

confirm the GFP fluorescence by examination of the transformants. Pure culture 

mycorrhiza synthesis with pine seedlings proved that there was no difference in symbiotic 

compatibility between the transformants and wild-type S. bovinus. Mitotic stability of the T-

DNA was confirmed by plating pieces of mycorrhizal roots with the transformed mycelium 

to Moser 6 plates containing 25 µg ml-1 hygromycin. The growth of transformed mycelium 

from the roots indicated that the resistance to hygromycin B was retained in the symbiotic 

mycelium, as previously shown by using phleomycin marker (II). Further more, for hph 

gene stability assessment, all transformants maintained on Moser 6 for 18 months were 

subjected to PCR with appropriate hph primer combinations. Only transformants from the 

second experiment were successfully regenerated (III) and they scored positive in hph 

primer-based PCR screening (expected ~1 kb product detected) which confirmed mycelial 

retention of the hph gene (data not shown). 

 

3.4 ATMT of Helminthosporium turcicum (IV) 

 

In order to test fungal ATMT further, the plant pathogenic H. turcicum was also 

transformed using the binary vector pBGgHg (IV). After co-cultivation of AGL-1 cells 

containing the vector with a conidial suspension, putative transformants appeared on 

selection plates as distinct colonies about one week after plating (IV, Fig. 1A). Individual 

transformed colonies were picked and grown on plates containing hygromycin B for further 

selection. Almost all putative transformants continued to grow on hygromycin B selection 

medium. From these hygromycin B resistant colonies, 20 transformants were selected and 

grown for conidiation and monoconidial purification of the transformants. Colonies of 
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different sizes appeared on the antibiotic selection plates (IV, Fig.1B). Hygromycin B 

resistant monoconidial colonies were maintained and subjected to PCR screening for the 

presence of the transforming hygromycin B resistance (hph) gene. PCR screening using 

DNA template from 20 transformants indicated that 18 of the 20 transformants contained 

the hph gene. The expected product size of ~1 kb (the hph gene) was amplified from the 

positive control plasmid, pBGgHg and transformed DNA templates. No product was 

amplified from the untransformed wild-type isolate of H. turcicum. PCR amplification of the 

hph gene from 10 representative transformants and a wild-type isolate is shown in IV, Fig. 

2. DNA from five of the ten PCR positive transformants and from a wild-type isolate was 

subjected to Southern analysis. A single hybridization  band of different sizes was detected 

from all the five representative transformants (IV, Fig.3) confirming T-DNA transfer into the 

H. turcicum genome. No hybridization signal was detected in the lane loaded with DNA 

from the untransformed wild-type isolate of the fungus.  

 

3.5 S. bovinus cdc42 gene amplification, generation of site-specific 
mutations in cdc42 and transformation 

 

Isolation of the genomic Sbcdc42 clone from S. bovinus was achieved by PCR cloning 

using primers Sbcdc42-3 and Sbcdc42-4 (Table 1). Comparison of the genomic and cDNA 

sequences confirmed that the Sbcdc42 gene encodes for 191 amino acids and indicated 

that the gene has four introns (Figure 6). In order to investigate the function of Sbcdc42, 

we generated two site-specific mutations in its GTP-binding and hydrolysis domains (I, Fig. 

2). The analogous S. cerevisiae cdc42 mutations, G12V and D118A have dominant lethal 

phenotypes causing cell arrest as either enlarged irregularly shaped cells with multiple 

misshapen buds  (dominant active G12V) or large, spherical, unbudded cells (dominant 

negative D118A) (Ziman et al., 1991). The plasmids carrying the wild-type (pHGCDC42) 

and the mutated Sbcdc42 alleles (pHGGV; pHGDA) were electroporated into 

Agrobacterium strain AGL-1 and ATMT of S. bovinus was carried out as described 

previously (III). Transformation was carried out thrice (experiment I, II and III) with 18 S. 

bovinus mycelial colonies subjected to transformation with the non-mutated and with each 

mutated constructs. Initially, all of the transformed colonies from Experiment I and III 

started to grow on growth media containing hygromycin (25 µg/ml). Fig. 7 presents  
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                                                                                      (T) 
ATGCAGACTATCAAGGTTGTAGTGGTGGGGGACGGTGCTGTAGGCAAGGTGCGTGACG 
M   Q    T    I     K    V   V    V    V    G     D   G    A    V    G    K                  1 
                                                                                  (V) 
TGTTGTGTTTGTATGCCCCGGACTTTGAACTGTGTGCCCCAATATCACCAGACTTGTTTGTTG 
                                                                                                       T    C    L   L           17 
 
ATCTCATACACCACGAACAAATTTCCAAGCGACTATGTTCCGACTGTGAGTTCATTCCG 
I     S    Y   T    T    N    K    F    P   S     D   Y   V    P    T                    21 
 
TAAGACCACTAAACCCTACATGCTAAATAAACGCAGGTCTTCGATAACTACGCTGTCACT 
                                                                          V    F    D   N    Y    A    V   T               37 
 
GTAATGATTGGTGAAGATCCTTACACACTAGGTCTTTTCGACACCGCCGGGTTCGTGTCTT 
V   M    I    G    E    D    P   Y    T    L    G    L    F   D    T    A    G             44 
 
TTTGTAGTCTCTGTTGTAGTTACACTTCATGCGATCGCTCACACATCACTTCCACATAAAAGG 
 
CAAGAGGATTATGACCGTCTCCGGCCACTGTCATACCCCCAAACCGACGTCTTCCTTGTT 
Q    E    D   Y    D    R    L    R    P    L    S    Y    P   Q   T     D    V    F    L   V           61 
 
TGCTTTAGTGTAACGTCCCCTCCATCCTTCGAGAACGTGAGGGAGAAATGGATTCCGGAG 
C    F   S    V   T     S    P    P   S     F   E    N    V    R    E    K    W   I     P    E           81 
                                                                                                                       (C) 
GTACACCATCATTGTCCGGGTGTCCCATGTCTTATCGTTGGGACGCAAATCGATTTGCGG 
V    H    H   H    C   P    G    V    P    C    L    I    V    G    T    Q    I    D    L    R         101 
                                                                                                                              (A) 
GACGACGCTCAAGTGATTGAGAAGCTCTCCAGGCAGAAGCAACGACCGGTGCCGACCGAG 
D    D    A    Q   V     I    E    K     L    S   R    Q    K    Q    R    P   V     P   T     E      121 
 
CACGGCGAGAGGCTTTCCAGAGAGCTTGGTGCCGTCAAGTACGTGGAGTGCTCAGCCCTG 
H    G    E    R     L   S    R    E     L   G   A     V    K   Y    V    E     C   S    A     L      141 
 
ACGCAGAAAGGGTTGAAGAACGTCTTCGACGAGGTCAGTGAAATCTTTAATAAATGGCA 
T    Q    K    G     L   K    N   V     F   D    E                  161 
 
TCCG AATGATTGGC TGATAACCCA CAAGGCTATTGTCGCTGCGCTAGAGCCACCCGTGGTT 
                                                                         A    I     V    A    A     L   E     P    P    V    V   173 
 
AAGAAGACACATAAATGCGTCGTCGTTTAA 
K    K    T    H   K    C    V    V    V     *         183 
 
 
Fig.6 Nucleotide and amino acid sequence of the Sbcdc42 gene, The nucleotides and amino acids which 
were mutated, are shown in bold with the nucleotide and amino acid changes above and below the lines, 
respectively, in parentheses. The four introns are shaded in grey 
 

hygromycin B resistant clones from experiment III being selected for the fourth time on 

hygromycin containing plates. From experiment II, no transformants could be recovered. 

The selected putative transformants (Fig. 7) were analyzed for the presence of hph (hph-1 

and hph–2, Table 1) and cdc42 (Agpd-1 and camT-2, Table, 1) genes by PCR. Using hph 

 43



specific primers, it was possible to amplify a weak 1 kb product of the expected size. 

Similarly, all transformants showed the expected DNA amplification pattern (1.4 kb) while 

using the primers Agpd-1 and cam T-2 (Table, 1) spanning the promoter, the cdc42 gene 

(mutated and non-muated) and the terminator (unpublished). In a wild-type Cdc42 

background, Sbcdc42 wild-type gene or its mutations under the control of constitutive A. 

bisporus gpd promoter did not result in any significant morphological differences or 

abnormalities.  
 
A (Sb WT and pHGcdc42)        B (pHGGV)            C (pHGDA) 

 1 2 

3 

 

 

1 2 

3 

2 1 

3 
 
 
 
 
 
 
 
Fig.7. Selection of putative hygromycin-resistant transformants of S. bovinus transformed with A. 
tumefaciens strain AGL-1 carrying the vectors pHGcdc42 (A), pHGGV (B) and pHGDA (C). A: Comparison of 
non-transformed S. bovinus wild-type (2) and pHGcdc42 transformants 9 (1) and 14 (3); B: pHGGV 
transformants 1 (2), 4 (1) and 5 (3); C: PHGDA transformants 1 (2), 2 (1) and 17 (3). Cultures were grown on 
Moser 6 medium with 25 µg/ml hygromycin.  
 
 

3.6 The functional analysis of Cdc42 by complementation of yeast ts-
mutant 
 

The plasmids pGAL-SSC2, pGAL-SSC8 and pGAL-SSC10 containing the SbCdc42 ORF 

under the GAL-1 promoter were tested for the complementaion of the S. cerevisiae cdc42-

1ts mutation on glucose and galactose containing media at 25oC, 30oC and 37oC (Fig.8). 

The plasmids pGAL-SSC8 and pGAL-SSC10 were able to complement the cdc42-1ts 

mutation of S. cerevisiae (Fig. 8). The function of S. cerevisiae cdc42-1ts allele is reduced 

at 30oC and inhibited at 37oC, which is seen as lack of growth on glucose at 30oC, and 

37oC (Fig. 8). On galactose medium, the cdc42 genes on the plasmids pGAL1CDC42Sc, 

pGAL1-SSC8 and pGAL1-SSC10 are induced due to the presence of GAL1 promoter and 

they complement at 30oC and 37oC the S. cerevisiae cdc42-1ts (Fig. 8). For unknown 

reasons, no functional pGAL1-SSC2 complementaion in yeast was observed. The 
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complementation of S. cerevisiae cdc42-1ts by Sbcdc42 cDNA suggests that the Sbcdc42 

is functionally equivalent to S. cerevisiae CDC42Sc. 

 

 
   20oC             30oC              37oC 

 

 
Glucose 

1 

2 
3 

4 

5  

 
Galactose 

 

 
 
 
 
 
Fig. 8. S. cerevisiae cdc42-1ts complementation by Sb Cdc42. pGAL-4 (1) empty vector, CDC42Sc (2) S. 
cerevisiae wt CDC42, pGAL-SSC2 (3), pGAL-SSC8 (4) and pGAL-SSC10 (5). See text for more details. 
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4. DISCUSSION 

4.1 Gene transfer from Agrobacterium to fungi 

4.1.1 Importance of vir gene induction 

 

Mycelia of S. bovinus, H. cyclindrosporum and P. involutus were used because neither 

spores nor protoplasts are amenable to transformation in these fungi (II, III). For the plant 

pathogenic fungus H. turcicum on the other hand, conidia were available for transformation 

(IV). In ectomycorrhizal fungi, induction of vir-genes was necessary for the gene transfer 

from Agrobacterium to the host cells as no colonies could be regenerated in the controls 

lacking AS (II and III). Transforming H. turcicum, without AS, did yield transformants which 

appeared after two weeks compared to a week using AS, and were less in number (IV). 

The plant phenolic AS induces expression of the vir genes (Gelvin, 2003). As it is not 

produced by fungi, the addition of AS is essential for successful ATMT of these organisms 

(Bundock et al., 1995; de Groot et al., 1998). The VirD4 protein, the 11 VirB proteins and 

several other Vir proteins including VirE2 and VirF make up the type IV secretion system 

necessary for the transfer of T-DNA (Vergunst et al., 2000). The VirD2 and VirE2 proteins 

play essential roles in ATMT. The two proteins have been proposed to constitute with the 

T-strand, a “T-complex” that is the transferred form of the T-DNA (Howard and Citovsky, 

1990; Zupan et al., 2002).  

 

4.1.2 The sensitivity of fungi to selectable markers 

 

The most commonly used selectable markers in fungal transformations are genes 

conferring resistance to hygromycin B, geneticin, benomyl and phleomycin (Hynes, 1996). 

In our first attempt to transform the ectomycorrhizal fungi, the phleomycin resistance gene 

(Shble) marker was chosen but transformed fungi exhibited different degrees of antibiotic 

.resistance (II) as it has been successfully used in other homobasidiomycetes (Schuren 

and Wessels, 1994). Hygromycin B resistance gene (hph) was used in III and IV as the 

resistance levels of S. bovinus and H. turcicum to hygromycin were in a range allowing 

efficient selection of the transformants i.e. 25 µg ml-1 and 100 µg ml-1, respectively. The 
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growth of S. bovinus completely abolished at 50 µg ml-1 phleomycin (II) compared to the 

lower concentration of 15 µg ml-1 using hygromycin (III) clearly showing its greater 

sensitivity towards the new hph selection marker allowing the use of less antibiotic. 

Reported ranges of antibiotic used in selection to phleomycin and hygromycin for different 

fungi transformed are 25 µg ml-1 phleomycin in S. commune (Schuren and Wessels, 1994) 

and for hygromycin, 50 µg ml-1 in L. bicolor (Bills et al., 1999), 100 µg ml-1 in 

Mycosphaerella graminicola (Zwiers and De Waard, 2001), 150 µg ml-1 in F. circinatum 

(Covert et al., 2001) 200 µg ml-1 in T. atroviride (Zeilinger, 2003) owing the different 

degrees of antibiotic sensitivities. 

 

After co-cultivation, up to 80 % colonies could be regenerated using phleomycin (II) while 

all the putative transformants started to grow on selection plates using hygromycin (III and 

IV). PCR analysis did not yield the expected amplifications in all of the putative phleomycin 

transformants and it also differed among the fungal species transformed (II). This could be 

due to different degrees of phleomycin sensitivity i.e. P. involutus exhibited the greatest 

sensitivity (growth inhibition at 5 µg ml-1) and gave the maximum PCR positives with all the 

18 phleomycin resistant colonies shown to harbour the phleomycin resistance box. Growth 

of S. bovinus (73% positive by PCR) and H. cylindroporum (86% positive by PCR) 

completely inhibited at 50 µg ml-1and at 200 µg ml-1phleomycin, respectively. In III and IV 

all the regenerated colonies on hygromycin selection plates scored positive for the 

presence of hph gene which could be attributed to the sensitivity of the fungi to the new 

selection marker, a different Agrobacterium strain and the Agpd promoter. All of these 

factors seem to contribute towards the better recovery of transformants, more PCR 

positives and Southerns.  

 

4.1.3 The fate of the T-DNA 

 

The experiments described highlighted the occurrence of both single and multiple T-DNA 

integration as also earlier reported in ATMT of other fungi (Bundock et al., 1995; de Groot 

et al., 1998; Mullins et al., 2001; Rho et al., 2001; Combier et al., 2003). No insertion of the 

vector sequences was observed (II-IV). In H. cylindroporum (Combier et al., 2003), T-DNA 

was also the only DNA transformed into host cells, which contrasts with the insertion of 

vector sequences by ATMT into the host genome of F. circinatum. (Covert et al., 2001). 
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Southern blot analysis indicated that the T-DNA integrated at diverse sites and not at a few 

preferential sites in the S. bovinus genome. Whether the T-DNA integrates into the coding 

or non-coding regions of the S. bovinus genome remains to be elucidated. More precise 

information on the T-DNA insertion sites can be achieved by PCR methods such as 

thermal assymetric interlaced (TAIL)-PCR by amplifying the genomic sequence flanking 

the the T-DNA insertion (Mazars et al., 1991). TAIL-PCR has been used efficiently to map 

the T-DNA border junctions in Arabidopsis thaliana (Liu et al., 1995) and recently in the 

ectomycorrhizal fungus H. cylindrosporum (Combier et al., 2003). A similar kind of 

approach in future could be used to the detailed analysis of the T-DNA in S. bovinus and 

H. turcicum.  

4.1.4 EGFP analysis, mycorrhization and mitotic stability 

 

Although PCR (III and IV) and Southern analysis (III) showed that EGFP encoding gene 

was integrated into the S. bovinus and H. turcicum genomes respectively, reporter GFP 

fluorescence was not detected in hyphae following microscopical examination. Chen et al. 

(2000) were similarly unable to detect the expression of EGFP protein in A. bisporus 

transformed with pBGgHg. In S. cerevisiae (Niedenthal et al., 1996), S. pombe (Atkins and 

Izant, 1995) and Pichia pastoris (Monosov et al., 1996) the unmodified Aequoria victoria 

GFP (wild-type GFP) gene is efficiently translated and leads to fluorescence. However, the 

expression of the GFP has been problematic in other organisms owing to aberrant mRNA 

processing in A. thaliana (Haseloff et al., 1997) and codon preferences in U. maydis 

(Spellig et al., 1996) and C. albicans (Cormack et al., 1997).  

 

All the transfomants formed typical mycorrhiza similar to the wild-type (II and III) showing 

that the antibiotic gene integration had no impact on mycorrhization. All the transformants 

were shown to be mitotically stable (II-IV) as it has been shown previously in A. bisporus 

where after a final selection for several weeks with hygromycin at 50 µg ml-1, the 

hygromycin-resistant cultures were maintained for weeks to months on a medium without 

antibiotic selection, and the antibiotic trait was stably maintained (Chen et al., 2000). It has 

also been shown very recently that the hygromycin selected transformants of H. 

cylindroporum also maintain their hygromycin resistance after being sub-cultured for 15 

weeks in the absence of hygromycin, suggesting that the selective marker is mitotically 

stable (Combier et al., 2003). The stability of the ble and hph genes in tested fungal 
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transformants was verified in the detected resistance of cultured hyphae from cut 

mycorrhizal roots to phleomycin and hygromycin containing media (II and III) and by the 

presence of hph gene after 18 months of preservation in the cold room.  

 

4.1.5 ATMT as a powerful biological tool in the fungi under study 

 

Since the first report of inter-kingdom T-DNA transfer from A. tumefaciens to S. cerevisiae 

(Bundock et al., 1995), ATMT has been successfully applied to a diverse array of fungi (de 

Groot et al., 1998; Gouka et al., 1999; Abuodeh et al., 2000; Chen et al., 2000; Covert et 

al., 2001; Malonek and Meinhardt, 2001; Mullins et al., 2001; Rho et al., 2001; Sullivan et 

al., 2002; Combier et al., 2003; Leclerque et al., 2003; Zeilinger, 2003; Zhang et al., 2003). 

We have also successfully extended ATMT to important ectomycorrhizal fungi S. bovinus, 

P. involutus and H. cylindroporum (II and III) and the plant pathogenic fungus, H. turcicum 

(IV). 

 

It has recently been shown in T. atroviride that by using ATMT information on the function 

of signalling pathways in filamentous fungi can be obtained (Zeilinger, 2003). Targeted 

disruption of tmk1 and tga3 led to dramatic changes in the fungal growth and 

morphogenesis. These experiments highlight the great potential of ATMT in investigating 

the signalling pathway leading to the formation of symbiosis in ectomycorrhizal fungi. 

Single site insertion is essential for unambiguous cloning and analysis of the insertion 

alleles. The presence of multiple insertion sites severely complicates the analysis of 

mutants as each inserted clone has to be cloned, analyzed and complemented to 

determine which insertion is responsible for the mutant phenotype (Gold et al., 2001; 

Mullins and Kang, 2001). High efficiency of transformation and low copy number of 

inserted T-DNA per genome were also shown in our transformation experiments (III and 

IV). One potential problem with the use of insertional mutagenesis in case of S. bovinus is 

that it is dikaryotic. Insertional mutations that result in a recessive phenotype would not be 

expressed if only one out of two nuclei are transformed. This problem can be circumvented 

by the production of a monokaryon by dedikaryotization of the wild-type dikaryon or 

transformants (Raper, 1966). 
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The ATMT system was developed for the functional analysis of the Sbcdc42 and Sbrac1 

genes isolated from the ectomycorrhizal fungus S. bovinus (I). ATMT should make it 

possible to disrupt the fungal genomes under study in both targeted and random manner. 

The latter method might help to generate a large number of transformants with tagged 

genes which could then be screened for their role in symbiosis and pathogenecity, 

respectively. 

 

4.2 The structure and phylogeny of Sbcdc42 and Sbrac1 genes 

 

The S. bovinus genome contains a single copy of CDC42 and RAC1 genes and  

phylogenetic anlaysis indicated that each was a different gene but clearly both are 

members of the Cdc42 and rac families (I). Although SbCdc42 and SbRac1 exhibited 63% 

homology, a major difference was located in and close to the “Rho insert region”, from 

amino acid 123 to 135, which is typical to the Rho family but absent from the Ras family 

proteins (Nuoffer and Balch, 1994). Three additional amino acids of the Rac1 are located 

before the CAAX prenylation signal. In the Sbcdc42 amino acid sequence, aa 138 and 186 

are proline and histidine instead of threonine and lysine or arginine, respectively, that are 

found in most other Cdc42 proteins (I, Fig. 3).  

 

Amino acid analysis of SbCdc42 and Rac1 predicts the conservation of all functional 

domains typical of Rho GTPases (I, Fig. 3; Fig. 9). Rho GTPases share a common G-

domain fold, which consists of six β sheets surrounded by 5 α-helices (Vetter and 

Wittinghofer, 2001). The differences between the GDP- and GTP- bound structural forms 

of Rho GTPases are primarily confined to two segments referred to as switch I and switch 

II. The “Rho insert domain” which is a characteristic of Rho GTPases (Fig. 9), is folded into 

a compact α-helical structure. Whether the differences in the Rho insert amino acid 

sequence and its surrounding in SbCdc42 and SbRac1 or the three extra amino acids 

before the CAAX motif in Rac1 are of any significance to the function of these GTPases 

remains to be investigated.  
 

Isolation of the Sbcdc42 gene enabled identification of four intron positions. S. cerevisiae 

(Johnson and Pringle, 1990), and S. pombe (Miller and Johnson, 1994) genomes also 

encode a single copy CDC42 gene. There are no introns in the S. cerevisiae CDC42 gene  
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Fig. 9 SbCdc42 and SbRac1: Functional domains and comparison. G; interaction with guanine, PM; 
interaction with phosphate groups and Mg, Rho insert; unique domain of Rho-like GTPases and Membrane 
domain; Prenylation at Cys. Cdc42-Rac identity 63% 
 
 

(Johnson and Pringle, 1990) whereas the S. pombe CDC42 gene has two introns (Miller 

and Johnson, 1994). In a comparison, intron 1 positioning is identical in the Sbcdc42 gene 

but intron 2 starts after amino acid 39 (asparagine) while in S. bovinus it starts after the 

amino acid 35 (threonine). Single copy CDC42 homologues have also been characterized 

from filamentous ascomycete, Ashbya gossypii (Wendland and Philippsen, 2001) and from 

dimorphic fungi C. albicans (Mirbod et al., 1997), Wangiella (Exophiala) dermatitis (Ye and 

Szaniszlo, 2000) and Penicillium marneffei (Boyce et al., 2001).  
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4.3 The function of Sbcdc42 gene in S. bovinus 

 

In eukaryotes, the Rho GTPase family members Rho, Cdc42 and Rac are key regulators 

in the organization of actin cytoskeleton transducing upstream signals to the downstream 

effectors by acting as molecular switches (Hall, 1998; Johnson, 1999; Etienne-Manneville 

and Hall, 2002). In the budding yeast S. cerevisiae, in which CDC42 was first discovered, 

Cdc42 is essential for establishment of cell polarity and necessary for bud growth (Adams 

et al., 1990; Johnson and Pringle, 1990; Johnson, 1999; Nelson, 2003). Cdc42 is also 

involved in controlling polarized cell growth in the fission yeast S. pombe (Miller and 

Johnson, 1994). In both yeasts CDC42 gene is essential for cell viability and the CDC42 

mutants show altered morphology and changes in the organization of actin cytoskeleton 

(Johnson and Pringle, 1990; Miller and Johnson, 1994). The Cdc42 function also seems to 

be important for polarized growth of both the yeast and hyphal forms of C. albicans 

(Ushinsky et al., 2002). 

 

Cdc42 also plays a role in the establishment and maintenance of hyphal growth in 

filamentous fungi. In the ascomycete, A. gossypii, spores lacking Agcdc42 or Agcdc24 

(GEF) are unable to induce the polar switch from isotropic to anisotropic growth and thus 

no hyphae are formed (Wendland and Philippsen, 2001). A conserved CDC42 homologue 

has also been cloned from dimorphic human pathogenic fungus P. marneffei designated 

cflA (cdc42-like gene A, (Boyce et al., 2001), CflA initiates polarized growth and extension 

of the germ tube and subsequently maintains polarized growth in the vegetative mycelium 

and is also required for polarization and determination of correct cellular morphology 

during the growth of yeast cells. Interestingly, CflA does not seem to be involved in 

dimorphic switching of P. marneffei between filamentous and yeast like growth but it is 

necessary for subsequent morphogenesis of the fungus in both stages (Boyce et al., 

2001). In the dimorphic fungus W. dermatitidis, WdCDC42 is not essential for cell viability 

like the CDC42 homologues in S. cerevisiae and S. pombe suggesting that cdc42 is not 

the only gene required for hyphal tip growth (Ye and Szaniszlo, 2000). It is suspected that 

some Ras- or Rho-homologues gene product (s) may take the place of WdCDC42 in the 

wdcdc42 null mutant. 
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Our preliminary results suggest that during ECM formation, morphological changes 

observed in the fungal hyphae could result from reorganization of the actin cytoskeleton 

(Niini, 1998; Raudaskoski et al., 2001; 2004). The two small GTPases of the Rho 

subfamily, Sbcdc42 and Sbrac1 were cloned from the ectomycorrhiza forming 

basidiomycete S. bovinus to find out whether the small GTPases had a role in regulating 

the organization of actin during vegetative growth and at ectomycorrhizal morphogenesis 

(I). The high level of structural conservation of SbCdc42 suggests that the general function 

of Sbcdc42 is also likely to be conserved in S. bovinus. This idea was further confirmed by 

the experiment in which SbCdc42 cDNA was able to complement the S. cerevisiae cdc42-

1ts mutant.  

 

Sbcdc42 is expressed in vegetative and symbiotic hyphae (I). A decrease in the level of 

SbCdc42 was observed towards the maturation of ECM which might suggest that in 

mature ECM (coralloid), the hyphal and root morphogenesis may be slowed down or even 

terminated. Differential regulation of some other small GTPases has also been shown 

previously. For example a transitory increase in the level of cflA transcripts in P. marneffei 

was observed when cells were switched from 37oC to 25oC, indicating a possible 

requirement of CflA after the onset of vegetative hyphal growth after yeast-hyphal growth 

transition (Boyce et al., 2001).  

 

In S. bovinus Cdc42 was co-localized with actin at the hyphal tips suggesting a role for 

Cdc42 in hyphal extension. It has been shown previously that fungal tip growth is under 

the control of actin cytoskeleton (Salo et al., 1989; Niini, 1998; Torralba et al., 1998). 

Cdc42 was also localized below the tip region that could be the site of septal formation (I). 

In S. bovinus, the formation of the septum occurs after nuclear division preceded by the 

formation of an actin ring (Salo et al., 1989; Raudaskoski et al., 1991). Recent data 

indicating that S. pombe Cdc42 localizes to the septum region (Merla and Johnson, 2000) 

suggests that Cdc42 plays a direct role in septum formation. Interestingly, S. pombe 

Cdc12 (Chang et al., 1997) and A. nidulans SepA (Sharpless and Harris, 2002), 

homologues of the S. cerevisiae Cdc42-interacting protein Bni1 have also been implicated 

in actin ring formation necessary for cytokinesis. On the basis of these observations, it is 

predicted that septum formation follows a similar pattern in the homobasiodiomycete, S. 

bovinus, S. pombe and in the filamentous ascomycetes. In the symbiotic hyphae, the tips 

were swollen which resemble the apical-isotropic growth switch of S. cerevisiae at the later 
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stage of bud development (Chant, 1999; Pruyne and Bretscher, 2000). The presence of 

Cdc42 and actin below the plasma membrane in the swollen hyphal compartments 

indicates that Cdc42 might direct the localization of actin cytoskeleton at multiple sites on 

the hyphal surface leading to the exceptional morphology of the symbiotic hyphae. The 

filamentous branches originate from the swollen hyphae perhaps by the accumulation of 

Cdc42 and actin at the site of new growth (I). 

 

4.4 The function of Rac1 gene in S. bovinus 

 

We have shown that S. bovinus has a Sbrac1 gene, which is closely related to Sbcdc42. 

Even though the budding or the fission yeast has no Rac orthologs it has been cloned from 

dimorphic fungi Y. lipolytica (Hurtado et al., 2000) and P. marneffei (Boyce et al., 2003). 

Rho-related GTPases have also been cloned from plants and designated Rops or rather 

Racs that manifest a high similarity with the mammalian Rac (Valster et al., 2000; Yang, 

2002; Vernoud et al., 2003). Rac proteins control polarized growth in many organisms but 

the specific function of these proteins remains undefined. In the dimorphic yeast Y. 

lipolytica, disruption of YlRAC1 results in morphological defects (Hurtado et al., 2000) 

suggesting an important role for YlRac1 in the regulation of hyphal growth phase. In this 

fungus Rac proteins have been implicated in the regulation of the actin cytoskeleton during 

hyphal extension (Hurtado et al., 2000). A RAC homologue, cflB has been isolated from P. 

marneffei (Boyce et al., 2003). In P. marneffei, cflB affects cellular polarization during 

development of conidia and hyphal growth but not during yeast growth (Boyce et al., 2003) 

while cflA (cdc42), controls polarization of vegetative, hyphal and yeast growth but does 

not affect conidial development (Boyce et al., 2001). This shows that these two GTPases 

may have both overlapping and distinct roles during growth and development in P 

marneffei.  In plants  Rac proteins have been implicated to regulate the actin cytoskeleton 

during pollen tube growth (Gu et al., 2003) and it has also been been shown that Rop/Rac 

regulates ROS (reactive oxygen species) production most likely via a NADPH 

(nicotinamide adenine dinucleotide phosphate) oxidase, similar to that of mammals. 

Identification of a rice homologue (OsRac1) of human Rac and its functional dissection by 

using constitutive active and dominant negative forms were found to activate and 

suppress, respectively, the H2O2 production in both the cultured rice cells and in the leaves 

of transgenic rice plants (Kawasaki et al., 1999; Pinontoan et al., 2003). The functional role 
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of SbRac1 in S. bovinus in ROS production or as a regulator of cytoskelatal organization 

remains to be a studied in future. 

 

4.5 Sbcdc42 gene study by GV and DA mutations 

 

The deletion of CDC42 in S. cerevisiae confirmed that the gene is essential for cell 

viability. The over expression of CDC42 led to mislocalization of budding sites suggesting 

that the CDC42 product is involved in the initial selection of the budding site as well as the 

subsequent emergence of the bud (Johnson and Pringle, 1990). Deletion of AgCDC42 

resulted in no distinguishable phenotype in A. gossypii (Wendland and Philippsen, 2001), 

whereas in C. albicans deletion of CaCDC42 resulted in ceased proliferation of the 

vegetatively growing cells (Ushinsky et al., 2002). Attempts to obtain a cflA deletion strain 

were not successful in P. marneffei, possibly because deletion of cflA confers a lethal 

phenotype (Boyce et al., 2001).  

 

The development of ATMT system in S. bovinus make possible to design experiments for 

more accurate analysis of Sbcdc42 function in the hyphae. In S. bovinus the mutations 

G12V and D118A were chosen to study the function of Sbcdc42 gene since the equivalent 

mutations (G12V and D118A) have further confirmed the important role of CDC42 in S. 

cerevisiae (Ziman et al., 1991; Davis et al., 1998), S. pombe (Johnson and Pringle, 1990; 

Miller and Johnson, 1994), W. dermatitidis (Ye and Szaniszlo, 2000), P. marneffei (Boyce 

et al., 2001) and in C. albicans (Ushinsky et al., 2002). The G12V mutation is analogous to 

oncogenic mutations in H-ras that have decreased intrinsic GTPase activity, thereby 

locking the mutant protein in an activated GTP-bound state. In S. cerevisiae, the G12V 

mutation is dominant lethal to both wild-type CDC42 and the cdc42-1ts alleles. This 

dominant negative phenotype suggests that the activated protein may be irreversibly 

associated with the cellular factors necessary for budding process thereby preventing 

functional Cdc42Sc proteins from interacting with them (Ziman et al., 1991; Davis et al., 

1998). The abnormally shaped multiple buds loose the ability to maintain proper cell 

polarity with respect to directing new cell growth to the emerging bud rather than the 

mother cell. Actin containing structures are aberrant in these mutant cells suggesting that 

normal actin assembly is either unstable or improperly organized in these mutant cells 

(Ziman et al., 1991). The D118A mutant protein results in an inactivated form rather than 
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an activated form of CDC42 and the D118A phenotype is the same as cdc42-1ts loss of 

function phenotype (Adams et al., 1990) and null mutant phenotypes (Johnson and 

Pringle, 1990). It has also been shown that isoprenylation and membrane localization are 

important for the functional Cdc42Sc (Ziman et al., 1991; Richman et al., 2002). Plasmids 

containing cdc42C188S mutation could not complement cdc42-1ts mutation. In the double 

mutant constructs the C188S mutation can suppress the lethality associated with the 

G12V and D118A mutations indicating that the mutant allele has to be localized at plasma 

membrane to exert the lethality. Overproduction of the C188S mutant protein does not 

lead to the abnormal positioning of budding sites in contrast to the over-production of the 

wild-type protein, which leads to a random budding pattern (Johnson and Pringle, 1990). In 

W. dermatitidis, the transformant carrying the constitutive active GV allele resulted in large 

ovoid or spherical cells while the cells overexpressing the dominant negative allele DA 

produced apically attached buds initially but still formed normal hyphae after prolonged 

incubation (Ye and Szaniszlo, 2000). The respective GV and DA mutations result in 

morphologically defective phenotypes also in P. marneffei (Boyce et al., 2001) and C. 

albicans (Ushinsky et al., 2002). 

 

The wild-type and mutant versions of Sbcdc42 were used to investigate the role of Cdc42 

in morphogenetic control in S. bovinus. Simple ectopic integration of wild-type SbCdc42, 

G12V or D118A mutations all under the control of A. bisporus gpd promoter had no 

evident effect on cell growth and morphogenesis. The reasons of these findings are not yet 

understood. This could be due to the technical problems during ATMT or post-

transcriptional gene silencing (PTGS) as it is a ubiquitous phenomenon among fungi, 

plants and animals. The fungus Neurospora crassa not only has the ability to detect and 

inactivate duplicated sequences during sexual cycle, but duplicated sequences resulting 

from transgene introduction are detected and inactivated in the vegetative phase by a 

phenomenon termed as quelling (Romano and Macino, 1992) acting at a post 

transcriptional level inducing mRNA sequence specific degradation. For the expression of 

the transgenes in S. bovinus, further experimentation (Northern analysis, RT-PCR) is 

needed to draw a final conclusion. 

 

The ability to disrupt the endogenous cdc42 gene or to produce the mutant cdc42 under 

an inducible promoter has helped to elucidate the function of cdc42 gene in other 
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filamentous fungi (Ye and Szaniszlo, 2000; Boyce et al., 2001; Wendland and Philippsen, 

2001; Ushinsky et al., 2002). In future work using targeted transformation by ATMT 

(Zeilinger, 2003), an inducible promoter, or the promoter of Sbcdc42 from S. bovinus could 

help to resolve the present problem. Another way to proceed would be to study the GV 

and DA mutations of Sbcdc42 in yeast complementation experiments.  
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5. CONCLUSIONS AND FUTURE PROSPECTS 
 

This thesis describes the cloning of small GTPases Sbcdc42 and Sbrac1 from the 

ectomycorrhizal fungus S. bovinus and the development of Agrobacterium tumefaciens 

mediated transformation systems (ATMTs) in the ectomycorrhizal fungi and a plant 

pathogenic fungus. To my knowledge there has been no previous reports dealing with 

such work in ectomycorrhizal fungi. The results from the cloning experiments, cell 

biological data and the yeast complementation experiments strongly suggest that the Rho-

family GTPases are involved in the signalling that leads to fungal morphogenesis in 

ectomycorrhiza. The results achieved with the ATMT experiments are reproducible and 

were shown to be applicable to plant pathogenic fungus H. turcicum. Although the protocol 

used here seems to be generally acceptable, there are certain questions, which require 

more attention in ATMT on the basis of the observations made in mutational experiments 

with Sbcdc42 mutants. The effect of pre-incubation time with acetosyringone (AS), the co-

cultivation time and the effect of homologous sequences addition to the frequency of 

transformation and gene disruptions, all require further investigation. Another question that 

needs to be addressed in the ectomycorrhizal fungi is that they usually are dikaryotic and 

seldom go through a sexual cycle in culture. Producing haploid monokaryotic strains from 

the dikaryons may circumvent this problem. The dikaryotic conditions does not however 

prevent the use of ATMT for creating insertional mutations, which could help to identify 

genes necessary for formation of ectomycorrhizal symbiosis.  

 

With ATMT, it is possible to continue the investigation of the role of cytoskeleton and it’s 

regulators in ectomycorrhizal symbiosis. A Gα and two Ras cDNAs have also been cloned 

from S. bovinus (Raudaskoski et al., 2001; 2004). One of the short term goals would be to 

characterize the Rho subfamily GAP, GDI, GEF homologues and down stream effector 

molecules from S. bovinus to improve the understanding of the signal transduction 

pathway involving the small GTPases (Sbcdc42 and Sbrac1) during vegetative and 

symbiotic growth. The developed ATMT system facilitates further analysis of the role of 

these genes and will yield definitive information on signalling in this very important 

symbiosis. In addition to a better understanding of the P. sylvestris-S. bovinus 

ectomycorrhiza, the ATMT system will be very useful in the analysis of the fungal genes 

involved in signalling in plant pathogenic interactions. 
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