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ABSTRACT

The development of pine root system and an ecologically important relationship
between pine roots and fungal mycelium, ectomycorrhiza, were investigated at
the molecular level. For the first time, developmentally regulated genes and
proteins in Scots pine short roots and ectomycorrhiza with Suillus bovinus were
identified.

The protein patterns of different Scots pine root types were analysed by
two-dimensional gel electrophoresis. The production of five proteins was found
to be upregulated and the production of two proteins repressed during short root
formation. In addition a single ectomycorrhiza-related polypeptide was
detected. Amino acid sequencing and mass spectrometry were used to identify
acidic short root-specific polypeptides as class III secretory peroxidases, which
represent post-translationally modified forms of the same gene product. The
corresponding cDNA, Psyp1 and two similar cDNA fragments probably
encoding other members of Psyp1 gene family were isolated by reverse
transcription-coupled polymerase chain reaction. The expression of Psyp1 is
highest in short roots and down regulated during ectomycorrhiza formation. The
function of the peroxidases may be related to the reduction of short root
elongation, a specific feature of short root development. To further understand
short root morphogenesis A- and B-type cyclin fragments were isolated from
short roots and ectomycorrhiza. Furthermore, a change in α-tubulin production
during short root formation and two α-tubulin proteins with ectomycorrhiza-
specific production pattern were detected. Novel α-tubulin isotypes may be
involved in structural rearrangements of microtubule cytoskeleton needed for
differential cell wall synthesis and nutrient import and export in
ectomycorrhiza. The fungal actin or tubulin protein production seemed not to be
affected by ectomycorrhiza formation.
   In contrast to the single actin gene found in filamentous ascomycetes, two
actin cDNAs were isolated from the cDNA library made from vegetative
hyphae of Suillus bovinus and saprophytic Schizophyllum commune, both
homobasidiomycetes. Northern hybridisation analysis showed that the actin
genes from both fungi have different levels of expression, but no change in the
expression pattern of S. bovinus actins was observed between vegetative and
symbiotic hyphae. The cDNAs encoding universal regulators of actin
cytoskeleton in eukaryotes, Cdc42 and Rac were also isolated from Suillus
bovinus. They are expressed in vegetative hyphae and ectomycorrhiza.
SbCdc42p was localized by IIF microscopy in vegetative hyphae and
ectomycorrhiza, and its localisation pattern followed closely to that of the actin
cytoskeleton. These results suggest that the small GTPases Cdc42 and Rac
probably act in a similar manner in Suillus bovinus hyphae as in other
eukaryotes and regulate the fungal morphogenesis at ectomycorrhiza formation
through reorganisation of the actin cytoskeleton.
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   The identified developmentally regulated genes and proteins will form a base
for future work on ectomycorrhiza morphogenesis. The first isolated gene with
short root-related expression pattern, Psyp1, will be used to reveal specific
features of cell wall structure during root development and ectomycorrhiza
formation. The changes in plant α-tubulin patterns and the presence of fungal
Cdc42 and Rac in ectomycorrhiza emphasize the fundamental role of
cytoskeleton in the establishment of plant-fungus interaction. In future,
mutational analysis of the small GTPase cDNAs will be used to verify their role
in the development of symbiotic hyphae.



7

PREFACE

This work was carried out at the Division of Plant Physiology of the
Department of Biosciences. I would like to thank the head of the Division
Professor Liisa Simola for her encouraging attitude to my work and for the good
working facilities.
   I am most grateful to my supervisor, Professor Marjatta Raudaskoski for her
guidance and support. Her inspiring attitude and broad knowledge have helped
me throughout my thesis work. My warmest thanks are due to Drs. Yrjö
Helariutta and Pekka Lappalainen for their constructive criticism on the
manuscript and for their valuable comments as members of my PhD thesis
follow-up group. I would also like to thank Professor Marja Makarow, the Chair
of the Viikki Graduate School in Biosciences for support during my thesis
work.
   I express my warmest thanks to Dr. Nisse Kalkkinen for giving me the
opportunity to work in the pleasant surroundings of his laboratory and for his
and Tuula Nyman’s valuable help in pine root protein isolation and sequencing.
I wish to thank Professor Rüdiger Hampp at the University of Tübingen in
Germany for welcoming me in his group for three months and for the
hospitality there, and Dr. Uwe Nehls for excellent supervision.
   Dr. Sara Niini led me to the mysterious world of pine roots and
ectomycorrhizas. I want to thank her for the nice times in old and new kasvis. I
am very grateful to other co-authors, the present and past members of the
Raudaskoski laboratory, other members of Plant Physiology division and of the
Institute of Biotechnology both for their help in experiments and for their
friendship. Thank you Ale, Anna, Anne, Arja, Eija, Erja, Hanna, Irmeli, Jari,
Jarkko, Jarmo, Jussi, Kaari, Kaisa, Kurt, Leena-Maija, Mao, Mari, Marja,
Marjukka, Markku, Markus, Mikael, Minna, Mubashir, Olga, Outi, Pekka,
Pernilla, Reetta, Ritva, Robin, Saara, Sanna, Sari, Tarja and Vanamo and many
others.
   I want to thank my family, relatives and friends for their love and support. I
wish to express my warmest thanks to my mother in law Terttu for taking care
of our children whenever needed. I want to thank my parents Leena and Olli for
the seeds of thinking I received at home. Finally, I want to thank my dearest
ones Riikka, Kaapro and Kaisla for the wonderful times. This study was
supported by grants from the Academy of Finland, Finnish Culture Foundation,
Alfred Kordelin Foundation and Niemi Foundation.

To Riikka



8

LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following publications, which will be referred to in
the text by their Roman numerals. Additional unpublished data will also be
presented in the text.

I. Tarkka, M.T., Niini, S.S. & Raudaskoski, M. 1998.
Developmentally regulated proteins during differentiation of root
system and ectomycorrhiza in Scots pine (Pinus sylvestris) with
Suillus bovinus. Physiologia Plantarum 104: 449-455.

II. Tarkka, M.T., Nyman, T.A., Kalkkinen, N. & Raudaskoski, M.
2000. Scots pine expresses short root-specific peroxidases during
development. European Journal of Biochemistry, in press.

III. Niini, S.S., Tarkka, M.T. & Raudaskoski, M. 1996. Tubulin and
actin protein patterns in Scots pine (Pinus sylvestris) roots and
developing ectomycorrhiza with Suillus bovinus. Physiologia
Plantarum 96: 186-192.

IV. Tarkka, M.T., Vasara, R., Gorfer, M. & Raudaskoski, M. 2000.
Molecular characterization of actin genes from
homobasidiomycetes: two different actin genes from Schizophyllum
commune and Suillus bovinus. Gene 251: 27-35.

V. Gorfer, M., Tarkka, M., Hanif, M., Pardo, A.G., Laitiainen, E. &
Raudaskoski, M. 2000. Characterization of small GTPases Cdc42
and Rac, and relationship between Cdc42 and actin cytoskeleton in
vegetative and ectomycorrhizal hyphae of Suillus bovinus.
Molecular Plant-Microbe Interactions, in press.



9

ABBREVIATIONS

2D-PAGE two-dimensional polyacrylamide gel electrophoresis
3’-UTR 3’ untranslated region
BrdU bromodeoxyurea
cAMP cyclic adenosine monophosphate
cDNA complementary deoxyribonucleic acid
Cdk cyclin-dependent kinase complex
Con A concanavalin A
DAPI 4’,6-diamidino-2-phenylindole
ECM ectomycorrhiza
GDP guanidine diphosphate
GTP guanidine triphosphate
IEF isoelectric focusing
IIF indirect immunofluorescence
kDa kilodalton
mRNA messenger ribonucleic acid
MAP microtubule-associated protein
MF microfilament
MMN Melin-Norkrans medium
MT microtubule
m/z mass/charge
PEP phosphoenolpuryvate
RACE rapid amplification of cDNA ends
RT-PCR reverse transcription-coupled polymerase chain rection
SDS sodium dodecyl sulphate



10

1. INTRODUCTION

1.1. Mycorrhiza
The development of an efficient root system has been a major achievement in
the success of vascular plants. Mycorrhizal associations facilitated their growth
in a new, nutrient poor, and dry environment (Malloch et al. 1980; Simon et al.
1993). The term ”mycorrhiza”, literally ”fungus root”, describes an intimate,
mutualistic relationship between fungi and plant roots. It was introduced by
Frank (1885) to describe the long-lived association between plant roots and
fungal mycelium. Mycorrhizas are mutually beneficial symbioses and the two
partners form a dual organ with recognizable morphology. Mycorrhizas serve as
the main organs for nutrient uptake in terrestial ecosystems (Smith and Read
1997).
   The majority of vascular plants are obligately or facultatively mycorrhizal in
nature. The hosts comprise most species of angiosperms, all gymnosperms,
pteridophytes and some bryophytes (Newman and Reddell 1987). All the major
taxonomic groups of fungi (Ascomycotina, Basidiomycotina, Zygomycotina)
include mycorrhizal fungi. Some of these are obligate symbionts that cannot
survive without the host plant. Mycorrhizal fungi have wide host ranges and
usually do not show strict symbiotic relationships. The species composition of
mycorrhizal fungi is dependent on host plant age and environmental conditions
(Wilcox 1996).
   The various different forms of mycorrhizas have been classified in several
types. The classification is based on fungal associates and structural
characteristics of mycorrhizas at maturity (Isaac 1992). The most ancient,
widespread, and studied mycorrhizal class is arbuscular mycorrhiza (Smith and
Read 1997). Ectomycorrhiza is a common form of symbiosis in forest trees.
Other forms of mycorrhizas are arbutoid, monotropoid, ericoid, and orchid
mycorrhizas (Peterson and Farquhar 1994). Both the fungus and the plant may
affect the type of mycorrhiza formed. Thus the mycorrhizal classification has to
be considered mainly descriptive (Smith and Read 1997). Besides, many fungi
are able to form different types of mycorrhizas depending on the host species,
and the species of the genera Salix, Prunus and Acacia form both
ectomycorrhizas and arbuscular mycorrhizas.

1.1.1. Ectomycorrhiza
In boreal and temperate forests ectomycorrhizas (ECMs) are common symbiotic
associations in trees and shrubs. The ECMs occur often at sites poor in soluble
nutrients and where accumulated litter occur on soil surface. Plant hosts include
members of Pinaceae, Fagaceae, Betulaceae, Myrtaceae, and also include some
monocotyledons and ferns (Wilcox 1996). ECMs are particularly important for
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tree growth in regions with low nutrient or water status. ECM usually forms
between fine roots and dikaryotic mycelia of different Basidiomycete genera.
Some Ascomycetes are also involved, e.g. members of Tuberales, and two
members from Zygomycetes (Isaac 1992). Both the ECM plants and fungi are
generally able to form symbiosis with different species.
   The ectomycorrhizal roots are characteristic in appearance (Fig. 1). Fungal
mantle with varying depth covers them, containing aggregated, branched, and
swollen hyphal cells. The outer mantle hyphae are connected to extramatrical
mycelium that takes care of the mineral nutrition and water uptake of the
symbiotic tissues. The inner mantle hyphae form a network of finger-like
branches, which extend between the epidermal (angiosperms) and cortical
(gymnosperms) cells of the host plant (Kottke and Oberwinkler 1986; Barker et
al. 1998). This fungus-plant interface is called the Hartig net and it represents
the site of fungal nutrient transfer in exchange for plant photosynthates. In
contrast to other mycorrhizal types, the ectomycorrhizal hyphae do not form
intracellular structures (Peterson and Farquhar 1994).

A B C

M

Hn

E

S

Fig.1. Diagram of ectomycorrhiza from Pinus sylvestris. A. Lateral root tip region with
unbranched, dichotomously branched, and coralloid ectomycorrhizal short roots. B.
Short root cross-section with (M) hyphal mantle, (Hn) intercellular hyphae of the fully
developed Hartig net, (E) endodermis, and (S) central stele. C. Magnification of the
lobed Hartig net hyphae. Based on Kottke and Oberwinkler (1987) and Isaac (1992).

1.1.2. Transfer of nutrients to the host plant
Plant and fungal communities are in a constant process of competition. Access
to nutrients is for great importance in competitive surroundings and thus via
improving nutrient uptake the species and strain composition of mycorrhizal
fungi can greatly determine plant diversity (Van der Heijden et al. 1998). The
improved nutrient uptake capacity of ECMs is caused by an increase in the
nutrient absorbing surface area of the root system by an extensive extramatrical
mycelium (Rousseau et al. 1994). The small hyphal diameter increases the area
of the absorbing surface that can explore a large soil volume and the
extramatrical mycelium provides an effective high affinity nutrient uptake
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system. It also facilitates solubilization of soil nutrients by the release of
proteases, acid phosphatases, and oxidases (Bending and Read 1995).
   A low nitrogen (N) supply is often limiting to plant growth in boreal and
temperate forest ecosystems where the rate of organic matter turnover often
limits plant growth (Read 1991). Ectomycorrhizal fungi pass nitrogenous
compounds to plants (Melin and Nilsson 1952). They improve N mobilisation
to plants both by facilitating access to organic N sources and by increasing the
uptake of N via extramatrical hyphae (Read 1991; J. Perez-Moreno et al. 2000).
The hyphae mobilise organic N by secreted enzymes such as proteases and take
it up by high affinity amino acid transporters (Bending and Read 1995;
Wallenda and Read 1999). The fungal PEP-carboxylase cycle is important
integrator of C and N metabolism, since it supplies C for amino acid skeletons
(Wingler et al. 1996; Martin et al. 1998). The predominant forms of N
transferred to the host are glutamine, glutamate, and asparagine (Smith and
Read 1997).
   Phosphorus (P) is often present in the soil as insoluble inorganic or organic
forms. The plants can only absorb soluble forms of P and their uptake rapidly
causes a P depletion zone around the roots. ECM formation increases plant
phosphorus content and the ability of the plant to gain phosphorus (Finlay and
Read 1986; Perez-Moreno and Read 2000). ECM fungal hyphae form
polyphosphates from part of the imported P. Polyphosphates are an important P
storage compound and together with orthophosphate short chain polyphosphates
are the predominant form for P transported towards the host plant (Smith and
Read 1997).

1.1.3. Carbon metabolism changes in ECM symbiosis
The fungus gains carbon (C) from the plant creating a fungal sink. The
extramatrical mycelium puts a high C demand on the host plant, which can be
measured as a negative correlation between plant growth and fungal biomass
(Nylund and Wallander 1989; Colpaert et al. 1992). Fungal carbohydrate
metabolism dominates in symbiotic tissues (Martin et al. 1998). However, since
photosynthesis is under constant feedback control the novel fungal sink may
stimulate the rate of C assimilation leading to low ”cost” of mycorrhizal
symbiosis for the host plant (Loewe et al. 2000).
   Ectomycorrhizal symbiosis alters the pattern of carbon allocation in the plant
(Hampp et al. 1999). The ectomycorrhizal hyphae prefer hexoses as C sources
and glucose resulting from sucrose catabolism is thought to be the primary
source of carbon in ectomycorrhizas (Chen et Hampp 1993; Hampp et al. 1999).
The ECM fungi probably have no transport system for the primary transport
sugar of the plant, sucrose, and the cell wall-bound invertase activity of the host
plant has been suggested to be responsible for sucrose hydrolysis prior to fungal
monosaccharide uptake (Salzer and Hager 1991). In accordance to this, the
expression of the only studied monosaccharide transporter from
ectomycorrhizal fungi, AmMST1 of Amanita muscaria (Nehls et al. 1998) is
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specifically enhanced by increased monosaccharide concentrations. Other
sugar-dependently-regulated genes have also been characterized from A.
muscaria indicating that the supply of glucose broadly affects fungal gene
expression (Nehls et al. 1999; Hampp et al. 1999).
   Free-living mycelia convert glucose mainly to mannitol and trehalose and
incorporate it to free amino acids indicating an important role for anaplerotic
CO2 fixation via pyruvate carboxylase. The flux through PEP carboxylase,
likely sustaining the synthesis of glutamine, is also important in the non-ECM
roots where most of the C is incorporated to sucrose (Martin et al. 1998). Both
in the host roots and in the symbiotic hyphae ECM development affects C
metabolism. The root sucrose levels drop significantly and the amount and
nature of fungal sugar synthesis is changed leading to the synthesis of short
chain polyols, trehalose and free amino acids (Schaeffer et al. 1995, Hampp et
al. 1999). Light independent fixation by both fungal and plant carboxylases
fulfils a substantial part of C demand, particularly for amino acid biosynthesis
(Martin et al. 1998).

1.1.4. Other plant benefits from ECM symbiosis
Ectomycorrhizal trees often show better growth and improved resistance in
unfavorable conditions than non-mycorrhizal trees. The extramatrical mycelium
has potential for water transport and may improve the water relations of the host
plant (Guehl et al. 1992). The trees are protected against heavy metal toxicity by
ectomycorrhizal fungi, which reduce translocation of heavy metals to the host
plant (Jentschke and Godbold 2000).
   The soil surrounding ECM roots, mycorrhizosphere, has a rich microbe flora.
The microbial diversity depends on the plant and fungal partners of the ECM
association. Many types and species of microbes inhabit the area around the
roots in soil, containing organisms that are useful, neutral and harmful for the
symbiotic partners (Fitter & Garbaye 1994). The ECM associated bacteria affect
mycorrhizal functioning in several ways including the regulation of fungal
growth, host root-symbiotic fungus recognition events, nutrient mineralization,
and protection against pathogens (Duponnois et al. 1993; Fitter and Garbaye
1994).

1.1.5. Functional diversity of ECM fungi
Several functional differences occur between fungal species and strains able to
form ECM, which include differences in symbiotic capabilities (Bonfante et al.
1998), ability to proliferate (Rousseau et al. 1994), and to tolerate drought and
heavy metals (Guehl et al. 1992; Colpaert and van Assche 1992). Substancial
differences in nutrient uptake capacity between both ECM fungal species and
strains have also been revealed (Finlay et al. 1992). In general, the ECM fungal
species have very different physiologies and morphologies and the total benefit
of symbiosis for the host plant depends on the infection pattern of its total root
system and the extent of infection by individual varieties of ECM fungal
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species. ECM fungi are sensitive to variation in soil nutrient status. Additions of
abundant fertilizer amounts have significant effects on the ECM fungal
diversity and some genotypes may eventually be lost (Read 1991). The reduced
mycorrhiza formation of the roots makes them probably more vulnerable to
environmental stress and pathogens (Hampp et al. 1999).

1.2. Root development

The organization of seedling root is determined by organised cell divisions in
the embryonic axis (Scheres et al. 1995; Laux and Jürgens 1997). Mutations in
the genes regulating the organization of embryonic root lead to severe defects in
primary and secondary root cell division and patterning (Cheng et al. 1995;
Scheres et al. 1995; Di Laurenzio et al. 1996; Helariutta et al. 2000). Root
meristem is activated after germination, and the development of the root is a
continuous process, in which the cell types are formed from actively dividing
stem cells called initials at the base of differentiated cell layers. The information
for correct cell fate in roots is directed through more mature cell layer towards
the tip initial cells, which do not themselves act as generators of cell pattern.
Differentiated cells can therefore be thought of as a template on which less
mature cells are induced to follow particular fate (Van den Berg et al. 1995,
1997; Sabatini et al. 1999). The cell pattern of roots does not depend on a higher
order morphogenetic program but on the proper coordination of correct polarity
during cell patterning and the ordered cell divisions and cell shape changes
directed by the position of each cell (Torrez-Ruis and Jürgens 1994). The root
system can be divided in the following zones: 1) meristematic zone for active
cell division, 2) elongation zone for cell expansion, and 3) specialization zone
for cell differentiation. Although the zones overlap to some extent, their
existence emphasises the spatial separation of root cells at different stages of
specialization (Schiefelbein and Benfey 1991).
   Root systems increase in size by branching via lateral root formation. The
initiation of lateral root meristem occurs at some distance from the main root tip
in the differentiation zone of the root and the exact positioning of lateral root
primordium depends on the underlying vascular tissue and environmental
conditions (Zhang et al. 1999). Lateral roots develop from the cells of the
pericycle, sometimes with a contribution from dividing endodermal cells.
Coordinated cell divisions in the single cell layer of the pericycle or in the
endodermis and pericycle result in the formation of a cluster of mitotically
active cells, lateral root primordium (LRP; Blakely and Evans 1979). The LRP
first appears as a ball like structure of undifferentiated cells within the primary
root, then the cell number increases, and finally the primodium emerges through
the epidermis of the primary root by cell expansion. The specialization of root
cells starts already at the primordium stage (Malamy and Benfey 1997), but the
formation of the LR apical meristem starts after its emergence from the primary
root (Cheng et al. 1995, Celenza et al. 1995). The formed meristem is similar to
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the meristem of primary root, and again, cells comparable to initial cells can be
distinguished (Malamy and Benfey 1997).

1.2.1. Short roots of pine
Pine seedlings have three different root types: main root, lateral roots and short
roots (Robertson 1954). Short roots constitute a major percentage of the
ultimate root branches in pines. Main and lateral roots are similar in structure
(Wilcox 1968a). As in main and lateral roots, the short root primordia forms
from the pericycle and gives rise to a new apical meristem, which shows
specific morphological characteristics. The short root apex is less pointed than
that of lateral root (Wilcox 1968b), it has a thin root cap or none and an
extremely reduced meristem and elongation zone. Due to low numer of cells
produced for the elongation zone differentiation of both stele and cortex occur
close to the meristem (Niini and Raudaskoski 1998). Sometimes the lateral root-
like primordia may cease in growth soon after emergence and give rise to short
roots-like organs and, in contrary, short roots can be transformed to typical
lateral roots indicating a dynamic control of root identity (Wilcox 1968b).

1.3. Development of fungal hyphae

The homobasidiomycete hyphae are 5-6 µm wide tubular structures. They
extend by polarized tip growth, which is promoted by locally focused expansion
of cell surface. Deposition of new plasma membrane and cell wall precursors
occur via exocytosis of secretory vesicles at the growing tip (Wessels 1993).
Girbardt (1965) characterized a dense vesicle aggregate in the tips of
Basidiomycotina hyphae, and he named it Spitzenkörper. The Spitzenkörper
acts as a site for vesicle collection and as a distributor (vesicle supply center) of
vesicles to the cell wall of the growing hyphal tip. The positioning of
Spitzenkörper to release vesicles largely determines the direction of growth
(Lopez-Franco et al. 1994; Reynaga-Pena et al. 1997).
   The most important factors behind fungal tip growth are the vesicles that
include the enzymes for cell wall synthesis, the cytoskeleton that directs their
transportation to the growing tip, and the machinery that regulates the correct
deposition of cell wall polymers (Gow 1995). Cell wall biosynthetic enzymes
and novel membrane for expansion are deposited on the plasma membrane by
vesicle transport in a highly organized manner. The regulation of hyphal
extension involves cAMP dependent and independent signalling (Yarden et al.
1992; Bruno et al. 1996; Alex et al. 1996; Bussink and Osmani 1999). Tip
growth is connected to functional cytoskeleton (Salo et al. 1989; Heath 1990;
Raudaskoski et al. 1994; Rupes et al. 1995; Torralba et al. 1998). The hierarchy
of regulation of cell wall component deposition is not well understood although
a large part of regulation appears to be achieved by cytoskeleton based targeting
of cell wall biosynthesis enzymes (Harold 1997). Microtubule- and
microfilament-associated motor proteins are necessary for vesicle transport
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towards the Spitzenkörper (McGoldrick et al. 1995; Wu et al. 1998; Seiler et al.
1999). Members of rho-family of small GTPases regulate polarized hyphal
growth via the actin cytoskeleton (Wendland and Philippsen 2000; Raudaskoski
et al. 2000), which is most abundant in the apical tips of basidiomycete hyphae,
and at the site of septa formation (Runeberg et al. 1986; Salo et al. 1989). The
general cytoskeletal organization at the hyphal tip may differ between asco- and
basidiomycetes. In some basidiomycetes the microtubules do not extend to the
extreme apex, whereas in ascomycetes both microtubules and microfilaments
are present (Rupes et al. 1995; Harold 1997).
   The main structural elements of fungal cell wall are chitin and glucans.
Mutations in genes encoding cell wall biosynthetic enzymes or vesicle proteins
cause branching and defective hyphal extension (Borgia et al. 1996; Whittaker
et al. 1999). The fungal cell wall is more plastic at the extreme end and becomes
more rigid at the base of the apical dome due to chitin-glucan crosslinking
(Vermeulen and Wessels 1986). The hyphae contain relatively high
concentrations of solutes, and the elastic primary cell wall of the apex is
expanded due to high turgor pressure built up by vacuoles in the older segments
of hyphae (Wessels 1993). Also ion currents are important both for polarized tip
growth and introduction of branches (Gadd 1995).

1.3.1. Hyphal septation and branching
The homobasidiomycete hyphae are compartmentalized in cytoplasmically
connected cells by perforated crosswalls called dolipore septa (Girbardt 1965).
Septum formation starts with actin ring formation (Runeberg et al. 1986; Salo et
al. 1989; Raudaskoski et al. 1991) followed by localized deposition of cell wall
material. Signalling for septal formation involves transcription factors and actin
cytoskeletal regulators (Harris and Hamer 1995; Harris et al. 1997; Krüger and
Fischer 1998). In basidiomycetes septal formation is tightly linked to nuclear
division. The homobasidiomycete hyphae that are able to form ECM are
dikaryotic. In dikaryotic hyphae, the nuclear divisions of the two nuclei are
organized by cytoskeleton and formation of clamp connections, and there is a
strong dependence between the site of nuclear division and septum formation.
The role of microtubule cytoskeleton is crucial, since the disruption of
microtubules affects both the site of the dividing nuclei and the location and
structure of dolipore septa (Raudaskoski 1980).
   Hyphae form branches at regular intervals. Development, reproduction, and
host penetration largely depend on the extent of hyphal branching. In
basidiomycetes under optimal growth conditions a new hyphal apex forms just
behind the septum of the apical cell, but the regulators for branch site
positioning are not yet known. Phosphokinase inhibitors and actin
depolymerising drugs induce hyphal branching (Magae and Magae 1993; Rupes
et al. 1995; Niini, 1998) indicating an important role for protein
phosphorylation and cytoskeletal organization. The rigid cell wall has to be
loosened prior to cell wall deposition, presumably by the effect of cell wall
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lysing enzymes. Vesicles aggregate at the point of outgrowth similarly as in the
case of tip growth. During the aging of fungal colony the growth branch angle
between “mother” and branched hyphae reduces and branched hyphae show
different morphological and growth characteristics than mother hyphae (Carlile
1995). Different physiological and environmental factors affect significantly
hyphal growth pattern (Sone and Griffits 1999). Tip growth and septation
mutants often show increased branching, indicating a tight connection between
the regulation of branch formation and hyphal extension (Yarden et al. 1992;
Bruno et al. 1996). Addition of choline affects specifically branch initiation and
maintenance of growth is not disturbed, indicating partially different regulatory
networks for the establishment and maintenance of growth (Wiebe et al. 1992).

1.4. Development of ectomycorrhiza

Ectomycorrhiza formation involves changes in the growth pattern of both
partners. The development of this “symbiotic organ” facilitates efficient
exchange of nutrients in the Hartig net region.

1.4.1. Initiation and mantle formation
In a mature root system newly formed roots are colonized by the Hartig net
hyphae of the mother root (Wilcox 1968b). At germination or in planted
seedlings, fungal growth towards host roots may involve chemical signalling
which induces growth of hyphae in the direction of plant root (Melin 1954;
Horan and Chilvers 1990), but the specificity of signalling or the nature of
substances involved are not known. Fungal cell wall proteins and cell surface
polysaccharides have been identified as important molecules in the
establishment of symbiosis. The adhesion on the root tips or distal to the root
apical meristem (Kottke 1997; Smith and Read 1997) may involve hydrophobic
interactions (Martin and Tagu 1995) and interactions between the plant and
fungal polysaccharides and glycoproteins (Lei et al. 1991; Giollant et al. 1993;
Martin et al. 1999). After adhesion at root surface, the hyphae make a firm
contact on the host cell wall. After the contact with the root surface the fungal
cell wall structure loosens (Bonfante et al. 1998). The hyphae start to swell and
branch (Brunner and Scheidegger 1992). This fungal morphogenesis is
associated with changes in cytoskeletal organization and regulation of fungal
cell wall proteins, and it can be induced by plant flavonoids (Timonen et al.
1993; Laurent et al. 1999; Martin et al. 1999).
   A network of branched hyphae, the hyphal mantle, forms on top of the root
surface. The mantle varies in thickness but it usually consists of layers with
differing structure and density of hyphae (Brunner and Scheidegger 1992). The
region of the mantle closest to root epidermis is called pseudoparenchyma due
to appearance of branched and fused hyphae that store lipids, trehalose and
polysaccharides (Brunner and Scheidegger 1992; Peterson and Farquhar 1994).
The pseudoparenchymatous hyphae are glued tightly together with extracellular
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material that contains polysaccharides and glycoproteins. The mantle separates
the host root from soil, and the host plant may depend in large part on the
supply of water and nutrients from its symbiotic fungus. Lateral root growth is
slowed down by the fungal colonisation, and due to the hyphal production of an
auxin-betaine, hyphaphorine, root hair formation is prevented (Peterson 1991;
Beguiristan and Lapeyrie 1997).

1.4.2. Fungal penetration and Hartig net formation
Penetration between root apical cells is mostly mechanical in nature but also
involves production of ECM fungal lysing enzymes for digestion of host cell
walls (Ramstedt and Söderhåll, 1983; Dahm et al. 1987; Cairney and Burke
1994). The host cell walls are separated by fungal intrusion and they become
swollen and less compact (Peterson and Farquhar 1994). The damage to plant
cell walls causes a transient production of plant defense substances and
proteins. According to studies in cell cultures this defense-response is partly
halted by plant enzymes (Salzer et al. 1997). In planta, the eliciting activity of
the fungus depends on the extent of compatibility between the symbiotic
partners (Burgess et al. 1995; Bonfante et al. 1998).
   The development of the symbiotic interface is very similar in different host-
mycobiont interactions. The finger-like hyphae mostly penetrate the cortex to
form a complex, highly ordered web of tightly packed hyphae between the
epidermal and cortical cells, the Hartig net. Fungal and plant cell walls merge
and form a novel type of interface which contains a complex matrix of
constituents from both fungal and plant origin (Bonfante et al. 1998; Niini
1998). The formation of a functional Hartig net concludes the development of a
structure, which can be referred to as a symbiotic organ.

1.4.3. Extramatrical hyphae and rhizomorphs
Hyphae extend from the mantle to facilitate nutrient solubilization and
transport. Part of the transport takes place in the symplast of living hyphae.
Transport in the symplast occurs by motile tubular vacuoles that can move
material across long intracellular distances (Shepherd et al. 1993). Most of the
basidiomycete ECM fungi, like Suillus bovinus, can also form rhizomorphs,
linear aggregates of fungal hyphae containing large central ”vessel” hyphae that
may represent significant extensions to the root system (Duddrigde et al. 1980;
Foster 1981; Rousseau et al. 1994). At the onset of rhizomorph formation the
leading hyphae grow in parallel approaching each other, they form linear
aggregates, and allow the formation of branches and intercellular bridges
(Cairney 1992). After the tight tubular aggregate of hyphae is formed, cellular
contents of the central hyphae disappear and septal cross-walls break down,
leading to vessel hypha formation (Agerer 1992). The vessel hyphae have been
implicated for acropetal C transport and the living cortical hyphae for
symplastic transport of P and other nutrients (Cairney 1992), but this has not yet
been proven.
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   The age of the infected roots varies considerably, but mostly ECM fungal
infection prolongs the age of fine roots (Wilcox 1968b). In aged ECMs Hartig
net host cell walls disintegrate and cannot be distinguished from the plant-
fungal cell wall matrix, which probably leads to a decrease in nutrient transport
(Kottke and Oberwinkler 1986). Some ECM fungi may survive the death of the
cortical cells and live parasitically between the root cells. Others die
simultaneously with the collapse of the Hartig net (Wilcox 1996).

1.4.4. Signalling in symbiotic and pathogenic hyphae
During the symbiotic interaction between ectomycorrhizal fungi and their hosts
the straight, tubular hyphae swell and branch on the surface of plant roots to
produce finger-like hyphae. The transition in growth pattern is necessary for the
penetration into the intercellular space of the plant root and for the formation of
the Hartig net (Kottke and Oberwinkler 1985; Smith and Read 1997; Barker et
al. 1998). The signal transduction pathways which lead to these fundamental
changes in growth pattern are yet unknown. Specific plant flavonoids (Martin et
al. 1999) have been suggested to trigger symbiotic growth. Treatment with
protein kinase inhibitors and drugs that disrupt actin cytoskeleton (Niini 1998)
can mimic the hyphal morphogenesis that takes place in ECM. These
observations suggest that the morphogenetic signalling pathways may involve
ligand-receptor-interactions and signalling via protein kinase cascades, which
lead to reorganisation of actin cytoskeleton (Niini 1998; Martin et al. 1999;
Raudaskoski et al. 2000).
   The growth pattern of pathogenic fungi also changes in compatible
interactions with the plant host. Fungal pathogens perceive and respond to
molecules from the plant and on the plant cell wall, which trigger pathogenic
development. The haploid yeast-like form of the basidiomycete corn smut
fungus Ustilago maydis is non-pathogenic and the infection process is
associated with sexual development. The formation of dikaryon is necessary for
filamentous growth and only the filamentous dikaryon is infectous (Kahmann et
al. 1999). Both pheromone-receptor interaction and cAMP signalling are needed
for pathogenic development in U. maydis, and for a successful infection the
fungus also needs an intimate contact with the host plant (Hartmann et al. 1996;
Dürrenberger et al. 1998; Basse et al. 2000). Crosstalk between the pheromone-
receptor and cAMP signalling pathways is probably mediated by a G-protein
Gα-subunit Gpa3, which is presumed to activate the enzyme adenylate cyclase
that catalyses cAMP production (Regenfelder et al. 1997; Krüger et al. 1998;
Kahmann et al. 1999).
   Specialised infection structures, appressoria, are formed for the penetration of
plant cells by many plant pathogenic fungi (Hamer and Talbot 1998).
Appressoria are dome-shaped cells with specific, strong cell walls, which
facilitate the turgor-driven penetration into the host plant (Thines et al. 2000).
Their formation has been recently studied in the ascomycete pathogen of rice,
Magnaporthe grisea, where cAMP-linked signalling cascades regulate the
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formation of appressorium (Xu and Hamer 1996; Liu and Dean 1997; Adachi
and Hamer 1998). In the ascomycete Cryphonectria parasitica, which causes
chestnut blight, the best-characterised signalling component for fungal virulence
is a G-protein Gα-subunit Cpg1 (Choi et al. 1995). In contrast to the situation in
U. maydis and M. grisea, Cpg1 in the C. parasitica disease signalling is
assumed to be a negative regulator of adenylate cyclase activity (Gao and Nuss
1996).
   Signalling networks that are conserved in pathogenic development (Bölker
1998; Hamer and Talbot 1999; Kahmann et al. 1999) may also regulate hyphal
adhesion on plant surface, morphogenesis, and penetration of host tissues
during symbiosis. To isolate possible regulators of symbiotic growth,
homology-based PCR approach has led to the identification of one putative Gα

cDNA and two ras cDNAs from Suillus bovinus cDNA library (Raudaskoski et
al. 2000). All of these genes are expressed in symbiotic hyphae.

1.5. Ectomycorrhiza forms in short roots of Pinus sylvestris

In Scandinavian forests, Scots pine ECM with Suillus bovinus represents a
common type of ectomycorrhiza. These partners are well adapted to dry soils
poor in nutrients and they are sensitive to surplus N levels (Ingestad 1979). S.
bovinus host range includes only Pinus species, but already in Finland, 100
different species of ECM fungi for Scots pine have been identified (Treu and
Miller 1996; Väre and Ohtonen 1996).
   The development and functioning of pine root system is highly affected by
ECM fungi. In general, mycorrhizal fungi invade both lateral roots and short
roots, but in Pinus sylvestris predominantly the short roots are colonized
(Robertson 1954; Wilcox 1968b; Piche and Fortin 1982). Ectomycorrhiza
formation causes differences in short root structure (Fig. 1). Instead of normal
branching from the side, the infected short roots branch dichotomously at their
tips. The short roots of some pine species, such as Pinus pinaster or Pinus taeda
dichotomize spontaneously, but others including Scots pine dichotomize rarely
without the presence of ectomycorrhizal fungi (Robertson 1954; Wilcox 1968b;
Faye et al. 1980; Piche and Fortin 1982; Kaska et al. 1999).
   Before the formation of branch primordia some of the central apical meristem
cells vacuolate. Lateral meristem cells are activated to proliferate on opposite
sides of the stele. The previous root apex flattens and continuous vacuolization
of central meristem cells separates the two newly formed meristems. In most
cases, after some growth the two root tips branch again dichotomously.
Dichotomy may continue until even 30-branch root forms, but large variation in
the extent of dichotomous branching occurs between the individuals of same
species (Wilcox 1968b; Faye et al. 1980).
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1.5.1. Role of auxins and ethylene in short root morphogenesis
The plant hormone auxin has been known for a long time to be an important
regulator of root development. In higher concentrations, it inhibits the
elongation growth of the root, but also induces pericycle cell division at the
initiation of lateral root formation. Recently, it has also been implicated as a
central regulator of root cell patterning (Sabatini et al. 1999; Scheres et al.
2000). Polarized auxin transport and auxin perception is known to play an
important role in the establishment of roots (Hamann et al. 1999; Mattsson et al.
1999; Steinmann et al. 1999). Another plant growth regulator, ethylene,
decreases root growth rate and affects epidermal cell patterning. It is preceived
by a family of integral membrane receptors, and the ethylene signal
transduction involves both negative (Chang et al. 1993; Kieber et al. 1993) and
positive signal transducers (Chao et al.1997; Alonso et al. 1999). Ethylene and
auxin signal transduction pathways influence each other in roots. Several auxin
mutants also show reduced sensitivity to ethylene in roots (Lincoln et al. 1990;
Timpte et al. 1995; Lehman et al. 1996), and two auxin mutants show selective
resistance to ethylene (Pickett et al. 1990; Roman et al. 1995). Auxins and
cytokinin (Abel et al. 1995; Vogel et al. 1998) can activate ethylene synthesis,
and a signal transduction pathway for the control of root growth involves
ethylene-mediated auxin accumulation (Timpte et al. 1995).
   Both the changes in plant endogenous hormones caused by fungal
colonization and hormone production by ECM fungi affect the balance of plant
hormones in ECM (Gogala 1991). The roles of auxin and ethylene in
mycorrhiza formation and short root branching in pine have been extensively
studied. Fungal extracts and synthetic auxins induce dichotomous branching of
short roots that resembles ectomycorrhizal morphology (Slankis et al. 1949;
Rupp and Mudge 1985). An ”auxin theory” for ectomycorrhiza formation has
been proposed by Slankis indicating that fungal auxins are responsible for root
morphogenesis during ECM formation, but more recent studies suggest that the
auxin theory represents an oversimplification (Smith and Read 1997). Many
ectomycorrhizal strains do not produce auxins, and the IAA content of Scots
pine ectomycorrhizal roots was found to be lower than in the controls in the
study of Wallander et al. (1992). The existence of correlation between fungal
auxin production and numbers of mycorrhizas (Gay et al. 1994; Rudawska and
Kieliszewska-Rokicka 1997) was not supported by the study of Nylund et al.
(1994) where no such relationship was found. A more detailed in vitro analysis
of pine short root branching (Kaska et al. 1999) suggested that auxin has a role
in pine root branching via activation of ethylene production. In addition to
auxins ectomycorrhizal fungi have also been shown to produce ethylene
(Strelczyk et al. 1994). The morphological features of Douglas fir and loblolly
pine seedling roots are more significantly correlated with the in vitro ethylene
production rates than in vitro IAA producing capacity of ECM fungi (Scagel
and Linderman 1998). Ethylene alone is sufficient to cause dichotomous
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branching and it is probably responsible for both the symbiotic fungus-induced
and the spontaneous root tip branching of some of the pine species, such as
Pinus taeda and Pinus pinaster (Kaska et al. 1999). Due to the interactions
between ethylene and auxin signal transduction pathways (Lincoln et al. 1990;
Timpte et al. 1995; Lehman et al. 1996) their possible separate roles cannot be
easily addressed. Plant hormones may be considered as only one of the many
factors regulating ectomycorrhizal root morphology, since high nutrient levels
can inhibit short root branching (Kaska et al. 1999).
   Some fungal isolates from pine roots can produce minute amounts of
gibberellin-like substances (Strelczyk and Pokojska-Burdziej 1984) and
cytokinins (Ng et al. 1982), and treatment with jasmonic acid accelerates the
fungal colonization of spruce roots (Regar and Gogala 1996). The roles of these
hormones on mycorrhizal development have not been studied in any detail but
they may be involved in the regulation of formation and longevity of
mycorrhizal roots (Gogala 1991).

1.5.2. Cell cycle regulation in Scots pine short roots
Two major events are common to all cell cycles: S-phase, during which
chromosomes are replicated, and M-phase, when the replicated chromosomes
are segregated into two daughter nuclei. Genetic and biochemical approaches
have led to the identification of the basic components of eukaryotic cell cycle
machinery (Nurse 1990). In the genetic approach temperature-sensitive budding
and fission yeast cell cycle (cdc) mutants that are delayed in different phases of
cell cycle were characterised and the corresponding genes isolated (Nurse and
Thuriaux 1980; Simanis and Nurse 1986; Booher and Beach 1987). In the
second, biochemical approach invertebrate and vertebrate oocytes were used to
isolate the proteins that induce the oocyte entry into M-phase (Evans et al.
1983; Swenson et al. 1986; Gautier et al. 1988). These studies revealed the
existence of an universal regulator of eukaryotic cell cycle, cyclin dependent
kinase complex (Cdk) that consists of a catalytic kinase subunit bound to an
activating cyclin protein (Nurse 1990). Cdk activity is regulated by interactions
with cyclins and different Cdk inhibitors, by modifications in the
phosphorylation status, and by ubiquitin-mediated protein degradation
(Genschik et al. 1998; Nakayama 1998).
   The plant cyclins are classified by sequence homology (Renaudin et al. 1996),
and the classification correlates with the timing of their expression at cell cycle
phases. The A-type cyclins are expressed at DNA-synthesis phase, G2-phase
and at mitosis, and the B-type cyclins during mitosis. Together they are referred
to as mitotic cyclins. The expression level of the mitotic cyclins is mostly
tissue-specific (Ferreira et al. 1994; Renaudin et al. 1998). Instead the D-type
cyclins are expressed during G1/S transition and their synthesis depends more
on mitogenic stimuli, which indicates that the different environmental and
developmental regulators are linked via D-type cyclins to the cell cycle
machinery (Dahl et al. 1995; Riou-Khamlichi et al. 1999, 2000). Cyclin
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expression is necessary for normal growth rate of the plant. When mitotic and
D-type cyclins were overexpressed both an increase in cell size and cell number
was observed, suggesting that cell division activity is a crucial factor
determining the rate of growth (Doerner et al. 1996; Cockroft et al. 2000).
   Several observations about the development of non-mycorrhizal and
mycorrhizal short roots of Pinus sylvestris suggest that components regulating
cell cycle are involved. First, BrdU-labelling of nuclei with replicating DNA
and DAPI-staining of the short root nuclei showed that cell cycle progression
was restricted to the short root apex and the first cell layer above the meristem.
In contrast, in lateral roots BrdU-labelled nuclei and the dividing nuclei
detected by DAPI staining were detected in four to five layers above the actual
meristem (Niini 1998; Niini and Raudaskoski 1998). These observations
suggest that cell cycle could be repressed in short roots by negative regulators
of the cell cycle. Several mutants that are defective in cell proliferation at the
root tip have been characterised (Cheng et al. 1995; Willemsen et al. 1998), but
genes regulating meristem identity, such as CLAVATA or WUSCHEL genes in
the shoot meristem (Schoof et al. 2000) have not yet been isolated from roots.
The exit from the cell cycle is mediated by the accumulation of Cdk inhibitors
and by inactivation and degradation of Cdk activators. In plants as in other
eukaryotes, a Wee1-related kinase has been identified that inactivates the Cdk
by negatively phosphorylating the kinase subunit (Sun et al. 1999). A second
conserved plant regulator of cell cycle in is CCS52 protein, which may be
involved in the proteolytic processing of cyclin proteins. The ccs52 gene family
consists of several members, and their expression may be tissue-related
(Cebolla et al. 2000). Other types of yet unindentified cell cycle inhibitors may
also be involved (Nakayama 1998; Sherr and Roberts 1999). None of these
genes have yet been identified in pine.
   In mycorrhizal short roots mitotic index increases to the same level than in
lateral roots, although the dividing nuclei are in the short root apex covered with
fungal mycelium (Niini 1998). First the size of the mycorrhizal short root
meristem increases and later the central cells of the apical meristem begin to
differentiate (Piche and Fortin 1982; Niini and Raudaskoski 1998). After
reaching a certain size the short root tip dichotomises. It has been suggested that
the symbiotic fungus induces meristematic activity in mycorrhizal short roots
(Niini 1998). This would take place either by the production of phytohormones
or some other signalling molecules able to trigger the plant cell cycle.
   Positive regulation of cell division activity has been well characterised in
legume-Rhizobium symbiosis. As the first step of root nodule formation,
bacterial lipo-oligosaccharides induce the formation of nodule primordium by
activating the cell cycle in specific cortex cells (Spaink et al. 1991; Yang et al.
1994; Goormachtig et al. 1997). The activated cortex cells guide infection
thread into the primordium, and upon infection it forms a nodule meristem and
other nodule tissues. Early nodulin gene ENOD40 encodes for a small peptide
that positively regulates nodule primordium and meristem formation (Yang et
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al. 1993; Charon et al. 1997). The gene is positively regulated by the plant
hormone cytokinin (Fang and Hirsch 1998). The cortical cell divisions during
root nodule development may be regulated by local changes in auxin/cytokinin
balance, since nodule-like structures can be induced both by the addition of
cytokinins (Cooper and Long 1994) and auxin transport inhibitors (Hirsch et al.
1989). In contrast, ethylene acts as a negative regulator of cortical cell divisions
in nodules and it largely determines the positioning of nodule primordia
(Heidstra et al. 1997). Dichotomous branching of pine short roots can be
activated by ethylene and auxin treatment but not by cytokinins (Kaska et al.
1999). In short roots the existing meristem is triggered to continue dividing in
its sides and the cells in the middle of the meristem differentiate. This is in
contrast to the situation at nodule (Yang et al. 1994; Goormachtig et al. 1997)
formation where the cell cycle of differentiated cortical cells is activated.
However, highly localized changes in cytokinin/auxin ratio may also be
involved in the control of the short root meristem activity, particularly since
ethylene can act as an auxin transport inhibitor (Suttle 1988).

2. AIMS OF THE STUDY

The present work investigates short root development in Pinus sylvestris and
the formation of ectomycorrhiza in these roots by Suillus bovinus. At the
beginning of the thesis work no information about the regulation of short root
development at the molecular level was available. One aim of the present work
was to identify genes and proteins that are specifically activated during short
root development and to follow their expression during ectomycorrhiza
formation (I, II). The second aim of the present work was to clarify the role of
cytoskeletal proteins and their regulation during the establishment of P.
sylvestris-S. bovinus symbiosis. Therefore, the expression pattern of tubulins
(III) and actin (IV) were analysed, and the isolation and characterisation of
genes for regulators of the cytoskeletal organization (Schmidt and Hall 1998)
was initiated in Suillus bovinus (V).
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3. MATERIALS AND METHODS

This chapter describes briefly the materials and methods used. The detailed
laboratory practices are described in the original articles (I-V).

3.1. Synthesis of fungal mycelia, ectomycorrhizal, and non-mycorrhizal
seedlings
Fungal cultures of Suillus bovinus L.: Fr.) O. Kuntze, isolate 096 from Professor
David Read at University of Sheffield, UK, and Paxillus involutus (Batsch; Fr.)
Fr. from Scotland Bush Estate, Insititute of Terrestial Ecology, UK were
maintained in the dark at 25°C on 1.2% MMN agar medium (Molina and
Palmer 1982) in which only half of the strength of organic nutrients was used
and malt extract was replaced with 2.5 g/l glucose. Schizophyllum commune
mycelia were grown on complete medium at 30°C. For protein, genomic DNA,
and RNA extraction the fungal mycelia were grown on cellophane membranes,
S. bovinus and P. involutus were grown for two weeks (III), and S. commune
mycelia was grown overnight and mated for 8 h (Russo et al. 1992). The
membranes with adherent mycelium were quickly frozen in liquid nitrogen and
stored at -80°C.
   The Scots pine (Pinus sylvestris L.) seeds were obtained from Haapastensyrjä
tree-breeding centre. They belong to pine tree class B3 from Hyrylä, Southern
Finland. The pine seeds were sterilized with H2O2 and germinated on 1% water
agar in darkness for 2 wk at room temperature before transfer to 60 ml test tubes
(III; Timonen et al. 1993; Niini 1998). Both ectomycorrhizal and non-
mycorrhizal pine seedlings were grown in a growth cabinet with an 18 h
photoperiod at 100 µM m-2s-1 photon flux at 21 °C. When the first lateral roots
had developed, 4-mm plug of actively growing two-week old S. bovinus
mycelia was placed adjacent to the main root to obtain ectomycorrhizal
seedlings. After 2-3 months, when the ectomycorrhizal root systems were
mycorrhizal, the pine roots were dissected under a stereomicroscope (I; III).

3.2. Protein extractions and analysis
Phenol extraction method by Hurkman and Tanaka (1986) was used as a base
for protein extractions. The samples were ground in liquid nitrogen, extracted in
water-saturated phenol, and precipitated with 2 volumes of acetone. When the
IEF step was performed in Bio-Rad’s Mini-Protean II system (I, III), the 1st

dimension was run in 1 X 1 mm focusing acrylamide gel The protein spots were
silver-stained according to Tunon and Johansson (1984). The S-35-labelled
proteins were dried without staining and autoradiographed.
   Broader pH gradient was obtained when the IEF was performed with an
immobilized pH gradient. The choice of a new 2D-PAGE method facilitated
better separation of P. sylvestris short root peroxidases (II) and S. bovinus actin
isotypes (IV). To facilitate the separation of large amounts of protein, the
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protein samples were transferred to IEF strips by in gel application (Sanchez et
al. 1997) and run with a voltage gradient. Prior to SDS-PAGE the IEF strips
were equilibrated in an equilibration solution supplemented with 4.8%
iodoacetamide to prevent vertical gel spot streaking, and the SDS-PAGE was
run at 8°C to improve reproducibility. For protein digestion and analysis protein
spots were silver-stained according to O’Connell and Stults (1997).
   Protein spots (II) were excised and in-gel digested with trypsin (Rosenfeld et
al. 1992; Shevchenko et al. 1996). The resulting peptides were extracted and
desalted before mass spectrometry (Nyman et al. 2000). For partial
microsequencing corresponding protein spots from 7 gels were pooled, digested
with trypsin, and the peptides generated were separated by reversed-phase
chromatography (II).
   For Western and Con A blotting the proteins were transferred to nitrocellulose
membranes according to Raudaskoski et al. (1987). For immunostaining non-
specific binding sites were blocked with 3% bovine serum albumin. The
immuno-staining of filters was performed according to standard protocols (III,
IV, V). Con A-binding proteins were identified by a method modified from
Hawkes et al. (1982). The membranes were blocked with 2% Tween-20, treated
with Con A, and localized by peroxidase-catalyzed diaminobenzidine staining
(II).

3.3. Genomic DNA and RNA extractions and S. bovinus cDNA library
construction
Genomic DNA was extracted from Suillus bovinus with the DNEasy Plant Mini
Kit (Qiagen, Germany). Isolation of RNA was carried out according to Nehls et
al. (1998). The precipitated total RNA was resuspended in 150 µl (radicle,
needle, and stem total RNA) or 50 µl (total RNA from other tissues) diethyl
pyrocarbonate-treated water. For cDNA library construction, 50 µg S. bovinus
total RNA was reverse transcribed with Superscript II reverse transcriptase
(Gibco BRL, Germany) to ensure full-length cDNA synthesis, and the cDNAs
were cloned into lambda-ZAP vector according to the manufacturer’s
instructions (Stratagene, The Netherlands).

3.4. PCR oligonucleotide primers synthetized for this thesis
Oligonucleotide primers for genomic DNA- and cDNA-based PCR experiments
were synthetized at the Sequencing Laboratory of the Institute of Biotechnology
(Helsinki, Finland) or at MWB Biotech (Germany). For RT-PCR experiments, 1
µg of DNAse treated total RNA was reverse-transcribed with Superscript II and
the resulting cDNA used in 20 RT-PCR reactions.
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SEQUENCE 5’-3’        USE

Manuscript II
CTICAYTTYCAYGARTGC Peroxidase cDNA fragment
GTRTGISCICCNGATAGGGCNAC Peroxidase cDNA fragment
CIATHGCIGGIGGICCITTYTAYC Peroxidase cDNA fragment
AAGCAGTGGTATCAACGCAGAGTACT30VN 3’RACE
AATCATCAACGACATTAAGCAG 5’RACE
Article IV
GAYATGGARAAGATYTGG Actin gene fragments
TTYTCCTTGATGTCRCG Actin gene fragments
AAYWAATTYACCATGGA Sbact1 gene fragment
TCACTTTTACGAAA Sbact1 gene fragment
TGCTTCTAATGTAATAA Sbact1 expression
AATTTACCATGGAAGAA Sbact2 gene fragment
GAATCATAAACATTCAA Sbact2 gene fragment
TAAACATGATCGATGAA Sbact2 expression
TCCGTAGGTGAACCTGCGG (ITS1) Normalisation of expression
TCCTCCGCTTATTATTGATATGC (ITS4) Normalisation of expression
CAAGCATAGCAAGGGTGC Scact1 expression
CGCACACCAAAGGCGAAG Scact1 expression
GACGAGGTCGCTGCTCTT Scact1 expression in E. coli
GCGGTGGACGATGCCC Scact1 expression in E. coli
GTGCCTCTACTGGTCTAT Scact2 expression
TGCTGCTTCACATTGCTG Scact2 expression
GATGAGATTCAGGCAGTGG Scact2 expression in E. coli
GCGATGCACAATCCCCG Scact2 expression in E. coli
Article V
AARTGYGTNGTNGTNGGNGAC SbCdc42 gene fragment
CAYTCNACRTAYTTNACNGC SbCdc42 gene fragment
CAGACTATCAAGGTTGTAGT SbCdc42 expression in E. coli
TTTATGTGTCTTCTTAACCAC SbCdc42 expression in E. coli
GTNGGNGAYGGNGCNGTNGGNAARAC Sbrac1 gene fragment
TARTCYTCYTGNCCNGCNGTRTC Sbrac1 gene fragment
CACAACATCAAATGTGTTGTA Sbrac1 expression in E. coli
ACCACGACCACTGCGCTT Sbrac1 expression in E. coli
Unpublished
GTTACGTTGGAGGTTGGGCC 5’RACE for peroxidases
ATIYTIGTIGATTGGYTIGTISARGT Cyclin A/B fragments
TCTGGKGGRTASATYTCYTCATATTT Cyclin A/B fragments
GCATCTGAAATTTGAACTAATG Cyclin B 3’RACE

Tab. 1. PCR primers used in this thesis.

3.5. PCR conditions for RT-PCR experiments
Two peroxidase cDNA fragments were cloned that are not included in ref. II.
The first, 5’-RACE clone was amplified with 5’-RACE primer for peroxidases
and SMART 5’ PCR primer (Clontech, USA) under the following conditions:
initial denaturation at 95°C for 2 min, 30 cycles of 95°C for 15 sec, 68°C for 5
min. The second, 3’-RACE peroxidase clone was amplified with first
peroxidase cDNA fragment primer and 3’-RACE primer (Tab. 1; II). The
following PCR program was applied: initial denaturation at 95°C for 2 min, 10
cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min; 10 cycles of
95°C for 30 sec, 58°C for 30 sec, and 72°C for 1 min; 10 cycles of 95°C for 30
sec, 56°C for 30 sec and 72°C for 1 min, final extension at 72°C for 5 min.
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   The cyclin box cDNA fragments from P. sylvestris were amplified with
degenerate cyclin A/B primers (Hata et al. 1991) under the following
conditions: initial denaturation at 95°C for 2 min, 30 cycles 95°C for 30 sec,
55°C for 30 sec and 72°C for 30 sec, final extension at 72°C for 5 min. The 3’-
region of P. sylvestris cyclin B was amplified with cyclin B 3’-RACE primer
and 3’-RACE primer (Tab. 1; II). Same PCR program as for 3’-RACE
peroxidase clone was used.

3.6. Southern and Northern hybridisation protocols
For library screenings, Northern and Southern hybridisations (II, IV, V) nylon
membranes were used and all hybridisation steps were carried out under
conditions of high stringency (Russo et al. 1992). Relative expression levels of
different genes were approximated by phosphor imager analysis. Sbact1 and
Sbact2 gene expression levels were normalized to S. bovinus ribosomal ITS
expression, and SbCdc42 and Sbrac1 expression levels were normalized with
constitutively expressed Sbact1 (IV, V).

3.7. Indirect immunofluorescence (IIF) microscopy
The actin cytoskeleton and Cdc42 protein were visualized by IIF microscopy
(V). For immunocytochemical staining of S.bovinus vegetative hyphae the
methods developed previously, quick-freezing and freeze substitution,
rehydration and immunolabelling were used with modifications (Raudaskoski et
al. 1991; 1994; Rupeš et al. 1995; Torralba et al. 1998; V). Same antibodies
were used both for IIF microscopy and for immunodetection of actin and Cdc42
by Western blotting (V, Figs. 5, 6).
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4. RESULTS AND DISCUSSION

4.1. Developmentally regulated proteins in Scots pine root system
2D-PAGE has been widely used for investigation of polypeptide changes during
mycorrhiza development (Hilbert and Martin 1988; Guttenberger et al. 1992;
Simoneau et al. 1993; Burgess et al., 1995; Benabdellah et al. 1998). The
abundance of proteins reflects the physiological state of the cell or tissue at each
given time, which gives advantages to 2D-PAGE when compared to gene
expression analysis at the mRNA level. Discrepancy between mRNA
abundance and protein amounts has been shown in several cases, as the number
of mRNA copies does not always reflect the number of functional protein
molecules (Anderson and Seilhamer 1997; van der Mijnsbrugge et al. 2000).
The possibility to visualise post-translational modifications by 2D-PAGE is also
relevant since these modifications may affect protein activity and stability
(Celis et al. 2000). Therefore 2D-PAGE was chosen as the method for studies
on pine root growth pattern.
   Protein analysis by 2D-PAGE has also some limitations. Sample solubility is
one of the main problems in 2D-PAGE technology, since often some proteins
cannot be dissolved in the lysis buffer (Celis et al. 2000). Phenol-extraction
method (Hurkman and Tanaka 1986) with a precipitation step is widely used in
plant 2D-PAGE analysis due to its membrane protein solubilization capacity
and an efficient removal of polyphenolics. After phenol extraction the protein
precipitate is often hard to dissolve in lysis buffer.

4.1.1. Main- and lateral root-related proteins
Both quantitative and qualitative changes in polypeptide patterns were detected
from autoradiographs of S-35-labelled proteins and silver staining of total
protein patterns when studying root morphogenesis and ectomycorrhiza
formation in Scots pine (I). The numbers of silver-stained protein spots were
350 in radicles, 355 in lateral roots, and 353 in short roots. In the corresponding
S-35-autoradiographs of radicles 291 and of short roots 284 spots were detected
indicating active protein synthesis during the 8h S-35 labelling time. The
positions of labelled polypeptides coincided with those of silver-stained protein
spots even if the relative abundance of some of the spots differed. The
anatomically similar main and lateral roots had a nearly identical protein
pattern. Most protein spots were found in the gels of all root types, but in short
root gels, several quantitative and some qualitative differences were detected.
The specialised growth pattern of short roots is associated with the production
of five short root-specific proteins and two of the analysed main and lateral root
proteins are repressed in the short roots.

4.1.2. Acidic short root-related proteins
The loading capacity of mini-gel 2D-PAGE system restricts its use for protein
isolation and identification (I). In order to identify 43-46 kDa acidic short root-



30

specific proteins (SRs) immobilized pH-gradient strips and in-gel sample
application were used, techniques that have increased the reproducibility and
the loading capacity of 2D-PAGE analysis (Bjellqvist et al. 1982; Görg et al.
1988; Sanchez et al. 1997). When ten short root protein gels from three
extractions were compared, no variation appeared in the number of SR proteins
or in the overall protein pattern. The amount of reproducibly separated protein
spots was increased three-fold by this technique (Fig. 1), and SRs were
separated as nine protein spots, SR1-SR9 (II, Fig. 1) instead of three reported in
(I; Figs. 2, 3). The SRs are upregulated during short root formation and
downregulated in ectomycorrhizas (I; II).

kDa
94

67

43

30

20

14

pI     4.5                              5                       5.5                    

Fig. 2. Section of a silver-stained gel of short root total proteins. Proteins were first
separated by immobilized pH gradient (pH 4-7) isoelectric focusing and second by 14%
SDS-PAGE. 50 µg protein was loaded on the gel.

4.1.3. Small acidic SR proteins are highly similar peroxidases
The individual SRs were excised from the 2D-gels and digested with trypsin.
The resulted peptides were analysed by MS. The detected peptides of all nine
SRs had identical molecular weights indicating high homology between the
SRs. The most abundant peptide in MALDI-TOF MS analysis, with m/z 1730,
was present in all the digests and partly sequenced by tandem mass
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spectrometry. The obtained partial amino acid sequence of the 1730 m/z peptide
was identical in all SRs analysed (II). The differences between the MWs and pIs
of the highly identical SR proteins suggest the presence of post-translational
modifications. Concanavalin blotting experiment revealed that SRs have
glycans, and the size differences in these polypeptides could thus be a result of
differential glycosylation (O’Donnell et al. 1992; Christensen et al. 1998). The
presence of SR proteins in three rows with differing pIs suggests the presence of
additional charge modifying post-translational modifications such as
phosphorylation or amidation, although the glycans may also differ in charge. In
future, the exact identity of the modifications could be revealed by mass
spectrometry (Celis et al. 2000). Two tryptic SR4 peptides were subjected to
Edman degradation to reveal their identity and to construct primers for the
isolation of SR4 cDNA. Database searches with the partial peptide amino acid
sequences indicated that SR4 is a class III secretory peroxidase (Welinder
1992). This is in line with a previous report about Scots pine root peroxidases
(Timonen and Sen 1998), where the authors reported that peroxidase isoenzyme
activities reduce during ECM formation. In native gels the relative amounts of
radicle and short root peroxidase bands differed, and one peroxidase band was
upregulated in short roots and downregulated in ECM. However, due to
different methods in peroxidase identification no correlation between the
peroxidases of the previous (Timonen and Sen 1998) and the present study can
yet be drawn. When the total peroxidase activities of non-mycorrhizal and
mycorrhizal Scots pine short roots was investigated in an earlier study (Ronald
and Söderhåll 1985), no difference was observed.
   RT-PCR and RACE were used to isolate the SR4 cDNA. First,
oligonucleotide primers corresponding to conserved regions in plant
peroxidases and to partially sequenced SR4 peptides were used to amplify the
middle region of the cDNA. Then, the full-length cDNA was isolated by 5’-
RACE and 3’-RACE. On the basis of deduced amino acid sequence the isolated
cDNA, Psyp1 (Pinus sylvestris peroxidase 1), codes for a secretory class III
peroxidase enzyme (Welinder 1992). PSYP has a putative signal peptide in its
amino terminus, and it was predicted to be 326 amino acids in length in its
mature form (II). Psyp1 gene is mainly expressed in short roots and down-
regulated during ECM formation.
   During Psyp1 isolation, 14 individual cDNA fragments were sequenced. Ten
of the fragments were Psyp1 cDNA fragments and four of them represented
other peroxidase cDNAs. The deduced amino acid sequence of two of these
peroxidase fragments, 5’-RACE clone Psyp1b and 3’-RACE clone Psyp1c,
were 88% and 83% identical to PSYP1, respectively. They probably represent
two members of the same peroxidase gene subfamily than Psyp1. The deduced
amino acid sequence of two other peroxidase fragments from 3’-RACE
experiments, Psyp2a and Psyp2b showed 73% identity to each other but only
44% identity to PSYP1 indicating that they may be members of a different
peroxidase gene subfamily than Psyp1. Only PSYP1 included the peptide
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sequences obtained by Edman degradation from SR4 (II). This supports the idea
that the same Psyp1 gene codes for all SR proteins and suggests that PSYP1
protein may have a unique structure and perhaps also function during short root
formation.

2a    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2b    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1b    1 ~~~~~~~~~~~~~~~MTPATVLLSIFVIVYGSAVKSLPTPVASLSWTFYNTSCPSLESIV
1     1 MRDRRMYYISKKKAIMTPATVFVSIFVIVYGSAVNALPTPVAGLSWTFYNTTCPSVESIV
1c    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2a    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GCDGSILLDDNSTFTGEKTAGANAN.SVRGF
2c    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GCDGSILLDDNSTFTGEKTAAPNNN.SVRGF
1b   46 RQRMEAYLSADITQAAGLLRLHFHDCFVQGCDGSVLL..NST.SGEQTVAPNLSLRSEAL
1    61 WQRMEVYLSADITQAAGLLRLHFHDCFVQGCDGSVLL..NST.SGEQTAAPNLSLRAQAL
1c    1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GCDGSVLL..NAT.SGEQTAPPNLSLRAQAL

2a   31 DVVDTIKTNLEAACSGVVSCADILAIAARDSVVALGGRSWTVLLGRRDSTT.ASLSSANS
2b   31 DVIDTIKSDLEAACCGVVSCADILAIVARDSIVELGSPTWTGLVGRRDSTT.ASFNAANN
1b  103 KIINDIKENVEAACSGTVSCADILALAARDSVDIAGGPCYPIPLGRRDSLTFAN~~~~~~
1   118 KIINDIKQNVEAACSGIVSCADIVALAARDSVAIAGGPFYPLPLGRRDSLTFANQSTVLA
1c   29 NIINDIKENVEAACSGIVSCADILTLAARDSVVMAGGPFCPLPLGRRDSLTFANRSTVLA

2a   90 NLPSPASSLSTLMTAFQKQGLSTKDLVALSGAHTIGQARCTTFRNRIYN........DAN
2b   90 DIPPPTSRLNGLISFFQTHGLSTKDLVALSGSHTIGPTRCTSFRARIYN........ESN
1b  157 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1   178 NLPGPTSNVTELISFFDPKGLNLTDLVALSGGHTIGRGNCSSFDNRLYNSTTGAQMQDAT
1c   89 NLPSPTFNVTGLISVLGPKGLNFTDLVALSGGHTIGRSNCSSFDNRLYNSTTGTQMRDPT

2a  142 INAAFATSVKANCPSTGGDNTLSPLDVLTPTTFDNKYYTNLKSQKGLFHSDQELFNGGST
2b  142 IVSSFATSMKASCPSVGGDNNLSPLDVATPTIFDSDYYSNLRSQKGFLHSDQQLFNGGST
1b  157 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1   238 LDQSFAKNLYLTCPTSTTVNTTN.LDILTPNLFDNKYYVNLLNKKTLFTSDQSFYTDTRT
1c  149 MDQSFAKNLYLTCPTSTTVNTTK.LDVRTPNLFDNKYYVDLLNRQTLFTSDQTLYTDTRT

2a  202 DSRVSIYSTSQAIFFTDFAAAMVNMGNISPLTGTNGEIRTNCRKVN~~~~~~~~~~~~~~
2b  202 DSQVTTYSADQNAFFSDFAAAMVNMGNISPLTGTSGEIRKSCRKSN~~~~~~~~~~~~~~
1b  157 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1   297 QNIVINFEANQSLFFHQFLLSMLKMGQLDVLTGSQGEIRNNCWASNPSRSYSILDPEASQ
1c  208 RNTVINFAVNQTLFFEQFVLSMLKMGQLDVLTGSEGEIRKNCWASNPS.TYSIMDPEASQ

2a  248 ~~~~~~~
2b  248 ~~~~~~~
1b  157 ~~~~~~~
1   357 ESASYSM
1c  267 ESTSYSM

Fig. 3. Multiple alignment of deduced amino acid sequences of P. sylvestris peroxidase
PSYP1 (1), fragments of its close homologues PSYP1b and PSYP1c (1b and 1c), and
fragments of two peroxidases of lower similarity, PSYP2a and PSYP2b (2a and 2b).
PSYP1b corresponds to a 5’-RACE product, which includes a putative amino-terminal
signal peptide for secretion (amino acids 1-22). PSYP 1c, PSYP2a, and PSYP2b
correspond to 3’-RACE products and include the carboxyl terminus.

4.1.4. PSYP1 function
Due to the redundancy of peroxidase genes it has been difficult to propose any
specific functions for individual peroxidase isoenzymes (Christensen et al.
1998). Even the secreted plant peroxidases (class III; EC 1.11.1.7) have been
described to be involved in several primary and secondary metabolic processes.
Most of them can catalyse the oxidation of a wide array of both artificial and
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physiological electron donors at the expense of H2O2. They have been
implicated in hormone catabolism (Savitsky et al. 1999), lignin polymerization
(Christensen et al. 1998), defense reponses (Chittoor et al. 1997), and
crosslinking of cell wall structural proteins and polysaccharides (Wallace and
Fry 1994; Schnabelrauch et al. 1996).
   The cortical cells are swollen in ectomycorrhizas (Faye et al. 1980) indicating
that cell wall structure has loosened. The upregulation of SRs in short roots and
downregulation in ectomycorrhizas indirectly suggests that they control cell
wall structure (I; II). The expression of peroxidase isoenzymes is commonly
simultaneous with the cessation or reduction of cell expansion (McDougall et
al. 1992; Peng et al. 1996; Brownleader et al. 2000). A possible role for PSYP1
in the reduction of cell expansion in short roots would be the catalysis of cell
wall crosslinking (Wallace and Fry 1994; Schnabelrauch et al. 1996). The
protein substrates for cell wall peroxidases, hydroxyproline-rich glycoproteins
(HRGPs) form a diverse group of glycosylated proteins, which are characterized
by rich proline/hydroxyproline content (Sommer-Knudsen et al. 1998).
Extensins are an intensively studied group of HRGPs, and peroxidases have
been shown to link extensins together (Schnabelrauch et al. 1996). The
expression of Psyp1 at short root formation makes it a good candidate for an
extensin peroxidase. Tyrosine residues are used to link proteins to each other or
to cell wall components such as lignin (Schnabelrauch et al. 1996; Morimoto et
al. 1999). Whether PSYP1 co-localises with lignin polymer, and whether the
SRs play a role in lignin biosynthesis in short roots remains to be investigated.
   Elicitors from ectomycorrhizal (Mensen et al. 1998) and pathogenic (Messner
and Boll 1994) fungi induce cell wall bound and symplastic peroxidase
activities in spruce cell cultures. The elicitor-mediated accumulation of
peroxidases can be reduced by auxins (Mensen et al. 1998), which may be one
of the mechanisms that lead to compatible host fungus-interaction. The
suppression of peroxidase activity by auxins in ECMs could reduce peroxidase-
catalyzed crosslinking of cell wall constituents and thus make the colonisation
of intercellular space possible for the fungus in vivo (Mensen et al. 1998). The
SR peroxidases in P. sylvestris-S. bovinus ectomycorrhiza could be down-
regulated as a consequence of a similar interaction.
   The auxin-peroxidase interaction is complicated. At low concentrations (ca.
0.1 nM) auxin promotes root growth while higher concentrations are growth
inhibitory in roots (Thimann 1936). Auxin-based root growth inhibition is based
on cell wall stiffening possibly as a result of oxidative cell wall crosslinking
(Büntemeyer et al. 1998). On the other hand auxin itself can be oxidated by
class III peroxidases and PSYP1 has conserved residues at the sites of predicted
auxin binding motifs (Savitsky et al. 1999).
   The biochemical properties of SR peroxidases would perhaps be best
investigated after native protein isolation. Since no transformation system for
Scots pine is available, PSYP1 could probably be expressed in a heterologous
host such as tobacco. The purified PSYP1 enzyme could be used to test whether
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it can catalyse lignin biosynthesis, intra-molecular and intermolecular cross-
linking, or IAA oxidation (Christensen et al. 1998, Schnabelrauch et al. 1996,
Savitsky et al. 1999; Morimoto et al. 1999).
   Plant peroxidase genes often have different expression patterns (Hiraga et al.
2000). It should be investigated whether the activities of Psyp1 and four partly
isolated peroxidase genes differ in response to different developmental and
environmental stimuli, and symbiosis. Exact localisation of Psyp1 expression
would be important for the prediction of its function. Peptide antibodies against
specific regions on the surface of the PSYP1 protein could be used for
localisation by IIF microscopy. The location of the PSYP1 protein in the cell
wall could be verified by fusing the predicted signal peptide to a reporter gene
and express it in tobacco, which is amenable for cell biological studies.

4.1.5. Ectomycorrhiza-related protein
In the Pinus sylvestris- Suillus bovinus-ectomycorrhiza a single ectomycorrhiza-
specific protein (ECMP) was found out of the 149 detected proteins (I). In the
autoradiographs fungal proteins were not as abundant as in silver-stained gels
indicating that the thick hydrophobic hyphal mantle inhibits label penetration.
When the ECMPs of broad-leaved trees have been analysed, the amounts of
symbiosis-related proteins have varied from 7-30 (Hilbert and Martin 1988;
1991, Simoneau et al. 1993; Burgess et al. 1995). In these studies 500-800
polypeptides have been separated per gel, which gives a mean value of 1-6
ECMPs/100 isolated proteins. No ECMPs could be reproducibly detected out of
the analysed 140 mycorrhizal polypeptides of spruce ECM (Guttenberger and
Hampp 1992). Attention is deserved that the ECMPs are mainly proteins of low
abundance (Guttenberger 1995) and high protein amount should be loaded per
gel to reach the detection limit for these proteins. The low abundance of ECMPs
is also indicated by the fact that only one group of ECMPs has yet been
identified (Laurent et al. 1999; Martin et al. 1999). SRAPs (symbiosis related
acidic polypeptides) are 30-32 kDa proteins of the Pisolithus tinctorius fungal
cell wall that are upregulated during mantle formation. The PtSRAP32 cDNA
shares no sequence homology to known genes, but the abundance of SRAPs on
hyphal surface and the existence of RGD motif, common to cell adhesion
proteins that bind integrins (Hostetter 1999) suggest that SRAPs may be
involved in hyphal aggregation (Martin et al. 1999).
   The ectomycorrhizal protein precipitate of pine was more complicated to
solubilise than the precipitates from other tissues, which probably affected the
separation of the ectomycorrhizal proteins. To facilitate an extensive proteome
analysis of pine ECMs sample solubility could probably be improved by the use
of detergents such as CHAPS, sulfo-betaine surfactants and thiourea (Rabilloud
et al. 1997; Celis et al. 2000).
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4.2. Root formation-related expression of P. sylvestris cyclins

The observations by BrdU labelling and DAPI staining of Scots pine roots were
the starting point for an effort to clone cyclins from non-mycorrhizal and
mycorrhizal short roots. P. sylvestris cyclin fragments were isolated by RT-PCR
from uninfected and infected root system using degenerate primers
corresponding to a conserved “cyclin box” region in the cyclin protein (Hata et
al. 1991). The “cyclin box” consists of helices 2-4 and represents the kinase-
interaction domain in cyclins (Renaudin et al. 1998). Five different cDNA
fragments with 60-70% identity to plant mitotic cyclins were isolated (Fig. 3).

A1    1 MLVDWLVEVSEEYKLVPDTLYLTVSYIDRYLSGNPTSRHKLQLLGVSCMLIASKYEEIYP
A2    1 MLVDWLVEVSEDYKLVPDTLYLTVSYIDRYLSANPTSRHKLQLLGVSCMLIASKYEEIYP
A3    1 MLVDWLVEVAEEYKLVPDTLYLTVSYIDRYLSNNVVNRQRLQLLGVTCMLIAAKYEEIYP
A4    1 MLVDWLVEVAGEYKLVPDTLYLTVSYIDRYLSNNVVNRQRLQLLGVTCMLIAAKYEEIYP
B1    1 MLVDWLVEVHLKFELMPETLYLTVNIIDRYLSIETVTRKNLQLVGITAMLLACKYEEIYP

Fig. 3. Multiple alignment of four types of A-type and one B-type cyclin fragments
from P. sylvestris.

The expression levels of P. sylvestris cyclins a1, a2, and a3 in different parts of
pine seedlings were analysed by Northern hybridisation using the cyclin cDNA
fragments as probes (Fig. 4). In the tissues investigated, cyclin a1 was
expressed at the highest and cyclin a3 at the lowest level. The results indicated
root formation-related expression pattern for all three cyclins. Lateral root tip
signal was highest for all of the investigated cyclins. Lower signal was detected
from radicles, secondary lateral root tips and short roots. In ectomycorrhizas a
detectable signal for cyclins a1 and a2 was found and in stems only for cyclin
a1.

1   2   3   4  5  6  7  8         1  2 3  4  5   6   7  8      1  2 3  4   5   6   7   8

cyc a1 cyc a2  cyc a3

Fig. 4. Northern hybridisation analysis of P. sylvestris cyclins a1, a2, and a3. The total
RNA preparations examined where from Scots pine needles (1), stems (2), radicles (3),
first order lateral roots (4), second order lateral roots (5), short roots (6),
ectomycorrhizal short roots (7), and from the vegetative hyphae of Suillus bovinus (8).
The quantity of total RNA, shown by EtBr staining, is the same for each sample (10 µg)
except for ectomycorrhizas in lane 7 (15 µg).
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   To isolate a more specific region of P. sylvestris cyclin B gene for expression
analysis by in situ hybridisation the 3’-region of cyclin B1 was amplified by 3’-
RACE using a gene-specific primer corresponding to the conserved HLKF
signature of B-type cyclins (Fig. 3, B1, amino acids 10-14; Renaudin et al.
1996). The isolated cDNA fragment includes a 219 amino acid ORF and a 234
bp 3’-UTR sequence. The predicted partial amino acid sequence of Pinus cyclin
B (Fig. 5) shows highest, 91% identity to Picea mariana cyclin B fragment and
56% identity to Pisum sativum cyclin B fragment. The P. sylvestris “cyclin
box” fragment B1 (Fig. 3) is identical at the nucleotide level to the 3’-RACE
cyclin B fragment (Fig. 5).

PSY    1 HLKFELMPETLYLTVNIIDRYLSIETVTRKNLQLV..GITAMLLACKYEEIWAPEINDFV
PMA   11 HLKFELMPETLYLTVNIIDRYLSIEIVTRKNLQLVFTGITAMLLACKYEEIWAPEINDFV
PSA   15 HTKFELSPEALYLTINIIDRFLAISLVSRREFTLQLVGISAMLMASKYEEIWPPEVNDFV

PSY   59 CISAKEYASEQLVSMERTILNQLKFNLTVPTPYVFL..VRFLKAA.....DSDKEMENLA
PMA   71 CISAKEYASEQLVAMEHTILNQLKFNLTVPTPYVFLFTVRFLKAA.....GSDKEMENLA
PSA   75 CLSDRAYTHEQILIMEKTILGKLEWTLTVPTPFTFVFLVRFLKAASVSLPSSDLALENMA

PSY  112 FYLVDLSLLHYIMIKYSPSMLAAAAVYTAQCTL..KKSSAWTK..TLILHTGYSEADLKE
PMA  126 FFLVDLSLLHYIMIKYSPSMLAAAAVYTAQCTL..KKSSPWSKTFTLILHTGYSEADLKE
PSA  135 HFLSELGMMHYATLMYSPSMMAAAAVYAARCTLFTNKSPVWDE..TLTMHTGYSEEELMG

PSY  168 CAHYMVNFHLNAGGSKQRVVHKEYSDPYFGCVAFL..SPANLPVDDS..CSSNIR*
PMA  184 CAHFMVNFHLNAGGSKLRVVHKKYSDPFFGCVAFL..SPANLPVDDSFTCSSSN*~
PSA  193 CARLLVSFHSASGSGKLKGVYKKYADPQKGAVAVLPFTPAKNLVSSAAVGS*~~~~

Fig. 5. Predicted amino acid sequences of the putative P. sylvestris cyclin B fragment
and its closest homologs. All sequences represent partial cyclin B cDNAs, which
include the 3’-end. PSY corresponds to P. sylvestris cyclin B, PMA to Picea mariana
cyclin B, and PSA to Pisum sativum cyclin B. Positions in the partial cyclin amino acid
sequences are indicated by numbers. Asterisks at the ends of the sequences indicate stop
codons. Genbank accession numbers are for PMA AF051225 and for PSA AB008189.

The high cyclin expression level in lateral roots was in accordance with the
results by Niini (1998) where the mitotic index of lateral root tip meristems was
found to be highest in all root types of Scots pine. The results by BrdU-labelling
and DAPI staining indicated that cyclin expression would be increased in the
ECM (Niini 1998; Niini and Raudaskoski 1998), but this proved not to be the
case according to the results by Northern blotting (Fig. 4). However, the ECM
samples in the Northern analysis were a mixture of unbranched, dichotomously
branched and coralloid ectomycorrhiza, and specific changes in cyclin
expression during dichotomisation could not be investigated. It is also possible,
that other cyclins than the A-type cyclins investigated by Northern blotting may
be upregulated during the dichotomisation process. The relative amount of
fungal proteins in coralloid ECM is 2/3 (I), and for equal loading of pine total
RNA the samples should be normalised by P. sylvestris rDNA probe (Diaz et al.
1997). Quantitative RT-PCR and in situ hybridization can be used for precise
comparisons of cyclin expression in different plant tissues and at cellular level
(Ferreira et al. 1994; Fobert et al. 1994; Goormachtig et al. 1997), and these



37

methods will be used in future to further investigate the cell cycle regulation in
pine short roots and ectomycorrhiza.

4.3. Scots pine and Suillus bovinus cytoskeleton

Cytoskeletal organization has important roles in the regulation of root
formation, hyphal growth, and ECM development (Heath 1990; Timonen et al.
1993; Raudaskoski et al. 1994, 2000; Barlow and Baluska 2000). Actin and
tubulin cytoskeletons are composed of actin-based microfilaments (MFs) and α-
and ß-tubulin-based microtubules (MTs). 2D-PAGE together with Western
blotting with commercial actin and tubulin antibodies was used to investigate
whether differential synthesis of tubulin or actin monomers is connected to
ectomycorrhiza formation (III). The cytoskeletal protein composition in
different root types was also investigated to find out whether the short root
formation involves developmental regulation of actins or tubulins.

4.3.1. α-tubulins are differentially regulated in short roots
The α-tubulin isotype composition was identical in radicles and lateral roots,
but in the short roots an isotype was repressed, and a novel, more basic isotype
was detected (III, Fig. 2A-C). Microtubules (MTs) participate in many different
cellular processes including cytoplasmic organization, cell division, oriented
transport of cell wall components, and cell expansion (Kost et al. 1999; Smith
1999). During interphase, cortical MTs are involved in the orientation of
microfibril deposition to the cell wall and their deposition largely determines
the direction of cell expansion (Fisher and Cyr 1998). In plants the MT
subunits, α- and ß-tubulins, are encoded by large gene families, and tubulin
gene expression is often developmentally regulated (Barlow and Baluska 2000).
Although highly identical in amino acid sequence, tubulin isotypes are not
always functionally equivalent, since expression of tubulin isotypes from
another cell type or tissue may lead to abnormal development (Hutchens et al.
1997). Changes in tubulin expression have been detected during maize and
Arabidopsis thaliana root development. Maize α-and ß-tubulin expression is
dependent on the position along the root axis and on the tissue type (Joyce et al.
1992; Uribe et al. 1998). Out of the nine ß-tubulin genes in A. thaliana (Snustad
et al. 1992), the TUB1 gene is only expressed in the epidermis and cortex
tissues whereas TUB8 gene in endodermis and phloem (Chu et al. 1998). MTs
are involved in the regulation the extent and location of cell elongation and the
MT cytoskeleton reorients during cell differentiation (Kost et al. 1999). In
contrast to meristematic cells and isodiametrically growing cells at the post-
mitotic zone in main and lateral roots, elongating cells often have a strictly
horizontal orientation of MTs (Baluska et al. 1996). α-tubulin isotype
composition in short roots could be linked to the reorganization of MT
cytoskeleton during reduced root growth (Niini and Raudaskoski 1998). MT
rearrangements may be linked to differential expression of tubulin genes
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(Yoshimura et al. 1996), post-translational modifications of tubulin proteins
(Åström 1992; Smertenko et al. 1997) or binding of novel microtubule-
associated proteins (MAPs; Vantard et al. 1991; Chan et al. 1999). It can be
speculated that the short root-related α-tubulin isotype could contain a binding
site for specific MAPs, and that the interactions between these specific MAPs
and short root MTs could result in the rapid, organized change in MT
organization. For example in maize coleoptiles, a 50 kDa MAP is only
expressed during phytochrome-dependent cell elongation in maize coleoptiles
(Nick et al. 1995) indicating a role in the organisation of MTs to bundles typical
of elongating cells (Baluska et al. 1996; Chan et al. 1999). Due to the important
roles of MTs in cell cycle progression (Kost et al. 1999; Smith 1999) the α-
tubulin subunits of the MT cytoskeleton could also be involved in the reduction
of cell cycle activity in the zone producing progenitor cells for the elongation
zone.

4.3.2. Two ectomycorrhiza-related pine α-tubulin isotypes
The plant and fungal α-tubulin isotypes could be easily distinguished due to the
faster migration of plant isotypes in SDS-PAGE. Two novel plant α-tubulin
isotypes were detected, which appeared already in the unbranched
ectomycorrhizas and remained in the branched ectomycorrhizal short roots. The
infection of maize roots by arbuscular mycorrhizal fungi increases maize tubα3
expression specifically in cortical cells containing highly branched hyphal
arbuscules indicating a direct role for MTs in the formation of the symbiotic
structures (Bonfante et al. 1996). In contrast to ectomycorrhiza, the arbuscules
form inside epidermal and cortex cells, and the invagination of the host cell
membrane around the arbuscules creates a novel interface containing plant and
fungal components (Harrison 1999). The TUBα3-containing MTs may be
involved in the targeted deposition of novel cell wall, matrix, and membrane
components to the interface compartment (Bonfante et al. 1996).
   The regulation of α-tubulin genes may be a common feature of mycorrhizal
symbiosis. In Pinus contorta ectomycorrhizas α-tubulin production is growth-
related (Timonen et al. 1996), and the transcription of a α-tubulin gene is
increased during the formation of eucalypt ectomycorrhiza (Diaz et al. 1996). In
contrast to the situation in pine roots (Niini 1998) in eucalypt ECM the fungal
colonisation induces the formation of lateral root primordia. Therefore the up-
regulation of eucalypt α-tubulin expression may not be caused by
ectomycorrhiza formation but by the increased number of proliferative cells in
the root primordia (Barlow and baluska 2000). Since the eucalypt α-tubulin
transcripts were not localised (Diaz et al. 1996), a definitive proof for the role of
the gene in symbiosis remains to be shown. The detection of two novel α-
tubulin isotypes during pine ectomycorrhiza formation (III) suggests that the α-
tubulins may indeed be universally regulated during mycorrhiza formation. As
in arbuscular mycorrhiza, the novel microtubule subunits may play a role in the
formation of symbiotic interface. Specific membrane constituents such as novel
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transporters may be required (Harrison 1996). The composition of the cell wall
changes in pine ectomycorrhiza (Niini 1998) and the localized deposition of cell
wall polysaccharides and proteins may be developmentally regulated via
cytoskeletal structures.
   The novel α-tubulins of the ectomycorrhiza could also be involved in the
correct positioning of cell division plane at the tips of the mycorrhizal roots,
since MTs are necessary for the formation of properly aligned cell plate (Kost et
al. 1999; Smith 1999). Two maize α-tubulin genes, tua1 and tua3 are expressed
in a cell division plane-dependent manner in maize roots. The maize tua3 gene
is expressed in provascular cells that undergo division preferentially in the
longitudinal axis and the tua1 gene in cortex cells where the orientation of cell
divisions is preferentially transversal and periclinal (Uribe et al. 1998).
Alternatively, the penetration of fungal hyphae to the root cortex may create an
increase in physical pressure placed on the cytoplasm of the cortex cells leading
to changes in MFs and MTs. The synthesis of novel MTs, which would include
the ectomycorrhiza-related α-tubulin isotypes, would facilitate the formation of
a cytoskeletal network that would be better suited for the increased pressure.
   ß-tubulin isotypes were clustered in all root types, and individual isotypes
could not be distinguished. The overall pattern of ß-tubulin cluster did not
change during root formation. In earlier studies on root formation changes in
both α- and ß-tubulin compositions have been detected (Joyce et al. 1992). The
plant and fungal ß-tubulins were clustered on top of each other in ECM samples
and the structure of the cluster appeared unchanged during ectomycorrhiza
formation. The use of broader pH-gradients in the IEF (IV) and larger gels with
better separation could be used to separate the individual ß-tubulin isotypes.

4.3.3. Variable actin isotype patterns during root development
The actin isotype composition varied during root development. Four isotypes
were recognised in radicles. At lateral root formation a novel actin isotype was
synthesised and three radicle isotypes were repressed. In short roots, the
amounts of the two lateral root actin isotypes remained unchanged but a novel
acidic isotype was detected and a basic radicle isotype reappeared (III, Fig. 2I-
K). Actin cytoskeleton is involved in many different developmental processes
including the establishment of cell polarity, division plane determination, cell
elongation, tip growth, positioning of proteins on membranes, and cytoplasmic
streaming (Meagher et al. 1999). Due to multiple interactions with actin-related
proteins, actins are extremely conserved and even small changes in sequence
may alter the function of an actin protein (Ayscough and Drubin 1996; Meagher
et al. 1999). Plant actin gene families are large, but the amount of actin isotypes
expressed in roots is often small (Barlow and Baluska 2000). Some of the actin
isotypes are root-specific, and their expression may be related to the age of the
root (McLean et al. 1990). At cellular level, in addition to the re-distribution of
MTs in the postmitotic transition zone the organization of actin cytoskeleton
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also changes (Barlow and baluska 2000), and the appearance of a novel short
root actin isotype could be related to short root growth pattern.
   The fungal actins overlapped with plant actins in 2D immunoblots, but the
two most acidic plant actin isotypes were separated from the others. Their
abundance remained similar to the pattern seen in uninfected short roots. Plant
microbe-interactions have been observed to lead to changes in actin cytoskeletal
organization and in differential expression of actin-encoding genes. During
nodule formation, both the MTs and MFs rearrange in complex ways, maybe to
both establish and to organize the symbiosome membrane structures
(Whitehead et al. 1998). The change in MF distribution is partly regulated by
actin expression, since only one actin isotype, in contrast to two in uninfected
roots, was detected from Phaseolus vulgaris root nodules (Perez et al. 1994).
Nodule development also leads to formation of novel actin related proteins,
profilins (Guillen et al. 1999), which may be involved in the MF
rearrangements.

4.3.4. Tubulin and actin expression in fungal hyphae
S. bovinus vegetative hyphae are dikaryotic which means that they have two
haploid nuclei per cell. In the vegetative hyphae six α-tubulin isotypes were
detected. They appeared as vertically appressed duplets of three isotypes, which
may represent the products of different alleles from three α-tubulin genes of
each haploid nucleus. The fungal α-tubulins of ectomycorrhizal samples
showed an identical pattern of three duplicates as in the vegetative hyphae. The
fungal ß-tubulins were appressed to each other, and in addition to the two
isotypes with expected molecular weight of 55 kDa two smaller similarly
appressed and slightly more basic isotypes were detected, possibly as a result of
protein degradation during extraction phase. When Paxillus involutus ß-tubulin
isotype composition was investigated an identical pattern of ß-tubulins was
detected. The isotype composition of ß-tubulins from either fungus did not
change when a wider range of protease inhibitors was used in the protein
extraction buffer (III). The amount of detected Suillus bovinus tubulin isotypes
is in accordance with previous studies on tubulins of filamentous fungi. From
the homobasidiomycete Schizophyllum commune a single ß-tubulin gene and
two α-tubulin genes have been isolated (Russo et al. 1992; Raudaskoski 1998),
and two α-tubulin and ß-tubulin genes have been isolated from the filamentous
ascomycete Aspergillus nidulans. The A. nidulans tubA gene-encoded protein
can be modified post-translationally, which increases the amount of A. nidulans
α-tubulin isotypes to three (Weatherbee and Morris 1984; Doshi et al. 1991). A
horizontally streaking appearance of S. bovinus actin spot indicated that
probably two actin isotypes are produced in vegetative hyphae, and this was
verified in a later study (IV). Plant and fungal ß-tubulins and actins co-localised
in the Western blots.
   Hyphal tip growth and branching are largely controlled at the level of
cytoskeletal organization (Heath 1990; Raudaskoski et al. 1994; Rupes et al.
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1995). Accordingly during ectomycorrhiza formation the morphogenesis of
hyphae is under cytoskeletal control (Timonen et al. 1993; Niini 1998;
Raudaskoski et al. 2000). Since the isotype composition of hyphal tubulins or
actins did not change in ectomycorrhiza the activity, localisation or expression
of other proteins regulating the MTs and MFs may be changed. Interactions
with specific MAPs, actin-binding proteins or other cytoplasmic regulators may
be required.

4.4. S. bovinus and S.commune actin genes

In fungal cells actin is required for tip growth, cell shape changes, cell division,
branching, and transport (Salo et al. 1989; Heath 1990; Torralba et al. 1998;
Schmidt and Hall 1998). When Suillus bovinus hyphae are treated with actin
depolymerising agent cytochalasin D the morphology and cytoskeletal
organization of the hyphae resemble that of the symbiotic hyphae suggesting a
role for actin cytoskeleton in fungal morphogenesis (Niini 1998; Raudaskoski et
al. 2000). Instead of a broad actin spot (III) two well-separated actin isotypes
were detected from S. bovinus (IV; Fig. 2). These observations led us to isolate
S. bovinus actin genes and investigate their expression in symbiosis.

4.4.1. S. bovinus and S.commune have at least two actin genes
Degenerate primers were used to amplify internal S. bovinus actin gene
fragments by PCR. Two different actin gene fragments were isolated and
sequenced. Screening of S. bovinus cDNA library with actin gene fragments
led to isolation of two actin cDNAs, which were named Sbact1 and Sbact2.
Both actin cDNAs code for 375 amino acids with 96% identity to each other.
Gene-specific primers were used to isolate genomic clones for the S. bovinus
actins. They contain nine introns at identical positions. Two actin genes were
also isolated from another homobasidiomycete Schizophyllum commune with
comparable strategy. The actin genes Scact1 and Scact2 predict 375 amino
acid polypeptide chains for both actins. Over the coding region the S.
commune actins show 78% identity at the nucleotide and 84% identity at the
amino acid level, which is considerably low identity for actins (Sheterline
and Sparrow 1994). Both genes contain seven introns, albeit partly in
different positions (IV; Fig. 1).
   S. commune and S. bovinus have two actin genes, which are the first ones
isolated from homobasidiomycete fungi. The zygomycete Absidia glauca
(Haenfler and Weigel, unpublished) has also two actin genes, which is in
contrast with the reports on the filamentous deutero- and ascomycetes having
only a single actin gene. The importance of isoform function in vivo has been
studied in animals and plants. These studies have indicated differences in actin
isoform localization, stability, polymerisation characteristics, and affinity for
actin binding proteins (Sheterline and Sparrow 1994; Meagher et al. 1999).
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Even minor changes in actin isotype amino acid sequence can alter protein
function and lead to developmental changes (Fyrberg et al. 1998).

4.4.2. Basidiomycete actin genes form a phylogenetically distinct group
In spite of the highly conserved actin primary structure the intron positions in
actin genes vary, and this variation can be used as a tool for phylogenetic
analysis (Sheterline and Sparrow 1994). The ascomycete actin genes have two
unique intron positions at codon numbers 32 and 299, and it has been suggested
that these fungal actin genes have retained some features of a putative ancestral
actin gene (Wildeman 1988; Matheucci et al. 1995; Takashima et al. 1999). The
homobasidiomycete actins isolated in the present study share four intron
positions and in addition, S. bovinus genes share one intron only with Scact1
and two introns only with Scact2 (IV; Fig. 1.) From the yeast-like
basidiomycetes the hymenomycetes Filobasidiella neoformans and Phaffia
rhodozyma have two common intron positions with the homobasidiomycetes,
which differ from those of the urediniomycete Puccinia graminis. The first of
the “ancestral” ascomycete actin intron positions at codon 32 is conserved in S.
commune and S. bovinus actin genes (Tab. 2).

Basidiomycetes

3 8 13 21 23 32 41 42 55 15
0

15
2

25
4

27
8

29
9

32
6

35
6

37
3

Schizophyllum 1 - + - + - + - - + - - + - - + - -
Schizophyllum 2 - + - + - + - - + - - + + - - - +
Suillus 1 - + - + + + - - + - - + + - + - +
Suillus 2 - + - + + + - - + - - + + - + - +
Cryptococcus - - - - - + - - + - - - - - - - -
Phaffia - + - - - + - - + - - - - - - - -
Puccinia - - - + - - - - - - - + - - - - -

Ascomycetes
Aspergillus + - + - - + - + - - - - - + - - -
Botrytis - - + - - - - + - - - - - - - - -
Humicola + - + - - + - + - - - - - - - - -
Neurospora + - + - - + - + - - - - - - - - -
Thermomyces + - + - - + - + - - - - - + - - -
Trichoderma + - + - - + - + - - - - - + - - -

Metazoa
Taenia AT5 - - - - - - + - - - - - - - - - -
Lumbricus 1855 - - - - - - + - - - - - - - - - -
Fugu ß2 - - - - - - + - - + - - - - - - -
Human ß - - - - - - + - - - - - - - - - -

Plants
Arabidopsis 2 - - - - - - - - - - + - - - - + -
Oryza 1 - - - - - - - - - - + - - - - + -

Introns present
in basidiomycetes - + - + + + - - + - - + + - + - +
in ascomycetes  + - + - - + - + - - - - - - - - -
shared - - - - - + - - - - - - - - - - -
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A phylogenetic tree of full-length actin amino acid sequences was constructed
to further characterise the evolutionary relationships between homobasidio-
mycete actins. In the phylogenetic tree (IV; Fig. 5) the fungal actins clustered in
two groups according to the basidiomycete and ascomycete phyla. Scact2 with
an exceptional amino acid composition formed its own branch between
homobasidiomycete and other basidiomycete actins. The actin from the
zygomycete Absidia glauca clustered among the ascomycete actins. According
to the results by Baldauf and Palmer (1993) where a collection of genes were used
to show that fungal genes are phylogenetically more similar to animal than plant
genes, homobasidiomycete actins grouped closer to the animal than plant actins.
The organization of actin genes is considered to be a better base for
phylogenetic groupings than differences in amino acid sequences (Sheterline
and Sparrow 1994). The homobasidiomycete actins formed a distinct,
homogeneous group in intron analysis (Tab. 1) and the presence of the diverged
Scact2 protein sequence could be distinguished from the phylogenetic tree of actin
proteins (IV; Fig. 5).

4.4.3. Sbact2 and Scact2 are expressed at low level
The expression level of Sbact1 gene was approximately 10 fold higher than that
of Sbact2 gene. No changes in actin gene expression levels were detected
during mating interaction or ectomycorrhiza formation. The pIs 5.45 and 5.30
of the well-separated actin isotypes in the 2D-analysis are close to the
theoretical pIs (5.46 for Sbact1 and 5.31 for Sbact2) suggesting that they
represent Sbact1 and Sbact2 gene products. Northern hybridisation showed that
Scact1 had high and Scact2 barely detectable expression in S. commune hyphae.
Only one S. commune actin isotype, Scact1, was detected in the Western blots
of 2D-gels with commercial actin antibody. The inability to detect the Scact2

Tab. 2. Catalogue of intron positions shared by at least three basidiomycete actin genes

and their comparison with intron positions in actin genes of other taxa. Intron positions

marked by + are characterized by codon numbers written at the top in reference to the

Schizophyllum act-1 gene. The genes from homobasidiomycete Schizophyllum

commune and Suillus bovinus are from (IV). Basidiomycete actin genes are also known

from Cryptococcus neoformans, Phaffia rhodozyma and Puccinia graminis (Wery et al.

1996; Cox et al 1995; Gross and Tiburzy unpublished, accession number X77857). The

actin genes of six filamentous ascomycetes are shown; Aspergillus nidulans, Botrytis

cinerea, Humicola grisea, Neurospora crassa, Thermomyces lanuginosus and

Trichoderma reesei (Fidel et al. 1988; Wildeman 1988; Matheucci et al. 1995; Benito et

al. 1998; Tinsley et al. 1998; Takashima et al. 1999). In addition, the intron positions in

some actin genes of other eukaryotes are shown. The lower part of the alignment

indicates the presence of a particular intron position present in most basidiomycetes or

ascomycetes, or both in basidio-, and ascomycetes.
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protein was not due to a low affinity of the commercial actin antibody for
Scact2 protein, since the protein product of Scact2 cDNA when expressed in E.
coli could be visualized by 2D Western blotting (IV; Fig. 2).
   The clearly lower expression levels of Sbact2 and Scact2 actin genes suggest
that they may have a specific role in fungal life cycle. They may be specifically
involved in cell division, branching, septa formation or intercellular nuclear
migration (Raudaskoski 1998). Sbact2 could also be involved in the formation
of finger-like hyphae or rhizomorphs (Agerer 1992; Barker et al. 1998).
Detailed analysis of actin expression during life cycle in both fungi would
perhaps lead a clue whether their actin genes have different functions.

4.5. Cdc42 and Rac, small GTPases of Suillus bovinus

The morphological changes of S. bovinus hyphae at ECM formation involve
significant changes in the polarity of hyphal growth. These changes are
associated with reorganisation of the actin cytoskeleton (Niini 1998). In
eukaryotes morphogenetic signalling is linked from receptors sensing the
morphogenetic stimuli to the reorganisation of the actin cytoskeleton via the
activation of Rho family of GTPases including rho, Cdc42 and rac proteins
(Schmidt and Hall 1998; Johnson 1999). Rho family of GTPases are signalling
molecules that act as molecular switches by transducing signals in the GTP-
bound conformation while being inactive in the GDP-bound conformation
(Bourne et al. 1991). In yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe the rho-family consists of rho- and Cdc42
proteins, which control actin cytoskeleton dynamics in response to extracellular
signals (Arellano et al. 1997; Evangelista et al. 1997; Merla and Johnson 2000).
CDC42 gene is essential for cell viability in both yeasts, and cdc42 mutants
show altered morphology and changes in the organisation of actin cytoskeleton
(Johnson and Pringle 1990; Miller and Johnson 1994; Johnson 1999). In the
human pathogenic fungus Exophiala dermatitidis, constitutively active CDC42
allele induces isotropic growth and represses hyphal development (Ye and
Szanislo 2000), and strains lacking RAC1 gene in the dimorphic yeast Yarrowia
lipolytica show alterations in cell morphology (Hurtado et al. 2000). Neither the
CDC42 gene of E. dermatitidis nor the Y. lipolytica RAC1 gene is necessary for
survival.
   Only recently the investigation of Rho-family GTPases has started in
filamentous fungi (Wendlandt and Philippsen 2000). In order to see, whether
small GTPases play a role in the in the control of polarised growth in
ectomycorrhiza-forming basidiomycetes, Cdc42 and rac homologues were
cloned from Suillus bovinus. A single 318 bp rac gene fragment, designated
Sbrac1, was obtained in genomic PCR experiments with degenerate primers.
The corresponding cDNA was screened from S. bovinus cDNA library, and it
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has a 194 amino acid open reading frame that is 77% identical to chick rac1B
protein and 76% identical to Yarrowia lipolytica rac1 protein. The SbCdc42
gene fragment could not be amplified with the same primer set as Sbrac1.
Genomic PCR with different degenerate primers yielded a 640 bp fragment,
which was sequenced. Both Sbrac1-primer binding sites were interrupted by
introns in the SbCdc42 gene fragment. The corresponding cDNA was isolated,
and it codes for 193 amino acid residues showing 88% identity to
Schizosaccharomyces pombe Cdc42.
   The deduced amino acid sequences of SbCdc42 and Sbrac1 are 63% identical.
They both contain highly conserved guanine nucleotide binding motifs and a
carboxy terminal consensus sequence for post-translational prenylation, which
is necessary for membrane localisation (Omer and Gibbs 1994). SbCdc42 and
Sbrac1 represent first rho-like small GTPases from filamentous fungi. Their
conserved guanine nucleotide binding motifs indicate that they function as
molecular switches in S. bovinus. In addition, the amino acids implicated in
binding GTPase activating proteins (GAPs), guanine nucleotide exchange
factors (GEFs) and guanine nucleotide dissociation inhibitors (GDIs) are
conserved, suggesting that similar regulation of Cdc42 and rac activity takes
place in S. bovinus than in other eukaryotes (Schmidt and Hall 1998; Johnson
1999). A phylogenetic analysis by neighbor joining method (V, Fig. 4) further
indicated that the cloned small GTPase genes represent members of the Cdc42
and rac families. Southern blot analysis of genomic DNA at high stringency
indicated that the Sbrac1 and SbCdc42 are both single copy genes. Same
analysis method but at low stringency suggested the presence of several RAC
family members in Y. lipolytica (Hurtado et al. 2000). It is possible that
distantly related Cdc42 or rac homologues are present in S. bovinus genome.
   Both small GTPase genes are expressed in vegetative hyphae and
ectomycorrhiza at similar levels. SbCdc42 expression level was higher than that
of Sbrac1 (V, Fig. 5). An antibody against budding yeast Cdc42p recognized
SbCdc42 in hyphal extracts, but it did not cross-react with Sbrac1. Western
blotting experiments indicated that the amount of SbCdc42 decreases slightly
during the maturation of ectomycorrhiza. The reduction of Cdc42 signal in
mature ECM could reflect the fact that in coralloid ECM the hyphal and root
morphogenesis may be slowed down or terminated. It has previously been
shown that the expression of some of the small GTPases is differentially
regulated. Y. lipolytica RAC1 expression increases steadily during the yeast-to-
hypha transition (Hurtado et al. 2000) indicating that an increase in the amount
of rac protein is needed for hyphal extension. Similarly, in Aspergillus nidulans
several ras protein concentration thresholds exist, each of which allows
development to proceed to a certain point, producing the proper cell type while
inhibiting further development (Som and Kolaparthi 1995). However, the most
important form of control for small rho-like GTPases is their correct targeting
on the plasma membrane (Ziman et al. 1993; Johnson 1999). Therefore, the
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localisation SbCdc42 was studied by indirect immunofluorescence microscopy
(IIF).

4.5.1. Localisation of SbCdc42
As actin, the Cdc42 was concentrated at the tips of vegetative hyphae in S.
bovinus (V, Fig. 7). The SbCdc42 signal at hyphal tips suggests a role for
Cdc42 in hyphal extension. Fungal tip growth is under the control of actin
cytoskeleton (Salo et al. 1989; Heath 1990; Niini 1998; Torralba et al. 1998), as
is the tip growth of root hairs and pollen tubes in plants (Lin et al. 1996; Kost et
al. 1999). Likewise, the first step towards budding in the yeast S. cerevisiae is
the recruitment of the geranyl-geranylated Cdc42 at the future bud site on the
plasma membrane (Zheng et al. 1995; Toenjes et al. 1999). The localisation of
Cdc42 in the tips of S. bovinus hyphae suggests that it regulates the tip growth
of S. bovinus hyphae both by positioning and maintaining the actin cap
structure. Since Cdc42 signal was also detected below the hyphal tip, fraction of
Cdc42 protein could perhaps be sequestered in the cytoplasm by GDI
homologues.
   Cdc42 protein was also localised at an average distance from the hyphal tip
for septum formation (V; Fig. 7). In S. bovinus and other basidiomycetes
septum formation is associated with nuclear division and preceded by the
synthesis of an actin ring (Runeberg et al. 1986; Salo et al. 1989). The
localisation pattern of SbCdc42 signal indicates that SbCdc42 may be necessary
for the formation of the actin ring, which leads to septum formation. During
fission yeast cytokinesis, Cdc42 protein is localised at the cell division site,
indicating that Cdc42 may function in both cytokinesis and septation (Merla and
Johnson 2000). Cdc42-interacting protein Cdc12 has also been implicated in
actin ring formation and localises at the site of cell division (Chang et al. 1997).
The observations by IIF microscopy indicate that septum formation is regulated
in homobasidiomycetes in a similar manner than in ascomycete yeasts.
   In the symbiotic hyphae, the Cdc42 signal was aligned with the plasma
membrane. During the formation of S. bovinus symbiotic hyphae they first swell
from their tips. This first phenotypic change resembles the isotropic growth
phase in yeast bud formation (Bähler and Peter 2000). The SbCdc42 IIF signal
was scattered on the surface of swollen ECM hyphae (V, Fig. 7), and the Cdc42
location pattern could lead to the polymerisation of actin at multiple sites on the
hyphal surface. The recruitment of cell wall biosynthetic proteins all over the
hyphal surface by the cortical actin cytoskeleton would lead to cell expansion at
multiple locations and to swelling of hypha.
   Sbrac1 protein was not localised in the present study, and its function in S.
bovinus morphogenesis remains elusive. Rac proteins have been implicated in
the regulation of actin cytoskeleton during hyphal extension (Hurtado et al.
2000) and pollen tube growth (Lin et al. 1996). Together with other rho-family
members they regulate the formation of focal complexes associated with actin
stress fibers, lamellipodia, and filopodia in animal cells (Nobes and Hall 1995).
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Rac proteins are also involved in superoxide generation by NADPH oxidase
(Freeman et al. 1996; Kawasaki et al. 1999; Noegel and Schleicher 2000).
   Seven-trans-membrane-receptors (7TRMs) are often the first step in signalling
for sexual development of fungi (Vaillancourt et al. 1997; Kahmann 1999;
Bähler and Peter 2000). Rho-family GTPases act frequently as downstream
effectors. For example in budding yeast mating, pheromone binds to a 7TRM
and the receptor then activates a G-protein. The G-protein subunits co-localise
by the help of Far1 and Bem1 proteins Cdc42 and its GEF at the plasma
membrane (Nern and Arkowitz 1999) and the GEF activates Cdc42 by GDP-
GTP-exchange. The activated Cdc42p establishes polarity for the development
of mating projection (Ayscough and Drubin 1998). The signalling modules that
regulate polarised growth may also involve several ras superfamily members
that link signals to the rho-like GTPases. The budding yeast Rsr1 protein is
involved in the recognition of bud site selection in vegetative cells (Park et al.
1997) and Ras2 protein in the regulation of nitrogen starvation-induced
pseudohyphal growth (Madhani and Fink 1998). In fission yeast ras1p regulates
a cell polarity pathway involving Cdc42p both in vegetative cells and during
mating (Chang et al. 1994; Bähler and Peter 2000). The Gα and ras cDNAs from
Suillus bovinus will be used to clarify whether similar signalling is involved in
the localisation of Cdc42 or rac1 during vegetative or symbiotic growth. The
GTP bound forms of Cdc42 and Rac proteins are known to bind to the CRIB
(Cdc/Rac interactive binding) domains of downstream effector proteins
(Schmidt and Hall 1998). These include protein kinase PAK1 (Daniels and
Bokoch 1999), WASP (Mullins 2000), IQGAP1, and Bni1p (Evangelista et al.
1997; Johnson 1999). The expression of SbCdc42 and Sbrac1 in the vegetative
and ectomycorrhizal hyphae of S. bovinus, and the co-localization of SbCdc42p
with actin challenge the search for effector proteins in ectomycorrhizal fungi.
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5. CONCLUSIONS

In the present study, genes and proteins regulating short root formation and
ectomycorrhiza development were isolated (Fig. 6.). The results suggest that
increased cell wall crosslinking by SR peroxidases encoded by Psyp1 gene may
be partly responsible for the reduced short root growth. In addition, both actin
and tubulin cytoskeletal organisation seem to be specifically regulated in short
roots, probably facilitating the formation of the narrow zones for cell division
and elongation. In ectomycorrhiza novel components of tubulin cytoskeleton
are probably required for the formation of the symbiotic interface. The results
also indicate that rho-family GTPases are involved in the signalling that leads to
fungal morphogenesis in ectomycorrhiza.

SHORT ROOT                        DICHOTOMOUS ROOT       HARTIG NET

I
II
III
IV

FH

CC

SR peroxidases (cell wall) Plant cyclins (cell cycle)
Cytoskeleton (growth pattern)

Plant cytoskeleton (transport, cell wall)
Fungal cytoskeleton (symbiotic growth)

Fig. 6. Schematic representation of the main results. Roles for the isolated genes and
proteins are suggested below the figures. A. Uninfected short root. I, cell division zone,
II, zone of cell division and elongation, III, cell elongation zone, and IV, cell
differentiation zone. Zone II is markedly reduced in size in short roots when compared
to other root types. B. Dichotomously branched mycorrhizal short root. Star marks the
start of a new dichotomous branch. C. Enlarged view from the Hartig net where finger-
like fungal hyphae (FH) grow between the cortical cells (CC) of the host plant.

   The present results emphasize the fact that cytoskeletal regulation is of
importance in all aspects of the symbiotic relationship. The cytoskeletal studies
will be continued with S. bovinus as the roles of small GTPases in hyphal
morphogenesis are investigated. The localisation of peroxidase and cyclins in
pine will elucidate their roles in short root development and dichotomisation.
The obtained genes can be used in future as tools to approach the molecular
mechanisms behind ectomycorrhiza formation in Scots pine.
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